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What if the entire internal configuration of a complex system could be determined 
purely from its surface? Inspired by the Holographic Principle in theoretical 
physics, this paper introduces the Quantum Rubik’s Cube—a discrete, entangled 
toy model designed to illustrate how quantum information distributed on a 
boundary can fully encode the state of an interior. Unlike the classical Rubik’s 
Cube, which operates through local permutations and offers limited insight into its 
hidden structure, the quantum version replaces cubies with qudits, face turns 
with unitary gates, and configurations with entangled superpositions. Drawing 
from ideas in black hole thermodynamics, AdS/CFT duality, tensor networks, and 
quantum error correction, we explore how the cube's surface acts as a 
holographic code that stores, protects, and reconstructs the bulk. The model 
offers a pedagogical bridge between abstract quantum gravity and tangible 
information theory, and suggests a new class of cognitive puzzles grounded in the 
logic of entanglement. This cube is not just a quantum toy—it’s a self-contained 
metaphor for a universe where surfaces speak for the depths they enclose. 
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1. Introduction 

1.1 Motivation: Bridging Puzzle Logic and Quantum Holography 

The Rubik’s Cube is one of the most iconic and mathematically rich puzzles of the 
modern era. Its seemingly simple structure conceals a deep group-theoretic logic, 
with over 4.3×10^19 possible configurations constrained by a relatively small set 
of operations. Despite being a discrete, classical object, the Rubik’s Cube has long 
served as a metaphor for complex systems, constrained search spaces, and 
transformation-based problem-solving. 

In parallel, the field of theoretical physics has developed the Holographic 
Principle, a revolutionary idea stating that all the information within a volume of 
space can be encoded on its boundary surface. Originally formulated in the 
context of black hole thermodynamics and later formalized through the Anti-de 
Sitter/Conformal Field Theory (AdS/CFT) correspondence, this principle has 
become central to modern understanding of quantum gravity, entanglement, and 
spacetime emergence. 

This paper aims to build a conceptual and formal bridge between these two 
domains. By constructing a quantum version of the Rubik’s Cube that obeys the 
principles of holography—particularly boundary-to-bulk determinism and surface-
constrained entanglement—we offer a pedagogical and theoretical model for 
exploring how complex global states can emerge from surface-level logic in a 
quantum framework. 

1.2 Limitations of Classical Rubik’s Cube Models 

While the classical Rubik’s Cube offers a rich space for combinatorial analysis, it is 
inherently limited in the context of holography. The state of the cube’s internal 
components is not fully determined by the visible surface. Even with complete 
knowledge of the outer cubies, multiple interior configurations are consistent with 
the same surface appearance. There is no redundancy in the encoding, no fault 
tolerance, and no formal mechanism for reconstructing the internal state solely 
from the boundary. 
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Moreover, the cube’s operations are strictly local and deterministic. Each twist 
corresponds to a permutation of a specific subset of cubies, and all transitions are 
reversible in classical space. This makes the puzzle ideal for studying local 
transformation groups, but insufficient for modeling nonlocal quantum 
constraints, entanglement patterns, or holographic dualities. 

To overcome these limitations, a new model is required—one that replaces 
deterministic permutations with unitary evolution, introduces quantum 
entanglement between components, and allows for redundant encoding of 
internal states at the boundary. The result is a transition from a mechanical puzzle 
to a quantum toy model of holographic encoding. 

1.3 Overview: A Quantum Version of the Cube as a Boundary-Determined, 
Entangled System 

In this work, we propose a Quantum Rubik’s Cube: an abstract quantum system 
defined on a cube-like topology, in which the internal quantum state is fully 
determined by a set of entangled qudits arranged on its surface. Each face and 
cubie becomes a participant in a distributed quantum state, and legal operations 
on the cube are implemented as unitary transformations that preserve the 
system’s entanglement geometry. 

This quantum cube is designed to satisfy the following conditions: 

• Surface sufficiency: The complete internal (bulk) quantum state is 
redundantly encoded in the surface (boundary) layer, such that the bulk is 
recoverable from the boundary. 

• Entangled fault tolerance: Surface encodings are not localized but 
distributed across entangled degrees of freedom, reflecting principles from 
quantum error correction and tensor network theory. 

• Nonlocal transformation: Actions on the surface propagate quantum effects 
nonlocally through the interior, reflecting causal and informational 
structures similar to those found in holographic dualities. 
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In doing so, the Quantum Rubik’s Cube becomes a discrete toy model for 
exploring how surface-based computation, entanglement, and redundancy can 
give rise to robust internal structure—a central concept not only in quantum 
gravity but also in emerging models of quantum cognition, synthetic neural 
architectures, and high-dimensional data encoding. 

