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Abstract

This paper investigates the application of quantum principles — most notably superposition and
entanglement — to reframe classical concurrency problems in software engineering. While
other research has explored quantum concepts primarily as tools for parallelization, this work
advances the discourse by proposing quantum-inspired abstractions for reasoning about
mutual exclusion, race conditions, deadlocks, and the producer—consumer problem. By
treating threads and shared resources as qubits and modeling their interactions via correlated
quantum states within an abstract state-space, we present a framework that illustrates how
quantum formalisms can conceptually model concurrency patterns, supported by
mathematical formulations in Dirac notation and circuit representations. Superposition
naturally models multiple execution paths, while entanglement provides symbolic global
correlations rather than operational synchronization, offering new perspectives on long-
standing concurrency challenges. Our simulations across four scenarios demonstrate that these
quantum-inspired formulations can highlight order-sensitivity and contention patterns in a
unified mathematical setting. These results do not constitute practical concurrency
mechanisms, but they suggest how quantum principles may inform future hybrid quantum—
classical analysis tools. We also conclude with a discussion on potential integration into hybrid
systems, highlighting both practical benefits and open challenges.
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1. Introduction

For decades, improvements in processor performance were closely aligned with Moore’s law

[1], which predicted a doubling of transistor density approximately every two years. This trend
led to a steady increase in clock speeds, providing software developers with performance gains
largely “for free.” However, this pattern of growth has now plateaued. Contemporary
processors rarely increase raw frequency; instead, they offer parallelism through wider chips,
more cores, larger caches, and specialized accelerators such as GPUs.

For example, modern smartphones now feature processors with 8 or more cores, desktop
CPUs commonly offer 16 to 32 cores, and server-grade chips exceed 64 cores [2]. At the same
time, graphics cards and dedicated accelerators contain thousands of parallel units, allowing
computation performance growth increasingly dependent on how effectively software
manages concurrency across these heterogeneous devices [3].

However, concurrency introduces challenges such as synchronization overheads, race
conditions, deadlocks, and producer—consumer coordination. While operating systems and
programming languages provide primitives such as locks, semaphores, and condition variables,
these mechanisms add complexity, reduce performance due to contention, and remain prone
to subtle errors that are difficult to detect during testing [4].

Given these challenges, we turn to quantum computing as a fundamentally new paradigm
for rethinking concurrency management. Two phenomena are especially significant.
Superposition allows a qubit to exist in multiple states simultaneously, providing a conceptual
abstraction for exploring different execution paths in parallel. Entanglement creates
instantaneous correlations between qubits, enabling symbolic representations of joint
constraints among concurrent states rather than operational synchronization mechanisms.
Together, these principles offer alternative modeling constructs for addressing classical
concurrency problems through quantum models.

Other research has hinted at the potential of quantum principles primarily for parallelization,
which indirectly relates to concurrency in classical systems. For instance, studies have
proposed the interlinking of small-scale quantum systems to build large-scale quantum
computers [5], explored a quantum circuit simulator based on tensor network contraction
techniques [6], introduced parallelization algorithms for optimizers in scientific computing,
Al, and quantum applications [7], and examined the parallelization potential of quantum
computation in fuzzy logic control [8]. While these works demonstrate the utility of quantum
parallelism in optimization, simulation, and control [9], [10], few have attempted to directly
apply these principles to concurrency problems in classical software systems.

This paper aims to fill that gap. Specifically, we explore how quantum principles can
provide alternative abstractions and mathematical formulations for some of the most
fundamental concurrency challenges:

1. Mutual Exclusion — ensuring that only one thread at a time may access a critical section.

2. Race Conditions — identifying and mitigating nondeterministic outcomes due to

unsynchronized updates.

3. Deadlock — preventing cyclic dependencies among threads that halt program progress.

4. Producer—Consumer Synchronization — coordinating threads that generate and

consume data across shared buffers.

By representing threads, resources, and synchronization states as qubits, and by leveraging
superposition and entanglement, we show how these problems can be reframed at a modeling
level. For instance, entangled qubits can conceptually encode exclusive or correlated outcomes,
superposition can expose order sensitivity through non-commuting operations, and W state
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patterns can express circular constraints or producer—consumer dependencies. These quantum
constructs serve as compact symbolic abstractions for reasoning about concurrency behaviors.
They are not intended as operational replacements for practical concurrency primitives.

The remainder of this paper is organized as follows. Section 2 introduces qubit state
representation, providing the mathematical foundation for modeling software states. Section 3
extends this foundation by presenting our proposed quantum representation of software
systems. In particular, Section 3.1 explains how superposition enables the simultaneous
representation of all possible software states, while Section 3.2 introduces our novel use of
entanglement to capture correlations among concurrent states. Section 4 then presents detailed
case studies that demonstrate how these principles can be applied to classical concurrency
problems. Section 5 shows an experiment on quantum vs. classical concurrency. Finally,
Section 6 provides a broader discussion, including integration into software engineering
practices, the implications of hybrid quantum—classical systems, and future research directions.

2. Qubit State Representation

In quantum computing, the elementary unit of information is a qubit, a quantum system that
can exist in a superposition of |0) and |1) states simultaneously. This superposition principle
is fundamental to the method we propose for representing the state spaces of concurrent
software systems.
The state of a qubit, |¥), is represented as follows using complex numbers a and £.
%) = al0) + 1) = [4] (1)
lal? + 1817 =1 )
A qubit state |W) is a superposition—a linear combination of basis vectors |0) and |1). The
coefficients a and  are complex amplitudes subject to the normalization condition that the
sum of the squares of their absolute values is 1 since they are considered as complex
amplitudes. According to Born’s rule [11], |a|? and |B|? represent the measurement
probabilities of outcomes |0) and |1), respectively. An equal superposition of the two states

can be written as
1

%) =510+ 510 =7 3)
vz

In Equation (3), the measurement probabilities of |0) and |1) are equally 50%. The squared
magnitudes of their corresponding complex amplitudes are equal to %

Since both a and § are complex numbers, they can also be represented in a general form
using the real numbers. As the polar (exponential) form of a complex number: z = re?, which
follows from Euler’s formula e?® = cos + isinf. Therefore, two complex numbers a and
can be written in the most general way using four real numbers a, b, ¢, and d.

a = ae,p = be'd
When we substitute this into equation (2), we get
la|? + |B]? = |aeic|2 + |be"‘i|2 =a’+b*=1

Since the real numbers a and b have to fulfill the condition where their squares sum up to

1, they can be substituted with sinf and cos6 respectively.
a = cosb,b = sinf
Then, the state of the qubit, |¥) can be further expanded and represented as
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|'¥) = a|0) + BI1)
= ae'°|0) + be'®
= e'°(al0) + be'@=9|1))
= ¢°(cos0|0) + ! @sing|1)) 4)
For the purposes of our consistent explanation, we transform the relevant variables c,
(d — ¢), and 8. Equation (4) can then be represented as Equation (5).

