Quantum Computation Reinterpreted:
Delayed Distinguishability and Competitive
Bit Formation

Abstract

Quantum computing is conventionally described as exploiting superposition, interference, and
entanglement to evaluate many computational paths in parallel before selecting an outcome via
measurement. While this narrative successfully reproduces experimental results, it introduces
persistent conceptual tensions concerning measurement, irreversibility, and the physical origin of
computational advantage. In this paper, we present an alternative but formally equivalent
interpretation of quantum computation based on the Tick-Per-Bit (TPB) and Bit Conservation
and Balance (BCB) frameworks. In this view, quantum computation does not derive its power
from parallel evaluation of outcomes, but from the deliberate postponement of irreversible
distinguishability while entropy and informational capacity are redistributed under global
balance constraints. Measurement corresponds to the forced completion of a competitive bit-
formation process—previously described as a TPB "race"—whose statistics reproduce the Born
rule as a consequence of physical constraints rather than as an independent postulate. This
reinterpretation preserves the standard quantum formalism while providing a physically
grounded account of interference, entanglement, decoherence, and quantum speedup, unifying
classical and quantum computation within a single framework of delayed information
commitment.
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1. Introduction

Quantum computing occupies a unique position in modern physics. Its mathematical formalism
is well-defined, its experimental realizations are rapidly advancing, and its algorithmic
advantages over classical computation are now firmly established. Yet despite this empirical
success, the physical narrative commonly used to explain how quantum computers work remains
conceptually unsettled. Descriptions invoking simultaneous evaluation of exponentially many
computational branches, wavefunction collapse, or even parallel universes are often employed
heuristically, despite being neither directly observable nor required by the underlying
mathematics.

This interpretational gap is not merely philosophical. Quantum computation is fundamentally
concerned with information processing, irreversibility, and thermodynamic cost—domains where
physical clarity is essential for understanding limits, scalability, and noise sensitivity. A
satisfactory account of quantum computation should therefore explain not only what the
formalism predicts, but how distinguishable outcomes arise, when irreversibility enters, and why
delaying this irreversibility confers computational advantage.

In this paper, we offer a reinterpretation of quantum computation grounded in two
complementary principles: Tick-Per-Bit (TPB) and Bit Conservation and Balance (BCB). TPB
treats bits not as primitive entities, but as stabilized distinctions that emerge only after sufficient
irreversible change—"ticks"—have accumulated. BCB asserts that informational capacity is
conserved globally, even when local distinguishability is deferred. Together, these principles
recast quantum computation as a controlled regime in which bit formation is intentionally
postponed, allowing entropy and informational weight to be redistributed coherently before a
single, forced resolution occurs at measurement.

Crucially, this work does not propose a modification of quantum mechanics, nor does it
introduce new computational models or algorithms. All predictions of standard quantum theory
are preserved. The contribution is interpretational and physical: we show that the phenomena
usually attributed to parallel evaluation, wavefunction collapse, and nonlocal mystery can instead
be understood as consequences of delayed distinguishability and competitive bit-formation
dynamics. In particular, we build on the previously introduced TPB "race" model, in which
measurement outcomes arise from a competition among candidate distinguishability channels,
with probabilities reflecting relative rates of irreversible tick accumulation rather than epistemic
uncertainty.

The structure of the paper is intentionally comparative. We first present the standard quantum
computing narrative as it is commonly taught and discussed, identifying the points at which
conceptual tension arises. We then introduce TPB and BCB as minimal physical constraints on
computation and measurement, and retell the quantum computing story within this framework.
The result is a unified account in which classical computation appears as an early-collapse limit
of the same underlying process, and quantum advantage emerges naturally from the
postponement—rather than the multiplication—of irreversible decisions.



What This Framework Does Not Claim
To prevent misreading, we state explicitly what TPB/BCB does not assert:

o TPB/BCB does not introduce new dynamical laws or modify Schrédinger evolution

o TPB/BCB does not posit hidden variables, stochastic collapse mechanisms, or observer-
dependent physics

o TPB/BCB does not deny or reinterpret Bell-violating correlations—it is fully consistent
with experimental violations

o TPB/BCB does not claim to derive quantum mechanics from deeper postulates

o TPB/BCB is an interpretational and physical reading of standard quantum computation,
not a replacement theory

The contribution is clarificatory: providing physical grounding for existing formalism, not
proposing alternatives to it.

For the General Reader: Imagine you need to decide which of a thousand doors leads to
treasure. Classical computing is like checking doors one by one—each check is a commitment
you cannot undo. Quantum computing, in the interpretation we develop here, is like being able to
feel all the doors simultaneously without opening any of them, sensing which one is different,
and only then making a single irreversible choice. The power comes not from checking many
doors at once, but from delaying the moment of commitment until you have gathered enough
information to make that single choice wisely.

2. The Standard Quantum Computing Narrative

This section presents the conventional account of quantum computation as it is commonly
described in textbooks, lectures, and introductory research literature. The purpose is not to
critique this narrative, but to state it clearly and faithfully, establishing a shared reference point
for the reinterpretation developed in later sections.

2.1 Qubits and Superposition

In the standard formalism, the fundamental unit of quantum computation is the qubit. Unlike a
classical bit, which occupies one of two mutually exclusive states (0 or 1), a qubit is described as
a linear superposition of basis states [0) and |1). Mathematically, a qubit state is written as:

[y} = al0) + BI1)

where a and 3 are complex amplitudes satisfying |af* + |B]* = 1.



This superposition is often visualized using the Bloch sphere representation, in which the state of
a qubit corresponds to a point on the surface of a unit sphere. Relative phase between amplitudes

plays a critical role in determining how qubits evolve under quantum gates and how interference

effects arise during computation.

For the General Reader: A classical bit is like a light switch—definitely on or definitely off. A
qubit, in standard descriptions, is said to be "both at once" until you look at it. But this language
is metaphorical. What the mathematics actually describes is a system whose outcome has not yet
been determined. The numbers o and B describe how strongly the system is "leaning" toward
each possibility, and their squares give the probabilities you would observe if you forced a
decision right now.

2.2 Unitary Gates and Parallel Evolution

Quantum computation proceeds through the application of unitary gates, which deterministically
evolve the quantum state according to the Schrodinger equation. These gates act linearly on the
amplitudes of all basis states simultaneously. As a result, an n-qubit register is said to represent a
superposition over 2" computational basis states, each of which evolves in parallel under the
same unitary operation.

This feature is frequently described as "quantum parallelism," suggesting that a quantum
computer evaluates many computational paths at once. While this language is metaphorical, it
has become a standard way of motivating the potential exponential advantage of quantum
algorithms over classical ones.

2.3 Interference and Algorithmic Advantage

Interference is central to the standard explanation of quantum speedup. By carefully designing
sequences of unitary gates, amplitudes associated with incorrect or undesirable computational
paths can interfere destructively, reducing their probability of being observed upon
measurement. Conversely, amplitudes corresponding to correct solutions can interfere
constructively, enhancing their likelihood.

Quantum algorithms such as Grover's search and Shor's factoring algorithm are typically
explained as exploiting this interference structure. The computation is arranged so that, after a

sequence of reversible operations, the final quantum state is strongly biased toward the desired
outcome, even though many other computational paths were present during intermediate stages.

2.4 Measurement and Wavefunction Collapse

Measurement plays a distinctive role in the standard narrative. Upon measurement in a chosen
basis, the quantum state is said to "collapse" probabilistically to one of the basis states, with
probabilities given by the Born rule:

P(outcome 1) = [(ijy)[?

10



This collapse is non-unitary and irreversible, marking a sharp departure from the smooth,
deterministic evolution governed by unitary dynamics.

Although collapse is operationally well-defined within the formalism, its physical interpretation
remains contested. In many presentations, collapse is treated as a primitive postulate, with no
deeper dynamical explanation. The role of the observer, the measuring apparatus, or the
environment is often left implicit or addressed separately through decoherence theory.

For the General Reader: Here is where the standard story becomes strange. During
computation, the quantum state evolves smoothly and predictably. But at measurement,
something discontinuous happens: the system suddenly "jumps" to one definite outcome, with no
explanation of why that particular outcome rather than another. This is the measurement
problem, and it has puzzled physicists for nearly a century.

2.5 Entanglement and Nonlocal Correlations

Entanglement arises when the quantum state of a multi-qubit system cannot be factorized into
independent states of its subsystems. In such cases, measurement outcomes on one qubit can
exhibit strong correlations with outcomes on another, even when the qubits are spatially
separated.

In the standard account, entanglement is viewed as a resource that enables quantum algorithms to
access correlations unavailable to classical systems. These correlations are essential for tasks
such as quantum teleportation, error correction, and many quantum algorithms. While
entanglement does not permit superluminal signaling, it challenges classical intuitions about
locality and separability.

2.6 Conceptual Tensions in the Standard Narrative

While the standard narrative successfully predicts experimental outcomes, it introduces several
enduring conceptual tensions:

1. Parallel computation ontology: The language of parallel computation invites
interpretations involving multiple simultaneous realities, even though such interpretations
are not required by the mathematics.

2. The measurement problem: The coexistence of unitary evolution and non-unitary
collapse raises questions about when and how irreversibility enters the physical
description.

3. Probability interpretation: The role of measurement and the status of probabilities
remain subjects of ongoing debate—are they epistemic (reflecting our ignorance) or
ontological (reflecting genuine indeterminacy)?

4. Nonlocal correlations: Entanglement produces correlations that cannot be explained by
local hidden variables, yet cannot be used for signaling, creating apparent tension with
relativistic causality.

11



These tensions do not undermine the empirical success of quantum computation, but they
motivate the search for interpretations that preserve the formal structure while offering a more
physically grounded account of computation, irreversibility, and information flow. The following
sections introduce such an account based on delayed distinguishability and global information
balance.

3. Interpretational Requirements for a Physical Account of
Quantum Computation

Before introducing an alternative interpretation, it is useful to articulate minimal requirements
that any physically grounded account of quantum computation should satisfy. These
requirements serve both as design constraints and as criteria for evaluation.

3.1 Preservation of Formal Predictions

Any reinterpretation of quantum computation must preserve the full predictive content of
standard quantum mechanics. Unitary evolution, the Born rule, and experimentally verified
algorithmic speedups must remain intact. The aim is not to revise the mathematical formalism,
but to provide a clearer physical reading of what that formalism describes. An interpretation that
alters predictions or introduces empirically distinguishable deviations would constitute a new
theory rather than an explanatory framework.

3.2 Irreversibility and Thermodynamic Consistency

Computation is a physical process, and physical processes are constrained by thermodynamics.
In particular, the emergence of definite outcomes must be associated with irreversibility and
entropy production. A satisfactory account of quantum computation should therefore identify
where irreversibility enters the process and explain why unitary evolution remains reversible
prior to that point. Treating measurement collapse as a purely abstract postulate obscures this
issue rather than resolving it.

