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SPECIAL TOPIC — Quantum communication and quantum network

Robust quantum-like state simulation using
𝑘-regular bipartite networks

Xinjiang Zhou(周新疆) and Tinggui Zhang(张廷桂)†

School of Mathematics and Statistics, Hainan Normal University, Haikou 571158, China

(Received 8 January 2026; revised manuscript received 3 April 2026; accepted manuscript online 8 April 2026)

We establish a framework for constructing robust quantum-like states based on k-regular bipartite graphs, aiming to
realize quantum-inspired information processing through classical oscillatory networks. We first introduce the k-regular
bipartite graph and its mathematical representation, and analyze its intrinsic spectral properties. In contrast to ordinary k-
regular non-bipartite graphs, the intrinsic bipartite symmetry, enhanced spectral gap, and global delocalization mechanism
confer superior robustness to the emergent states. We verify that the emergent states of these bipartite graphs satisfy the
axiomatic requirements of quantum-like states, and show that the global delocalization property ensures stable operation
under structural noise. Based on the axiomatic requirements of quantum-like states, we further realize basic quantum-
inspired gate operations in the classical network framework. Our numerical simulations reveal that the k-regular bipartite
graph system exhibits enhanced coherence and stability under noise interference compared with non-bipartite graph sys-
tems. This research not only broadens the application boundaries of quantum-inspired computing but also provides a new
feasible path for the practical implementation of classical simulation of quantum information processing.

Keywords: quantum-like states, k-regular bipartite networks, quantum coherence, quantum-inspired informa-
tion processing
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1. Introduction
Quantum information theory represents one of the

most promising frontiers in modern physics, offering novel
paradigms for information processing that surpass the capabil-
ities of classical computation.[1] By leveraging the unique fea-
tures of quantum mechanics — such as superposition, entan-
glement, and quantum coherence — it enables groundbreaking
advances in computing, communication, cryptography, and
sensing.[2] Quantum resource theory (QRT) further formalizes
and quantifies these advantages by identifying which quantum
states and operations can be considered as “resourceful” and
how they can be manipulated to perform tasks that are infeasi-
ble within classical frameworks.[3,4]

Despite its immense potential, the practical implementa-
tion of quantum technologies faces significant challenges.[5]

Quantum states are inherently fragile and prone to decoher-
ence due to interactions with the surrounding environment.[6,7]

This sensitivity makes the preparation, preservation, and ma-
nipulation of high-fidelity quantum resources extremely diffi-
cult, especially in real-world conditions.[8] In contrast, classi-
cal systems are typically robust and easy to control; however,
they lack the coherent dynamics that underpin the power of
quantum information processing.

This fundamental distinction between quantum and clas-
sical systems has long defined the boundary between the two

domains.[9,10] However, recent interdisciplinary studies across
psychology,[11–14] biology,[15–17] chemistry,[18–20] and even
social sciences[21–23] have revealed intriguing phenomena that
resemble quantum behavior in classical settings. In particu-
lar, the pioneering work of Gregory D. Scholes and colleagues
has demonstrated that complex classical networks can sup-
port stable and robust states that exhibit properties analogous
to those of quantum systems.[24–27] These so-called quantum-
like states not only mimic essential quantum characteristics
but also display resilience against environmental perturba-
tions, making them promising candidates for simulating quan-
tum information processing in classical environments. Their
research has opened a new avenue for exploring the intersec-
tion of classical complexity and quantum functionality.

Recent progress in quantum hardware and protocols
further underscores the value of emulating quantum logic
in controllable settings. For instance, generalized quan-
tum measurement schemes have been developed in high-
energy contexts,[28] while robust gate implementations —
such as nonadiabatic holonomic quantum computation[29] and
all-microwave CZ gates in fixed-frequency superconducting
circuits[30] — highlight ongoing efforts to enhance coherence
and operational fidelity. Although these approaches rely on
genuine quantum platforms, they collectively emphasize a key
insight: the logical structure of quantum information process-
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ing can be decoupled from its physical substrate. This moti-
vates the exploration of purely classical systems that replicate
such logical workflows while benefiting from inherent robust-
ness.

Building on these insights, this work investigates a spe-
cific class of graph structures — k-regular bipartite graphs —
as a platform for constructing robust quantum-like states. Our
work makes two key contributions.

(1) Theoretical construction We rigorously prove that
k-regular bipartite graphs satisfy all five axioms of quantum-
like states, providing a new structure for constructing robust
quantum-like states.

(2) Numerical comparison and validation Through
controlled numerical simulations with parameters strictly
aligned with previous work to ensure fairness, we verify that
the bipartite structure exhibits significantly better coherence
preservation and noise resilience than ordinary non-bipartite
k-regular graphs.