 

2. Classical Rubik’s Cube: Permutation Logic and Surface Constraints 

The classical Rubik’s Cube is a combinatorial marvel, a deceptively simple 
mechanical puzzle with deep mathematical structure. Though entirely classical in 
its construction, the cube offers an intuitive gateway to higher-order ideas such as 
group theory, constraint propagation, and partial observability. This section 
outlines the core logic of the classical cube to identify which of its properties must 
be transcended to construct a fully quantum, holographically constrained analog. 

2.1 Group-Theoretic Structure and State Space 

The standard 3×3×3 Rubik’s Cube consists of 26 unique smaller cubes ("cubies"): 8 
corners, 12 edges, and 6 fixed center pieces. The puzzle’s state space is defined by 
the relative positions and orientations of these movable cubies, constrained by 
the physical mechanism of rotation around each face. 

Each legal move of the cube corresponds to a group element in the Rubik's Cube 
group, a finite, non-abelian permutation group. The full group is a subgroup of the 
symmetric group acting on the set of possible cubie positions and orientations. Its 
size is immense: the total number of reachable configurations is 

 

This state space forms a connected graph, where each node corresponds to a 
cube configuration and edges represent single moves. Solving the cube involves 
finding a path from an arbitrary node back to the identity element (the solved 
state) using a minimal sequence of moves—an optimization problem in a vast 
permutation space. 
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This group-theoretic structure, while rich and well-studied, is entirely classical. It 
operates on discrete states and reversible deterministic transitions, and it lacks 
features such as superposition, entanglement, or probabilistic observability. 

2.2 Visible Faces and Limited Internal Information 

An important feature—and limitation—of the classical cube is that its internal 
state cannot be uniquely determined by surface inspection. The visible faces 
reveal the positions and orientations of only 54 colored stickers, corresponding to 
a subset of the cube’s total state. While experienced solvers can infer a great deal 
from surface patterns, multiple interior arrangements can be consistent with the 
same exterior appearance. 

This property violates the core requirement of holography: that the boundary 
completely determines the bulk. In the classical cube, the surface offers only 
partial information and does not contain redundancy or error correction 
capabilities. The configuration of hidden facelets and internal piece orientations 
remains inaccessible without direct manipulation. 

Thus, from an informational perspective, the classical cube represents a volume-
determined system with a non-holographic encoding of its internal structure. 
There is no mapping that allows for full reconstruction of the internal 
configuration based purely on surface data, unless additional constraints or 
assumptions are imposed. 

2.3 Notions of Solvability and Constraint Propagation 

In the classical setting, a key question is solvability: can a given configuration be 
legally transformed back into the solved state using allowable moves? Not all 
random permutations of cubies result in legal cube states; only those reachable 
through legal sequences of face rotations belong to the group. 

Solving the cube requires understanding how constraints propagate through the 
puzzle’s geometry. A twist of one face affects not just local cubies but sets off a 
ripple through neighboring orientations. Advanced solution techniques (e.g., 
CFOP, Roux, or Thistlethwaite methods) exploit this by solving the cube in 
hierarchical layers, zones, or subgroups, using intermediate goals and symmetries. 
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Nonetheless, constraint propagation in the classical cube is strictly local: every 
move alters a subset of cubies directly connected to the rotated face. There is no 
mechanism for nonlocal correlation or global coherence across the entire state. 
Changes in one corner of the cube do not instantly imply changes in another, 
unless mediated by an explicit sequence of physical rotations. 

This classical constraint structure is useful for visualizing finite automata and 
search trees, but it fundamentally differs from the entanglement-driven, 
boundary-determined constraint propagation found in quantum systems. 
Overcoming this limitation requires reimagining the cube not as a deterministic 
puzzle but as a quantum information surface, where interior states are shaped by 
nonlocal correlations distributed across the boundary. 

 

3. Holographic Principle and Black Hole Analogies 

The classical Rubik’s Cube operates under principles of permutation and local 
determinism, with its state space fundamentally tied to internal configurations. By 
contrast, the Holographic Principle—a concept originating in black hole 
thermodynamics and extended through modern string theory—suggests a 
radically different informational architecture: that the contents of a spatial volume 
may be fully described by data encoded on its boundary surface. This section 
introduces the Holographic Principle and frames the analogy that motivates a 
quantum-holographic version of the Rubik’s Cube. 

