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What if the behavior of an entire system could be inferred from its surface alone? 
In theoretical physics, the Holographic Principle proposes just that: the idea that 
all the information contained within a volume of space can be encoded on its 
boundary. While this concept is foundational in quantum gravity and string theory, 
it remains abstract and inaccessible to many outside these fields. This paper 
introduces Rubik-Class Holographic Systems—a class of finite, discrete systems 
that reflect the holographic logic in a concrete and intuitively accessible form. 
Using the Rubik’s Cube as the central example, we demonstrate how surface 
configurations, constrained by group-theoretic rules, can fully determine the 
internal state of the system. We formalize the necessary conditions for such 
systems, compare them with quantum holography, and explore their implications 
for pedagogy, information theory, and machine learning. Rubik-Class systems offer 
a powerful model for understanding boundary-determined emergence in a wide 
array of contexts, from puzzles and algorithms to cognition and physics. They are 
not metaphors—but working models that make the abstract tangible. 
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1. Introduction 

1.1 Motivation: From Theoretical Holography to Intuitive Models 

The Holographic Principle stands among the most profound and perplexing 
conceptual shifts in modern theoretical physics. It suggests that all the 
information contained within a volume of space can be represented on the 
boundary enclosing that region, in much the same way that a hologram encodes 
three-dimensional information on a two-dimensional surface. This idea, first 
articulated by Gerard ’t Hooft and later formalized in string theory by Leonard 
Susskind through the AdS/CFT correspondence, offers a radical reformulation of 
space, time, and information. 

Yet, despite its centrality in cutting-edge quantum gravity research, the 
Holographic Principle remains conceptually opaque to many outside the narrow 
confines of high-energy theory. It is deeply embedded in abstract mathematics, 
infinite-dimensional Hilbert spaces, and models (such as Anti-de Sitter space) that 
may not map directly onto the observable universe. As a result, the principle's 
pedagogical potential and intuitive accessibility have often been underutilized. 

This paper is motivated by the desire to bridge that gap. We aim to extract the 
core idea of the Holographic Principle—boundary-determined information 
encoding—and transplant it into a domain of discrete, tangible, and well-
understood systems. Our goal is to offer a clear, graspable model that mirrors the 
holographic logic in form, if not in physics, allowing learners and theorists alike to 
engage more intuitively with the principle's structural content. 

1.2 Background: Holographic Principle in Physics 

The Holographic Principle originated in the study of black hole thermodynamics, 
particularly the realization that a black hole's entropy scales not with its volume, 
but with the area of its event horizon. Jacob Bekenstein’s entropy bound and 
Stephen Hawking’s radiation formula highlighted this unexpected behavior, 
culminating in the now-fundamental relationship: 
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This area law implies that the maximal information content (or degrees of 
freedom) of a region of space does not reside in its volume, as might be expected 
from local field theory, but on its boundary. Gerard ’t Hooft extended this notion 
by proposing that the Universe itself could be fundamentally described by a 
lower-dimensional theory defined on its boundary—a viewpoint that was further 
reinforced by the AdS/CFT correspondence in string theory, in which a 
gravitational theory in a (d+1)-dimensional Anti-de Sitter space is dual to a 
conformal field theory on its d-dimensional boundary. 

Although AdS/CFT remains the most explicit realization of the Holographic 
Principle, it is built on an idealized geometry not known to describe our universe. 
Nevertheless, the core conceptual shift—that local bulk phenomena can be 
entirely determined by nonlocal boundary data—has implications that transcend 
its original context. It invites the search for analogous mechanisms in other 
domains, especially where boundary data is accessible, but interior dynamics 
remain hidden or computationally expensive to recover. 

1.3 Concept Overview: What is a Rubik-Class Holographic System? 

In this work, we introduce the concept of Rubik-Class Holographic Systems as a 
discrete, combinatorial analogue to the Holographic Principle. These are systems 
in which the full internal configuration is deterministically recoverable from a 
complete specification of the system’s boundary, given well-defined 
transformation rules and topological constraints. 

The archetype of this class is the Rubik’s Cube. Although the cube is a finite 
mechanical puzzle, not a physical field theory, it exhibits a key feature of 
holographic systems: the surface configuration, governed by fixed transition rules, 
uniquely encodes the state of the internal structure. No arbitrary degrees of 
freedom reside within the system; instead, all internal changes are constrained by 
and reflected on the exterior. The Rubik’s Cube thus provides a concrete, visual, 
and logically rigorous case in which boundary data fully determine the bulk. 
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We argue that such systems merit their own classification. Rubik-Class 
Holographic Systems offer a way to teach and study boundary-based emergence 
and reconstruction in a tangible way, while also shedding light on deeper 
connections to error-correcting codes, tensor networks, and inference under 
constraint. By formalizing this category and comparing it to both classical and 
quantum holography, we aim to clarify where metaphors become models—and 
where models may evolve into useful frameworks of their own. 