We demonstrate that such graphs satisfy the axiomatic
criteria proposed by Ref. [26] for quantum-like states, includ-
ing distinguishability, stability under noise, and the presence
of a well-defined spectral gap. Through rigorous spectral anal-
ysis, we show that these graphs maintain both structural in-
tegrity and functional stability even under various noisy con-
ditions, thereby providing a solid foundation for simulating
quantum dynamics in classical networks. Furthermore, our
analysis of the resulting quantum-like coherence resources re-
veals a significantly higher degree of robustness compared to
existing works based on non-bipartite graphs, a finding that is
directly verified by our numerical simulation results.

In summary, this study bridges the conceptual gap be-
tween quantum and classical systems by establishing k-regular
bipartite graphs as a robust platform for quantum-inspired in-
formation processing. Our results not only deepen the theo-
retical understanding of emergent quantum-like phenomena in
classical networks but also offer a practical pathway toward
developing noise-resilient alternatives for quantum informa-
tion simulation tasks.

2. Preliminaries
2.1. Graphs and emergent states

Networks are mathematically represented by graphs, with
their connectivity encoded in an adjacency matrix. In this
work, we focus on k-regular bipartite graphs — a class of net-
works widely observed in resource allocation systems,[31] so-
cial networks,[32] and other complex systems.[33–35]

Definition 1 (k-regular bipartite graph[36]) Let G =

(U,V,E) be a bipartite graph with disjoint vertex sets U and
V , and let E be the set of edges connecting vertices between
U and V (i.e., no edges exist within U or within V ). If every

vertex v ∈ U ∪V is connected by exactly k edges, then G is
called a k-regular bipartite graph.

A fundamental property of k-regular bipartite graphs is
that their adjacency spectrum is symmetric about the origin: if
λ is an eigenvalue of the adjacency matrix, then −λ is also an
eigenvalue. This intrinsic bipartite symmetry lays the founda-
tion for the robustness of the quantum-like states constructed
based on such graphs.

The adjacency matrix A ∈ Rn×n of graph G encodes its
connectivity, where each entry ai j ∈ {−1,0,1} indicates the
presence and type of edge between vertices i and j. The spec-
tral properties of A, specifically its eigenvalues λ1, . . . ,λn and
corresponding eigenvectors, determine the dynamical behav-
ior of the system. To characterize the global spectral distri-
bution of k-regular bipartite graphs, we adopt the density of
states (DoS) formalism from condensed matter physics.

Definition 2 (density of states) The DoS of a graph’s ad-
jacency matrix A, denoted by ρ(λ ), is defined as

ρ(λ ) =
1
n

n

∑
i=1

δ (λ −λi), (1)

where n is the total number of vertices in the graph; δ (·) de-
notes the Dirac delta function, which forms a sharp peak at
each eigenvalue λi; and λ is an arbitrary real number repre-
senting a possible eigenvalue.

Originating in quantum mechanics and condensed mat-
ter physics, where ρ(λ ) describes the distribution of energy
levels, the DoS formalism is well-suited for characterizing the
spectral distribution of graph adjacency matrices. In numerical
practice, we approximate the Dirac delta function using a nor-
malized histogram: we partition the eigenvalue spectrum into
evenly spaced bins, count the number of eigenvalues falling
into each bin, and normalize the counts such that the total area
under the histogram equals 1, yielding an empirical estimate
of ρ(λ ).

2.2. Quantum-like states

Recent advances in quantum-like systems have demon-
strated that non-quantum physical platforms — including
photonic lattices,[37] superconducting circuits,[38,39] neural
networks,[40] and coupled oscillators[41] — can exhibit dy-
namics formally analogous to quantum phenomena such as su-
perposition and entanglement. Although these systems do not
rely on fundamental genuine quantum principles (e.g., wave-
function collapse), their mathematical structures enable the
simulation of quantum-like behaviors, supporting quantum-
inspired information processing tasks.

To ensure that quantum-like states can be constructed and
that quantum-inspired operations can be implemented within
classical systems, the following axiomatic requirements for
quantum-like states and their underlying graph structures have
been proposed in the pioneering work.[25]
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(1) Emergent state in the spectral gap The graph struc-
ture should support an emergent state that is spectrally isolated
from other states, forming a clear spectral gap.

(2) Robustness and stability under disorder The sys-
tem should maintain its functional integrity under structural
and parametric noise (e.g., edge removal, frequency fluctua-
tions).

(3) Two distinguishable “on” states The core unit
(quantum-like bit) should have two distinct, non-trivial states,
neither of which corresponds to an inactive (“off”) state. This
is because quantum-like states rely on active network dynam-
ics, and the quantum-like bit is defined through the interaction
of oscillatory networks rather than a ground state (vacuum)
and excited state.