3.3 Distinguishability as a Physical Threshold

Information is only meaningful when distinctions can be made. In physical terms, a distinction
corresponds to a stable, reproducible difference between states that can be resolved using finite
resources. Any interpretation of quantum computation must therefore specify when and how
such distinguishability arises. States that are mathematically distinct but physically
indistinguishable should not be treated as fully realized informational alternatives.

12



This requirement suggests that information should not be regarded as primitive, but as
emergent—appearing only once sufficient physical change has accumulated to support a stable
distinction.

3.4 Measurement as a Physical Process

Measurement should be treated as a physical interaction governed by the same principles as the
rest of the computation. An adequate interpretation must explain why measurement outcomes are
discrete, why they follow probabilistic statistics, and why the process is irreversible. Invoking
the observer as a fundamental element or appealing to unexplained projection mechanisms fails
to meet this standard.

3.5 Avoidance of Ontological Inflation

While interpretations may differ in metaphysical commitments, explanatory economy remains a
virtue. An account of quantum computation that relies on the existence of unobservable parallel
worlds or ontologically distinct branches of reality should be justified by necessity rather than
convenience. If the observed phenomena can be explained using fewer assumptions, such an
explanation is to be preferred.

3.6 Unification of Classical and Quantum Computation

Finally, a physically grounded interpretation should clarify the relationship between classical and
quantum computation. Classical computation should emerge as a limiting case rather than a
fundamentally separate process. In particular, it should be possible to identify what physical
change occurs when quantum behavior gives way to classical determinacy, and why classical bits
appear stable and irreversible by comparison.

For the General Reader: We are asking: What would a satisfying explanation of quantum
computing look like? It should make the same predictions as standard theory. It should respect
thermodynamics—the physics of energy and entropy. It should explain when and how definite
outcomes emerge. It should treat measurement as ordinary physics, not magic. It should avoid
multiplying realities unnecessarily. And it should show how classical computing and quantum
computing are two regimes of the same underlying process.

4. Tick-Per-Bit (TPB): Computation Before Bits Exist

The Tick-Per-Bit (TPB) framework provides a physical account of information formation by
distinguishing between irreversible micro-events of change ("ticks") and stabilized informational
distinctions ("bits"). In this view, bits are not primitive elements of reality, but emergent
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structures that arise only after sufficient irreversible change has accumulated to support a stable,
reproducible distinction.

4.1 Ticks as Irreversible Physical Events

A tick is defined as an irreducible physical event that contributes to irreversible change. Ticks
need not correspond to clock time or discrete measurements; rather, they represent the minimal
units of physical change that accumulate entropy and break reversibility. Crucially, ticks are
local, irreversible, and physically grounded, whereas bits are global, stabilized outcomes that
persist across interactions.

In this paper, ticks are treated as effective thermodynamic units rather than fundamental
spacetime quanta. Ticks are not posited as new physical entities, but as an effective
thermodynamic bookkeeping of irreversible entropy-producing microevents, independent of their
microscopic realization. They denote minimal entropy-producing micro-events sufficient to
reduce future distinguishability, and may be realized by many microscopic mechanisms (e.g.,
uncontrolled environmental scattering, amplification events, or dissipative couplings). A
universal lower bound or a deeper identification with minimal-resolution limits is not assumed
here; where such links exist in related work, they can be layered in without changing the present
arguments.

In the TPB framework, reversible dynamics—such as unitary quantum evolution—do not by
themselves produce bits, because they do not generate irreversible ticks that localize information.
As long as evolution remains reversible, informational distinctions remain unresolved.

Tick Variability vs Bit Fixity

A crucial distinction in the TPB framework is that ticks do not have a fixed size, whereas bits
do. Ticks represent contributions to irreversible physical change—such as entropy localization,
amplification, or environmental entanglement—and their magnitude may vary continuously
depending on coupling strength, duration, and physical context. A single interaction may
contribute a small fraction of the change required for distinguishability, while another may
contribute a much larger fraction.

Bits, by contrast, are threshold-defined and discrete. Once the distinguishability threshold is
crossed, a bit is formed, and the outcome acquires a fixed informational identity (e.g., 0 or 1).
This fixity is what allows bits to be copied, counted, and used reliably in computation.

Ticks therefore cannot be identified with “partial bits” or proto-bits. They are pre-
informational, lacking semantic content or discrete identity. Only when accumulated ticks

exceed a context-dependent threshold does a bit emerge as a stabilized informational unit.

This separation mirrors the distinction in thermodynamics between continuous entropy
production and discrete state variables: entropy can increase by arbitrarily small or large
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amounts, but macroscopic states become definite only when sufficient change has accumulated
to make distinctions stable.

For the General Reader: Think of ticks as the atomic units of "things actually happening" in a
thermodynamic sense—tiny, irreversible changes that cannot be undone. A bit, by contrast, is a
stable fact—a distinction that persists and can be copied. The key insight is that facts don't exist
from the beginning; they emerge when enough irreversible change has accumulated to make a
distinction permanent. Before that threshold is crossed, everything remains provisional.

4.2 Bits as Emergent Distinctions

A bit forms only when accumulated ticks exceed a distinguishability threshold, at which point
one outcome becomes physically resolvable from alternatives using finite resources. This
threshold is not defined by abstract mathematical difference, but by physical stability: the ability
of a distinction to persist, be copied, and influence future dynamics.

Operationally, the threshold is crossed when a distinction becomes robust under copying and
environmental monitoring—i.e., when the system leaves the regime where subsequent reversible
dynamics could erase the distinction. The threshold is therefore system- and context-dependent,
emerging from coupling strength, amplification gain, redundancy, and noise, and is closely
aligned with decoherence/quantum-Darwinism notions of objective classicality.

From this perspective, information is emergent rather than fundamental. States may be
mathematically distinct while remaining physically indistinguishable, and therefore should not
be treated as fully realized informational alternatives.

4.3 Qubits as Pre-Bit Systems

Within TPB, a qubit is naturally interpreted as a pre-bit system. The basis states |0) and |1)
represent potential bit attractors, but prior to measurement neither has accumulated sufficient
irreversible change to become actualized. Superposition does not imply the simultaneous
existence of multiple bits, but rather the absence of any bit at all.

The complex amplitudes associated with a qubit encode how potential outcomes are weighted
before resolution:

e Magnitude (|o/, |B]) reflects the relative capacity of a channel to accumulate ticks—how
strongly the system is "leaning" toward that outcome.

o Phase (the complex argument of a and §) encodes directional bias that becomes relevant
when multiple channels interact through interference.
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These quantities influence the dynamics of bit formation without constituting bits themselves.
The formal justification for why probabilities scale as |o/* rather than |a] is provided in Appendix
A.l.

For the General Reader: A qubit is not a thing that is "both 0 and 1." It is a system whose
outcome has not yet been decided because nothing irreversible has happened to decide it. The
quantum state is a map of possibilities, weighted by how likely each is to become the final
answer once a decision is forced. The key is that no decision has been forced yet.

4.4 Measurement as Forced Bit Formation

Measurement corresponds to the physical process by which a system is driven past the
distinguishability threshold, forcing bit formation. This process necessarily involves
irreversibility, entropy production, and loss of phase coherence. The apparent "collapse" of the
wavefunction is not a separate dynamical law, but a description of the moment at which a bit is
formed and alternatives are eliminated.

Importantly, TPB places irreversibility at measurement rather than throughout the computation.
Prior to measurement, no bits exist and no irreversible information has been created, explaining
why quantum evolution remains reversible and why intermediate computational states cannot be
directly observed without disrupting the computation.

The present framework does not claim to "solve" the measurement problem in the traditional
sense, but reframes it as a question of when irreversible distinguishability becomes unavoidable
under physical constraints. The question shifts from "why does collapse happen?" to "when does
sufficient irreversible change accumulate to stabilize a distinction?"

4.5 Delayed Distinguishability and Computational Freedom

The power of quantum computation, in TPB terms, arises from the deliberate postponement of
bit formation. By preventing early resolution of distinguishability, quantum systems retain the
freedom to redistribute informational weight among potential outcomes. Only once this
redistribution is complete is a single bit allowed to form.

This delayed distinguishability contrasts sharply with classical computation, in which bits are
formed and stabilized at each logical step. Classical computation therefore commits to
distinctions early and repeatedly, while quantum computation defers commitment until the final
measurement.

This distinction sets the stage for understanding interference, entanglement, and quantum

speedup as consequences of controlled pre-bit dynamics rather than parallel evaluation of
completed computations.
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5. Bit Conservation and Balance (BCB): Interference as
Entropy Redistribution

While the Tick-Per-Bit framework explains how and when informational distinctions arise, it
does not by itself account for the structured redistribution of probabilities observed during
quantum computation. This role is played by the complementary principle of Bit Conservation
and Balance (BCB), which governs how informational capacity is globally conserved even when
local distinguishability is deferred.

5.1 Global Conservation of Informational Capacity

BCB asserts that while bits may not yet exist locally, the total informational capacity of a closed
system is conserved. This capacity can be redistributed among potential outcomes without being
realized as definite distinctions. In quantum mechanics, this conservation is reflected
mathematically in the preservation of total probability under unitary evolution:

Y ai|> =1 (conserved)

From a physical standpoint, BCB implies that information is not created or destroyed during
reversible evolution, but redistributed among competing channels of potential bit formation. This
redistribution occurs without entropy localization, allowing the system to remain reversible.

5.2 Interference Without Wave Ontology

In the standard narrative, interference is often described in terms of wave superposition and
cancellation. Within BCB, interference is more naturally interpreted as the redistribution of
informational weight among competing distinguishability channels prior to bit formation.

o Constructive interference corresponds to the reinforcement of a channel's capacity to
accumulate ticks, increasing the likelihood that it will eventually cross the
distinguishability threshold.

o Destructive interference corresponds to the depletion of a channel's capacity,
suppressing its ability to form a bit.

No channel is ever realized as an actual outcome until measurement forces resolution. The
"waves" are not physical oscillations in space; they are bookkeeping devices that track how
capacity flows between potential outcomes.

For the General Reader: Interference is often explained using water waves or sound waves that
add up or cancel out. But in quantum mechanics, there are no literal waves sloshing around.
What's happening is more like a reallocation of probability weight. When we say two paths
"interfere constructively,”" we mean the system's structure is funneling more weight toward that
outcome. When they "interfere destructively," weight is being drained away. This reallocation
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happens before any outcome is real—it shapes which outcome will become real when a decision
is finally forced.

5.3 Phase as Directional Bias

The role of phase in quantum computation follows naturally from this perspective. Relative
phase encodes directional bias in how informational capacity is redistributed when channels
interact. When phases align, redistribution favors certain outcomes; when phases oppose,
capacity is canceled or diverted.

Mathematically, if two amplitudes o = |ou|e”(ip1) and o2 = |o2|e”(ip2) combine, the result
depends on the phase difference (¢: - ¢2):

e (1 = @2: amplitudes add constructively
e 1= @2+ m amplitudes cancel destructively

Phase therefore influences the outcome statistics of the TPB race without representing hidden
classical variables or physical oscillations. It determines how global balance constraints shape
the competition among potential outcomes.