 

2. The Rubik’s Cube as a Holographic Analog 

2.1 Surface-Bound Information and Group-Theoretic Constraints 

The Rubik’s Cube is a well-known three-dimensional mechanical puzzle composed 
of 26 smaller cubies arranged in a 3×3×3 configuration. Of these, only 20 cubies 
are mobile—the 8 corner cubies and the 12 edge cubies—while the 6 center face 
pieces remain fixed in position, serving as anchors for orientation. 

Crucially, although the cube appears to have hidden internal structure, every 
permissible state of the puzzle is fully constrained by the mechanics of its design. 
That is, the internal configuration of the cube is not arbitrary—it is rigidly 
governed by a finite group of allowable moves, known as the Rubik group, a 
subgroup of the full symmetric group of permutations of the cubies. 

The Rubik group imposes algebraic and topological constraints on the 
transformation of states. Not all permutations of the pieces are allowed; in fact, 
the number of distinct, reachable configurations is approximately 4.3×10^19, far 
fewer than the number of permutations of 20 labeled cubies without constraints. 
This restricted configuration space is defined entirely by a set of generators 
corresponding to legal twists of the cube's six faces. 

From the perspective of the Holographic Principle, this structure introduces an 
intriguing parallel: while the cube has internal volume, its accessible states are 
encoded in the orientation and arrangement of the visible surface pieces, 
governed by a well-defined set of algebraic rules. The surface stickers contain 
enough information to constrain and describe all legal bulk states. The cube, 
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therefore, embodies an example of a system in which surface-bound information 
is sufficient to determine the internal state—precisely the kind of boundary-bulk 
correspondence sought in holographic models. 

2.2 Full State Recovery from Visible Configuration 

One of the most striking properties of the Rubik’s Cube is that its internal state is 
not independent of its surface state. Given full knowledge of the positions and 
orientations of the visible cubies—those located on the cube’s surface—it is, in 
principle, possible to reconstruct the cube’s complete configuration. 

This is not merely a heuristic or empirical observation; it is a provable 
consequence of the cube’s symmetry group and its mechanical structure. The so-
called “God's algorithm” refers to the shortest possible sequence of moves 
needed to solve any configuration of the cube. While solving the cube in practice 
may require strategic planning, no information is hidden in the core of the cube 
that is not inferable from the surface. 

Importantly, there are no independently movable internal components—unlike in 
most physical systems, where internal degrees of freedom may fluctuate without 
immediate surface manifestation. In the Rubik’s Cube, all internal transformations 
are causally and algebraically linked to boundary permutations. Thus, the entire 
informational content of the cube's configuration is readable from its surface, 
provided the rules of the system are known. 

This feature is critical in establishing the cube as a didactic model of holography. 
While lacking quantum entanglement, gravity, or field theory, the cube’s strict 
determinism and complete recoverability from boundary data make it a rare 
example of a real-world object that realizes a key postulate of holographic 
systems. 

2.3 Discrete Boundary-Bulk Determinism 

The notion of discrete boundary-bulk determinism captures the essence of why 
the Rubik’s Cube can be considered a holographic analog. In this framework, a 
system is said to be holographic in the Rubik-Class sense if the complete bulk state 



6 
 

of the system is deterministically constrained and reconstructible from its 
boundary state, under a finite and well-specified set of transformation rules. 

This determinism arises not from measurement or approximation, but from logical 
and algebraic necessity. The Rubik’s Cube cannot be disassembled without 
breaking the rules of the system. Every legal state transition is traceable through 
sequences of allowed surface moves, meaning that no degrees of freedom exist in 
the bulk that are unaccounted for by the surface. 

Moreover, because the group of allowed moves is closed, and the number of 
possible states is finite, the system admits complete analytical modeling. One can, 
in principle, construct a lookup table or algorithmic mapping from every surface 
configuration to its corresponding internal state. This offers an unusually clean 
case of a system where all complexity is constrained within a boundary-defined 
space, making it not only conceptually but computationally holographic. 

In short, the Rubik’s Cube exhibits holographic emergence in a discrete, non-
metaphorical sense: its structure ensures that global order (or disorder) is 
embedded in the local, and the whole can be known from the periphery. Such 
systems, which we term Rubik-Class Holographic Systems, invite us to re-express 
aspects of the Holographic Principle in combinatorial and algebraic language—
grounding a profound theoretical insight in the familiar mechanics of a popular 
puzzle. 