(4) Definable unitary operations Basic unitary transfor-
mations should be implementable on the graph and its sub-
graphs, enabling the emulation of quantum-like logic opera-
tions.

(5) Coupling capability for superposition The system
should allow coupling of multiple subgraphs such that the re-
sulting state space supports superposition-like behaviors, anal-
ogous to quantum superposition.

This axiomatic framework provides a rigorous foundation
for constructing quantum-like states in classical networks, en-
suring that the resulting states satisfy the essential criteria for
reliable quantum-inspired information processing.

3. Constructing quantum-like states
To ensure a fair comparison with existing studies on or-

dinary non-bipartite regular graphs, we strictly align our nu-
merical parameters with established setups: we use a subgraph
node count n= 200 to match the overall network scale, test the
regular degree k = 40 to ensure structural consistency, employ
a sample size of 10000 graphs to guarantee statistical reliabil-
ity, and adopt consistent noise types. Edge addition and edge
deletion have been considered in relevant literature; we further
supplement edge-flipping noise to ensure comprehensive and
consistent perturbation definitions.

In this section, we randomly construct a number of large
k-regular bipartite graphs. Spectral analysis of these graphs
reveals that certain special states (extremal eigenvalues) are
clearly separated from the rest of the spectrum.

It is known from existing theoretical results[42] that ran-
dom k-regular bipartite graphs are asymptotically Ramanu-
jan graphs, so that non-trivial eigenvalues are bounded by
2
√

k−1. This guarantees a large spectral gap between the ex-
tremal eigenvalues ±k and the bulk spectrum, which provides
a theoretical basis for the robust emergent states observed in
our numerical experiments. These states, referred to as emer-
gent states, correspond to nontrivial dynamical or topological
features on the graph. In fact, such states are characteristic

of expander graphs, which exhibit strong global connectivity
across the entire network and represent optimal structures for
communication and walk-based processes.

Figure 1 presents the spectral analysis of several k-regular
bipartite graphs with n = 200 vertices. The spectrum of an
undirected graph can be interpreted as a coupling map of the
eigenvalues associated with its adjacency matrix, reflecting
the spectral relationships between connected vertices. Emer-
gent states are clearly visible as isolated extremal eigenvalues
— either maximum or minimum — in the spectrum. In our
framework, an emergent quantum-like state corresponds to an
eigenvalue that is spectrally isolated from the bulk of the spec-
trum. Specifically, the eigenvector associated with the largest
eigenvalue (λ = k) is uniform over all vertices, taking the form
(1,1, . . . ,1)/

√
n. Conversely, the eigenvector for the small-

est eigenvalue (λ = −k) displays a clear bipartite signature:
(1, . . . ,1,−1, . . . ,−1)/

√
n, where the sign pattern directly re-

flects the two disjoint vertex partitions of the graph.
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Fig. 1. Spectral analysis of several k-regular bipartite graphs with
n = 200 and k = 40.

These emergent states, arising from global coherence
rather than local details, provide a natural basis for encoding
information in oscillator networks across domains such as neu-
roscience and social dynamics. As supported by existing the-
oretical results,[42,43] the spectral gap and global connectivity
of k-regular bipartite graphs (asymptotically Ramanujan and
expander graphs) inherently contribute to the stability of these
emergent states, which is further verified by our numerical ob-
servations.

Figures 2–4 present the spectral analysis of k-regular bi-
partite graphs on n = 200 vertices under three types of struc-
tural noise: edge flipping, edge deletion, and edge addition.
These disturbances mimic realistic imperfections including
data loss, environmental fluctuations, and system fabrication
errors. Despite such structural perturbations, the core spectral
properties of the graphs remain largely intact, and the emer-
gent states stay clearly separated from the bulk spectrum. This
demonstrates strong robustness against random noise, which
aligns with theoretical results from Refs. [42,43]: the inher-
ent spectral gap and global delocalization of k-regular bipartite
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graphs render their key spectral features insensitive to small
structural variations, thus validating the reliability of our nu-
merical observations.
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Fig. 2. Spectral analysis of k-regular bipartite graphs on n = 200 ver-
tices under structural noise of edge flipping edge flipping with P = 0.1.
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Fig. 3. Randomly add 400 edges.