3.1 Area vs. Volume in Entropy Scaling 

The origin of the Holographic Principle lies in the study of black hole entropy. In 
classical thermodynamics, entropy is typically an extensive property, scaling with 
volume. However, Bekenstein and Hawking showed that the entropy of a black 
hole is instead proportional to the area of its event horizon, not its volume: 
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This result implies that the maximum information content of any region of space is 
not determined by how much space it encloses, but by the area of its boundary, 
measured in Planck units. It introduces the notion that the degrees of freedom 
within a system may be fundamentally encoded on its surface, a property that 
appears counterintuitive from the standpoint of conventional local field theories. 

This insight led to the formulation of the Holographic Principle by Gerard ’t Hooft 
and Leonard Susskind: a general proposal that any consistent theory of quantum 
gravity must describe all phenomena in a volume via a lower-dimensional theory 
defined on its boundary. 

3.2 Boundary-Bulk Duality in AdS/CFT 

The most well-developed realization of the Holographic Principle is the AdS/CFT 
correspondence, introduced by Juan Maldacena in 1997. This correspondence 
posits a duality between: 

• A gravitational theory in (d+1)-dimensional Anti-de Sitter (AdS) space (the 
“bulk”), and 

• A conformal field theory (CFT) without gravity on its d-dimensional 
boundary. 

Crucially, this is not a metaphor or approximation but a precise isomorphism: 
every observable in the bulk theory has a corresponding operator in the boundary 
theory, and the dynamics on either side are fully interchangeable. This 
relationship makes boundary-bulk duality not just a matter of correlation, but of 
computational and ontological equivalence. 

The AdS/CFT correspondence revolutionized the understanding of spacetime 
emergence, quantum information, and the structure of entanglement in 
gravitational systems. It implies that a system’s geometry, causal structure, and 
field content can all be reconstructed from boundary entanglement and operator 
structure. 

For a quantum Rubik’s Cube analog to be truly holographic, it must emulate this 
form of duality: the cube’s internal quantum state must be fully encoded in and 
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recoverable from operations and measurements on its surface, with no loss of 
information and no hidden variables in the bulk. 

3.3 Reconstructability and Fault-Tolerant Encoding in Holographic Systems 

In both theoretical physics and quantum information, holographic systems exhibit 
another critical property: robustness through redundancy. Bulk data is not 
encoded at isolated points on the boundary, but rather distributed across 
overlapping regions. This enables reconstructability: bulk observables can be 
recovered from multiple independent regions of the boundary, a property with 
deep parallels to quantum error correction. 

Recent work by Almheiri, Dong, Harlow, Pastawski, Preskill, and others has shown 
that AdS/CFT behaves like a quantum error-correcting code, where bulk logical 
qubits are redundantly embedded in boundary physical qubits. The “HaPPY code,” 
a toy model using perfect tensors in a tiling of hyperbolic space, demonstrates 
how a bulk region can be reconstructed from various overlapping boundary 
patches, even in the presence of noise or loss. 

For our quantum cube model, this principle implies that the internal (bulk) state 
must be redundantly and nonlocally encoded on the surface, such that: 

• Small boundary regions provide partial information, 

• Larger regions allow complete bulk reconstruction, 

• The cube is resilient to decoherence or perturbation on the boundary, 

• And surface manipulation alone determines bulk evolution. 

This is the essence of holographic duality as fault-tolerant encoding: a feature that 
must be built into the logical structure of the Quantum Rubik’s Cube. By doing so, 
the cube becomes more than a puzzle; it becomes a model of informational 
geometry and emergent bulk physics. 
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4. Quantum Rubik’s Cube: Core Design 

To transform the classical Rubik’s Cube into a system capable of expressing the 
Holographic Principle, we must fundamentally alter its underlying logic. Rather 
than a mechanical device governed by permutations of discrete pieces, the 
Quantum Rubik’s Cube becomes a structured, finite-dimensional quantum system, 
with cubies represented as qudits, operations as unitary gates, and the bulk 
configuration fully determined by the entangled state of the boundary. This 
section outlines the design principles and mathematical structure of such a cube. 

4.1 Quantum State Space: From Permutations to Superpositions 

In the classical Rubik’s Cube, each configuration is a unique permutation of cubie 
positions and orientations—each legal state occupying a distinct point in a vast, 
discrete state space. By contrast, the quantum version replaces this discrete 
landscape with a Hilbert space, where states exist in superpositions of all 
allowable configurations. 