0
c—>y,(d—c)—><p,0—>§
¥y = ei”(cos§|0) + ei‘psingll)) (5)
We can now express @ and 8 from Equation (1) in their corresponding form by using
Equation (5).
. 0 o 0
a= e”’cosz,/} = e”’e”"sinz
which still obey Equation (2).
. 0 o 0
lal? + |B|? = |e”’cosE| + |e”’e”"sin5| =1

We also can get Equation (5), when consider the state of a qubit, |¥) as a point on the
surface of the Bloch sphere with a radius of 1 depicted in Fig. 1. 1 + cos@ and 1 — cosé can
be represented in terms of |a|? and | §|?, respectively.

la|? = |e”’cos—| = coszg _1+cosé
2 2 2
1+ cos6 = 2|al?
| |2_| i 6>  ,0 1—cosb
B —e@sm2 _sz_ >

1 — cosf = 2|B?

1)
Figure 1. Bloch sphere to represent a qubit

As illustrated in Fig. 1, the sum of these two values should be equal to the diameter of the
Bloch sphere, which is 2.
(1 + cos6) + (1 — cosh) = 2|al? + 2|B]|? = 2(lal®> + |B]?) = 2
On the Bloch sphere, the qubit state is parameterized as in Equation (5), where i is the
imaginary unit, and y, 6 are real numbers, and ¢ represents the relative phase. This
parametrization is known as the Bloch vector. Since global phase factors such as e have no
observable effect, the general form of a single-qubit state can be written as:

|p) = cosglo) + ei"’singll) (6)
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3. Quantum Representation of Software States

3.1 Superposition: Representing All Software States Simultaneously

In a software system with N binary state variables, classical computing requires explicit
representation of all 2V possible states. By contrast, quantum computing employs
superposition, mapping each binary variable to a qubit so that all 2" states can be represented
with only N qubits. For instance, a system with three binary variables (N = 3) can be modeled
as a three-qubit system, which naturally spans eight basis states corresponding to all possible
software states. Thus, the quantum state |¥’) can be expressed as

|¥) = «|000) + £]001) + y[010) + §|011) + £[100) + ¢|101) + 5]110) + x|111) (7)

Since a, 5,7V, J, €, {, n, and k are the probability amplitudes of their respective states, the
normalization condition requires that

lal? + 1812 + IyI? + 1812 + [el? + IT12 + In* + [x]* = 1 ®)

This representation enables simultaneous exploration of all possible states of a concurrent
software system. Unlike classical computation, which tests each state sequentially, a quantum
computer can apply operations to a superposition of all states at once, potentially accelerating
tasks such as software testing or formal verification.

As an illustrative example, consider a database system characterized by three binary
variables:

1. whether the database is online (1) or offline (0);

2. whether a user is accessing (1) or not accessing (0) the database;

3. whether the database is secure (1) or non-secure (0).

In a classical system, eight distinct binary sequences from ‘000’ to ‘111’ are needed to
capture all possible states, and a function such as CheckStatus() must be tested against each
state individually. This function returns TRUE only when all three conditions (online, accessed,
secure) are satisfied.

1 uo
L

c

Figure 2. Conceptual schematic illustrating the Boolean abstraction in our quantum-inspired model

In the quantum model, this function can be represented as a unitary operator U. When
applied to the quantum state |¥), which is a superposition of all possible states, U produces a
new state |W*) = U|W) that simultaneously encodes the function’s responses to every possible
input. To distinguish the TRUE outcome, U is designed to act non-trivially only on the [111)
state, for example by flipping an auxiliary qubit from |0) and [1).
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To implement this, two auxiliary qubits initialized to |0) are introduced as the fourth and
fifth qubits. The first auxiliary qubit holds intermediate results (e.g., an AND between the first
two qubits), while the second qubit is flipped to |1) only if all three primary qubits are in the
|1) state. The extended five-qubit system is initialized as:

|¥) = «|00000) + 3]00100) + y|01000) + 5/01100)
+£/10000) + ¢|10100) + 1|11000) + k|11100) 9)

The unitary operator U can be implemented using Toffoli (CCNOT) gates, with the first
three qubits as controls and the second auxiliary qubit as target. Table 1 summarizes the
mapping of input qubits and auxiliary qubits under this operation. This ensures that the
auxiliary qubit flips only when the input is [111), yielding the final state:

|¥*) = U|¥) = «|00000) + $]00100) + y|01000) + 5/01100)
+£/10000) + ¢|10100) + 77{11010) + x|11111) (10)

Fig. 2 serves as a high-level conceptual illustration rather than a physical quantum oracle.
The three qubits represent abstract Boolean variables used solely for symbolic state-space
exploration, not the operational states (e.g., online/offline or secure/insecure) of an actual
database system. The superposition shown in the diagram reflects the logical combination of
these abstract variables within our modeling framework. Although the diagram resembles a
quantum circuit, it is not intended to specify a complete unitary implementation, ancilla
behavior, or control structure. Its purpose is to depict the conceptual relationship among
Boolean inputs in a schematic manner. Therefore, it should be interpreted strictly as a symbolic
abstraction, with no implication of being a physically realizable oracle or encoding real
database configurations.

Table 1. Transition of input and auxiliary qubits under unitary operator U

.. Control: 1,2 Control: 3,4
Initial State Target: 4 Target: 5
Input Aux. Input Aux. Input Aux.
Qubits Qubits Qubits Qubits Qubits Qubits
000 00 000 00 000 00
001 00 001 00 001 00
010 00 010 00 010 00
011 00 011 00 011 00
100 00 100 00 100 00
101 00 101 00 101 00
110 00 110 10 110 10
111 00 111 10 111 11

3.2 Entanglement: Modeling Correlated Software States

Quantum entanglement, a cornerstone of quantum mechanics, describes the phenomenon in
which two or more qubits become inseparably correlated, such that measurement of one qubit
reveals a correlated outcome in the other qubit, regardless of their physical separation. This
non-classical correlation provides a natural modeling framework for concurrent software
systems, where multiple threads must synchronize their behaviors or coordinate their states.
By representing threads as qubits and applying entanglement, we can explore new ways of
reasoning about concurrency control.
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The simplest entangled states are the Bell states [12], also known as Einstein—Podolsky—
Rosen (EPR) pairs [13]. These are maximally entangled two-qubit states and form the
foundation of many quantum information protocols, including teleportation, superdense
coding, and entanglement-based cryptography. The four canonical Bell states are:

1
%) = = (100) + |11)), |&7) = —= (100) — |11))

[Pty = 5001) +110)), |¥-) = 5001) —110))

e The @ states (|®*), | ™)) encode aligned correlation. Both qubits are the same: if
the first qubit is measured as |0), the second will also be |0); if the first is |1), the
second will be |1). The minus sign in |® ™) introduces a relative phase difference but
does not change the correlation pattern.

e The ¥ states (|¥*),|¥W™)) encode anti-aligned correlation. The qubits are always
opposite: if the first is |0), the second must be |1), and vice versa. Again, the minus
sign introduces a phase inversion without altering the logical correlation.