The degree of separation of the emergent state is closely
related to the spectral gap of the graph, defined as the dif-
ference between the largest and second-largest eigenvalues of
the adjacency matrix. To evaluate the robustness of this prop-
erty, we randomly generated 10000 k-regular bipartite graphs
and measured their spectral gaps before and after applying
various types of structural noise. As theoretically expected
from the Ramanujan property of random k-regular bipartite
graphs,[42] the original graphs exhibit a large average spectral
gap, which provides a solid foundation for the spectral isola-
tion of emergent states. The average spectral gaps were found
to be 24.2168 (original graphs), 17.3729 (with edge flipping
noise), 20.6561 (with edge deletion noise), and 27.7418 (with
edge addition noise), with corresponding standard deviations
of 0.2629, 0.4183, 0.2542, and 0.2691, respectively. Notably,
even under structural perturbations, the spectral gaps remain
sufficiently large to maintain the spectral isolation of emer-
gent states, and the small standard deviations (all below 0.5)
indicate high statistical consistency across the 10000 sample
graphs. These results, presented in Fig. 5, demonstrate that
the emergent states observed in Figs. 1–4 are statistically sta-
ble and not due to random fluctuations, further validating the
reliability of our numerical simulations and the inherent ro-
bustness of k-regular bipartite graphs.
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Fig. 4. Randomly remove 400 edges.
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Fig. 5. Spectral gap distribution of 10000 random k-regular bipartite
graphs before and after various structural noise perturbations.

The preceding analysis demonstrates that k-regular bipar-
tite graphs exhibit emergent states in their spectra and remain
robust and stable under structural disorder, thereby satisfying
Axioms 1 and 2 of the quantum-like state requirements. This
achievement directly builds on the theoretical advantages of
k-regular bipartite graphs (Ramanujan and expander proper-
ties), where the inherent spectral gap and global connectiv-
ity ensure the stability of emergent states — advantages that
are further confirmed by our statistical numerical results. Ax-
iom 3 imposes certain constraints on our construction, partic-
ularly regarding the requirement for two distinguishable “on”
states. Nevertheless, this framework remains broadly applica-
ble across various fields such as network science, communica-
tion systems, chemistry, and biology. For instance, in the study
by Ref. [39], k-regular bipartite graphs were employed to en-
hance information propagation mechanisms in graph neural
networks. Leveraging the favorable properties of these classi-
cal network structures, we can observe emergent states arising
from interactions among vertices (nodes), further supporting
the potential of quantum-like state models in describing com-
plex dynamical behaviors.

For a system composed of 2n oscillators arranged in a
k-regular bipartite graph structure, the emergent states corre-
spond to the maximum and minimum eigenvalues of the adja-
cency matrix, namely, k and −k, respectively. As known from
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spectral graph theory, such extremal eigenvalues are well sep-
arated from the bulk spectrum in random k-regular bipartite
graphs, providing a theoretical basis for the stability of these
global modes. The corresponding eigenvectors are

𝑝0 =
1√
2n

(1,1, . . . ,1), 𝑝1 =
1√
2n

(1, . . . ,1,−1, . . . ,−1). (2)

These two states represent coherent, global modes of os-
cillation across the entire network and serve as the basis states
for the quantum-like bit. They are spectrally isolated from the
remainder of the eigenvalue spectrum, thereby fulfilling Ax-
iom 1’s requirement for an emergent state, even under noisy
conditions. To satisfy Axiom 4, we define a unitary transfor-
mation on the network. The effect of this unitary operation on
the two emergent states 𝑝0 and 𝑝1 is given by[26]

Ucb𝑝0 =

(
1n
0n

)
, Ucb𝑝1 =

(
0n
1n

)
. (3)

The matrix Ucb is represented as

Ucb =
1√
2n

[
1n 1n
1n −1n

]
. (4)

This transformation maps the global coherent modes of
the network into distinguishable computational basis states,
thereby enabling the interpretation of graph-based states as
quantum-like bits. In this framework, the state of the entire
system resembles the |+〉 state. When the connecting edge
takes the value −1, the state becomes analogous to the |−〉
state. Due to the inherent symmetry of the system, these states
cannot be intuitively distinguished without additional process-
ing. Therefore, a unitary operation is required to reveal and
manipulate this distinction effectively. This construction lever-
ages the bipartite structure and its spectral properties to em-
ulate quantum state distinguishability in a classical network
setting.

Given the mapping from emergent states to the standard
computational basis via the unitary transformation Ucb, as de-
fined in Eq. (3), we can now define quantum-like gate opera-
tions on graph states. Specifically, for a generic quantum gate
Ug acting on qubits, its counterpart operation on the graph state
can be expressed as

Ug =U−1
cb (Vg⊗12n)Ucb. (5)

We now illustrate how standard single-qubit quantum
gates can be realized as operations on the emergent states of
a k-regular bipartite graph. For each gate, we specify its ac-
tion in the computational basis via a 2×2 matrix Vg, and then
lift it to the full graph space using the conjugation formula in
Eq. (5).