 

This shift introduces nonclassical phenomena such as interference, measurement 
collapse, and—most critically—entanglement, the essential ingredient for 
holographic encoding. 
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4.2 Cubies as Qudits with Entangled Degrees of Freedom 

In the quantum cube, each cubie is no longer a colored sticker or corner piece, but 
a quantum subsystem—a qudit—capable of storing multiple orthogonal states 
and entangling with other cubies. These cubies may encode: 

• Color states: analogs of the classical cube’s facelets. 

• Positional/motional states: indicating relative spatial roles or orientations. 

• Logical states: serving as abstract labels for quantum error-correcting 
codewords. 

For holography to emerge, these qudits must not evolve independently. Rather, 
they must be entangled in a geometrically meaningful pattern, where changes to 
one part of the surface are correlated with the quantum state of distant cubies—
particularly those in the bulk. 

This entanglement structure can be imposed using tensor network formalisms, 
where perfect tensors are arranged according to a cubic tiling. Alternatively, a 
quantum circuit architecture can be employed, using repeated entangling gates to 
generate a high-coherence, fault-tolerant boundary state from which bulk 
information emerges. 

The key requirement is that bulk degrees of freedom are not fundamental: they 
are emergent properties, derivable from the pattern of entanglement on the 
boundary. 

4.3 Surface Layer as Holographic Code: Encoding the Internal Cube State 

In the classical Rubik’s Cube, the surface reveals only partial information about the 
interior. In the quantum model, the surface is everything. The boundary cubies—
those facing outward—encode, via entangled quantum states, the entire internal 
configuration of the cube. 

This is made possible through holographic quantum error correction. Inspired by 
the HaPPY code and similar tensor network constructions, the cube’s surface layer 
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is designed as a redundant, fault-tolerant encoding of bulk qubits. In this 
architecture: 

• The cube’s bulk qubits are logical qubits. 

• The surface qudits are physical qudits in an encoding subspace. 

• The encoding is such that multiple overlapping surface regions can 
independently recover bulk information. 

This enables robust surface-to-bulk reconstruction, resilience to decoherence, and 
the simulation of nonlocal constraints via strictly local operations. The cube 
behaves not as a collection of independently evolving components, but as a 
single, distributed quantum information surface, echoing the logic of black hole 
event horizons. 

4.4 Legal Operations as Constrained Unitary Gates 

In the classical cube, legal operations are permutations—face rotations that move 
cubies from one position to another. In the quantum cube, operations are 
replaced by unitary transformations acting on the global Hilbert space. 

These gates must satisfy several constraints: 

• They preserve the holographic code structure: operations must map valid 
surface states to other valid surface states without destroying the 
entanglement encoding. 

• They are local in geometry, but nonlocal in information: gates may act only 
on a subset of adjacent surface cubies, but their effect must propagate 
through entanglement to alter the entire bulk. 

• They are reversible and fault-tolerant: respecting unitarity and the error-
correcting nature of the code. 

A complete move set for the quantum cube would consist of a small set of 
universal gates (e.g., generalized CNOTs, controlled phase gates, swap gates) 
constrained to act in geometrically local layers, such that the global entanglement 
and reconstructability properties are preserved. 
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Solving the quantum cube—if the notion still applies—is no longer a matter of 
arranging visible stickers into order, but of transforming the surface into a specific 
entangled state from which the known bulk (e.g., the “solved” logical state) can be 
inferred. 

 

5. Entanglement Geometry and Error Correction 

The core idea of the quantum Rubik’s Cube as a holographic system hinges on its 
surface encoding of internal structure via entanglement. In such systems, 
information is not simply distributed across parts—it is encoded in the pattern of 
correlations among those parts. To construct a robust, fault-tolerant holographic 
cube, we must draw on the powerful tools developed in quantum information 
theory, especially tensor network models and quantum error-correcting codes. 
These frameworks offer explicit mechanisms by which logical (bulk) degrees of 
freedom can be nonlocally and redundantly encoded in physical (surface) 
subsystems, enabling both resilience to error and bulk reconstruction. 

5.1 Tensor Network Approaches: MERA, HaPPY Codes, and Perfect Tensors 

Tensor networks provide a compact, visual, and algebraic way of representing 
quantum many-body states with structured entanglement. Of particular relevance 
to the quantum cube are two architectures: 

• MERA (Multiscale Entanglement Renormalization Ansatz): A hierarchical 
tensor network that captures scale-invariant entanglement and has been 
used to model AdS/CFT geometries. In MERA, layers of unitary and 
isometric tensors allow for coarse-graining while preserving quantum 
information, suggesting an emergent “bulk” geometry from a boundary 
entanglement pattern. 