5.4 Reversibility of Unitary Evolution

Because no bits are formed during unitary evolution, and because informational capacity remains
globally balanced, quantum computation remains reversible up to the point of measurement. Any
unitary operation can, in principle, be undone without thermodynamic cost, provided that no
irreversible ticks have been localized.

This reversibility is not mysterious under BCB. It follows directly from the absence of localized
entropy production and from the conservation of informational capacity across the system. The
mathematical statement is:

UtU =T= (Uly)t = (y|UT

Every unitary operation has an inverse, and applying that inverse perfectly restores the original
state.

5.5 Preparing the Ground for Algorithmic Bias

BCB clarifies how quantum algorithms bias outcomes without evaluating them. By redistributing
informational capacity away from undesirable channels and toward desirable ones, a quantum
algorithm shapes the competitive landscape of the eventual TPB race. Measurement then
resolves this prepared imbalance into a single outcome.
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In this sense, quantum computation is best understood not as the parallel execution of many
computations, but as the careful orchestration of informational balance prior to a single
irreversible resolution.

6. The TPB Race Model and Quantum Algorithms

The Tick-Per-Bit race model provides a concrete physical mechanism for understanding
measurement outcomes, probabilistic statistics, and quantum algorithmic advantage. In this
model, bit formation is treated as a competitive process among multiple potential
distinguishability channels, each accumulating irreversible change at a characteristic rate.

6.1 Bit Formation as a Competitive Race

In the TPB race model, potential outcomes correspond to candidate channels for bit formation.
Each channel accumulates ticks—irreversible physical events—at a rate determined by the
system's prior evolution and interactions. A bit is formed when one channel crosses the
distinguishability threshold before its competitors. At that moment, alternative channels are
irreversibly suppressed, and the outcome becomes fixed.

Importantly, the race does not presuppose that all channels are equally real or simultaneously
realized. Prior to resolution, no bit exists, and the channels represent competing potentials rather
than completed alternatives. The apparent randomness of outcomes reflects the stochastic nature
of tick accumulation and the relative rates at which channels approach the threshold.

For the General Reader: Imagine several runners in a race, but the race hasn't started yet—
they're just warming up, jostling for position. The "positions" represent how likely each runner is
to win once the starting gun fires. Quantum computation shapes these positions before the race
begins. Measurement is the starting gun: it forces a single winner to emerge, and once someone
crosses the finish line, the race is over and the others never get to finish.

6.2 Born Probabilities as Race Statistics

Within this framework, the Born rule arises naturally. The probability of a given outcome
corresponds to the fraction of trials in which its channel wins the TPB race. These frequencies
are determined by the relative capacities and rates of tick accumulation established during the
reversible evolution of the system.

The key question is: why does the probability scale as |af? rather than |a| or some other function?
This scaling is uniquely determined by three physical constraints:

1. Norm conservation: Total informational capacity must be conserved under unitary
evolution.
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2. Additivity: Probabilities for disjoint channels must sum linearly.
3. Composition invariance: Coarse-graining or refinement of outcome channels must not
alter observable statistics.

These constraints uniquely select quadratic weighting. Any linear or higher-order dependence
would violate additivity or basis invariance under refinement. A formal derivation is provided in
Appendix A.1.

Probability is therefore not an expression of epistemic ignorance or subjective belief, but a
physical statistic of competitive dynamics. Channels with greater accumulated capacity or more
favorable redistribution under BCB constraints win more frequently, reproducing the quantitative
predictions of the Born rule without invoking collapse postulates or hidden variables.

Example: A Two-Outcome Measurement as a TPB Race

To make the race model concrete, consider a single qubit prepared in state [y) = a|0) + B|1) with
lo|>*= 0.8 and |B]* = 0.2, about to be measured in the computational basis.

Setup: Two distinguishability channels compete—one corresponding to outcome "0," one to
outcome "1." Neither outcome exists yet; no bit has formed.

Accumulation rates: Each channel accumulates irreversible ticks at a rate proportional to its
squared amplitude. Channel 0 accumulates at rate ro < |a> = 0.8; channel 1 accumulates at rate 1
o [B]2=0.2.

Threshold: A distinguishability threshold ® must be crossed for a bit to form. Think of ® as the
amount of irreversible environmental entanglement, amplification, or entropy localization
required to make the distinction stable and copyable.

Resolution: The race proceeds stochastically. Because channel 0 accumulates ticks four times
faster than channel 1, it crosses @ first in approximately 80% of trials. When it does, outcome
"0" becomes a fact, channel 1 is suppressed, and the bit is formed.

Result: Over many trials, outcome "0" occurs with frequency 0.8, outcome "1" with frequency
0.2—exactly as the Born rule predicts.

No parallel computation occurred. No worlds branched. A single race was run, shaped by prior

amplitude structure, and a single winner emerged. The probabilities reflect race statistics, not
ignorance or branching.

6.3 Quantum Algorithms as Race Preparation

Quantum algorithms do not compute multiple answers in parallel. Instead, they prepare the race.
Through sequences of unitary operations, informational capacity is redistributed among channels
so that, when the race is finally forced to resolve, the desired outcome has a decisive advantage.
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From this perspective, the structure of a quantum algorithm can be understood in three stages:

1. Initialization: Establish a broad distribution of potential channels (e.g., apply Hadamard
gates to create uniform superposition).

2. Reversible evolution: Redistribute capacity through interference and entanglement (e.g.,
apply oracle and diffusion operators).

3. Measurement: Force the completion of a single TPB race.

The algorithm's effectiveness depends on how well it biases the race before resolution, not on the
number of intermediate possibilities considered.

6.4 Quantum Speedup Without Parallel Evaluation

Classical computation differs fundamentally in how races are handled. Classical logic gates
repeatedly force early race completion, forming stable bits at each step. Each intermediate
distinction incurs irreversible cost and commits the computation to a specific path. As a result,
classical computation must explicitly explore or approximate many alternatives.

Quantum computation, by contrast, keeps the race open. By preventing premature bit formation,
it allows informational capacity to be redistributed globally and coherently. Only one race—at
the final measurement—is allowed to finish. The speedup arises from replacing many early
irreversible decisions with a single, late one.

This reinterpretation explains why quantum algorithms can outperform classical ones without
violating thermodynamic limits. The cost of irreversibility is deferred, not eliminated.

Clarification: In this framework, quantum computation does not evaluate many computational
paths in parallel. No path is ever completed prior to measurement. What evolves in parallel is the
distribution of competitive capacity among unrealized outcomes. Only one computation ever
finishes.

For the General Reader: Classical computing is like making many small bets, committing
money at each step and never getting it back. Quantum computing is like pooling all your money
and placing a single, very well-informed bet at the end. You don't bet more times—you bet once,
but you've used the time before the bet to gather information and position yourself optimally.

6.5 Implications for Algorithm Design and Limits

The TPB race model highlights both the power and the fragility of quantum computation.
Because the race must be kept open, quantum systems are highly sensitive to environmental
interactions that inject uncontrolled ticks and force premature resolution. Noise, decoherence,
and measurement errors can therefore be understood as unintended race terminations.

Conversely, error correction and fault tolerance can be interpreted as techniques for suppressing
unwanted tick accumulation and maintaining balanced competition among channels until the
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intended resolution. This perspective emphasizes that the ultimate limits of quantum computation
are set by the physical difficulty of delaying distinguishability, rather than by abstract complexity
alone.

6.6 The Physical Function of Quantum Gates

In the standard description, quantum gates are often described as logical operations acting on
qubits, loosely analogous to classical logic gates. Within TPB/BCB, this picture must be refined.
Because no bits exist prior to measurement, quantum gates do not operate on definite values.
Instead, they act entirely within the pre-bit regime, reshaping the competitive conditions under
which future bit formation will occur.

6.6.1 Gates Operate on Pre-Bit Channel Structure

In TPB terms, each potential measurement outcome corresponds to a distinguishability channel
that may later compete in the TPB race. Quantum gates do not select, evaluate, or update
outcomes. Rather, they redistribute informational capacity and directional bias among these
channels while preserving global balance.

A quantum gate can therefore be understood as a conservative transformation of the geometry of
tick accumulation: it reallocates relative rates, introduces correlations, and modifies phase
relations without localizing irreversible change. This explains why gate operations must remain
unitary—any non-unitary process would inject irreversible ticks, prematurely crossing a
distinguishability threshold and destroying quantum advantage.

6.6.2 Single-Qubit Gates

Single-qubit gates alter the competitive landscape of potential outcomes without forming bits:

Hadamard gate (H): Does not place a bit into superposition. Instead, it symmetrizes the race by
redistributing informational capacity evenly between competing channels and introducing phase
relations that enable later constructive or destructive interference. In TPB terms, it equalizes tick
accumulation potential while setting directional bias.

Mathematically: H|0) = (|0} + [1))/V2, H|1) = (|0} - [1))2

Phase gates (Z, S, T): Do not alter the total accumulation capacity of a channel. Instead, they
rotate directional bias, determining how channels will interact under subsequent gate operations.
Their effect is not directly observable until multiple channels interfere, at which point phase-
aligned channels reinforce and phase-opposed channels suppress one another.

For the General Reader: A quantum gate is not like a classical logic gate that computes with
definite values. It's more like adjusting the shape of a landscape before rolling a ball down it. The
gate changes where the valleys and hills are, biasing where the ball will end up—but the ball
hasn't rolled yet.
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6.6.3 Multi-Qubit and Entangling Gates

Entangling gates such as CNOT or CZ are often described as conditional logic operations.
Within TPB/BCB, this description is misleading, since no conditions can be evaluated without
bits. Instead, entangling gates bind distinguishability thresholds across subsystems.

By correlating tick accumulation channels between qubits, entangling gates ensure that no local
race can resolve independently. This creates shared distinguishability debt: future bit formation
must occur jointly, enforcing correlated outcomes at measurement. This mechanism explains
both the power and fragility of entanglement—any uncontrolled tick injection affecting one
subsystem can force premature global resolution.

6.6.4 Why Gates Must Be Unitary

From the TPB/BCB perspective, unitarity is not merely a mathematical constraint but a physical
necessity. Any gate operation that localized entropy or produced irreversible change would force
early bit formation, collapsing the pre-bit structure required for quantum computation.

Unitarity guarantees that informational capacity is redistributed without loss, allowing gates to
shape the race without terminating it. This provides a direct physical explanation for why
reversible operations are essential to quantum algorithms and why dissipative processes are so
damaging to coherence.

6.7 Oracles and Grover's Algorithm

Oracles play a central role in many quantum algorithms, most notably Grover's search. In
standard presentations, an oracle is treated as a black-box unitary that "marks" correct solutions
by flipping a phase. Within the TPB/BCB framework, the oracle has a clear and concrete
function: it engineers asymmetry in the competitive landscape of future bit formation.

6.7.1 Physical Construction of an Oracle

An oracle is not a computational evaluator of correctness in the classical sense. Since no bits
exist during unitary evolution, the oracle cannot "check" a value. Instead, it is a structured
interaction designed to conditionally alter phase relations based on correlations with an internal
constraint system.