The Pauli-X gate, defined by

VX =

(
0 1
1 0

)
, (6)

implements a bit-flip between the quantum-like bit basis
states. Its action on the emergent eigenvectors is given by

U (X)
g 𝑝0 =

(
0n
1n

)
, U (X)

g 𝑝1 =

(
1n
0n

)
. (7)

This operation swaps the dominant oscillatory activity be-
tween the two partitions of the bipartite graph, mirroring the
role of the X-gate in quantum computing. The corresponding
operator on the full 2n-dimensional space is

U (X)
g =

1
2n

[
02n 12n
12n 02n

]
. (8)

The Pauli-Y gate introduces both a bit-flip and a relative
phase shift, with

VY =

(
0 −i
i 0

)
. (9)

Its lifted action reads

U (Y )
g 𝑝0 =

(
0n
i 1n

)
, U (Y )

g 𝑝1 =

(
−i 1n

0n

)
, (10)

which simultaneously exchanges the partitions and imparts a
π/2 phase difference between them. Such phase-sensitive op-
erations are enabled by the well-defined spectral structure of
k-regular bipartite graphs, ensuring stable and predictable dy-
namics. The full-space representation is

U (Y )
g =

1
2n

[
02n −i 12n
i 12n 02n

]
. (11)

The Pauli-Z gate applies a phase flip to the |1〉 state:

VZ =

(
1 0
0 −1

)
. (12)

On the graph, it acts as

U (Z)
g 𝑝0 =

(
1n
0n

)
, U (Z)

g 𝑝1 =

(
0n
−1n

)
, (13)

leaving the amplitude distribution unchanged but reversing the
sign of oscillations in the second partition — thus implement-
ing a symmetry-preserving phase rotation. This symmetry-
preserving property is inherently supported by the bipartite
structure of the graph, ensuring that the phase operation does
not disrupt the spectral isolation of emergent states. Its matrix
form is

U (Z)
g =

1
2n

[
12n 02n
02n −12n

]
. (14)

Finally, the Hadamard gate generates an equal superposi-
tion of the computational basis states:

VH =
1√
2

(
1 1
1 −1

)
. (15)
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Its action on the emergent modes yields

U (H)
g 𝑝0 =

1√
2

(
1n
1n

)
, U (H)

g 𝑝1 =
1√
2

(
1n
−1n

)
, (16)

coherently redistributing oscillatory energy across both par-
titions and enabling the creation of superposed quantum-like
states analogous to |+〉 and |−〉. This coherent redistribution
is feasible due to the global connectivity and spectral gap of
k-regular bipartite graphs, which support stable superposition
states even in the presence of minor structural perturbations.
The associated operator is

U (H)
g =

1
2n

[
12n 12n
12n −12n

]
. (17)

These constructions demonstrate that fundamental quan-
tum logic operations can be faithfully implemented on clas-
sical k-regular bipartite graphs through spectral engineer-
ing, thereby establishing a concrete bridge between network
dynamics and quantum information primitives. Consistent
with the theoretical properties of expander graphs, the global
connectivity of k-regular bipartite graphs ensures that these
quantum-like operations are robust and reproducible, further
validating the practicality of our graph-based framework.

When multiple k-regular bipartite graphs are coupled to-
gether, the resulting composite system resides in a tensor prod-
uct space formed by the individual Hilbert spaces of each
graph. Consider N such graphs {G(q)}N

q=1, each of size n,
with corresponding adjacency matrices A(q). The two domi-
nant eigenvectors of each subgraph G(q), associated with the
largest and smallest eigenvalues ±k, are denoted as |0q〉 and
|1q〉, respectively. The total system can be represented as the
Cartesian product (denoted by �) of these subgraphs:[44]

G =
N
�

q=1
G(q), (18)

where � denotes the Cartesian graph product. This Cartesian
product construction preserves the key spectral properties of
individual k-regular bipartite graphs, ensuring that the com-
posite system maintains the same robustness and quantum-like
characteristics as its constituent subgraphs. This formulation
enables the construction of complex composite systems from
simpler building blocks, providing a structured framework for
studying emergent behavior and applying quantum-like oper-
ations on graph-based states.

The joint adjacency matrix of the entire system is defined
as the sum of tensor products of individual adjacency matrices:

RNQL =
NQL

∑
q=1

(
1⊗(q−1)

2n ⊗R(q)⊗1⊗(NQL−q)
2n

)
, (19)

where R(q) is given by

R(q) =

(
A(q) C(q)

C(q) A(q)

)
. (20)

Here, C(q) represents a symmetric non-simple graph (allowing
self-loops) with valency l. This coupling structure introduces
inter-graph interactions while preserving the internal symme-
try of each subgraph.