• HaPPY Codes: A toy model of holography introduced by Pastawski, Yoshida, 
Harlow, and Preskill, in which perfect tensors are tiled across a hyperbolic 
geometry. Each perfect tensor encodes multiple logical qubits into a larger 
number of physical qubits with maximal entanglement, yielding a quantum 
error-correcting code with holographic properties. The key result is that 
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bulk logical operators can be reconstructed from overlapping boundary 
regions, realizing holographic bulk-boundary duality. 

In the quantum Rubik’s Cube, a discrete and cubic topology replaces the 
continuous hyperbolic space of AdS/CFT. Nonetheless, the same tensor network 
logic can be applied by tiling perfect tensors or generalized entangling gates across 
the cube's internal structure and linking them to surface qudits. Each “face layer” 
of the cube can act as a partial encoder, and when combined, these layers 
construct a complete surface state from which the internal logical qubits can be 
recovered. 

This approach allows the cube to mimic the entanglement geometry of 
holographic spacetime, with the tensor network acting as the mediating structure 
that gives rise to both coherence and geometry. 

5.2 Redundancy and Surface Encoding of Logical Bulk States 

In classical information theory, redundancy is used to detect and correct errors 
through repetition or parity checks. In quantum systems, redundancy is achieved 
through entanglement, which allows information to be nonlocally stored across 
many physical qubits such that no single subsystem reveals complete information, 
but large enough regions allow full recovery. 

In the quantum Rubik’s Cube: 

• The surface layer of qudits contains overlapping, entangled subsets that 
collectively encode the logical bulk state. 

• This surface redundancy ensures that the same internal information is 
recoverable from multiple, partially overlapping boundary regions—
mirroring the way entanglement wedges in AdS/CFT can reconstruct bulk 
regions from distinct boundary patches. 

This property is not just useful for error correction—it is a signature of holographic 
duality. A region on the boundary defines a causal wedge in the bulk; similarly, in 
the cube, a face or group of adjacent cubies defines a region from which a portion 
of the logical internal state can be reconstructed. 
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Practically, this means the cube remains functional even if some surface qudits are 
decohered, lost, or corrupted. The information encoded in the full entangled 
surface is overcomplete, providing both robustness and graceful degradation 
under perturbations—an essential requirement for any physical implementation 
or simulation of the cube on a quantum computer. 

5.3 Fault Tolerance and Surface-Based State Recovery 

One of the most profound implications of applying holographic coding principles 
to the quantum Rubik’s Cube is that fault tolerance becomes intrinsic to its 
architecture. As in topological quantum computing and stabilizer codes, logical 
states can survive noise and gate errors because: 

• The encoded information is delocalized, making it inaccessible to local 
errors. 

• Error syndromes (patterns of deviation) can be detected by monitoring 
boundary configurations, without the need to measure or disturb the bulk. 

• Recovery operations can be applied solely to the surface, using stabilizer 
constraints or decoding algorithms derived from the tensor network 
structure. 

In this view, the surface layer acts as both: 

• A quantum code protecting the logical state, 

• And an informational interface through which bulk states are read, 
controlled, and manipulated. 

For the Rubik’s Cube analog, this implies that "solving" the cube could involve 
preparing the surface into a particular highly entangled codeword state, from 
which the logical "solved" bulk configuration follows automatically. Conversely, 
small changes in the surface—if coherent and code-consistent—can produce 
large, structured changes in the cube’s internal state, offering a quantum analog 
to face-turns with nonlocal effect. 
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In summary, by aligning its entanglement geometry with that of known 
holographic codes, the Quantum Rubik’s Cube becomes not just a toy model, but 
a self-correcting, surface-driven quantum system capable of modeling the 
principles underlying spacetime emergence, black hole thermodynamics, and 
robust quantum computation. 

 

6. Surface Reconstruction and Holographic Logic 

If the internal state of the Quantum Rubik’s Cube is truly encoded in its surface via 
entangled degrees of freedom, then complete knowledge of the surface is 
sufficient to reconstruct the bulk. This section explores the mechanics of this 
reconstruction, its physical implications, and the theoretical constraints that arise 
when translating holographic principles into a finite quantum toy model. 

6.1 Inference of Internal Quantum State from Boundary Measurement 

In classical systems, internal states can only be inferred from the boundary if 
specific constraints or symmetries are imposed. In quantum holographic systems, 
however, entanglement and error-correcting structure allow for true boundary-to-
bulk determinism. 