These patterns appear upon measurement, defying classical hidden-variable explanations.
For concurrency, Bell states can model synchronization between two threads:

e |®*): both threads aligned (both active or both idle).
e |W*): threads strictly anti-aligned (one active, one idle).

Thus, Bell states provide a minimal yet powerful model of thread coordination, ensuring
deterministic correlations without explicit signaling. When modeling more than two
interacting threads, Bell states generalize into Greenberger—Horne—Zeilinger (GHZ) States

[14]. For three qubits, the canonical GHZ state is:

o L
|GHZ) = |®*) = ﬁ(|000) +]111))

This state exhibits perfect three-way correlations that become evident upon me
measurement. More generally, for N qubits,

1
|GHZy) = |®F) = ﬁ(wo < 0) + |11+ 1))

Figure 3. Conceptual illustration of GHZ correlations in our abstract state-space model

The GHZ state |®*), indicating that measuring one qubit immediately reveals the state of
the other two, can be generated through a simple quantum circuit as shown in Fig. 3. Starting
with all qubits initialized to |0), a Hadamard gate is applied to the first qubit, creating a
superposition of |0) and |1). Two subsequent CNOT operations are then performed, using the
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first qubit as the control and the second and third qubits as targets. The resulting state is the
three-qubit entangled superposition % (]000) + [111)), known as the GHZ state |®").

GHZ states do not imply real-time causal influence or instantaneous updates between qubits.
Their correlations appear only at the moment of measurement and do not provide operational
synchronization or communication between threads. In our model, GHZ states are used solely
as a symbolic abstraction to represent globally correlated logical conditions in a state-space
formulation. They provide a compact way to express that several variables share a joint
constraint (all 0 or all 1), but they do not replace classical coordination mechanisms, nor do
they imply any real-time propagation of state changes.

e Pauli-X (NOT) Gate: Applying X®I®I to the GHZ state flips the first qubit:

1 1
XQIQI|d*) = XQIQI —(|000) + [111)) = —(]100) + |011
|D) ﬁ(l ) +1111)) \/E(l ) +1011))
This transformation ensures that if Thread A (qubit 1) flips to active, Threads B and C

invert accordingly, modeling a scenario in which one thread’s activation forces
complementary behavior in the others.
e Pauli-Z (Phase) Gate: Applying Z®I®! introduces a phase flip:

" 1 _t _
ZQIQI|D )_Z®1®1\/§(|000)+|111))_ﬁ(|000) [111))

The relative phase change does not affect classical measurement outcomes (still either
all 0 or all 1) but alters interference properties. This models conditional interactions,
where one thread’s state change imposes phase-sensitive conditions on others,
important in fault-tolerant or timing-sensitive systems.

¢ Hadamard (H) Gate: Applying H®I®I spreads the first qubit into superposition:

1 1
HQIQI|d+) = H®1®15(|000) +1111)) = 5 (1000) +[100) +[011) — [111))

This results in Threads B and C being in a balanced superposition of aligned and anti-
aligned states relative to Thread A, simulating scenarios where one thread’s uncertain
state diversifies the possible correlated behaviors of the others.

Both Bell states and GHZ states provide compact representations of globally correlated
logical conditions. They offer a useful abstraction for exploring joint constraints in concurrent
systems, but they do not represent real-time synchronization or causal influence between
threads. Bell states represent pairwise aligned or anti-aligned correlations, while GHZ states
extend this to multi-threaded global constraints. These entangled states offer a concise,
quantum-inspired abstraction of shared logical conditions without implying real-time
synchronization or causal influence.

4. Quantum Modeling of Classical Concurrency Challenges

Superposition and entanglement together provide a rigorous mathematical and operational
foundation for modeling concurrency. Whereas classical approaches depend on explicit locks,
semaphores, or signaling mechanisms, quantum principles embed these relationships directly
at the state level. Superposition enables simultaneous representation of multiple execution
paths, while entanglement ensures instantaneous correlations across processes. Building on
this foundation, the following subsections apply these principles to four fundamental
concurrency challenges: mutual exclusion, race condition detection, deadlock avoidance, and
producer—consumer synchronization.
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4.1 Mutual Exclusion through Bell States

Mutual exclusion (mutex) is a cornerstone of concurrency control, ensuring that only one
thread can enter a critical section at a time. In classical systems, this property is typically
enforced through locks or semaphores, which must be explicitly acquired and released. While
effective, these mechanisms introduce management overhead, increase contention, and may
even result in deadlock when improperly handled.

In our model, quantum entanglement is used to represent mutually exclusive outcomes
within an abstract state-space. Consider two threads, T; and T,, each represented by a qubit.
By preparing the pair in the Bell state

1
194) = 5 (1005 11}y, + 1), 100r,)

produces anti-correlated measurement outcomes: measuring one qubit reveals the opposite
correlated outcome in the other. We interpret this pattern only as a symbolic analogy for
exclusivity in a conceptual model, not as an operational mechanism for regulating access.

go = H

q; =— X
Figure 4. Bell state | ), representing mutual exclusion between threads T; and T,

This Bell state can be generated with a simple circuit, shown in Fig. 4. Both qubits are
initialized in the |0) state. A Pauli-X gate is first applied to the second qubit, preparing the
system in the state |0)T1|1)T2. A Hadamard gate is then applied to the first qubit, creating a
superposition of IO)T1 |1)T2 and |1)T1|1)T2. Finally, a CNOT gate is performed with the first
qubit (T;) as control and the second qubit (T,) as target, yielding the entangled Bell state |¥'+).
These correlations offer a compact way to represent exclusive logical conditions across threads.
However, such correlations cannot enforce practical mutual exclusion. Real concurrency
control requires classical communication, and entanglement alone cannot determine which
thread obtains access or coordinate behavior between distributed processes.

4.2 Race Condition Detection via Superposition

Race conditions arise when multiple threads access or update shared state and the program’s
outcome depends on the execution order — for example, 7' applies U, and 7> applies U to the
same variable, yielding different results under U; U, and U,U,. Detecting such nondeterminism
classically requires exploring many interleavings, which becomes infeasible as threads grow;
by contrast, a quantum model can leverage superposition to encode multiple execution paths
simultaneously, as when representing a shared variable with a single qubit Qinitialized in the
state:
(10 + 1)
\/E(
Suppose two threads apply their respective operations U; and U,. The resulting state is

[¥") = UL U, |'P)
If the two operations commutes (U;U, = U,U;), the final quantum state is stable, and
measurement yields consistent outcomes regardless of execution order. However, if U; and
U, do not commute, interference effects appear in the measurement statistics, producing

|¥) =
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observable deviations in the probability distribution. These deviations reflect only the non-
commutativity of the operations and not real shared-memory interference or program
interleavings. Thus, this example serves merely as a toy illustration of order sensitivity rather
than a full race-condition model.