The emergent states of the overall system are formed as
tensor products of the individual quantum-like bit states. Then
a generic computational basis state of the composite system
can be written as

|s1s2 · · ·sN〉= |s1〉⊗ |s2〉⊗ · · ·⊗ |sN〉, (21)

where sq ∈ {0,1}. This tensor product structure ensures that
the composite system maintains a well-defined Hilbert space
structure, where the state space of the entire system is ho-
momorphic to the tensor product of individual subgraph state
spaces. This directly fulfills the requirement of Axiom 5,
which defines the conditions for constructing superposition-
compatible state spaces.

By appropriately defining the coupling mechanisms be-
tween subgraphs, we can construct arbitrary superpositions of
such product states. Leveraging the favorable spectral prop-
erties of k-regular bipartite graphs as expander graphs, this
composite framework ensures that superposition states remain
stable under structural perturbations, further validating the fea-
sibility of our construction.

For instance, consider a system composed of NQL = 2
subgraphs. The resulting adjacency matrix takes the form

RNQL = R(1)⊗12n +12n⊗R(2), (22)

which reflects the independent contributions of each subgraph
to the overall structure. To generate different two-particle
quantum-like states, we can manipulate the matrix C(q), which
introduces additional intra-subgraph connections or self-loops.
By varying C(q), we can explore a range of composite system
behaviors and emergent phenomena, demonstrating the flexi-
bility and expressiveness of this graph-based framework.

Figure 6 illustrates the scenario in which there are no ad-
ditional connections (C(q) = 0) between subsystems. In this
case, the system reduces to

R(q) =

(
A(q) 0

0 A(q)

)
. (23)

Specifically, A(1) is the adjacency matrix of a k-regular bi-
partite graph with k = 40 and partition size n = 200, while
A(2) corresponds to a k-regular bipartite graph with k = 20 and
the same partition size n = 200. This configuration represents
a decoupled system, where each subsystem evolves indepen-
dently according to its own adjacency matrix. The emergent
states, ordered from right to left, are |0102〉, |0112〉, |1102〉, and
|1112〉. The spectral distribution in Fig. 6 confirms that these
tensor product states are spectrally isolated, verifying that the
system can support coherent superposition states as required
by Axiom 5.
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Fig. 6. Spectral analysis of the decoupled composite system (C(q) = 0),
showing clear spectral isolation of the four emergent states correspond-
ing to the tensor product basis |0102〉, |0112〉, |1102〉, |1112〉.

In analogy with quantum mechanics, we define four max-
imally entangled quantum-like states using graph couplings:

|Φ+〉 = 1√
2
(|0102〉+ |1112〉) ,

|Φ−〉 = 1√
2
(|0102〉− |1112〉) ,

|Ψ+〉 = 1√
2
(|0112〉+ |1102〉) ,

|Ψ−〉 = 1√
2
(|0112〉− |1102〉) . (24)

These states can be realized by appropriately choosing C(q)

to introduce controlled interactions between the subsystems.
For example, Fig. 7 shows a Bell-like state |Φ+〉 generated by
a specific design of C(q). The emergent states, labeled from
right to left in the spectrum, correspond to |0102〉 and |1112〉,
respectively. The clear spectral separation observed in the
spectrum confirms that the coupled graph structure supports
stable entangled superpositions, as required for quantum-like
information processing.[25,26] This capability not only demon-
strates the expressive power of the model but also verifies Ax-
iom 5, which requires that coupled graphs form a space com-
patible with superpositions of product states.
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Fig. 7. Spectral analysis of the coupled composite system with C(q) 6= 0,
demonstrating the realization of a Bell-like entangled quantum-like
state.

Furthermore, the unitary operations previously defined —
such as those corresponding to single-quantum-like bit gates

— can be naturally extended to act on these superposition
states. This enables the definition of multi-quantum-like bit
operations within the graph-based framework. This exten-
sibility follows the standard paradigm of quantum-like state
construction established in previous work,[24,27] ensuring con-
sistency with the axiomatic requirements. As an illustrative
example, consider the controlled-NOT (CNOT) gate, which
operates on two quantum-like bits: one serving as the control
and the other as the target. In standard quantum computing,
the CNOT gate is defined as

CNOT |c〉|t〉= |c〉|t⊕ c〉, (25)

where ⊕ denotes addition modulo 2.
In our framework, this operation can be implemented by

constructing a suitable unitary operator that acts on the tensor
product space of two subgraphs. Specifically, the CNOT-like
operation on quantum-like bits is expressed as

UCNOT =U−1
cb

(
VCNOT⊗1⊗(N−2)

2n

)
Ucb, (26)

where VCNOT denotes the standard matrix representation of the
CNOT gate:

VCNOT =


1 0 0 0
0 1 0 0
0 0 0 1
0 0 1 0

 . (27)

This construction ensures that quantum-like operations pre-
serve the structure of the underlying Hilbert space and enable
the generation of entangled states across different quantum-
like bits — mirroring the behavior of entangling gates in stan-
dard quantum computing. By extending unitary operations
to composite graph systems, we realize a complete set of
quantum-like logic primitives, consistent with the principles
of quantum-inspired information processing.[42]

Through the preceding analysis, we have demonstrated
that certain classical networks based on k-regular bipar-
tite graphs satisfy all five axioms required for constructing
quantum-like states. This finding leads to the following the-
orem.