Physically, an oracle is implemented by coupling the computational register to ancillary degrees
of freedom that encode the problem constraint. This coupling is engineered so that only states
satistfying the constraint acquire a specific phase shift. Crucially, this phase shift does not
localize information or produce irreversible change; it merely alters directional bias in tick
accumulation.

In TPB terms, the oracle does not identify a solution—it biases it.
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6.7.2 Oracle Action as Bias Injection

From the TPB/BCB perspective, the oracle injects directional bias into a subset of
distinguishability channels without changing their total accumulation capacity. Channels
corresponding to marked solutions receive a phase inversion that changes how they interfere
with unmarked channels during subsequent gate operations.

This bias is invisible until interference occurs. On its own, the oracle does not increase the
probability of measuring the solution; it prepares the conditions under which later operations can
redistribute informational capacity toward the marked channel.

6.7.3 Grover's Algorithm as Iterative Race Bias Amplification

Grover's algorithm can be understood as a controlled, iterative amplification of race bias. Each
Grover iteration consists of two conceptual steps:

1. Oracle biasing: Introduce directional bias favoring the solution channel (phase flip on
marked state).

2. Global redistribution: Redistribute informational capacity globally, reinforcing the
biased channel while suppressing others (diffusion operator / inversion about the mean).

Together, these steps gradually tilt the competitive landscape of the TPB race.

Importantly, no resolution occurs during these iterations. The race remains open, and no bits are
formed. Each iteration reshapes the pre-bit geometry, increasing the relative rate at which the
marked channel would accumulate ticks if resolution were forced.

For the General Reader: Grover's algorithm is like repeatedly nudging a ball toward a hole.
Each nudge is small, but they accumulate. After about N nudges (where N is the number of
possibilities), the ball is almost certain to fall into the correct hole when you finally let it roll.
The algorithm doesn't check which hole is correct—it systematically biases the landscape until
the correct hole is the obvious destination.

6.7.4 Measurement as Final Race Resolution

After approximately VN iterations, the solution channel dominates the competitive landscape.
Measurement then forces the completion of the TPB race, and the overwhelmingly favored
channel wins with high probability.

In this view, Grover's quadratic speedup arises not from parallel evaluation of N possibilities, but
from efficient bias amplification that prepares a single race to resolve decisively. The algorithm's
optimality reflects the physical limit on how quickly bias can be redistributed without injecting
irreversible ticks.
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6.7.5 Why Oracle-Based Speedup Is Limited

The TPB/BCB framework clarifies why Grover's speedup is quadratic and not exponential. Each
oracle call injects only phase bias, not capacity. The diffusion step redistributes capacity
globally, but conservation constraints limit the rate of bias amplification.

Attempting to accelerate the process further would require irreversible localization of
information, prematurely resolving the race and destroying quantum advantage. Grover's bound
therefore reflects a physical limit imposed by delayed distinguishability rather than a purely
abstract complexity constraint.

7. Entanglement as Shared Distinguishability Debt

Entanglement is often presented as the most conceptually puzzling feature of quantum
mechanics. Correlations that persist across spatial separation appear to defy classical notions of
locality and independent state description. Within TPB/BCB, however, entanglement admits a
direct and physically grounded interpretation as a consequence of delayed distinguishability and
shared informational constraints.

7.1 Entanglement as a Pre-Bit Phenomenon

From the TPB perspective, entanglement arises when multiple subsystems share a joint pre-bit
state such that no subsystem has independently accumulated sufficient irreversible change to
form a bit. Although the global system may be mathematically well-defined, none of its
components has crossed a local distinguishability threshold. As a result, the informational
content of the system is inherently relational.

In this regime, attempting to ascribe definite local properties to subsystems is physically
premature. The absence of local bits means that subsystem states cannot be meaningfully
specified independent of the whole. Entanglement therefore reflects not mysterious linkage, but
the simple fact that distinguishability has not yet localized.

7.2 Shared Distinguishability Debt

The notion of "shared distinguishability debt" provides a useful physical intuition. Because no
local bits exist, the system carries an unresolved informational obligation that must eventually be
paid through irreversible change. This debt is distributed across the subsystems and can only be
resolved jointly.

When a measurement is performed on one part of an entangled system, the TPB race is forced to
resolve at the global level. The resulting bit formation simultaneously discharges the shared
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distinguishability debt, fixing correlated outcomes across all entangled components. No signal is
transmitted between subsystems; rather, a single global constraint is satisfied.

For the General Reader: Think of two people who have agreed to tell the same story but
haven't decided what the story is yet. Neither person has committed to anything—the story
doesn't exist. When one person is finally asked and must answer, both stories become defined at
once, and they match. No message was sent; the correlation was built into the structure of their
agreement. Entanglement works similarly: the correlation is structural, not communicative.

7.3 Correlations Without Signaling

BCB clarifies why entanglement does not permit superluminal communication. Although
informational capacity is shared globally, no local distinguishability exists prior to measurement.
Without local bits, there is nothing that can be manipulated to encode or transmit a signal.

Measurement enforces a global resolution consistent with previously established balance
constraints, but it does not allow one subsystem to control the outcome statistics of another. The
correlations observed in entanglement experiments therefore arise from joint resolution of shared
capacity, not from causal influence propagating across space.

7.4 Entanglement as a Computational Resource

In quantum computation, entanglement functions as a resource precisely because it maintains
shared distinguishability debt across many qubits. By preventing local bit formation, entangled
states allow informational capacity to be redistributed across the computational register in ways
unavailable to classical systems.

Quantum algorithms exploit this shared pre-bit structure to shape the competitive landscape of
the TPB race. Measurement then resolves the global state in a way that reflects these engineered
correlations. Entanglement thus enhances computational power not by adding mystery, but by
extending the scope over which distinguishability is delayed.

7.5 Locality, Reality, and Resolution

This interpretation preserves locality at the level of physical interactions while acknowledging
the global nature of information balance prior to bit formation. The apparent tension between
locality and entanglement arises only if one assumes that bits exist before they physically form.

Once bits are treated as emergent rather than primitive, entanglement becomes a natural and

unavoidable feature of pre-bit dynamics. The paradox dissolves, leaving a coherent account in
which reality becomes definite only when distinguishability is irreversibly established.
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7.6 Bell Inequalities and Experimental Nonlocality

Bell test experiments rule out broad classes of local hidden-variable models under standard
assumptions. The TPB/BCB interpretation is consistent with Bell violations because it does not
posit pre-existing, independently well-defined local outcomes prior to resolution. Before bit
formation, entangled subsystems carry shared distinguishability debt, so the locality premise
used in Bell's factorization is not satisfied.

Bell's theorem assumes:
P(a,blx,y) = | dA p(1) P(alx,}) P(bly,L)

This factorization presupposes that outcomes a and b can be specified independently given some
hidden variable A. In TPB, no such independent specification exists before resolution—the
subsystems share a joint pre-bit state that cannot be factored.

Correlations arise from joint constraint satisfaction at resolution, not from superluminal
influence, and signaling remains impossible because no controllable local distinguishability
exists prior to measurement.

8. Decoherence, Noise, and Error Correction

The practical challenge of quantum computation lies not in implementing unitary evolution, but
in preventing premature bit formation. Decoherence, noise, and operational errors all arise from
uncontrolled interactions that inject irreversible change into the system, forcing the TPB race to
resolve before the algorithm has completed its preparation.

8.1 Decoherence as Premature Distinguishability

Decoherence occurs when a quantum system becomes entangled with environmental degrees of
freedom in a manner that localizes irreversible change. From the TPB perspective, the
environment injects uncontrolled ticks that drive one or more channels past the distinguishability
threshold. Once this threshold is crossed, local bits form and phase information is lost.

Decoherence therefore does not represent a mysterious disappearance of quantum behavior, but
the physical emergence of distinguishability. The transition from quantum to classical behavior
corresponds precisely to the point at which irreversible change becomes sufficient to stabilize
bits.

For the General Reader: Decoherence is like someone accidentally firing the starting gun

before the runners are in position. The race starts prematurely, and the carefully prepared
advantages are lost. Quantum computers must be shielded from anything that might "fire the
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gun" too early—stray photons, thermal vibrations, electromagnetic noise—anything that could
force an irreversible distinction before the algorithm is ready.

8.2 Noise as Uncontrolled Tick Injection

Noise processes—such as thermal fluctuations, electromagnetic interference, or material
defects—can be understood as sources of stochastic tick injection. These ticks alter the relative
rates of accumulation across channels, distorting the prepared race landscape.

Because quantum computation relies on carefully balanced redistribution of informational
capacity, even small amounts of uncontrolled tick injection can significantly bias or terminate the
race. This sensitivity explains why quantum hardware must operate at low temperatures, high
isolation, and extreme precision.

8.3 Error Correction as Race Preservation

Quantum error correction is often described as paradoxical, since it appears to protect fragile
quantum information without directly measuring it. Within the TPB framework, error correction
can be understood as an active strategy for preserving pre-bit states.

Error-correcting codes and syndrome measurements do not form logical bits prematurely.
Instead, they detect and counteract unwanted tick accumulation that would otherwise force early
resolution. By redistributing or canceling injected ticks, error correction maintains the global
balance required for the race to remain open.

The key insight is that syndrome extraction reveals error information without revealing logical
information. The error information is localized (bits form describing what went wrong), but the
protected logical state remains in the pre-bit regime.

8.4 Fault Tolerance and Scalability

Fault-tolerant quantum computation requires that the rate of unintended tick injection remain
below a critical threshold. If uncontrolled accumulation exceeds this threshold, the system will
inevitably collapse into classical behavior regardless of algorithmic design.

This perspective reframes scalability limits in physical terms. The challenge is not merely to
suppress errors abstractly, but to engineer systems in which delayed distinguishability can be
sustained across increasing numbers of degrees of freedom. The exponential difficulty of
maintaining coherence thus reflects the physical cost of preventing bit formation, not a failure of
the formalism.
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8.5 Classical Computation as the Early-Collapse Limit

Finally, the TPB framework clarifies the relationship between quantum and classical
computation. Classical systems operate in a regime where distinguishability thresholds are
crossed rapidly and repeatedly. Bits form early, irreversibility is frequent, and informational
capacity localizes at each computational step.

Quantum computation occupies the opposite regime, in which distinguishability is deliberately
suppressed until the end. Classical computation therefore appears not as a separate paradigm, but
as the early-collapse limit of the same underlying physical process.

Understanding decoherence and noise in these terms emphasizes that quantum computation is
difficult precisely because it resists the natural tendency of physical systems to form stable
distinctions.

9. Comparison with Other Interpretations

The TPB/BCB frameworks do not seek to replace the mathematical structure of quantum
mechanics, but to provide a physically grounded interpretation that satisfies the criteria outlined
in Section 3. To clarify the distinct contribution of this approach, it is useful to compare it with
several widely discussed interpretations.

9.1 Copenhagen-Type Interpretations

Copenhagen-style interpretations treat the wavefunction as a complete description of a system's
state prior to measurement, with collapse introduced as a fundamental postulate. While
operationally effective, this approach offers little physical insight into when or why collapse
occurs, or how irreversibility enters the process.