In the context of the quantum Rubik’s Cube, the inference process involves: 

• Treating the surface qudits as physical observables accessible to 
measurement, 

• Applying a reconstruction algorithm—analogous to decoding in holographic 
error correction—to recover the logical state of interior qubits, 

• Relying on the entanglement structure to ensure that this recovery is both 
unique and robust to limited loss or noise. 

For example, suppose the cube’s surface is designed using a HaPPY-style code with 
perfect tensors. Then, a sufficiently large region of the surface will allow complete 
reconstruction of a central logical qubit in the bulk. This reflects the entanglement 
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wedge reconstruction principle from AdS/CFT: bulk observables in a given region 
are encoded in overlapping surface regions, not isolated points. 

The cube's geometry offers an intuitive constraint: face measurements and 
adjacent edge data should provide overlapping coverage of internal information, 
such that the union of boundary information defines the bulk uniquely. This 
reversibility of encoding enables true holographic logic—surface and bulk are not 
distinct, but mathematically equivalent under dual description. 

6.2 Simulation Strategies and Measurement Constraints 

Realizing this reconstruction process in practice—either on a quantum computer 
or in theoretical simulations—requires both algorithmic strategies and an 
understanding of measurement constraints inherent to quantum systems. 

Key considerations include: 

• Non-demolition surface measurement: Measurement of boundary qudits 
must preserve coherence in the system or be repeated across identically 
prepared ensembles. Direct measurement collapses quantum states, so 
clever protocols are required for inference. 

• Stabilizer decoding: If the cube’s surface state belongs to a stabilizer code, 
efficient decoding algorithms can be used to determine the bulk state using 
syndrome information and logical operators. 

• Tensor contraction and backpropagation: In tensor network simulations, 
reconstruction corresponds to contracting boundary tensors inward, which 
allows for bulk state estimation given boundary data. 

• Simulation complexity: For small cubes, full state vector simulations are 
feasible on classical hardware. For larger or higher-dimensional extensions, 
hybrid classical-quantum methods or variational quantum simulation may 
be needed. 

The constraints here are not merely technical but deeply reflective of the cube’s 
holographic nature. The system enforces a rule: the only accessible, measurable 
components are on the surface, yet these suffice for bulk cognition—a conceptual 
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mirror of black hole thermodynamics, where the event horizon contains all 
relevant degrees of freedom. 

6.3 Dynamical Evolution and Surface-Induced Bulk Change 

One of the most intriguing consequences of a holographic quantum cube is that 
manipulating the surface alone can drive complex evolution in the interior, 
without ever accessing the bulk directly. This is a direct analog of the principle 
that unitary evolution on a boundary theory generates bulk dynamics in 
holographic dualities. 

For the cube, dynamical operations take the form of unitary gates acting on 
boundary qudits, constrained to: 

• Preserve the holographic code subspace, ensuring that the result remains 
within the space of legal, reconstructible configurations, 

• Propagate nonlocally through the entangled network, such that even small, 
local operations have structured and coherent global effects, 

• Maintain error resilience, so that evolution does not disrupt the surface’s 
ability to encode and recover the bulk state. 

Such dynamics can be viewed through multiple lenses: 

• As quantum computation, where solving the cube corresponds to applying 
a specific circuit of surface-only operations, 

• As spacetime emergence, where bulk geometry or topology (as encoded in 
internal entanglement) evolves from changes to the surface pattern, 

• As adaptive error correction, where the surface autonomously reorganizes 
to maintain a stable logical state in response to perturbations. 

Importantly, the cube’s evolution is not “solving” in the classical sense—it is 
computing a transformation of a distributed quantum state, such that the final 
surface configuration encodes a new bulk logical state. In this sense, the cube 
becomes a holographic processor, where boundary logic governs an emergent, 
nonlocal interior. 
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7. Philosophical and Educational Implications 

While the Quantum Rubik’s Cube is conceived as a toy model for surface-encoded 
quantum systems, its deeper significance lies in how it makes accessible the 
abstract logic of holography. By grounding complex concepts—such as boundary-
bulk duality, entanglement geometry, and quantum error correction—in the 
familiar language of puzzles and spatial manipulation, the cube becomes more 
than a theoretical artifact. It becomes a pedagogical tool and philosophical 
metaphor, enabling students, researchers, and the public to reason through 
otherwise inaccessible territory in quantum gravity and information science. 

7.1 The Cube as a Pedagogical Model for Holography 

The intuitive appeal of the classical Rubik’s Cube stems from its visual and tactile 
engagement. Despite its complexity, it invites curiosity and experimentation. A 
quantum version—especially one explicitly designed to mimic holographic 
properties—extends this invitation to the conceptual domain. 