 

3. Formal Definition of Rubik-Class Systems 

The utility of the Rubik’s Cube as an analog for the Holographic Principle hinges 
not just on its familiarity, but on its specific structural properties—properties that 
we now seek to generalize. In this section, we introduce the formal definition of 
what we call Rubik-Class Holographic Systems, a class of discrete systems that 
encode full internal configurations through constrained and observable boundary 
elements. 

The goal of this formalization is twofold. First, it provides criteria for identifying or 
designing other systems that meet the boundary-to-bulk determinism observed in 
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the Rubik’s Cube. Second, it establishes a framework for analyzing such systems 
using tools from algebra, topology, and computational theory. 

3.1 Conditions for Membership in the Class 

 

3.2 Group Structure and Symmetry Constraints 

 

This implies that the symmetry constraints on the system are not merely cosmetic; 
they are informational bottlenecks through which the system’s entire state is 
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controlled and observed. The symmetry group governs what transformations are 
allowed, but also how internal and external components co-evolve. 

In the case of the Rubik’s Cube, for example, the orientation of certain cubies 
(such as corners or edges) is restricted not by visibility but by solvability 
conditions, which themselves arise from group-theoretic invariants. These 
constraints are algebraic analogs of physical conservation laws—linking boundary 
behavior to global state. 

3.3 Deterministic Projection and Reconstruction Algorithms 

 

In the Rubik’s Cube case, such an algorithm exists, although it may be 
computationally intensive in practice. The important point is that the 
reconstruction is not probabilistic, not lossy, and does not require access to 
internal elements of the system beyond the externally visible configuration and 
the system's known rules of operation. 

This property sets Rubik-Class Holographic Systems apart from most real-world 
physical systems, where noise, hidden degrees of freedom, and probabilistic 
dynamics break the possibility of exact boundary-bulk determinism. In Rubik-Class 
systems, by contrast, the boundary is the system—for any meaningful purpose of 
inference, manipulation, or comprehension. 
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4. Comparison with the Holographic Principle 

While Rubik-Class Holographic Systems are constructed in a completely discrete 
and classical setting, their structural logic parallels that of the Holographic 
Principle in physics. In this section, we provide a comparative analysis of both 
frameworks, highlighting areas of conceptual convergence as well as essential 
differences in purpose, scope, and physical realization. 

4.1 Volume vs. Area Scaling 

A central tenet of the Holographic Principle is that the informational content of a 
spatial volume is bounded by its surface area, not by its volume. This insight 
emerged from the study of black hole thermodynamics, where the Bekenstein-
Hawking entropy relation showed that a black hole's entropy, and thus its 
information capacity, scales with the area of its event horizon: 

 

In stark contrast to conventional field theories, which assume a number of 
degrees of freedom proportional to the volume of space, holographic theories 
suggest that no more than one bit of information can be stored per Planck area on 
the boundary. This radical reduction in degrees of freedom forces a reevaluation 
of locality, dimensionality, and the nature of spacetime itself. 

Rubik-Class systems, while not derived from any thermodynamic or gravitational 
considerations, exhibit a structural analog of this area-bound information 
constraint. In the case of the Rubik’s Cube, the visible boundary configuration—
composed of 54 colored facelets—is sufficient to determine the state of all 20 
movable internal cubies. While the exact number of surface facelets and internal 
state variables does not yield a strict area-volume ratio in a geometric sense, the 
principle remains: 

The observable surface encodes sufficient information to reconstruct the full 
internal configuration. 
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In both cases, the surface does not merely summarize or approximate the bulk—it 
fully determines it. This boundary dominance of information is the essential 
holographic feature replicated in Rubik-Class systems. 

4.2 Constraints and Degrees of Freedom 

Another critical point of comparison lies in the nature and origin of constraints 
that limit the degrees of freedom in both systems. In holographic theories derived 
from string theory or loop quantum gravity, the reduction in degrees of freedom is 
a consequence of deep physical principles—most notably, quantum gravity, 
nonlocal entanglement, and black hole information bounds. These constraints are 
not externally imposed but arise from fundamental limits on measurement, 
information flow, and geometric regularity at Planck-scale regimes. 

In Rubik-Class systems, by contrast, the constraints are mechanical, algebraic, and 
fully explicit. The group structure that governs the Rubik’s Cube, for example, 
ensures that not all permutations of the cubies are legal. Orientation parities, 
edge flips, and face-center fixations serve to enforce a structure in which the 
internal degrees of freedom are entirely entangled with surface movements. 
These constraints are neither emergent nor probabilistic—they are built into the 
system’s combinatorial logic. 