Figure 5. Quantum circuits for race-condition detection using superposition

To illustrate this principle concretely, we implement two versions of the race condition
detection circuit, as shown in Fig. 5. In the first circuit, the shared-variable qubit is initialized
into a superposition using a Hadamard gate, followed by the operations Rx(6) and
Rz(¢) applied in sequence. In the second circuit, the order of the two operations is reversed,
with Rz(¢) applied before Rx(8). When 6 = 0.8 and ¢ = 1.0, these two rotations do not
commute, meaning that

Rx(6)Rz(¢) # Rz(¢p)Rx(0)

As aresult, the two circuits evolve the qubit into distinct quantum states, which manifest in
different measurement distributions. In concurrency terms, this divergence represents only
symbolic order dependence, not real races involving shared-state mutation. Thus, comparing
the two circuits offers only a quantum-inspired illustration of nondeterminism. However, it
does not capture key aspects of real race conditions, including mutable state, branching, and
non-unitary effects. Real race detection remains a classical software-analysis problem and
cannot be addressed through unitary abstractions alone. Thus, this example should be viewed
as a conceptual illustration of order sensitivity rather than a practical race-detection
mechanism.

4.3 Deadlock Avoidance Using W States

Deadlock remains one of the most severe challenges in concurrent programming, arising when
multiple threads form a circular wait for resources. Classical approaches to deadlock
avoidance typically rely on strict resource ordering, wait-for graph analysis, or runtime
detection and recovery mechanisms. While effective in theory, these methods are
computationally expensive and can impose significant runtime overhead, limiting their
scalability in complex systems.

Quantum entanglement provides an alternative framework for modeling deadlock-free
resource allocation. Instead of using GHZ states, which enforce global synchronization by
correlating all qubits into either |00 --- 0) or |11 -+ 1), we propose the W states to represent
resource ownership across multiple threads. The N-qubit W state is formally defined as

1
[Wy) = 757 (1100-+:0) +010--0) + -+ 000 1))

This entangled state ensures that exactly one qubit is in the |1) state (indicating that a
resource has been acquired), while all other qubits remain in the |0) state (indicating that the
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resource is not held). When one thread successfully acquires a resource, the quantum state
collapses to a basis state with a single |1). As a result, no other thread can simultaneously hold
the same resource, inherently preventing the conditions required for deadlock. That is, the W
state acts as a distributed lock encoded at the quantum level, where exclusivity is enforced by
the physics of entanglement rather than software-level coordination.

Qo ™ X m—

q1

——  RY
0.927
@ £l

Figure 6. Quantum circuit for preparing a 5 qubit W state for deadlock-free exclusive ownership

The construction of a W state relies on controlled Ry rotations and CNOT operations. The
single-qubit rotation gate Ry(6) is defined as

0 0
—ify B cos (E) —Sin <§>

O @) w)

where y is the Pauli-Y operator. The controlled version, CRy(8), applies to the target qubit
only when the control qubit is in state |1).

To achieve uniform amplitude distribution, we initialize the system in |100---0) by
applying Pauli-X to the leftmost qubit and then distribute the single excitation uniformly from
left to right using a sequence of controlled CRy(8;,) rotations followed by CNOTs. Specially,
fork =0,--,N — 2, angle is chosen as

N—-1-k
Hk = 2COS_1( ﬂ)'k = 0,"',N—2

This ensures that after each step the single excitation is evenly redistributed, so that by the end

of the process all N basis states with one excitation carry equal amplitude \/iﬁ For example:
when N = 3, the angles are 6, = Zcos‘l(\/%) ~ 1.2309591 and 6, = Zcos‘l(\/%) ~ g
Fig. 6 illustrates the general circuit structure for the case N = 5. The system begins with
five qubits in [00000), the first qubit is flipped to |1), and then a sequence of CRy and Cx
gates distribute the excitation uniformly across all five qubits. The final entangled state is the
five-qubit W state, ensuring that exactly one qubit holds the resource at any given time.

From the perspective of concurrency modeling, each thread’s qubit represents its right to
enter a critical section. The W states enforces that only one thread can hold this right at a time,
ensuring mutual exclusivity of resource ownership. By design, circular waits cannot arise, as
the mechanism never allows more than one qubit to collapse into the “holding” state.
Compared with classical approaches that depend on external monitoring or prevention policies,
the quantum W states formulation eliminates deadlock directly at the state level. This intrinsic
enforcement of exclusive resource acquisition not only simplifies concurrency control but also
guarantees deadlock-free execution without the need for runtime detection or intervention.
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4.4 Producer-Consumer Synchronization

The producer-consumer problem has long served as a canonical example of concurrency
challenges in computer science. In its classical form, two distinct roles—a producer and a
consumer—coordinate through a shared bounded buffer. The producer must suspend operation
if the buffer is full, while the consumer must wait if the buffer is empty. Traditional solutions
employ synchronization primitives such as semaphores, monitors, or condition variables.
Although effective, these mechanisms depend on explicit signaling and are prone to problems
such as spurious wakeups, inefficient blocking, or programming errors in signaling logic.

Quantum entanglement provides an alternative and more elegant formulation of this
coordination problem by embedding the producer, consumer, and buffer states into a single
entangled system. Let the buffer be represented by a qubit in the state:

|B) = alempty) + Blfull)

where |empty) denotes an available buffer slot and | full) represents a saturated buffer. The
producer (P) and consumer (C) can then be entangled with the buffer to form the state:

1
|W) = — (|P1, CO, empty) + |PO, C1, full)
ﬁ( pty full))

This representation encodes the correct logical relationships directly into the quantum state.
When the buffer is empty, the system collapses into |P1, C0, empty), meaning the producer is
active (P1) and allowed to generate data, while the consumer is blocked (C0) because there is
nothing to consume. Conversely, when the buffer is full, the state |P0, C1, full) ensures that
the producer is suspended (P0) while the consumer is active (C1) and able to retrieve data.

Figure 7. Quantum circuit for encoding producer-consumer synchronization via entanglement

Fig. 7 depicts a three-qubit circuit that prepares the entangled producer-consumer-buffer
state with qubit order (P, C,B) and the buffer encoded as |empty) = 0, |full) = 1. The
construction proceeds in two stages. First, the buffer qubit B is placed into superposition by a

Hadamard gate and entangled with the consumer C via a CNOT (B — (), producing

)\gcwl)). Second, the producer P is anti-correlated with the consumer by

initializing P to |1) and applying CNOT (C — P), which enforces P = NOT(C). The
resulting entangled state implements the desired policy: if the buffer is empty (B = 0), then
P =1 and C = 0 (producer active, consumer waiting); if the buffer is full (B = 1), then P =
0 and C = 1 (producer blocked, consumer active). Because these correlations are encoded at
the state level, a measurement of any one subsystem instantancously determines the
compatible states of the others, achieving synchronization without explicit signaling.