In educational settings, the cube can serve to: 

• Demonstrate how local operations generate global coherence, showing 
entanglement as a logical structure rather than an abstract phenomenon. 

• Visualize the Holographic Principle in a discrete setting, where the surface 
literally contains all usable information about the interior. 

• Illustrate redundancy and error correction by allowing students to 
experience how surface patches jointly reconstruct the bulk. 

Moreover, the cube enables analogical reasoning: students can infer properties of 
gravitational systems, black holes, and AdS/CFT duality by manipulating a toy 
system grounded in well-defined mathematics. 

This positions the quantum cube as a bridge between high school-level intuition 
and graduate-level quantum field theory, potentially becoming a didactic standard 
akin to the Foucault pendulum or the double-slit experiment. 
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7.2 Reimagining Puzzles in the Quantum Information Era 

The Quantum Rubik’s Cube also prompts a reevaluation of what a “puzzle” is in 
the context of quantum information. In the classical domain, puzzles are 
deterministic, visual, and finite; solutions correspond to well-ordered end states 
arrived at through a known sequence of reversible operations. 

Quantum puzzles differ fundamentally: 

• Solutions are states in a Hilbert space, not visible arrangements. 

• Moves are unitary operators, not permutations. 

• Solving is equivalent to achieving entanglement configurations that satisfy 
informational constraints. 

This shift suggests a new genre of puzzles: quantum cognitive objects, where 
solving requires understanding coherence, partial observability, and dual 
description. These are not “games” in the traditional sense but interactive models 
of logic and symmetry, capable of training intuition for emerging technologies 
such as quantum computing, secure communication, and holographic simulation. 

As such, the quantum cube is both a tool and a prototype, suggesting how 
physical intuition can evolve alongside our computational architectures. 

7.3 Implications for Visualizing Abstract Concepts in Quantum Gravity 

Quantum gravity remains among the most abstract and challenging areas of 
theoretical physics. Its core features—nonlocality, holography, spacetime 
emergence, and information limits—are often described only through symbolic 
mathematics or thought experiments. The challenge is not merely one of rigor but 
of conceptual accessibility: how can humans internalize these ideas, reason about 
them, and teach them effectively? 

The Quantum Rubik’s Cube provides a concrete starting point. By framing these 
principles in terms of surface-state manipulation, code-based reconstruction, and 
boundary-governed evolution, it offers: 
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• A visual grammar for holographic systems, 

• A metaphorical language for thinking about black holes, error correction, 
and spacetime dualities, 

• And a platform for communicating abstract physics through interactive, 
geometric models. 

Philosophically, the cube also speaks to a deeper idea: that complex reality may be 
encoded at its periphery, and that understanding comes not from peering inside, 
but from reading the surface carefully and understanding how it binds the whole 
together. 

In this sense, the quantum cube doesn’t just model holography. It becomes a 
small-scale expression of a profound metaphysical idea: that reality itself may be a 
boundary-defined phenomenon, structured by coherence, protected by 
redundancy, and interpreted through information. 

 

8. Open Questions and Extensions 

The quantum Rubik’s Cube, as developed here, is a theoretical construct designed 
to model key features of holographic systems—particularly boundary-determined 
bulk structure, entangled surface encoding, and logical redundancy. Yet, as with 
any model, it is a simplification, and its implications reach far beyond its current 
formulation. This section identifies several open questions and potential 
extensions, both in terms of physical implementation and conceptual 
generalization. 

8.1 Can the Cube Be Physically Realized on a Quantum Computer? 

Perhaps the most pressing question is whether the quantum cube can be 
simulated or physically instantiated on near-term or future quantum hardware. 
Several challenges arise: 

• Encoding and dimensionality: Each cubie must be represented as a qudit (or 
a set of qubits simulating a higher-dimensional space), with entanglement 
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rules governed by a predefined holographic code. The required qubit count 
and connectivity rapidly scale with cube size. 

• Entangling topology: The surface qudits must be entangled in a way that 
faithfully represents the holographic encoding of internal logical states. This 
may require quantum hardware with nontrivial qubit interconnectivity, or 
efficient mapping strategies to linear hardware layouts (e.g., qubit routing 
and tensor contraction optimization). 

• Fault-tolerant operations: The cube must allow for a restricted set of unitary 
surface operations that both evolve the bulk and maintain the code 
subspace. This imposes additional constraints on the allowed gate sets, 
error correction protocols, and simulation architectures. 