Thus, while both systems exhibit a reduction in apparent degrees of freedom, the 
Rubik-Class reduction is deterministic and engineered, whereas the holographic 
reduction is emergent and physical. This distinction is important: the former offers 
clarity and control for modeling and pedagogy; the latter invites speculation about 
the fundamental fabric of the universe. 

4.3 What Rubik-Class Systems Abstract, and What They Leave Out 

Rubik-Class Holographic Systems offer a clean abstraction of one core idea of the 
Holographic Principle: that boundary information can fully determine bulk 
configuration. This abstraction serves pedagogical and conceptual purposes by 
offering an entry point into holographic thinking without requiring a deep 
background in differential geometry, string theory, or quantum gravity. 
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However, Rubik-Class systems are not intended as physical analogues of 
holography in the full sense. They leave out several key features: 

1. Dimensional Continuity: 
Rubik-Class systems are inherently discrete. They lack any notion of smooth 
manifolds, continuous symmetries, or metric geometry. The transition from 
a classical discrete system to a continuous field theory is nontrivial and 
cannot be made without significant reinterpretation. 

2. Quantum Entanglement: 
At the heart of modern holographic dualities—particularly in AdS/CFT—is 
the idea that quantum entanglement on the boundary gives rise to the 
geometry of the bulk. Rubik-Class systems, being classical, contain no 
entanglement. They do not simulate quantum information flow, 
decoherence, or measurement uncertainty. 

3. Dynamical Emergence: 
In gravitational holography, spacetime itself emerges from non-geometric 
degrees of freedom (e.g., via entanglement entropy or tensor networks). 
Rubik-Class systems do not model emergence in this sense. They are 
deterministic automata with fixed topological rules, not dynamical systems 
with emergent geometry. 

4. Thermodynamic and Causal Structure: 
The Holographic Principle is deeply tied to black hole thermodynamics and 
causal horizons. Rubik-Class systems have no notion of energy, entropy in 
the thermodynamic sense, or causal structure. Their internal logic is 
algebraic, not thermodynamic. 

Nevertheless, abstraction is not failure—it is selection. Rubik-Class systems 
deliberately select and isolate the informational structure of holography—namely, 
the deterministic inferability of global states from local surface data—and provide 
a clean, tangible framework in which that idea can be explored, taught, and 
extended. 
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5. Connections to Tensor Networks and Error Correction 

While Rubik-Class Holographic Systems are rooted in discrete, classical mechanics, 
they bear striking structural similarities to certain constructs in quantum 
information theory—particularly tensor network models and quantum error-
correcting codes. These models have been proposed not only as tools for 
simulating quantum many-body systems, but also as concrete realizations of 
holographic dualities, especially in the context of AdS/CFT correspondence. 

In this section, we explore how concepts such as MERA, HaPPY codes, and 
entanglement wedges serve as quantum generalizations of the deterministic 
boundary-bulk logic already seen in Rubik-Class systems. We argue that these 
similarities justify the use of Rubik-Class systems as didactic analogs and offer 
potential pathways for building intuition in more complex quantum settings. 

5.1 MERA and HaPPY Codes as Continuous Quantum Analogs 

The Multi-scale Entanglement Renormalization Ansatz (MERA) is a hierarchical 
tensor network designed to efficiently represent the entanglement structure of 
ground states in quantum many-body systems. It possesses a causal, layered 
geometry that closely resembles spatial slices of Anti-de Sitter (AdS) space. 
Crucially, MERA exhibits the property that local observables in the bulk of the 
network can be reconstructed from tensors on its boundary, a hallmark of 
holographic behavior. 

Building on this foundation, HaPPY codes (named after Pastawski, Preskill, and 
others) take the idea one step further by constructing quantum error-correcting 
codes using tensor networks that precisely mimic the holographic encoding of 
bulk data on a boundary surface. In HaPPY networks: 

• Each tensor is a perfect tensor, meaning it functions as a maximally efficient 
encoder. 

• The bulk degrees of freedom are encoded redundantly across the boundary 
nodes, such that even partial knowledge of the boundary can reconstruct 
large regions of the interior. 
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• The structure is both fault-tolerant and entanglement-preserving, satisfying 
many of the constraints required in physical holography. 

These networks represent continuous, quantum analogs of the Rubik-Class 
principle: namely, the ability to deterministically map a constrained, global state 
from local surface data. Where Rubik-Class systems rely on group-theoretic 
constraints and classical permutation logic, MERA and HaPPY codes leverage 
entanglement structure and tensor algebra. 

5.2 Entanglement Wedges and Surface-to-Bulk Decoding 

One of the most compelling and physically grounded insights in modern 
holography is the concept of the entanglement wedge. In AdS/CFT, the 
entanglement wedge is the region of the bulk that can be reconstructed from a 
given subset of the boundary, based on the entanglement structure of the 
quantum state. 