In contrast to classical methods that rely on external signaling mechanisms, quantum
entanglement encodes the synchronization relationship at the state level. This intrinsic
correlation removes the need for semaphores or condition variables and eliminates the latency
and complexity associated with explicit thread signaling. Synchronization occurs

. €0,B0
correlation (



KSII TRANSACTIONS ON INTERNET AND INFORMATION SYSTEMS VOL. 3, NO. 6, December 20XX 13

instantaneously through the collapse of the entangled state itself. Thus, the producer-consumer
problem, long regarded as a fundamental example of coordination in concurrent systems, can
be reframed in the quantum setting as a problem of state entanglement. By embedding
producers, consumers, and buffers into a shared quantum state, synchronization arises
naturally, providing a concise, lock-free alternative to classical solutions.

To conclude this section, we summarize the four concurrency problems and their quantum
formulations in Table 2. This overview highlights how classical synchronization challenges
can be reinterpreted in terms of superposition and entanglement, offering an intuitive
comparison between conventional and quantum-native approaches.

Table 2. Summary of Quantum Formulations for Concurrency Problems

Concurrency
Problem

Classical Approach

Quantum Formation

Advantage

Mutual Exclusion

Locks, semaphores
(risk of contention,

Bell states

Enforce
anti-correlation

deadlock)
Exhaustive Superposition Detects
Race Condition interleaving tests, perp nondeterminism via
) . of qubit states .
static analysis interference

Resource ordering,

W states exclusively

Intrinsic deadlock-

Deadlock . . e . .
runtime detection distribute ownership free allocation
Entangled Instant
Producer-Consumer Semaphore, g o .
. . buffer-producer- synchronization via
Sync. condition variables
consumer system collapse

5. Quantum Concurrency Experiment

5.1 Mutual Exclusion

We simulate decentralized mutual exclusion with N =4 contenders. Considering the
computational cost of quantum simulation, we fix 4 contenders to realize a minimal yet
nontrivial contention regime in slotted rounds. The same rationale applies to the quantum-
simulation experiments that follow. We compare two synchronization schemes:

1. Classical independent coin arbitration (ICA). In each round, every contender
transmits with probability p € {0.2,0.25,0.5,0.8}. A round is successful if exactly one
contender transmits, idle if none transmit, and a collision (or double-grant) if two or
more contenders transmit simultaneously. For backlogged nodes in a given round, the
probabilities are:

a) Pr[one success] = Np(1—p)"~1

b) Prlidle] = (1 —p)"

¢) Pr[collision] = 1 — Pr[idle] — Pr[one success]

The probability of a successful grant is maximized at p = 1/N.

We also track the Jain fairness index J, defined as:

J= (XL, x)? [1 1]
NI x? N

where x; denotes the number of wins obtained by the contender i over all rounds. This
index ranges from % (worst case) to 1 (best case). If all contenders win equally, then

J = 1, if a single contender wins all rounds while the others win none, then ] = 1/N.
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2. Quantum Bell-pair tournament (QBT): In each round, contenders are randomly
paired, and each pair shares the entangled Bell state |[#+) = \/% (]01) + [10)). Both

contenders in the pair measure their qubit in the Z basis. The Bell state |#*) produces
perfectly anti-correlated outcomes (only O1 or 10 can occur upon measurement), so
each pair produces exactly one “winner” (the one receiving outcome 1). The winners
then advance and are paired again, tournament-style, until a single global winner
remains for that round.

We evaluate both schemes across various transmission probabilities p . For each p, we
simulate 4,000 arbitration rounds and repeat the experiment 7 times to obtain mean outcomes
with £ 95% confidence intervals (CI). The results are shown in Fig. 8. Key observations
include:

§ oo (A) Collision probability (! better) § (B) One-winner probability (1 better)
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Figure 8. Mutual Exclusion ICA vs. QBT

1. Collision Probability — Fig. 8(A): The classical ICA collision rate grows steeply with
p. These values align with the theoretical collision probability Pr[collision] = 1 —
(1-p)* —4p(1 —p)3. In contrast, the QBT method remains essentially at 0%
collisions because each Bell pair yields exactly one local winner and the tournament
produces a single global winner, eliminating any possibility of double-grants by
construction.

2. One-Winner Success Probability — Fig. 8(B): In the classical ICA scheme, the
probability of exactly one winner (throughput) peaks near p = 1/N = 0.25 at about
42%. This behavior agrees with the formula 4p(1 — p)3 for one-success probability.
By contrast, the QBT scheme achieves a 100% one-winner rate by design, because
every round deterministically produces a single winner.

3. Idle-Slot Probability — Fig. 8(C): The ICA scheme experiences significant idle time
when p is small. This trend is consistent with (1 — p)*, the probability that no
contender transmits. The QBT scheme, on the other hand, stays at 0% idle by design,
since each round always produces a winner.
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4. Long-run fairness — Fig. 8(D): Both schemes are highly fair over long runs, with the
Jain fairness index close to 1 in all cases. This is because each mechanism is symmetric
among contenders, and winners are aggregated over many rounds. Only a slight dip
appears for ICA at very large p (e.g., around 0.96-0.98 when p=0.8) because the
“exactly one winner” event becomes rare. When p=0.8, per contender it occurs with
probability 4p(1 — p)3/N=0.0064, so for 4,000 arbitration rounds, each contender
wins only =25.6 times on average, resulting in fairness j =0.96. Whereas, the QBT
scheme remains around 1.00, reflecting near-uniform win counts for all contenders
after many rounds.

Overall, this experiment highlights the effect of the entanglement-enabled quantum method.
The pairwise “elections” using the |#*) Bell states avoid the fundamental idle vs. collision
trade-off inherent in classical random arbitration. In every round, the QBT scheme produces a
unique grant with essentially perfect critical-section exclusivity, maintaining near-ideal long-
run fairness even under heavy concurrency. In other words, the quantum mutual exclusion
mechanism enforces the one-at-a-time critical section property with approximately 100%
reliability, matching the ideal mutual exclusion guarantee that classical probabilistic
algorithms fail to achieve under contention.

5.2 Race Condition

In the race condition scenario, two operations are applied in different orders to compare how
classical and quantum models capture the effect of this reordering. Specifically, we consider
a single qubit that undergoes two rotations in different sequences:

1. AB: H > Ry(0) > Ry(¢)

2. BA:H - Rz(¢) = Rx(6)

For each pair of rotation angles (6, ¢) € [0, 7], the classical simulation interleaves two
rotations across threads, diving each into 30 micro steps (30 + 30 total) executed in parallel. If
the final “interleaved result” is neither pure AB nor pure BA, it is marked as wrong. In contrast,
the quantum method measures discrepancy between AB and BA outcomes using two metrics:
(i) The Fubini-Study (FS) distance between the two pure states FS(y, @) = arccos|(|)|.