Nonetheless, existing work on small-scale quantum error-correcting codes, 
quantum tensor networks, and logical subspace emulation provides a promising 
starting point. In principle, a 2×2×2 quantum cube with simplified encoding could 
be implemented using current noisy intermediate-scale quantum (NISQ) devices 
to validate aspects of the model—particularly its entanglement structure and 
surface-based inference. 

8.2 What Are the Limits of Surface-Bulk Determinism in Non-Spherical 
Topologies? 

Most holographic models in physics rely on spherical or hyperbolic boundaries, 
where surface-area-to-volume relationships preserve the scaling behavior of 
entropy and information. The cube, however, is a polyhedral structure with 
discrete faces and sharp edges. This raises the question: to what extent does 
surface-to-bulk determinism depend on boundary shape and smoothness? 

In the cube, the boundary consists of six planar faces, each composed of a grid of 
qudits. Unlike a sphere, where each point lies at equal distance from the center, 
the cube’s surface has discrete curvature discontinuities at edges and corners. 
These may introduce asymmetries in information accessibility and variations in 
entanglement coverage. 
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Open questions include: 

• Does the cube’s geometry limit the maximal recoverable volume from a 
given surface patch? 

• Are some boundary configurations better suited to redundancy and fault-
tolerance than others? 

• Can holography be extended to non-Euclidean or fractal surface tilings that 
enhance encoding density? 

Answering these questions may help generalize holography beyond smooth 
manifolds to discrete, modular, or algorithmically generated boundaries, which 
could have applications in both quantum computing and lattice gauge theory. 

8.3 Could Higher-Dimensional Analogs Yield More Complex Holographic 
Behavior? 

The cube, as defined, is a three-dimensional object with a two-dimensional 
surface. However, holography is not limited to 3+1 dimensions. The AdS/CFT 
correspondence applies in d+1 bulk dimensions with d-dimensional boundary 
theories, and recent developments in tensor network holography have begun to 
explore higher-dimensional tilings and bulk emergent geometries. 

This raises the possibility of extending the cube to: 

• Four-dimensional generalizations (e.g., a tesseract) with a three-
dimensional entangled boundary surface, 

• Hypercubic or hypergraph structures for modeling more complex 
entanglement geometries, 

• Nested or fractal cubes that encode hierarchical logical states across scales 
(reminiscent of MERA-type renormalization structures). 
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These models could reveal: 

• How entanglement scales across dimensions, 

• Whether higher-dimensional redundancy enables more efficient encoding 
of logical operations, 

• How spacetime-like properties emerge in toy models with rich internal logic 
and boundary structure. 

Such explorations would deepen the theoretical foundation of emergent bulk 
physics, while offering rich testing grounds for ideas in quantum geometry, 
topological error correction, and nonlocal computation. 

 

9. Conclusion 

The Quantum Rubik’s Cube, as proposed in this work, is more than a playful 
thought experiment. It serves as a concrete, structured model for exploring the 
foundational ideas of the Holographic Principle through the lens of discrete 
quantum systems and surface-based encoding. Drawing inspiration from black 
hole thermodynamics, AdS/CFT correspondence, quantum error correction, and 
tensor network architectures, the cube synthesizes these complex concepts into a 
compact and interpretable toy model. 

At the heart of the construction lies a radical inversion of classical assumptions: 
the surface is no longer a shadow of the interior—it becomes its generator. 
Through entanglement geometry and distributed redundancy, the cube’s 
boundary contains all necessary information to reconstruct and govern its internal 
state. This mirrors the logic of holography, where the information content of a 
volume is encoded not within, but on its boundary, and where bulk dynamics are 
emergent from boundary data. 

This model is pedagogically powerful because it transforms inaccessible 
theoretical principles into tangible logic. By recasting the cube’s behavior in terms 
of unitary surface operations, entangled cubits, and fault-tolerant state encoding, 
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it becomes a tool for visualizing boundary-bulk duality, understanding nonlocality 
through geometry, and simulating emergent structure from surface logic. 

It also hints at broader applications. The cube offers a conceptual bridge between 
quantum gravity and quantum computing, between physics education and design 
of error-resilient systems. It suggests that cognition, learning, and even the very 
architecture of reality may be framed not as interior processes, but as surface-
driven phenomena, where informational constraints—not internal constituents—
define what is real, knowable, and evolvable. 

In this light, the Quantum Rubik’s Cube stands as a self-contained model of 
holographic thinking. Whether simulated on quantum machines, used in 
classrooms to introduce quantum error correction, or employed in philosophical 
explorations of emergence, it offers a coherent framework for understanding how 
entangled surfaces give rise to coherent interiors, and how logic on the edge may 
indeed shape the substance within. 
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