This is not merely a geometric idea, but an operational principle: it tells us which 
bulk operators are accessible given only partial boundary information. In the 
language of error correction, this corresponds to the decoding map that retrieves 
protected bulk information from redundant encodings on the boundary. 

Rubik-Class systems can be seen as a classical precursor to this idea. In these 
systems, we may define a “reconstructive wedge” as the portion of the internal 
configuration that is causally and logically accessible from a given boundary state. 
For the Rubik’s Cube, this wedge is the entire system: the full configuration is 
always accessible from the complete surface. But more generally, Rubik-Class 
systems can be designed with partial reconstruction rules, allowing different 
subsets of the boundary to encode specific subregions of the bulk. 

This sets the stage for exploring boundary redundancy and accessibility in a 
combinatorial setting, offering a kind of simplified laboratory for concepts like 
quantum error correction, operator algebra reconstruction, and nonlocal 
information encoding. 
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5.3 Rubik-Class Systems as Didactic Approximations of Quantum Error-Correcting 
Holography 

Given these structural parallels, Rubik-Class systems can be viewed as didactic 
approximations of more complex, quantum holographic architectures. While they 
lack quantum entanglement, tensor contraction, and probabilistic amplitudes, 
they mirror the logic of bulk-boundary correspondence under constraints: 

• Deterministic encoding: Like perfect tensors in HaPPY codes, Rubik-Class 
systems define mappings from constrained boundary states to unique 
internal configurations. 

• Redundancy and fault tolerance: Mislabeling a single sticker on the Rubik’s 
Cube may lead to an illegal state, analogous to decoding failure in a 
quantum error-correcting code. This parallel reinforces the value of 
constraint-driven validation. 

• Surface-based inference: Both frameworks prioritize the surface as the 
domain from which interior meaning is extracted. 

For students and researchers approaching quantum holography for the first time, 
the Rubik’s Cube offers an accessible model to practice holographic thinking. By 
manipulating a familiar object with built-in group constraints and perfect surface-
to-bulk determinism, one begins to internalize the principles that underlie more 
abstract constructions in physics and quantum information theory. 

Moreover, these systems encourage a mindset in which information is not 
necessarily where it seems to be located—a critical insight for both theoretical 
physics and machine learning. They demonstrate that what appears as a “local” 
configuration may, under constraint, reflect a much broader, even global, 
informational structure. 

 

6. Pedagogical and Philosophical Implications 

Rubik-Class Holographic Systems are not merely mathematical curiosities or 
combinatorial toys; they offer concrete value in pedagogical and philosophical 
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contexts. By providing an accessible and finite environment in which boundary-
determined emergence can be directly experienced, these systems invite learners 
and theorists alike to engage with deep ideas from physics, information theory, 
and systems science in a tangible, low-barrier form. 

This section explores the educational power and philosophical resonance of Rubik-
Class systems, emphasizing their utility in teaching core concepts such as 
emergence, compression, contextuality, and inference. We also discuss the 
limitations of analogical reasoning and propose a careful balance between 
metaphorical thinking and formal modeling. 

6.1 Teaching Emergence and Information Theory Through Puzzles 

One of the most enduring challenges in education—particularly in the sciences—is 
how to convey abstract and often counterintuitive concepts such as emergence, 
nonlocality, or information redundancy. Rubik-Class systems, with the Rubik’s 
Cube as a central example, offer a uniquely effective pedagogical entry point for 
these concepts. 

At the level of introductory education, the Rubik’s Cube can be used to illustrate: 

• Global constraints from local moves: Each turn affects more than the visible 
face, modeling how local actions propagate through a system. 

• Legal vs. illegal states: The notion of constrained state spaces introduces 
students to the idea of systems bounded by internal logic. 

• State reconstruction from observations: Inferring the internal state from 
visible facets mimics key principles of observational science and inverse 
problems. 

At more advanced levels, the cube serves as a metaphorical gateway into 
information theory and computational complexity: 

• The idea of minimal encoding—how much surface information is needed to 
specify a legal cube state—leads directly into discussions about Kolmogorov 
complexity, mutual information, and efficient representations. 
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• The concept of state transition graphs under constrained rules connects 
naturally to topics in group theory, automata, and networked computation. 

Thus, Rubik-Class systems serve not just as analogies but as interactive 
laboratories for cultivating intuition around emergence, structure, and systemic 
inference. 