TPB/BCB distinction: Collapse is identified with the physical crossing of a distinguishability
threshold. Measurement is not a special epistemic act, but an ordinary physical process that
forces irreversible change. This removes the need for observer-centric assumptions while
preserving all predictive content.

9.2 Many-Worlds and Branching Interpretations

Many-worlds interpretations avoid collapse by positing that all possible outcomes are realized in
separate branches of reality. Although mathematically consistent, this approach introduces
significant ontological inflation and raises questions about the physical status of unobservable
branches.
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TPB/BCB distinction: The appearance of parallel evolution is reproduced without requiring
multiple realized outcomes. Prior to measurement, no bits exist and no outcomes are actualized;
reversible evolution redistributes informational capacity among potential channels. Only one
outcome becomes real when the TPB race resolves.

A substantive distinction is that branching interpretations treat alternative outcomes as
ontologically realized histories, whereas TPB treats alternatives as unrealized channels whose
sole physical role is to bias a single future irreversible resolution. In TPB, definiteness and
thermodynamic cost occur once—at the crossing of the distinguishability threshold—rather than
being distributed across unobservable branches. Potential channels are not "worlds by another
name"; they are bookkeeping for pre-bit competition constrained by global balance, with no
claim of parallel realized realities.

9.3 Pilot-Wave (Bohmian) Mechanics

Pilot-wave interpretations maintain that particles always have definite positions, guided by a
"pilot wave" derived from the wavefunction. This provides definiteness without collapse, but
requires nonlocal hidden variables and raises questions about the ontological status of the pilot
wave in high-dimensional configuration space.

TPB/BCB distinction: TPB shares Bohmian intuitions about definiteness emerging physically
rather than being imposed by observation, but differs in mechanism. In TPB, definiteness
emerges through threshold-crossing dynamics rather than continuous guidance. The framework
does not require hidden variables or additional ontology beyond the state vector's role as a pre-bit
capacity distribution.

9.4 Decoherence-Based Accounts

Decoherence theory explains the suppression of interference by environmental entanglement, but
often stops short of explaining why specific outcomes occur. It clarifies why classical behavior
emerges, yet leaves the selection of outcomes implicit.

TPB/BCB distinction: Decoherence is understood as premature bit formation driven by
uncontrolled tick injection. This complements decoherence theory by explicitly identifying the
physical condition under which outcomes become definite, rather than treating classicality as an
asymptotic phenomenon.

9.5 QBism and Epistemic Interpretations

QBism and related epistemic interpretations treat the quantum state as a representation of an
agent's beliefs rather than an objective physical entity. While this approach dissolves some
conceptual puzzles, it relocates explanatory responsibility to subjective probability assignments.
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TPB/BCB distinction: An objective physical account of probability is maintained. Outcome
statistics arise from competitive dynamics and balance constraints, not from belief updates.
Probability reflects physical race statistics rather than personal degrees of confidence.

9.6 Thermodynamic and Information-Theoretic Views

Several modern approaches emphasize the thermodynamic and informational aspects of quantum
mechanics, including connections to Landauer's principle and entropy production. TPB/BCB
align closely with these perspectives while adding a concrete microphysical mechanism for bit
formation and conservation.

In particular, TPB specifies how and when thermodynamic cost is incurred, while BCB explains
how information can be redistributed without immediate localization. Together, they unify
thermodynamic, informational, and computational considerations within a single framework.

The present work also connects to broader discussions of emergence and the classical limit in
quantum foundations. Landsman's treatment of how classical structure emerges from quantum
formalism, Healey's pragmatist approach emphasizing the functional role of quantum states, and
Wallace and Timpson's analysis of interpretation versus formalism all inform the view that
interpretational clarity can coexist with formal preservation. TPB/BCB contributes to this
tradition by grounding emergence specifically in irreversible distinguishability thresholds.

9.7 Occam's Razor and Ontological Economy

While Occam's razor is not a substitute for empirical adequacy, it provides a meaningful
comparative criterion when multiple interpretations reproduce the same formal predictions. In
such cases, preference may reasonably be given to frameworks that explain observed phenomena
with fewer physical commitments, provided no explanatory power is lost.

The TPB/BCB interpretation satisfies this criterion in a particularly strong sense. It reproduces
all standard predictions of quantum computation—interference, entanglement, Born-rule
statistics, Bell violations, and algorithmic speedup—without introducing any additional
ontological structures beyond those already implicit in the quantum formalism and
thermodynamics.

By contrast, alternative interpretations typically require at least one of the following additional
commitments:

| Interpretation H Additional Ontological Commitments ‘
|Many-Wor1ds HAH outcomes physically realized as branching histories ‘
|Pilot-Wave HHidden variables + guiding dynamics beyond the state vector ‘
|Collapse Models HStochastic non-unitary dynamics (e.g., GRW) ‘
|QBism HAgent-relative physical states ‘
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| Interpretation H Additional Ontological Commitments ‘
|TPB/BCB HNone beyond unitary QM + thermodynamics ‘

TPB/BCB requires none of the additional structures listed above. It assumes:

e Standard unitary quantum dynamics (Schrodinger evolution)
e Ordinary thermodynamic irreversibility (entropy production)
o The physical emergence of stable distinctions through environmental coupling

No additional worlds, variables, collapse laws, or observer-centric elements are posited. Potential
outcomes are treated as unrealized channels that influence future irreversible resolution, not as
physically instantiated alternatives.

In this sense, TPB/BCB does not simplify the mathematics of quantum mechanics, nor does it
reduce the richness of quantum phenomena. Rather, it minimizes ontological commitments by
identifying delayed irreversibility—not state multiplicity—as the operative physical resource
underlying quantum computation.

Occam's razor therefore favors TPB/BCB not on aesthetic grounds, but on the basis of

ontological economy: it explains the same empirical facts while committing to fewer physically
realized structures than competing interpretations.

9.8 Summary of Distinctions

Compared to existing interpretations, the TPB/BCB account offers:

e A physical mechanism for measurement without observer primacy

e An explanation of probability grounded in competitive dynamics

e A rejection of ontological branching without sacrificing formal equivalence
e A unified treatment of quantum and classical computation

e Direct relevance to hardware constraints and scalability

These features position TPB/BCB not as a competing theory, but as a clarifying physical

interpretation of quantum computation consistent with both experiment and thermodynamic
principles.

10. Implications for Quantum Computing Design and
Practice

The TPB/BCB interpretation is not merely a conceptual rephrasing of quantum computation. By
grounding quantum behavior in delayed distinguishability, competitive bit formation, and
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entropy management, it offers practical insight into gate design, noise mitigation, algorithm
structure, and scalability limits.

10.1 Noise and Error as Uncontrolled Tick Injection

Within TPB, noise sources—thermal fluctuations, electromagnetic interference, material defects,
and control imperfections—can be understood uniformly as uncontrolled injections of ticks.
These ticks bias or prematurely terminate the TPB race, producing decoherence and logical
errors.

This reframing shifts engineering intuition away from abstract error rates toward a physical
objective: suppressing unintended irreversible change. It clarifies why certain noise sources are
disproportionately harmful and why extreme isolation and cooling are essential for quantum
hardware.

10.2 Gate Quality and Fidelity

Gate fidelity in the TPB/BCB framework measures more than numerical accuracy in amplitude
transformation. High-quality gates are those that reshape pre-bit channel structure while
minimizing unintended tick localization. Leakage, dissipation, and cross-talk are damaging not
simply because they introduce numerical error, but because they partially resolve
distinguishability.

This perspective provides a physical rationale for why improving coherence times and reducing
dissipation often matters more than incremental improvements in control precision.

10.3 Error Correction as Race Preservation

Quantum error correction can be reinterpreted as an active strategy for preserving pre-bit
conditions. Syndrome extraction and redundancy do not protect definite values, but instead
counteract unwanted tick accumulation that would otherwise force early race resolution.

Fault-tolerance thresholds therefore reflect physical limits on how long distinguishability can be

delayed in the presence of environmental coupling, rather than purely abstract coding-theoretic
bounds.

10.4 Algorithm Design Insight

From the TPB/BCB viewpoint, successful quantum algorithms share a common structure: they
delay irreversible resolution as long as possible while aggressively reshaping the competitive
bias of the final race.

e Grover's algorithm: Systematic amplification of race bias
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e Shor's algorithm: Constraint-driven redistribution of informational capacity via Fourier
analysis
e Variational/annealing approaches: Controlled partial resolution processes

This unifying perspective may help bridge gate-based, analog, and hybrid quantum computing
paradigms.

10.5 Realistic Limits and Expectations

The TPB/BCB framework also emphasizes limits. Quantum computation does not eliminate
thermodynamic cost; it defers it. As system size increases, maintaining pre-bit structure becomes
exponentially challenging, setting practical bounds on scalable quantum advantage.

Recognizing these limits aligns theoretical expectations with experimental reality and helps
distinguish genuinely quantum speedup from classical approximation or early-collapse behavior.

10.6 Why This Interpretation Matters

Although TPB/BCB is an interpretational framework, it alters intuition about what physically
matters in quantum computing systems. It highlights delayed distinguishability as the central
resource, clarifies the role of unitarity and reversibility, and reframes noise and error correction
in thermodynamic terms.

By identifying delayed irreversibility rather than state multiplicity as the operative resource,
TPB/BCB reframes optimization targets for near-term quantum hardware. This is not merely
philosophical: it suggests concrete metrics (entropy localization rate, tick injection per gate) that
may predict algorithmic performance better than fidelity alone.

In this sense, the framework is not merely explanatory but heuristic: it provides guidance for

thinking about hardware design, algorithm development, and the physical limits of quantum
computation.

11. Empirically Distinguishable Implications and Testable
Hypotheses

The TPB/BCB frameworks are primarily interpretational, but they imply concrete, empirically
distinguishable perspectives on quantum computing practice. While the present work does not
introduce a quantitative tick-injection model, it identifies alternative optimization targets and
testable hypotheses that differ from standard intuition.
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11.1 Alternative Optimization Targets

Quantum hardware is typically optimized using metrics such as coherence times (T, T2) and gate
fidelities. TPB/BCB suggests a complementary optimization target: minimizing unintended tick
injection per logical operation. These metrics are not identical. A gate with higher nominal
fidelity but stronger dissipative coupling may inject more irreversible change than a slightly less
accurate gate with weaker entropy localization.

Testable prediction: Algorithmic performance may correlate more strongly with entropy
localization rate per gate than with fidelity alone. This hypothesis is experimentally testable by
comparing deep-circuit performance across gate implementations with similar fidelities but
differing dissipation profiles.

11.2 Error Correction as Threshold Management

Standard quantum error correction focuses on detecting and correcting errors after they occur. In
the TPB framework, the central challenge is preventing premature crossing of distinguishability
thresholds. This reframing suggests that passive stabilization techniques that suppress tick
injection may, in some regimes, outperform more aggressive active correction schemes with high
ancilla overhead.