Theorem 1 k-regular bipartite graphs satisfy all five ax-
ioms of quantum-like states, thus enabling the construction of
robust quantum-like states in classical network systems.

4. Quantum-like coherent resources
According to the theory of quantum resource theory,[2]

the essential components for quantum operations are free
states, free operations, and resources. Free states refer to those
that can be freely accessed at any time, while free operations
— those that map free states to free states — are generally
considered easy to implement. The key component is the re-
source, which includes, but is not limited to, quantum entan-
glement and quantum coherence. These resources are crucial
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for enabling applications such as quantum-inspired computing
and quantum-inspired information processing. As an example,
quantum coherence refers to the ability of a quantum system to
maintain well-defined phase relationships in its wavefunction,
reflecting the wave-like nature of quantum states. However,
this type of quantum resource is fragile — it is easily degraded
by environmental noise and fluctuations, a process known as
decoherence. As documented in experimental and theoretical
studies,[6–8] decoherence remains a major obstacle to stable
quantum information processing in genuine quantum systems.
In contrast, the coherence resource obtained from quantum-
like states constructed using k-regular bipartite graphs exhibits
robustness against such disturbances. This robustness enables
more reliable utilization of coherence in quantum-inspired in-
formation processing tasks.

The density matrix ρ is constructed from the set of eigen-
vectors of the adjacency matrix of a k-regular bipartite graph.
The quantum-like resources obtained from such graph-based
systems can be evaluated from two perspectives. First, the
states we consider are globally coherent and exhibit a phe-
nomenon known as coherent delocalization. This delocal-
ization property is one of the core intrinsic mechanisms that
endow the bipartite structure with enhanced robustness, as
we will demonstrate in the following analysis. A commonly
used measure for quantifying localization or delocalization is
the inverse participation ratio (IPR): smaller IPR values indi-
cate stronger delocalization, while larger values correspond to
more localized states. The IPR of a density matrix ρ is defined
as

IPR(ρ) = ∑
i

ρ
2
ii , (28)

where ρii denotes the diagonal elements of ρ . The IPR mea-
sure has been widely adopted in complex networks and quan-
tum dynamics to characterize state localization properties.

Second, the strength of coherence itself serves as a cru-
cial resource. To quantify this, we consider the distance be-
tween ρ and its nearest incoherent state, which is obtained
by setting all off-diagonal entries of ρ to zero and denoted as
σ = diag(ρ). This distance can be characterized using quan-
tum relative entropy, which provides a precise evaluation of
how much ρ deviates from an incoherent state, thereby quan-
tifying the amount of coherence present. The quantum relative
entropy between two density matrices ρ and σ is defined as

S(ρ ‖σ) = Tr(ρ log2 ρ)−Tr(ρ log2 σ), (29)

where ρ represents the full quantum-like state and σ cor-
responds to the incoherent reference state derived from ρ .
This coherence metric is rooted in quantum resource theory
and has been validated in both quantum and quantum-like
systems.[2,45]

In this study, we examine the impact of noise in the form
of edge deletion on quantum-like systems via numerical sim-
ulations. The density operator is altered as a result of edge
removal, reflecting changes in the system’s coherence prop-
erties. Let m denote the number of edges removed during
the noise process. We define the relationship between c, m,
n (number of nodes), and k (degree of regularity) as

c =
2m
nk

. (30)

Figure 8 illustrates the IPR as a function of noise inten-
sity c for both k-regular bipartite and non-bipartite graphs. It
can be observed that when c is relatively low (approximately
from 0 to 0.7), the IPR value remains close to zero, indicating
that the wavefunction is uniformly distributed across the en-
tire space and the system exhibits a highly delocalized state.
As c approaches 0.8, the IPR begins to increase significantly,
and when c nears 0.9, the IPR rises rapidly toward 1. This in-
dicates that the wavefunction becomes increasingly localized
within a smaller spatial region. Thus, at lower noise intensities
(c < 0.7), the system remains in a delocalized state, while at
c≈ 0.8, the system undergoes a critical transition where envi-
ronmental noise starts to have a significant impact. At c≈ 0.9,
the high noise intensity disrupts the extended nature of the
wavefunction, leading to strong localization. In comparison,
non-bipartite graphs show an earlier onset of localization and
a more rapid increase in IPR, indicating weaker resistance to
structural noise.
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Fig. 8. IPR under edge-deletion noise, comparing k-regular bipartite
and non-bipartite graphs from numerical simulations.