6.2 Compression, Inference, and Contextual Wholeness 

The philosophical implications of Rubik-Class systems deepen when viewed 
through the lens of compression and inference. In these systems, the surface is a 
compressed representation of the whole—not in the sense of lossy abstraction, 
but as a maximally efficient encoding under known constraints. This aligns with 
broader themes in machine learning, neuroscience, and systems biology, where 
contextual information allows local features to represent global structure. 

This property—wherein the local is shaped by, and reveals, the whole—is closely 
tied to what we have elsewhere referred to as embedded wholeness. Rubik-Class 
systems provide a controlled environment in which this principle becomes 
mathematically explicit and mechanically demonstrable. They reveal a deep 
insight: the amount of information needed to describe a system may depend less 
on its internal complexity than on the nature of its constraints. 

In this context, inference becomes an act not of expanding from part to whole 
arbitrarily, but of extracting what is already embedded. Philosophically, this 
challenges classical reductionism and opens space for models in which the parts 
are not merely components, but context-sensitive reflections of systemic order. 
This perspective resonates with a range of holistic scientific paradigms, including 
systems biology, ecological modeling, and integrative neuroscience. 

Rubik-Class systems thus offer a bridge between formal rigor and conceptual 
depth—between combinatorial determinism and philosophical reflection on the 
nature of knowledge, observation, and coherence. 
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6.3 From Metaphor to Model: Respecting Analog Limits 

Despite their many benefits, it is essential to recognize the limits of Rubik-Class 
systems as analogs for physical holography. While they successfully isolate and 
illustrate the structural logic of boundary-bulk correspondence, they do so 
without reference to quantum mechanics, thermodynamics, or gravitational 
dynamics. This distinction is critical for both scientific integrity and conceptual 
clarity. 

The danger of metaphor, as numerous epistemologists have noted, lies in 
overextension—mistaking an illustrative mapping for a one-to-one 
correspondence. Rubik-Class systems are not holograms, nor do they simulate 
quantum entanglement. They lack notions of energy, measurement, 
superposition, and spacetime curvature. Their behavior is governed by finite 
deterministic logic, not by field equations or path integrals. 

As such, they must be treated as didactic or structural analogs, not as substitutes 
or surrogates for the physical systems to which the Holographic Principle originally 
applies. This distinction is not a liability—it is a strength. By isolating one aspect of 
the principle, Rubik-Class systems allow that aspect to be studied more 
transparently, without interference from unrelated complications. 

Nevertheless, care must be taken when generalizing conclusions from these 
models. The transition from discrete determinism to quantum uncertainty, from 
algebraic constraints to gravitational horizons, is nontrivial and conceptually 
discontinuous. The pedagogical power of Rubik-Class systems resides in their 
clarity, not their completeness. 

In this light, these systems exemplify a broader epistemic strategy: use metaphors 
as scaffolds, but replace them with models as understanding deepens. In doing so, 
we not only respect the boundaries of analogy, but also illuminate the conceptual 
terrain between the simple and the profound. 
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7. Extensions and Open Questions 

The formalization of Rubik-Class Holographic Systems opens the door to a range of 
potential extensions, both theoretical and applied. While this framework is rooted 
in finite, discrete systems, its implications resonate with broader fields of study—
from dynamical systems and theoretical biology to artificial intelligence and 
cognitive science. This section outlines three open domains in which the Rubik-
Class logic may prove conceptually or practically fruitful, and poses questions for 
future research and interdisciplinary exploration. 

7.1 Can Continuous Systems Approximate Rubik-Class Logic? 

One of the most natural extensions of the Rubik-Class framework is to ask 
whether similar boundary-to-bulk determinism can be identified or approximated 
in continuous systems. The original holographic principle in physics, after all, 
operates in a continuous, often infinite-dimensional setting: gravitational fields, 
entanglement geometries, and quantum field configurations all exist in 
topologically rich, differentiable manifolds. 

The key question is whether a continuous system can be constrained in such a way 
that its global state remains entirely inferable from surface data, as is the case in 
Rubik-Class systems. This would require: 

• A well-defined mapping from boundary conditions to internal solutions, as 
in boundary value problems in mathematical physics. 

• Global constraints that eliminate the possibility of independent internal 
degrees of freedom, such as conservation laws or symmetry requirements. 

• A bounded state space in which the dynamics are fully determined by 
localized, observable variables. 

In some contexts—such as the behavior of ideal fluids in closed systems, or the 
determination of internal fields via tomographic reconstruction—partial versions 
of this correspondence do exist. However, in general, continuous systems allow for 
arbitrary fine-grained variations in the bulk, making exact surface-to-bulk 
inference either underdetermined or ill-posed. 
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A promising avenue lies in the study of discretized continuous systems, such as 
finite element methods or lattice approximations, where the principles of Rubik-
Class systems may provide a constraint-based logic for reducing computational 
complexity. Further research is needed to determine whether certain classes of 
partial differential equations or constrained dynamical systems can be understood 
through the lens of discrete holographic determinism. 