Throughout our results we plot the normalized quantity FS(y, @) = %FS (W, p) €[0,1], so

orthogonal states FS(i, @) = g appear as 1. (ii) The Total Variation (TV) for binary Z-basis
outcomes. Since the Z-basis alphabet is {0,1}, we define the TV distance between two outcome

as TV(Py, Pp) = ||Py = Pyll, = Zeeroy |prrlzl - I?prlz|| € [0,1], so that TV = 0 indicates

identical Z-basis distributions and TV = 1 indicates complete separation. We repeat the entire
experiment on a grid of (6, ¢) values using 7 different random seeds and report the mean
results with mean +£95% CI.

To evaluate how effectively each metric distinguishes “wrong” from “not-wrong” outcomes,
we compute two statistics: (i) the Receiver Operating Characteristic (ROC) curve and its Area
Under the Curve (AUC), and (ii) the Precision—Recall (PR) curve and its Average Precision
(AP). The AUC measures the probability that a randomly chosen positive instance (a truly
wrong outcome) receives a higher anomaly score than a randomly chosen negative instance (a
correct outcome). The AP is the area under the precision—recall curve, which is useful for
summarizing performance with highly imbalanced data (it highlights how well the method
identifies the rare “wrong” cases). An ideal predictor achieves AUC = 1 and AP = 1, whereas
a random guessing yield about AUC = 0.5 and an AP near the positive class frequency.
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Figure 9. Race Condition Classical vs. Quantum

Fig. 9 presents the results of the race-condition tests. The figure includes heatmaps of the
quantum distance metrics and the classical error rates, along with the derived ROC/AUC and
AP values. Key findings are as follows:

1. FS Distance — Fig. 9(A): The FS distance between the AB and BA outcomes reaches its
maximum in a lobe at large 8 and mid-range ¢ (=100°). Since FS distance quantifies the
angular separation between the pure states |,5) and |g,), it directly reflects non-

commutativity. For example, at 6 = and ¢ = g, FS(Y, ) = arccos|(P|p)| = g,

which equals 1 under our normalization — indicating the states are orthogonal and thus
fully distinguishable. Conversely, along the commuting boundary 8 =0 or ¢ =0,
FS(Y, ) = 0, meaning AB and BA commute. The FS metric translates algebraic non-
commutativity of Ry (6) and R;(¢), rendering operation order experimentally detectable.
2. TV Distance — Fig. 9(B): The TV distance map peaks near (0, ¢) = (90°,90°), where
both rotations maximally disturb the Hadamard-prepared state. For example, at 8 = ¢ =
%, we obtain TV (Py,F,) = 1. By contrast, TV (Py, B,) = 0 which vanishes on the

commuting boundaries 8§ =0 or ¢ = 0. Thus, TV translates the algebraic non-
commutativity into a measurable separation of Z-basis outcome distributions.
Complementarily, FS quantifies the geometric separation of the pure states, whereas TV
captures the observable divergence of their Z-basis probability laws. The two quantum
state distances (FS/TV distance) reveal the true order-sensitivity of non-commuting
operations.

3. Classical Interleaving: Wrong-Outcome Rate — Fig. 9(C): The classical “wrong”
outcome rate saturates near 1 over most of the interior of the (6, ¢) grid. In other words,
for the majority of angle combinations, an interleaved execution produces an outcome that
is neither the pure-AB nor pure-BA result. Heavy interleaving of two non-commuting
operations drives the final state to a third result in almost all cases, and only the easy cases
(e.g., 8 = 0 or ¢ = 0) yield a zero wrong-outcome rate.

4. ROC-AUC for Wrong-Outcome Detection — Fig. 9(D): The quantum-derived scores
achieve near-perfect discriminative power for detecting a wrong outcome. The AUC is
0.981 for FS and 0.969 for TV. By contrast, the classical mixing score yields an AUC of
only approximately 0.501, which is essentially random chance.
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5. AP for Wrong-Outcome Detection — Fig. 9(E): The quantum metrics also achieve very
high AP values (FS=0.998, TV=0.998). The classical baseline’s AP is also relatively high
(=0.933), but this is misleading because wrong outcomes dominate the grid. In such
imbalanced settings, even a trivial predictor that labels everything “wrong” would get a
high AP. This is why we report both AUC and AP: the classical mixing score’s AP is
inflated by class imbalance, whereas its AUC reveals that it has essentially no true
discriminative capability. The quantum scores excel on both metrics, demonstrating robust
predictive power.

These results show that a quantum-circuit model of a race condition can capture concurrency
effects that classical approximations miss. First, when the quantum FS and TV distances are
large (i.e., when AB and BA lead to very different states), the classical interleaving almost
always produces the wrong third outcome. However, the quantum metrics effectively separate
outcomes: both FS and TV yield near-perfect ROC curves. Our race condition simulation
deliberately restricts the gate set to the single-qubit rotations Ry (+) and R, (*) gate, providing a
minimal, analyzable setting with two non-commuting operations AB vs. BA. Introducing
additional gate types, such as CNOT or Toffoli, would create a richer non-commutation
structure (through basis changes and entanglement) and could amplify or reshape the observed
order sensitivity. The systematic exploration of these extensions is left to future work. In
summary, the quantum approach eliminated synchronization errors and more precisely
modeled the intended sequential behavior of operations, whereas the classical approaches
introduced errors.

5.3 Deadlock

We next evaluate a classical deadlock scenario involving two contending threads that compete
for limited resources. In this setup, thread A attempts to acquire L1 followed by L2, while
thread B attempts the reverse order — L2 first, then L1 — creating potential circular wait
condition that is typical deadlock behavior. We compare two approaches:

1. Classical baseline: Both threads run with no special coordination other than random
delays. In the worst case (no delays), this setup deadlock every time: each thread holds
one lock and waits indefinitely for the other. Even with some randomness (jitter)
introduced, the opposite lock ordering means deadlock remains likely under contention.

2. Quantum arbitration: The quantum mechanism selects a single thread to proceed,
implemented via an n-qubit W, state arbiter. The |I},) state is the equal superposition
of all computational-basis states with exactly one qubit in the |1) and the rest in |0).

For example, |W,) = %(llOOO) +10100) + |0010) + [0001)). Measuring a |W,) in
the computational basis yields exactly one “1” with uniform probability % In our

deadlock experiment, each thread is assigned a qubit, and preparing |IW,) ensures that
measurement non-deterministically designates one “winner” (the qubit collapsing to 1)
while others collapse to 0. The selected thread acquires both locks while others refrain,
preventing circular waiting. Repeating this each round guarantees that only one thread
enters the critical section at a time, thus eliminating deadlock by design.