Figure 9 displays the relative entropy of coherence (KL
divergence) for both bipartite and non-bipartite graphs with re-
spect to the noise intensity c. When c is below approximately
0.6, the KL divergence remains at a high and relatively stable
level, suggesting that the quantum-like coherence of the sys-
tem is well preserved. As c approaches 0.7, the KL divergence
begins to decrease significantly, marking the onset of deco-
herence. Around c = 0.8, the KL divergence drops sharply,
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approaching zero, indicating that the superposition and co-
herence properties are severely degraded by the noise, and
the system tends toward a classical or mixed state. Bipartite
graphs clearly maintain higher coherence and delay the deco-
herence threshold more effectively than non-bipartite graphs
under the same noise conditions.
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Fig. 9. Relative entropy of coherence under edge-deletion noise, com-
paring k-regular bipartite and non-bipartite graphs from numerical sim-
ulations.

Ordinary k-regular non-bipartite graphs were shown to
maintain good purity and coherence in their quantum-like re-
sources even when up to half of the edges were removed.[24]

Notably, all numerical parameters in our study, including to-
tal network size, regularity degree k = 40, and noise types
(edge addition and edge deletion), are strictly aligned with the
benchmark setup to ensure a fair cross-structure comparison,
where edge flipping is further supplemented in this work for a
more comprehensive robustness evaluation.

In contrast, our k-regular bipartite networks exhibit sig-
nificantly improved stability: the quantum-like coherence re-
mains well-preserved even under a noise intensity of c = 0.6,
substantially higher than the critical threshold observed in or-
dinary non-bipartite graphs. This enhanced robustness directly
highlights the unique advantage of bipartite structures in con-
structing resilient quantum-inspired resources.

5. Conclusion and outlook
We have demonstrated that k-regular bipartite graphs can

support spectrally isolated emergent states that fully satisfy the
axiomatic requirements for quantum-like states. Quantum-like
states remain stable under structural noise, offering a reliable
pathway to quantum-inspired information processing in clas-
sical networks.

Furthermore, the proposed framework exhibits high prac-
tical feasibility. First, large-scale k-regular bipartite graphs
can be precisely implemented across various classical phys-
ical platforms. In this model, each vertex corresponds to a

physical oscillator, which may be realized as an electronic os-
cillator in integrated circuits, a photonic mode in waveguides,
or a mechanical oscillator in optomechanical systems. The
edges of the graph correspond to the controllable coupling be-
tween these oscillators. Existing coupled oscillator hardware
platforms, such as CMOS integrated oscillator arrays used for
Ising machines, have already demonstrated programmable net-
works with over 1000 nodes and arbitrary topologies. Conse-
quently, the uniform connection degree required by k-regular
graphs can be easily satisfied by configuring identical coupling
strengths for each node, enabling the practical construction of
large-scale k-regular bipartite structures without the need for
exotic fabrication techniques. Second, the unitary operations
defined on graph states are physically realizable. These unitary
transformations correspond to phase flipping of subgraph par-
titions and the controllable modulation of inter-subgraph cou-
pling strength, capabilities that have been proven feasible in
recent studies on classical oscillator-based quantum-like sim-
ulation. For example, single-qubit unitary gates, such as the
Hadamard gate, can be implemented by precisely adjusting the
relative phase and coupling strength between the two partitions
of the bipartite graph. This process coherently redistributes
oscillatory energy between the two global emergent modes
(p0 and p1 in our framework) to generate the required super-
position states. These operations are essentially linear mode
transformations of the coupled system, which can be precisely
controlled through electrical or optical modulation. Notably,
all such manipulations can be performed at room tempera-
ture, avoiding the cryogenic conditions and fragile quantum
resources demanded by genuine quantum systems, thereby
significantly lowering the barrier for experimental implemen-
tation.

However, the absence of intrinsic quantum uncertainty
means that security must be grounded in computational or
topological complexity rather than physical quantum proper-
ties.

Future work will focus on: (i) optimizing graph struc-
tures to further enhance coherence preservation under high-
noise environments; (ii) developing more efficient numerical
simulation platforms to realize large-scale quantum-inspired
information processing; and (iii) extending the framework to
multi-component systems, enabling more complex informa-
tion processing tasks that combine the robustness of classical
networks with the logical expressiveness of quantum-like op-
erations.
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