7.2 Are There Biological or Cognitive Systems That Behave This Way? 

Another compelling direction involves exploring whether biological or cognitive 
systems exhibit properties akin to Rubik-Class holography. The idea that local 
elements of a system reflect, infer, or participate in global behavior is already 
central to many disciplines within life sciences. Examples include: 

• Gene regulatory networks, where the expression of a single gene can reflect 
systemic conditions due to tight feedback loops and co-regulation. 

• Protein folding, where local amino acid interactions, influenced by genetic 
sequence and environmental context, collectively determine the three-
dimensional structure of the molecule—often in a way that is robust to 
partial disruptions. 

• Neural encoding, where sparse or distributed activity patterns across the 
brain can encode high-dimensional cognitive states or sensory experiences. 

• Murmurations and flocking behavior, where the motion of an individual bird 
reflects and adapts to the emergent collective geometry of the group. 

In such systems, local components participate in global coherence, often governed 
by constraint-based adaptation and feedback. The challenge is that biological 
systems are neither fully deterministic nor purely symbolic; they operate in noisy, 
nonlinear environments where partial information is often sufficient and 
redundancy is ubiquitous. 

Nonetheless, the logic of contextual wholeness—that local states can reveal or 
adapt to global structure—bears a striking resemblance to the Rubik-Class 
framework. By formalizing these relationships, it may become possible to identify 
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biologically inspired Rubik-Class systems that retain local accessibility, global 
determinism (or probabilistic regularity), and structurally embedded information. 

Such systems would not only enrich the theoretical basis of Rubik-Class logic, but 
might also contribute to the understanding of resilience, inference, and 
adaptability in biological computation. 

7.3 Implications for Machine Learning and Neural Architectures 

Rubik-Class systems also suggest novel directions in machine learning, particularly 
in the design of architectures that exploit boundary-based inference and 
contextual compression. Deep learning models today often rely on hierarchical 
feature extraction and dense parameterization to approximate global patterns 
from local data, but the principle of constraint-driven determinism could offer 
more efficient alternatives. 

Potential applications include: 

• Sparse and compressed representations: If a system’s state can be inferred 
from a compact boundary subset, then models can be trained to learn 
mappings from such compressed contexts to full-state predictions. This may 
reduce the need for expensive full-state observations or computations. 

• Constraint-aware networks: Neural architectures can be designed to encode 
and enforce transformation constraints, much like the Rubik group 
constrains legal moves in the cube. This could lead to structured, rule-based 
neural reasoning, improving generalizability and robustness. 

• Latent space interpretability: Autoencoders and generative models could 
benefit from a Rubik-Class perspective by enforcing that latent 
representations act as deterministic boundary conditions from which full 
data can be reconstructed. 

• Anomaly detection and causal inference: Systems that behave according to 
a strict boundary-bulk logic can flag inconsistencies when the inferred 
internal state is incompatible with boundary observations. This opens the 
door to interpretable models of expectation violation and fault localization. 
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In sum, the Rubik-Class paradigm emphasizes constraint-informed learning rather 
than brute-force generalization. It aligns well with emerging trends in self-
supervised learning, modular AI, and neuro-symbolic integration, where the 
structure of the problem domain can be exploited to enhance inference and 
efficiency. 

 

8. Conclusion 

8.1 Summary of Contributions 

This paper has introduced and formally defined a new conceptual framework: 
Rubik-Class Holographic Systems. These are finite, discrete systems in which the 
internal configuration is fully determined by the boundary state, under a well-
defined set of algebraic or combinatorial constraints. Using the Rubik’s Cube as 
the paradigmatic example, we demonstrated how surface data—when interpreted 
through the system’s transformation rules—can encode the entire internal state, 
echoing the informational structure of the Holographic Principle in theoretical 
physics. 

We provided a detailed formalization of the class, delineating the necessary 
conditions for membership, including constraint closure, deterministic boundary-
to-bulk reconstruction, and surface sufficiency. We then compared these systems 
to the Holographic Principle proper, emphasizing both conceptual parallels and 
essential differences. Further, we explored the relationship between Rubik-Class 
systems and modern developments in quantum information theory, including 
tensor networks, entanglement wedges, and holographic error-correcting codes. 