Testable prediction: Codes and syndrome extraction methods should be evaluated not only by
logical distance, but by their cumulative impact on irreversible entropy production.

11.3 Algorithm Design Heuristics

TPB/BCB reframes algorithm design as an optimization problem: maximize race-bias
amplification per unit of pre-bit evolution time while minimizing cumulative tick injection. This
criterion differs from expressibility- or depth-based heuristics commonly used in variational and
hybrid algorithms.

Testable prediction: Variational ansétze that are highly expressive but dissipative may
underperform simpler circuits that achieve efficient capacity redistribution with fewer
opportunities for tick leakage.

11.4 Hybrid Quantum—Classical Partitioning

TPB provides a physically motivated criterion for hybrid algorithm design. Subroutines whose
distinguishability thresholds are crossed by environmental coupling may be collapsed early and
executed classically, preserving coherence budget for operations that genuinely benefit from
delayed resolution.

This criterion differs from purely complexity-theoretic partitioning and offers a testable strategy
for optimizing near-term quantum algorithms.
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11.5 Hardware Modality Comparison

Different qubit platforms exhibit distinct noise and dissipation profiles. TPB suggests comparing
platforms not only by coherence times, but by entropy localization rate per logical operation.
Platforms with shorter raw coherence times but lower per-gate dissipation may outperform those
with longer coherence but leakier operations for certain workloads.

Testable prediction: New benchmarking approaches focusing on irreversible entropy
production rather than coherence duration alone may better predict algorithmic performance.

11.6 Potential Failure Modes of the TPB/BCB Interpretation

Intellectual honesty requires identifying conditions under which the TPB/BCB interpretation
would be undermined or falsified:

e Outcome selection without entropy localization: If future experiments demonstrate that
definite measurement outcomes can arise without any accompanying irreversible entropy
production or environmental entanglement, this would challenge the core TPB claim that
bit formation requires threshold crossing.

o Interference surviving strong irreversible coupling: If quantum interference patterns
persist despite arbitrarily strong dissipative or irreversible environmental interactions, this
would undermine the identification of decoherence with premature bit formation.

o Algorithmic performance uncorrelated with dissipation: If deep experimental
benchmarking shows that quantum algorithmic performance correlates purely with gate
fidelity and is entirely independent of entropy localization rates, the practical relevance of
TPB/BCB metrics would be diminished.

e Born statistics from non-quadratic dynamics: If a physical mechanism were
discovered that reproduced Born-rule statistics through a fundamentally different
structure than capacity-weighted race competition, the explanatory uniqueness of TPB
would be weakened.

None of these conditions currently holds, but stating them explicitly demonstrates that TPB/BCB
makes contact with empirical reality and is not merely a linguistic rephrasing.

11.7 Scope and Limitations

The present work does not claim immediate practical advantage or new algorithmic speedups.
Rather, it identifies empirically distinguishable consequences and alternative metrics suggested
by the TPB/BCB framework. Developing quantitative tick-injection models and validating these
hypotheses experimentally are important directions for future work.
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12. Implications, Limits, and Outlook

This section summarizes the key implications of the TPB/BCB reinterpretation, identifies its
physical limits, and outlines directions for future work.

12.1 Irreversibility, Cost, and the Landauer Bound

Within TPB, irreversible cost is incurred only when a bit is formed—when a distinguishability
threshold is crossed and entropy localizes. Bit formation at threshold crossing corresponds
precisely to the localization of entropy required by Landauer's bound: the minimum kT In 2 of
heat dissipation per bit erased (or equivalently, per bit formed from an undetermined state).
Quantum computation does not evade thermodynamic constraints; rather, it defers them. The
Landauer bound remains intact, but its cost is paid once, at the final resolution, instead of
repeatedly throughout the computation.

This perspective clarifies why quantum algorithms can achieve speedups without violating
physical law. They reduce the number of irreversible commitments, not the cost of commitment
itself.

12.2 Physical Limits of Quantum Computation

The TPB/BCB interpretation emphasizes that the ultimate limits of quantum computation are set
by the difficulty of delaying distinguishability. As system size grows, maintaining pre-bit states
against environmental tick injection becomes exponentially challenging. These limits are
physical rather than purely computational, arising from entropy production, isolation
requirements, and material constraints.

Consequently, quantum advantage should be understood as a finite, regime-dependent
phenomenon rather than an unbounded computational miracle.

12.3 Classical Computation Revisited

Classical computation appears naturally as the early-collapse limit of the same underlying
process. In classical systems, distinguishability thresholds are crossed rapidly and repeatedly,
leading to stable bits, frequent irreversibility, and localized entropy production. No conceptual
discontinuity separates classical and quantum computation; they occupy different operating
regimes of the same physical substrate.

This unification removes the need to treat classical and quantum information as fundamentally
different kinds of entities.
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12.4 What This Interpretation Does Not Claim

It is important to emphasize the scope of the present work. TPB and BCB do not propose new
dynamics, alter quantum formalism, or introduce testable deviations from standard predictions.
They do not claim to resolve all foundational questions in quantum mechanics, nor to privilege a
particular metaphysical stance.

Their contribution is explanatory rather than revisionary: to provide a physically grounded
account of how quantum computation operates and why it confers advantage under specific
conditions.

12.5 Outlook

The TPB/BCB framework suggests several avenues for future investigation:

Quantitative modeling: Develop tick-injection models for realistic hardware platforms
Thermodynamic analysis: Refine understanding of delayed distinguishability costs
Metrology applications: Apply race-based reasoning to quantum sensing

Compiler development: Implement tick-aware optimization objectives

Experimental validation: Test predictions across different qubit modalities

Nk w =

More broadly, treating information as emergent rather than primitive may offer a productive lens
for unifying computation, thermodynamics, and quantum foundations. In this light, quantum
computation appears not as a departure from physical intuition, but as a carefully engineered
exploitation of the narrow window before irreversibility takes hold.

13. Conclusion

Quantum computation is often motivated by narratives of parallel evaluation and wavefunction
collapse. While operationally useful, such narratives can obscure the physical questions of when
information becomes definite and where irreversibility enters.

The TPB/BCB interpretation presented here preserves the quantum formalism while retelling the
story in terms of delayed distinguishability, global informational balance, and a competitive race
to threshold at measurement. In this view:

| Aspect H Standard Narrative H TPB/BCB Interpretation |
|Superpositi0n HMany simultaneous states HNO bits yet formed; pre-bit regime |
|Interference HWave cancellation HCapacity redistribution among channels |
|Measurement HCollapse postulate HThreshold crossing; forced race completion |
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Aspect H Standard Narrative H TPB/BCB Interpretation

Probability 11111111;;1 amental axiom (Born Race statistics under conservation constraints
Mysterious nonlocal . -

Entanglement . Shared distinguishability debt
connection

Quantum Paralle] evaluation of paths Deferrpd irreversibility; single late

speedup commitment

|Classical limit HSeparate theory HEarly-collapse regime of same process

The key reframings are:

e Quantum advantage arises from postponing irreversible commitment while coherently
redistributing capacity among potential outcomes

o Measurement is the forced completion of a physical race, not a mysterious collapse

o Probability emerges from race statistics under conservation constraints, not as a separate
postulate

o Entanglement represents shared distinguishability debt, not spooky action at a distance

o Decoherence is premature bit formation, not the disappearance of quantumness

o Classical computation is the early-collapse limit of the same underlying process

This framing unifies interference, entanglement, decoherence, and error correction under a single
physical mechanism. It provides concrete intuition for hardware engineers and algorithm
designers while respecting thermodynamic constraints and avoiding ontological inflation.

The mathematics remains exactly the same. But its meaning becomes clearer, and with that
clarity comes better intuition for navigating the practical challenges of building and
programming quantum computers.

For the General Reader: Quantum computing works not because nature is magical, but because
it allows us to carefully delay the moment when decisions become irreversible. By shaping the
conditions of that final decision, we can obtain results that would be impossible if every step
were forced to be definite from the start. Seen this way, quantum computing is not about many
worlds or impossible computations. It is about using the brief window before time begins—
before facts are created—to prepare a single outcome very, very carefully.

Appendix A. Clarifications, Formal Mapping, and
Foundational Consistency

This appendix addresses foundational questions raised by the TPB/BCB interpretation. The
purpose is not to introduce new dynamics, but to clarify how TPB/BCB connects to standard
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quantum mechanics, how probability arises, and how the framework remains consistent with
well-tested nonlocal correlations.

A.1 Tick Accumulation and the Origin of the Born Rule

In the TPB framework, probabilistic outcomes arise from a competitive race among
distinguishability channels, each accumulating irreversible physical change ("ticks") prior to
resolution. A central question is why the fraction of trials in which a given channel wins this race
is proportional to |af* rather than |o| or another function of amplitude.

The key point is that tick accumulation rates are constrained by three requirements already
implicit in standard quantum mechanics:

1. Norm conservation: Total informational capacity must be conserved under unitary
evolution: )} o> =1

2. Additivity: Probabilities for disjoint channels must sum linearly: P(A U B) =P(A) +
P(B) for disjoint A, B

3. Composition invariance: Coarse-graining or refinement of outcome channels must not
alter observable statistics (Gleason's theorem context)

These constraints uniquely select quadratic weighting. This structure mirrors the uniqueness
results underlying Gleason's theorem, but is here interpreted physically in terms of irreversible
race statistics rather than abstract measure assignment. Consider why:

e  Why not |a|? Linear weighting would violate norm conservation under superposition. If
P « o], then for |y) = (|0} + |1))/N2, we would have P(0) + P(1) =22 # 1.

e Why not |a|*? Higher powers would violate refinement invariance. Splitting a channel
into sub-channels should not change total probability, but |a|* does not satisfy the required
additivity structure.

In TPB terms, ticks correspond to irreversible entropy-producing events sourced by probability
current, whose density is proportional to [y|>. As a result, the relative rate at which a channel
approaches the distinguishability threshold scales with the squared amplitude.

Born probabilities therefore arise as race statistics determined by irreversible accumulation under
global balance constraints, rather than as postulated measurement axioms.

A.2 Ontological Status of Ticks

Ticks are not postulated as fundamental spacetime quanta or Planck-scale events. In the present
framework, they are effective units of irreversible physical change—minimal entropy-increasing
events sufficient to reduce future distinguishability. Their role is thermodynamic rather than
geometric.
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In related work, ticks have been connected to minimal distinguishability limits, but the

arguments in this paper do not depend on a specific microscopic realization. Whether ticks admit

a universal lower bound or emerge system-dependently from environmental coupling remains an

open question.

A.3 The Distinguishability Threshold

The distinguishability threshold marks the transition from pre-bit to bit states. It is not assumed

to be universal or fixed. Instead, it emerges from:

e System—environment coupling strength

e Amplification dynamics

e Redundancy and copying robustness

e Environmental monitoring and decoherence

A threshold is crossed when a distinction becomes stable against reversal and environmental
monitoring, closely aligned with the notion of objective classicality in quantum Darwinism.
Within TPB, this threshold identifies the point at which further reversible evolution can no
longer erase the distinction, making bit formation effectively irreversible.