To stress-test the schemes, we introduce a random pre-lock jitter (delay) for each thread,
varying its duration over [10™%,1072] seconds. At each jitter setting, we run 4,000 trials and
all results are averaged over 7 independent runs and reported with 95% CI.
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Fig. 10 summarizes the outcomes of the deadlock experiments for both classical and
quantum methods. The results can be interpreted as follows:
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Figure 10. Deadlock Classical vs. Quantum

1. Deadlock Probability vs. Pre-lock Jitter — Fig. 10(A): The classical deadlock rate
remains near 100% when jitter is very small, since without substantial staggering, both
threads almost always deadlock. Beyond roughly 1-2 ms of jitter, the deadlock rate
starts to decrease. The quantum approach, in contrast, maintains a 0% deadlock rate
across the entire jitter range because its one-winner arbitration inherently prevents
circular wait. These trends indicate that while adding jitter can help the classical system
(by reducing synchronized lock attempts), it still cannot guarantee deadlock freedom
under opposite lock ordering. The W state quantum election, however, enforces a
single grant per round irrespective of timing, fundamentally avoiding deadlock.

2. Total runtime — Fig. 10(B): The classical trials (including those that deadlock and
time out) take on the order of minutes to complete. By contrast, the quantum sampling
process completes on the order of 10% seconds on average. This is because the
quantum approach does not have timeout behavior.

3. Risk Reduction by Quantum Arbitration — Fig. 10(C): Absolute/relative risk
reduction (ARR/RRR): The benefit of the quantum scheme in reducing deadlocks,
quantified as  ARR = (deadlock%assical — deadlock%oquanum) and  RRR =

(deadlock%oc1assical — deadlock%oquantum)/deadlockYo assical - Because  the  quantum
method never deadlocks, it completely eliminates this failure mode.

Across all contention levels, the quantum W state arbiter exhibited no deadlocks in our trials.
In contrast, the classical baseline with opposite lock ordering showed a substantial deadlock
probability that increased as contention rose (i.e., at lower jitter). The W states mechanism
prevents circular wait by preparing a single-excitation superposition and collapsing it to
exactly one winner on measurement, thereby ensuring exclusive ownership of the critical
resource and precluding double-grant events. In real-time and safety-critical systems,
achieving zero collisions and no dual resource grants can eliminate an entire hazard class — for
example, conflicting green phases at a traffic intersection. However, the claim of “complete
elimination” of deadlocks carries limitations. It holds at the logical level and assumes high-
fidelity entanglement distribution and synchronized readout. In practical noisy intermediate-
scale quantum (NISQ)-era hardware, noise, decoherence, and losses can corrupt the shared W
states. In summary, our observations match theoretical expectations: the classical setup
satisfies all Coffman conditions and thus is prone to deadlock, whereas the quantum W states
arbiter breaks the circular-wait condition by ensuring a single resource owner at any given
time.
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5.4 Producer—Consumer

Finally, we consider the classic producer—consumer synchronization problem. We simulate
a system with multiple producer threads and consumer threads sharing a single-slot buffer. A
consistency violation occurs in this setting if a producer attempts to put an item into a buffer
that is already full, or if a consumer attempts to take an item from a buffer that is already empty.
We configure 4 producers (P = 4) and 4 consumers (C = 4) operating on a buffer of size 1.
Each producer will produce 500 items, and each consumer will consume 500 items over the
experiment. We benchmark three implementations of the producer—consumer coordination,
each run for various timing conditions and repeated 7 times to compute mean outcomes with
+95% CL:

1. TOCTTOU anti-pattern (check-then-act): This baseline intentionally uses a check-
then-act sequence on a shared queue. A producer thread checks if the buffer is not full
(e.g., calls queue.full(), which returns false), and then immediately enqueues an item with
put_nowait(). Similarly, a consumer checks if the buffer is not empty (queue.empty()
returns false) then dequeues an item with get nowait(). This pattern introduces a classic
Time-Of-Check-To-Time-Of-Use (TOCTTOU) race condition. The TOCTTOU window
is the vulnerable time interval between the check (e.g., queue.full() / queue.empty()) and
the subsequent use (e.g., put nowait() / get nowait()). During this gap another thread or
process may change the resource’s state, invalidating the prior check.

2. Blocking queue: A consumer thread calls a blocking get() operation, which automatically
waits if the buffer is empty, and a producer uses put(), which waits if the buffer is full. In
this design, a producer will never erroneously write to a full buffer (it will block instead
until space is available), and a consumer will never read from an empty buffer (it will wait
until an item is available). Thus, by construction, this approach prevents the
aforementioned violations at the cost of possibly delaying threads when the buffer is
full/empty.

3. Quantum single-step arbitration: We implement a quantum coordination mechanism
that, in each “round,” deterministically selects either one producer or one consumer to act,
ensuring they never conflict. We model this using a quantum circuit that represents the
producer, consumer, and buffer state as qubits. Initially, the buffer qubit (B) is set to 0 if
empty or 1 if full. In each round, we prepare an entangled state that effectively encodes
the rule “if the buffer is empty, enable a producer; if the buffer is full, enable a consumer.”
Refer to Fig. 7. This one-hot outcome (either one producer or one consumer enabled) is
analogous to a coin flip conditioned on the buffer state, but implemented via entanglement
so that it is guaranteed to choose a valid actor without contention.

In this experiment, we introduce a variable delay between the “check’ and “use” operations
in the anti-pattern implementation to precisely control the severity of the TOCTTOU race
window. This parameterized delay allows us to emulate how even small temporal gaps can
expose concurrency vulnerabilities. We systematically sweep this TOCTTOU window from 0
up to 600 ps, representing a range from perfectly atomic execution to increasingly delayed,
real-world conditions. A window of 0 means the check and act happen back-to-back with no
delay, whereas larger values simulate scenarios in which the system might be context-switched
or paused between the check and the action, increasing the chance that another thread will
intervene. By observing performance at different window lengths, we can see how each
approach handles increasing concurrency hazards.
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1. Violation Probability vs. TOCTTOU Window — Fig. 11(A): The check-then-act
approach shows an increasing violation rate as the race window grows. By contrast, both
the blocking and quantum approaches maintain a near 0% violation rate across all window
sizes.

2. Efficiency (successes/attempts) vs. TOCTTOU window — Fig. 11(B): The blocking
design and the quantum operations both sustain efficiency =1.00 over the entire sweep. In
contrast, the classical check-then-act anti-pattern degrades monotonically from ~0.63 at
0 pus to =0.39 at 600 s, reflecting the growing share of failed attempts as the TOCTTOU
exposure widens.