Finally, we examined the pedagogical, philosophical, and practical implications of 
Rubik-Class systems, proposing their relevance to education, biological modeling, 
and the design of machine learning architectures. In all of these areas, Rubik-Class 
systems serve as models of emergence, constraint, and compression, in which the 
logic of the whole is embedded in the structure of the part. 
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8.2 Value of Formalized Toy Models in Advancing Theory 

Toy models have long played a central role in the development of scientific theory. 
From Bohr’s model of the atom to the Ising model of magnetism, simplified 
systems often illuminate core principles that remain obscured in more complex or 
fully realistic models. Their value lies not in fidelity to all features of the target 
system, but in their capacity to isolate and clarify essential dynamics. 

Rubik-Class systems occupy precisely this role. They provide a minimalist yet 
rigorous context in which boundary-determined emergence can be studied with 
complete transparency. Because these systems are finite, non-probabilistic, and 
mechanically realizable, they allow learners and theorists to engage directly with 
structural features that are otherwise buried beneath layers of mathematical 
abstraction or physical formalism. 

In this way, Rubik-Class systems do more than illustrate—they operationalize. They 
turn what might otherwise be metaphors (e.g., "the surface encodes the volume") 
into testable, formal constructs. This shift from metaphor to model, from narrative 
to algebra, is the essence of theoretical development. It enables translation across 
domains, allowing insights from puzzles to inform physics, biology, cognition, and 
computation. 

8.3 Toward a General Theory of Boundary-Determined Emergence 

Perhaps most significantly, the formalization of Rubik-Class Holographic Systems 
invites us to consider the possibility of a general theory of boundary-determined 
emergence—a framework in which the behavior or identity of a system is 
understood not as the accumulation of interior parts, but as a consequence of 
exterior constraints, surface-level coherence, and context-dependent logic. 

Such a theory would unify insights from physics (holography), information theory 
(compression and redundancy), systems biology (feedback and regulation), and 
artificial intelligence (contextual encoding and inference). It would also serve as a 
bridge between reductionist and holistic paradigms, offering a vocabulary for 
systems in which the local and the global are inseparably entangled—not by 
spatial adjacency, but by structural necessity. 
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Rubik-Class systems provide a starting point for this ambition. They are simple 
enough to study exhaustively, yet rich enough to suggest deeper regularities. In 
their surface-bound determinism, we find the trace of a larger principle: that the 
structure of the whole may be reflected—faithfully, fully, and finitely—in its edges. 

 

Epilogue: The Puzzle and the Horizon 

It is, at first glance, difficult to imagine two objects more dissimilar than a Rubik’s 
Cube and a black hole. One sits lightly in the human hand, a colorful and finite 
object made of plastic and symmetry; the other looms as a region of spacetime 
from which nothing—no light, no information—can escape. One is a child’s puzzle; 
the other, a gravitational singularity that tests the limits of quantum theory and 
general relativity. 

And yet, both obey a curious and profound rule: the whole is encoded on the 
surface. 

The Rubik’s Cube, for all its tactile familiarity, hides nothing in its core. Every twist 
of its boundary ripples inward, every permutation of color constrains the entire 
system. What appears to be a localized action is in fact a global statement. The 
puzzle’s intelligence lies not within, but upon its faces, constrained by the invisible 
hand of group theory. 

Likewise, the black hole has taught physics an equally humbling lesson. Its mass, 
entropy, and quantum information content are not stored volumetrically, but are 
proportional to the area of its event horizon. This unexpected law, first whispered 
by thermodynamics and later formalized through the Holographic Principle, 
suggests that what lies "inside" the black hole is, in a real sense, already present 
at its boundary—encoded not in colors, but in quanta and curvature. 

The Rubik’s Cube offers a glimpse of this logic in its simplest possible form. It is not 
a hologram of a black hole, nor a metaphor for gravitational collapse, but a 
pedagogical echo—a finite, solvable echo of an infinite, unsolvable paradox. It 
reminds us that boundary-determined systems are not only the province of black 
holes and string theorists. They are also, quite literally, in our hands. 
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Both the cube and the black hole invite us to reconsider the location of 
knowledge. They challenge the intuition that truth lies buried in the core, waiting 
to be excavated. Instead, they suggest a deeper principle: that under the right 
constraints, the edges of a system are enough—not merely to imply the whole, 
but to be the whole. 

If the Rubik’s Cube is a child’s first lesson in complexity, then the black hole is 
physics' final examination. Between the two lies a continuum of systems in which 
information, emergence, and inference are not things hidden, but things 
distributed, reflected, and constrained. We are left with a philosophical question 
that transcends mechanics: 

What else in the universe—perhaps even ourselves—is more fully defined by its 
surface than its center? 

In answering this question, we may not solve the deepest mysteries of the 
cosmos. But like twisting a single face of the cube, we may begin to feel the whole 
system shift. 
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