A.4 Mapping TPB/BCB to Standard Quantum Formalism

TPB and BCB do not modify Hilbert space structure or quantum dynamics. They supply a
physical interpretation of standard elements:

Standard QM Object] TPB/BCB Physical Interpretation

||\y) (state vector) HPre-bit state encoding competing distinguishability channels

af? (squared o . . . .
o (squ Relative tick-accumulation capacity / race-winning propensity

amplitude)
|Unitary evolution U HRedistribution of informational capacity without bit formation ‘
|Measurement HForced completion of TPB race; threshold crossing and bit formation ‘
|Decoherence HPremature threshold crossing via environmental tick injection ‘
|Entanglement HShared distinguishability debt across subsystems ‘
Race statistics under norm conservation, additivity, and refinement
Born rule . )
invariance

A.5 Bell Correlations and Nonlocality

Bell inequality violations do not challenge the TPB/BCB framework. Bell's theorem assumes the

existence of independently well-defined local outcomes prior to measurement:

P(a,blx,y) = | dA p(L) P(alx,}) P(bly,1)
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TPB explicitly denies this assumption: before resolution, no local bits exist. Entangled systems
share distinguishability debt, which is resolved jointly at measurement.

The resulting correlations reflect global constraint satisfaction rather than superluminal causal

influence or hidden variables. Because no controllable local distinguishability exists prior to
resolution, signaling remains impossible.

A.6 Distinction from Branching Interpretations

Although TPB involves multiple potential channels, it differs fundamentally from branching
interpretations:

Feature Many-Worlds TPB/BCB
Ontologlcal status of All branches realized No chapnel realized until
alternatives resolution
When definiteness occurs Relative to each branch ~ Once, at threshold crossing
T.h er;nosiynamw cost Distributed across Concentrated at single resolution
distribution branches

Bookkeeping for pre-bit

Physical reality of alternatives  Full ontological weight competition

Potential channels have no physical reality beyond their influence on future irreversible
resolution. This distinction is substantive rather than semantic, grounding TPB in
thermodynamic economy rather than ontological multiplication.

A.7 Formal Skeleton: Threshold Crossing Dynamics

This subsection provides a minimal formal structure for the TPB race model, sufficient to make
the mechanism precise without introducing stochastic calculus or detailed microphysics.

Setup: Consider n distinguishability channels with amplitudes {o;} satisfying )i |oi]* = 1. Each
channel accumulates irreversible change ("ticks") toward a distinguishability threshold ®.

Accumulation rates: Let r; denote the tick accumulation rate for channel 1. Under BCB
constraints and the Born rule derivation (A.1), we have:

1; o |0
Cumulative accumulation: Let Tj(t) denote the cumulative tick count for channel i at time t:
Ti(t) = Jot ri(s) ds

For constant rates during the measurement interaction: Ti(t) =1; - t
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Resolution condition: The race resolves when any channel first crosses the threshold:
T=min{ t : Ti(t) > O for some i }
The winning channel j satisfies Tj(t) > ® while Ti(t) <O for all k #].

Outcome statistics: Because r; & |oi|?, the channel with larger squared amplitude crosses O first
more frequently. In the limit of many trials:

P(channel i wins) = |o;[?

This recovers the Born rule as race statistics.

Stochastic generalization: In realistic settings, tick accumulation is stochastic rather than
deterministic. The rates r; represent mean accumulation rates, with fluctuations introducing
genuine randomness. The competitive structure ensures that even with stochastic dynamics, the
long-run frequencies converge to |oi|>.

Note: This skeleton is conceptual, not a proposed fundamental dynamics. It illustrates how the
TPB race model can be formalized without modifying quantum mechanics or introducing hidden

variables. The threshold © is system- and context-dependent, emerging from environmental
coupling and amplification dynamics rather than being a universal constant.

Appendix B. Mathematical Preliminaries (Compact
Reference)

This appendix summarizes core mathematical objects for readers wishing to connect TPB/BCB
language to standard formalism.

B.1 State Spaces and Inner Products

A quantum system is modeled by a complex Hilbert space #. Pure states are unit vectors |y) €
 defined up to global phase. Inner products (¢|y) define overlaps and induce norms l|y)I?> =

(Wlw).

For n qubits, #= (C?)*@n. The computational basis is {|x) : x € {0,1}"}. A general state is:

[w) = 2 o) with ' Jax? =1
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B.2 Tensor Products and Subsystems

Composite systems use tensor products. If p_ AB is a density operator on # A @ A B, the
reduced state is p_ A = Tr_B(p_AB). Entanglement corresponds to states that are not separable:

p_AB#2kpp Ak ® p_B"k

B.3 Density Matrices

Mixed states are positive semidefinite, unit-trace operators:

P = Dk Pr Wi

Expectation values are (O) = Tr(pO). Pure states correspond to rank-1 projectors p = [y ){wy|.

B.4 Unitary Evolution

Closed-system evolution is unitary: |[y) = Uly), with UTU = I. For density matrices: p = UpUt.
Unitarity preserves inner products and probability norms, implementing BCB's "conservative
redistribution."

B.5 Measurement and the Born Rule

Projective measurement in basis {|i)} uses projectors IT; = |i){i|. Outcome i occurs with
probability pi = Tr(pIli) and post-measurement state p; = [TipILi/p;.

Generalized measurements (POVMs) use positive operators {E;} with ) Ei =1, giving p; =
Tr(pE)).

B.6 Pauli Operators and the Bloch Sphere

Single-qubit Paulis: I, X, Y, Z. Any qubit state can be written:
p=I+1"0")2

with Bloch vector r” € R3, Ir”I < 1.

Appendix C. Gate Techniques and Compilation

This appendix summarizes gate techniques relevant to the TPB/BCB narrative.
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C.1 Native Gates vs Logical Gates

Hardware exposes a native gate set (e.g., single-qubit rotations plus an entangling interaction).
Logical gates (H, S, T, CNOT, CZ) are compiled into native operations. Performance depends
not only on circuit depth but on how compilation trades off duration, dissipation, and control
error—directly relevant to TPB's "tick injection per operation" metric.

C.2 Single-Qubit Rotations

Most platforms implement arbitrary single-qubit rotations:
R _n”(0) = exp(—ifn~-c7/2)

Virtual Z gates (frame updates) are effectively error-free on some platforms and can reduce
physical operations and associated dissipation.

C.3 Two-Qubit Entangling Primitives

Common entangling gates include:
e (CNOT, CZ (superconducting, trapped ions)
« iSWAP, ViSWAP (superconducting)
e Mpglmer—Sgrensen (trapped ions)
e Cross-resonance (superconducting)

Entangling gates typically dominate error budgets because they couple more strongly to noise
channels and can increase entropy localization.

C.4 Unitarity and Dissipation

From a TPB perspective, unitarity is paramount. Any gate that introduces dissipation injects
ticks. Compilation should minimize not just gate count but cumulative tick injection—a
potentially different optimization target than depth or fidelity alone.

Appendix D. Quantum Error Correction (TPB/BCB
Interpretation)

This appendix connects standard QEC concepts to the TPB/BCB narrative.
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D.1 Error Models

Common error models include:

Pauli channels (bit-flip, phase-flip, depolarizing)
Amplitude damping

Dephasing

Leakage

In Kraus form, these are CPTP maps ¢ that can inject irreversible change. TPB interprets these as
mechanisms that increase the probability of premature threshold crossing.

D.2 Stabilizer Codes

Stabilizer codes define a protected codespace as the +1 eigenspace of commuting Pauli
generators. Errors map the state to orthogonal syndrome subspaces. Measuring stabilizers yields
a syndrome identifying (up to degeneracy) likely errors without directly measuring the logical
state.

D.3 Syndrome Extraction

Syndrome extraction uses ancillas coupled via entangling gates and then measured. The design
challenge is to obtain syndrome information while limiting ancilla-induced backaction. In TPB
terms, syndrome extraction must minimize additional tick injection while preventing
uncontrolled race completion on the logical qubits.

D.4 Fault-Tolerance Thresholds

Code distance d determines how many errors can be corrected. Threshold theorems imply that if
physical error rates are below a critical value, arbitrarily long computation is possible with
overhead.

TPB reframing: Below threshold, tick injection is sufficiently suppressed that delayed

distinguishability can be maintained through repeated correction cycles. Above threshold,
irreversible localization outruns correction and the computation collapses into early-bit behavior.
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Appendix E. Master Mapping: Quantum Computing
Mathematics to TPB/BCB

This appendix provides a consolidated one-to-one mapping between standard mathematical
structures and their TPB/BCB interpretation.

E.1 State Representation

|Standard ObjectH TPB/BCB Interpretation ‘
||\I’) HPre-bit state encoding competing distinguishability channels ‘
oly) [Handshake compatibility of distinguishability configurations|
|||\|I||2 HTotal conserved informational capacity (BCB invariant) ‘

E.2 Composition

|Standard Object” TPB/BCB Interpretation

|
|Tensor product ®HC0mpositi0n of distinguishability resources ‘
l

|Entangled states HShared distinguishability debt

|Partia1 trace HExternalization of bookkeeping to inaccessible degrees of freedom

E.3 Dynamics

Standard Object| TPB/BCB Interpretation |

|Unitary U ”Conservative redistribution without entropy localizationl

|Reversibility of U”No bits formed, no irreversible ticks localized |

|CPTP map & ”Tick injection mechanism |

E.4 Measurement

| Standard Object H TPB/BCB Interpretation ‘
|Pr0jectors / POVMs HMacroscopic distinguishability channels ‘

|Born rule pi = |ai|? HRace statistics under conservation constraints‘

|P0st-rneasurement stateHSystem after threshold crossing ‘

E.5 Computation

| Standard Object “ TPB/BCB Interpretation |
|Quantum circuit HSequence of race-shaping transformations ‘
|Oracle call HConstraint-irnposed bias injection ‘
|Circuit depth “Duration race must remain open |
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| Standard Object H TPB/BCB Interpretation ‘
|Algorithmic speedupHReduction in irreversible race completions‘

E.6 Noise and Errors

| Standard Object H TPB/BCB Interpretation |
|Decoherence HPremature threshold crossing |
|Error channel HCPTP process increasing race termination probability |
|Stabi1izer code HConstraint suppressing local resolution |
|Syndrome extraction HControlled localization of error (not logical) information|
|Fau1t-tolerance thresholdHRegime where tick suppression outpaces localization |

Appendix F. The TPB/BCB Toolkit for Scientists and
Engineers

This appendix translates TPB/BCB into practical guidance for quantum computing practitioners.