3. Total Runtime — Fig. 11(C): The total runtime to complete all 500x4 =2000 produce and
consume operations differs among the schemes. In our implementation, the anti-pattern’s
runtime increases as the TOCTTOU window increases because larger windows lead to
more frequent failed operations and retries, which waste time. The runtime of the blocking
implementation remains low and roughly constant (=0.2—-0.3 s). The quantum scheme’s
measured runtime in our simulation is higher (around 4-5 s for the whole workload),
primarily due to the overhead of simulating quantum operations on classical hardware.
Panel (c) is provided mainly for context and to highlight that our quantum prototype is not
yet optimized for speed on a simulator.

4. Mean Waiting Time vs. TOCTTOU Window — Fig. 11(D): The blocking design
necessarily incurs some waiting: as the TOCTTOU window increases, the average wait
for a thread trying to access the buffer grows from roughly 380 us to about 450 us. This
reflects scenarios in which a producer might arrive at a full buffer and wait, or a consumer
might arrive at an empty buffer and wait—the wait time increases slightly under heavier
contention. The quantum design, on the other hand, effectively incurs zero waiting time at
the application level. Because the quantum controller deterministically picks one producer
or consumer each round, threads do not have to queue or wait.
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Figure 11. Producer—Consumer Classical vs. Quantum

Fig. 11 presents the results of the producer—consumer experiments under increasing TOCTTOU
window sizes. Key findings include:
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Overall, these experiments demonstrate that the check-then-act anti-pattern is highly unsafe
in concurrent settings. The proper blocking strategy, by contrast, prevents all such violations
by design but at the cost of threads spending some time waiting for the buffer, which can
impact responsiveness. The quantum single-step arbitration completely avoids both issues: it
guarantees correctness (no violations) and eliminates waiting by ensuring exactly one actor
proceeds whenever there is work to do, with no intermediate race window.

Note on simulation overhead: All the quantum algorithms above were executed on
Pennylane quantum simulators, which incur significant runtime overhead due to the
exponential complexity of simulating quantum state evolution. On actual quantum hardware,
entanglement creation and measurement would occur in parallel with fixed, small latency
(independent of the size of the state space being entangled), so we would expect the real
quantum execution to be much faster than our reported simulator times, likely narrowing or
even closing the performance gap. In summary, the quantum approach demonstrated
promising efficiency in concurrency control.

6. Conclusion and Future Work

This paper introduces a framework for applying quantum principles - superposition and
entanglement - to classical concurrency problems. By treating threads and shared resources as
qubits and modeling their interactions through entangled states and unitary transformations,
we proposed an alternative paradigm for reasoning about concurrency that departs from
traditional lock-based and signaling-based mechanisms. This approach not only redefines how
synchronization, race detection, and resource arbitration can be conceptualized, but also
establishes a mathematical foundation that connects quantum state evolution with thread state
transitions. Through this unifying view, operations that were once sequential or probabilistic
in nature can now be expressed as transformations in a shared Hilbert space.

Our simulations provide convergent evidence that the proposed quantum method delivers
correctness and progress guarantees that classical baselines fail to sustain under contention: (i)
The Bell-pair tournament enforces single-winner mutual exclusion with essentially 0%
collisions. (ii)) Quantum state—distance diagnostics (FS and TV) achieve near-perfect
discrimination of order-sensitivity. (i) A W state arbiter yields 0% deadlock across wide jitter
ranges. (iv) An entanglement-driven producer—consumer scheduler maintains ~0% violations,
efficiency ~1.00, and =0 ps mean wait even as TOCTTOU exposure widens. These results
collectively indicate that quantum methods can sustain correctness and progress advantages
under contention beyond classical baselines, motivating near-term hybrid quantum-classical
deployments on quantum hardware via shallow, variational circuits.

Although our formulations demonstrate clear conceptual benefits, deploying them on
current NISQ hardware remains challenging. Real devices suffer from decoherence, gate noise,
and limited qubit connectivity, which restrict the stability of GHZ and W states and limit the
depth of entangling circuits. These constraints imply that the proposed mechanisms currently
function best as simulation-level primitives. Nonetheless, ongoing advances in error mitigation
and modular entanglement distribution suggest that small-scale realizations may become
feasible in the near future. The broader implications of this framework suggest several
potential directions for software engineering and operating systems:

e New synchronization primitives: Entanglement could serve as a quantum-native
alternative to classical locks and semaphores, eliminating contention and deadlock risks.



22 Li et al.: Quantum Principles in Concurrency: Toward Resolving Classical Synchronization Problems

e Quantum-enhanced verification: Superposition enables the exploration of multiple
execution paths simultaneously, providing a foundation for new verification techniques
in concurrent programming.

e Hybrid quantum—classical systems: In the near term, quantum simulators and hybrid
schedulers may act as concurrency analyzers, augmenting classical systems with
quantum-assisted reasoning.

e Programming tools and languages: These ideas point toward future programming
abstractions in which concurrency management is partly delegated to quantum resources.

In practical systems, quantum concurrency primitives would likely act as auxiliary oracles
invoked by classical schedulers. A hybrid OS could query short quantum routines—such as
Bell-pair arbitration or superposition-based conflict detection—and integrate the returned
result into classical scheduling or lock management. This approach aligns with emerging
hybrid-execution models (e.g., Qiskit Runtime, CUDA-Q), where classical control coordinates
brief quantum subroutines. Thus, quantum methods can complement rather than replace
existing OS-level synchronization.

Nevertheless, significant challenges remain before these benefits can be realized. The
fragility of entanglement, the collapse of quantum states upon measurement, and the difficulty
of scaling to large software systems represent critical barriers. Addressing these issues will
require advances in fault-tolerant quantum hardware, error correction, and scalable simulation
frameworks.

Advanced classical techniques such as lock-free synchronization and transactional memory
avoid blocking through atomic primitives or speculative rollback. Our quantum formulation
differs by encoding exclusivity and conflict detection directly in the quantum state via
entanglement and operator non-commutativity. Rather than serving as a substitute, these
quantum primitives provide complementary capabilities—offering strong one-winner and
conflict-detection guarantees without retries or rollbacks.

Future work will focus on several concrete directions:

1.  Quantum hardware experimental validation: Implementing the proposed concurrency

formulations using real quantum platforms such as Qiskit [15] or Cirq [16].

2. Hybrid schedulers: Designing systems where quantum processors act as concurrency

verifiers while classical processors handle execution.

3. Fault tolerance: Exploring how error-corrected qubits can sustain entanglement for

large-scale concurrency modeling.

4. Domain-specific applications: Applying these techniques to distributed databases,

high-performance computing, and IoT systems, where concurrency is central and
quantum formulations may offer immediate advantages.

In conclusion, while the practical application of quantum concurrency models depends on
the maturation of quantum technologies, the theoretical framework outlined here demonstrates
that quantum computing has the potential to fundamentally reshape our understanding and
resolution of concurrency problems in software systems.
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