F.1 Core Physical Primitives

TPB primitives:
o Tick injection: Any process introducing irreversible entropy localization
e Race time budget: Maximum duration in pre-bit regime before collapse
e Threshold proximity: How close to forced distinguishability
e Race bias: Degree to which final outcome is steered

BCB primitives:

e Capacity conservation: Redistribution under unitary evolution
o Capacity leakage: Loss through irreversible channels

F.2 Proposed Metrics Beyond Fidelity

| Metric H Definition H Standard Analog

|

|Tick Injection Rate (TIR) HIrreversible entropy per operation HGate error rate

|

Circuit success

Race Survival Probability (RSP) |[Probability circuit remains pre-bit probability

Interference Retention Index

(IRI) Preserved interference structure |[Purity / coherence
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Metric H Definition H Standard Analog

Spatial/temporal vulnerability

Threshold Proximity Map (TPM) map

Error location analysis

F.3 Experimental Tests

Immediately testable predictions:
1. Same-fidelity, different-dissipation: Compare algorithmic performance for gates with
similar RB fidelity but different leakage/entropy signatures
2. Tick spectroscopy: Classify noise channels by type of distinguishability they localize

3. Race budget benchmarking: Determine maximum circuit depth before interference
collapses below IRI threshold

F.4 TPB/BCB-Aware Compilation

Objective function:
Minimize: }; TIR(gatei) + idling_tick cost + crosstalk tick cost
Subject to: required final bias, minimum IRI, acceptable RSP

This differs from depth-only optimization, potentially favoring different decompositions and
routings.

F.5 Algorithm Design Heuristics

o Bias-per-tick efficiency: Maximize race bias per unit tick injection

o Depth selection: Stop when marginal bias gain < tick risk

e Hybrid partitioning: Collapse subroutines early if environmental coupling will force
threshold crossing anyway

F.6 Scope

This toolkit does not claim immediate performance gains. It provides a structured way to
formulate falsifiable hypotheses and new benchmarking practices. Experimental validation
across platforms is an important direction for future work.
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Appendix G. Bloch Sphere, Hamiltonian Dynamics, and
Fourier Structure

This appendix clarifies foundational mathematical structures in both standard and TPB/BCB
interpretations.

G.1 The Bloch Sphere

Standard: Any pure qubit state can be written:
[v) = cos(0/2)|0) + e™(ip)sin(6/2)|1)

The Bloch sphere represents this as a point (6,9) on the unit sphere. Rotations = unitary gates;
contraction = decoherence.

TPB/BCB: The Bloch sphere represents pre-bit distinguishability geometry. Direction = race

bias. Magnitude = remaining redistributable capacity. Shrinkage = tick injection and loss of pre-
bit structure.

(.2 Hamiltonian Dynamics
Standard: Time evolution is generated by Hamiltonian H:
U(t) = exp(—iHt/A)

TPB/BCB: A Hamiltonian specifies how distinguishability geometry is reshaped continuously
without forming bits. Dissipative terms = explicit tick-injection mechanisms.

G.3 Fourier Structure

Standard: The quantum Fourier transform (QFT) maps computational basis to phase-encoded
superpositions, enabling algorithms like Shor's.

TPB/BCB: Fourier transforms are changes of distinguishability basis. The QFT redistributes

informational capacity into global phase structure while remaining in the pre-bit regime,
allowing constraint information to be amplified before resolution.

G.4 Engineering Implications

e Bloch-vector preservation = preserving race geometry
o Hamiltonian control quality = bias reshaping efficiency per tick
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o Fourier-based subroutines require strong protection due to reliance on global pre-bit
structure

Appendix H. Clarifications and Operational Grounding of
the TPB/BCB Framework

This appendix responds directly to a set of anticipated concerns regarding the Tick-Per-Bit (TPB)
and Bit Conservation and Balance (BCB) framework. The goal is not to introduce new dynamics
or assumptions, but to sharpen the operational meaning, physical grounding, and scope of
existing concepts used in the main text.

H.1 The Distinguishability Threshold ®

The distinguishability threshold ® plays a central role in the TPB framework, marking the
transition from pre-bit to bit states. While ® is system- and context-dependent, it is not an
arbitrary or freely tunable parameter.

Operationally, ® corresponds to the point at which outcome information becomes (i) stable under
further dynamics, (ii) redundantly encoded in environmental degrees of freedom, and (iii)
independently accessible to multiple observers or subsystems. These criteria closely align ® with
the onset of effective classicality as studied in decoherence theory and quantum Darwinism.

In experimental practice, ® can be inferred retrospectively by identifying when interference
terms fall below experimental resolution, when off-diagonal density-matrix elements become
irrecoverable, or when outcome records can be copied and amplified without ambiguity.
Although the precise microscopic value of ® varies across systems, the macroscopic signature—
irreversible stabilization of a distinction—is robust and experimentally identifiable.

H.2 Physical Interpretation of Ticks

Ticks are introduced as effective thermodynamic units rather than fundamental spacetime quanta.
They represent contributions to irreversible physical change—such as entropy localization,
environmental entanglement, or amplification—rather than discrete informational units.

Importantly, ticks need not be uniform in size or countable as discrete events. In many physical
settings, tick accumulation is continuous: weak scattering, gradual dissipation, or partial
environmental monitoring may each contribute fractional increments toward distinguishability,
while strong measurement interactions may contribute large increments effectively at once.

This variability distinguishes ticks from bits. Ticks are pre-informational and carry no fixed
semantic meaning. Only when cumulative tick accumulation exceeds the distinguishability
threshold ® does a bit form as a discrete, fixed informational outcome. This mirrors the
distinction in thermodynamics between continuous entropy production and discrete macroscopic
state transitions.
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H.3 Relationship to Decoherence Theory

Standard decoherence theory provides quantitative tools for calculating decoherence rates,
pointer bases, and environment-induced suppression of interference. TPB/BCB does not replace
or modify these calculations.

Instead, TPB/BCB offers a complementary interpretational layer that identifies decoherence with
premature crossing of the distinguishability threshold. Where decoherence theory explains how
interference is suppressed, TPB/BCB clarifies when outcome information becomes physically
definite. In this sense, TPB/BCB addresses the transition from suppressed superpositions to
stabilized facts—an issue left implicit in standard decoherence accounts.

H.4 Stochasticity in Tick Accumulation

The stochastic character of the TPB race model arises naturally from environmental complexity
rather than from fundamental indeterminism or ad hoc collapse dynamics. Tick accumulation
rates represent mean tendencies shaped by system—environment coupling, while microscopic
fluctuations in environmental degrees of freedom introduce genuine randomness.

This randomness is therefore emergent rather than fundamental. It reflects the practical
impossibility of tracking all environmental microstates, not the introduction of new stochastic
laws. In this respect, TPB aligns with standard open-system quantum mechanics, where effective
randomness emerges from tracing over uncontrolled degrees of freedom.

H.5 Physical Interpretation of Oracles

In the TPB/BCB framework, oracles are not evaluators of correctness but biasing mechanisms
implemented through structured unitary interactions. A concrete example is Grover’s oracle,
which is realized physically by coupling the computational register to an ancillary system
encoding the problem constraint.

This coupling produces a conditional phase shift on states correlated with the constraint. No
measurement or classical checking occurs; instead, phase relations are altered coherently.
Subsequent interference redistributes informational capacity toward the biased channel,
increasing its likelihood of winning the eventual TPB race. The oracle thus reshapes the
competitive landscape without localizing information or producing irreversible change.

H.6 Experimental Signatures and Failure Modes

The failure modes identified in Section 11.6 of the main text admit concrete experimental
signatures. For example, if interference were observed to persist under arbitrarily strong
dissipative coupling, this would indicate that bit formation can occur without entropy
localization, contradicting the TPB identification of decoherence with premature
distinguishability.
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Similarly, if large-scale benchmarking demonstrated that algorithmic performance correlates
exclusively with gate fidelity and not with dissipation or entropy production metrics, the
practical relevance of TPB-motivated measures such as tick-injection rate would be undermined.
These possibilities underscore that TPB/BCB is empirically constrained rather than purely
interpretive.

Appendix I. Worked Physical Oracle Example: Biasing
Without Evaluation

This appendix provides a fully worked, physically explicit oracle construction showing how bias
is injected into quantum computation without any act of evaluation, comparison, or
measurement. The purpose is to make concrete—at the Hamiltonian and hardware level—the
TPB/BCB claim that quantum oracles function as biasing mechanisms rather than correctness
checkers.

I.1 Physical Setup

Consider a superconducting qubit architecture operating in the dispersive regime. Let the
computational register consist of n qubits with basis states |x), x € {0,1}"n. An ancillary qubit a
is coupled dispersively to the register. The problem constraint f(x) € {0,1} is compiled into fixed
control parameters that determine which register states couple to the ancilla.

[.2 Hamiltonian-Level Description
The effective Hamiltonian governing the oracle interaction can be written schematically as:
H=H reg+H a+H int, with H int=% xy x [x}x| ® 6 z"\(a)

Here y_x is a coupling coefficient determined by circuit layout and control parameters. States
satistying f(x)=1 are assigned x_x =y, while unmarked states satisfy x_x = 0. Importantly, x_x is
static and does not depend on any runtime evaluation.

Time evolution under this Hamiltonian for duration t implements the unitary:
U(t)=exp(-i H intt) =X x [x)(x| @ exp(-ix_xtoc_z)

[.3 Phase Bias Without Evaluation

Preparing the ancilla in the |—) state yields the effective transformation:

[X) = exp(-ix_x ) [x)

Choosing t such that x t = w produces a phase inversion for all x satisfying f(x)=1. At no point is
f(x) computed, compared, or measured. The oracle is a passive Hamiltonian evolution whose
effect is entirely encoded in phase.
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[.4 Absence of Tick Accumulation

Throughout the oracle interaction, the evolution is unitary and entropy-neutral. No amplification,
no environmental monitoring, and no decoherence occurs. Consequently, no distinguishability
threshold is crossed and no ticks are injected. The system remains fully in the pre-bit regime.

This sharply distinguishes oracle action from measurement or classical evaluation, both of which
would require irreversible entropy localization.

[.5 TPB Interpretation: Race Geometry Modification

In TPB terms, the oracle modifies the geometry of the distinguishability race by altering

directional bias. Channels corresponding to f(x)=1 acquire a phase shift that changes how they
interfere during subsequent unitary operations. This redistributes informational capacity under
BCB constraints without resolving the race.

1.6 Contrast with Classical Evaluation

A classical oracle must evaluate f(x), requiring bit formation and irreversible operations. Each
query produces an explicit outcome, incurring thermodynamic cost and committing to a definite
computational path.

The quantum oracle avoids this entirely. The constraint is embedded structurally in the
Hamiltonian, not queried dynamically. This is the physical reason quantum algorithms can bias
outcomes without paying the cost of repeated irreversible evaluations.

[.7 Alternative Physical Realizations

Equivalent bias-only oracle constructions exist in other platforms:

* Trapped ions: state-dependent AC Stark shifts implementing conditional phase rotations
* Photonics: path-dependent phase plates or interferometric phase shifters

* Neutral atoms: Rydberg blockade—mediated conditional phase accumulation

In all cases, the defining feature is identical: the oracle reshapes phase structure without
producing distinguishable outcomes.

[.8 Summary

This worked example demonstrates that quantum oracles are physically realized as biasing
Hamiltonians rather than evaluative processes. They introduce no ticks, cross no
distinguishability thresholds, and form no bits. Their sole function is to reshape the competitive
landscape that will later resolve into a single outcome.
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