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ABSTRACT: 
The convergence of quantum computing and classical service system modeling presents a 
transformative opportunity. This paper proposes the formalization of Quantum Queueing 
Theory (QQT), a novel framework for modeling, analyzing, and optimizing service systems 
where quantum processors act as servers, quantum algorithms constitute service tasks, 
and quantum communication channels facilitate arrivals and departures. We outline the 
fundamental challenges posed by quantum mechanics (superposition, entanglement, 
measurement, decoherence) to classical queueing paradigms. Key research directions 
include defining quantum analogues of arrival processes, service disciplines, and 
performance metrics (quantum fidelity, task success probability, decoherence-limited 
waiting time). We explore modeling approaches leveraging quantum stochastic processes, 
quantum walks, and modified Lindblad master equations. The paper details critical areas 
for future research: hybrid quantum-classical queueing networks, resource allocation 
under decoherence, stability analysis in the quantum regime, and the development of 
quantum-aware scheduling policies. QQT is poised to become essential for designing 
efficient and scalable quantum computing data centers, quantum cloud services, and 
integrated quantum-classical computing infrastructures. 
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1.INTRODUCTION: 

The burgeoning field of quantum computing promises unprecedented 

computational power, necessitating the design of efficient supporting service 

infrastructures like data centers and cloud platforms. However, classical queueing theory, 

the bedrock for modeling and optimizing traditional service systems, faces fundamental 

limitations when applied to quantum environments due to the unique characteristics of 

quantum mechanics superposition, entanglement, measurement, and decoherence. This 

paper formally introduces Quantum Queueing Theory (QQT) as a novel framework 

specifically designed to model, analyze, and optimize service systems where quantum 

processors act as servers, quantum algorithms constitute service tasks, and quantum 

communication channels manage arrivals and departures. We outline the core challenges 

in translating classical queueing paradigms to the quantum realm and propose key 

research directions, including defining quantum arrival processes, service disciplines, and 

performance metrics (e.g., fidelity, success probability, decoherence-limited waiting time), 

leveraging tools like quantum stochastic processes and modified master equations. QQT 

provides the essential theoretical foundation for designing scalable and efficient quantum 

computing service infrastructures. 

The emergence of Quantum Computing as a Service (QCaaS) and dedicated quantum data 

centers necessitates efficient management of hybrid quantum-classical workloads, 

highlighting a critical need for accurate performance prediction and resource allocation. 

However, classical queueing theory, foundational to classical data centers, faces significant 

limitations in this quantum context. Its core assumptions—deterministic service times, 

classical state representation, and memoryless processes—break down due to uniquely 

quantum phenomena such as superposition, entanglement, probabilistic measurement 

outcomes, and decoherence. Furthermore, standard performance metrics like throughput 

must be augmented with quantum-specific measures, particularly fidelity or success 

probability. This necessitates a new quantum service paradigm, where tasks (e.g., VQE, QPE, 

or segments of Shor's algorithm) arrive at quantum processing units (QPUs), demanding 

specific resources like qubits, gate operations, and coherence time, often involving 

quantum communication for task submission and result retrieval. To address these 

challenges, this paper proposes the framework of Quantum Queueing Theory (QQT). Our 

objective is to define QQT's scope, articulate its inherent challenges stemming from 

quantum mechanics, explore potential modeling approaches, and identify critical research 

questions, thereby motivating its necessity for the practical deployment and scaling of 
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quantum computing. The paper is structured to first establish this foundation before 

delving into specific QQT models, analysis, and future directions. 

2.FUNDAMENTAL CONCEPTS & CHALLENGES 

Quantum Queueing Theory (QQT) fundamentally reimagines service system 
modeling by placing uniquely quantum mechanical elements at its core. The central 
concept involves quantum servers – Quantum Processing Units (QPUs) – which 
execute quantum tasks (e.g., VQE, QPE, Shor's algorithm segments). These tasks arrive 
via quantum communication channels and demand specific quantum resources such as 
qubit count, gate operations, and crucially, coherence time. This quantum service paradigm 
inherently diverges from classical queueing models due to the irreducible characteristics of 
quantum mechanics: superposition allows tasks or server states to exist in multiple 
configurations simultaneously, entanglement creates complex, non-local correlations 
between tasks or server resources, quantum measurement collapses the state 
probabilistically upon task completion or observation, and decoherence imposes a finite, 
stochastic lifespan on quantum information. These phenomena collectively shatter the 
foundational assumptions of classical queueing theory. Deterministic service times become 
untenable due to the probabilistic nature of quantum operations and measurement 
outcomes. The requirement for a classical state representation fails as quantum systems 
inherently possess non-classical correlations and superposition. Memoryless processes are 
violated due to entanglement and the time-dependent decay caused by decoherence. 
Consequently, standard performance metrics like throughput and latency must be 
augmented with intrinsically quantum metrics, primarily fidelity (measuring the accuracy 
of the output state) and task success probability, alongside decoherence-limited waiting 
time reflecting the urgency imposed by qubit instability. This necessitates entirely new 
modeling approaches for defining quantum arrival processes (potentially involving 
entangled task streams), quantum service disciplines (scheduling entangled or 
superpositioned tasks), and capturing the complex interplay between task execution and 
the relentless decay of quantum information. Furthermore, the practical context of hybrid 
quantum-classical workloads introduces additional complexity, requiring QQT to 
seamlessly integrate classical and quantum queueing dynamics within a single framework. 
Addressing these challenges requires novel theoretical tools, potentially leveraging 
quantum stochastic processes, quantum walks, or modified Lindblad master equations, to 
accurately model and analyze the performance and stability of quantum computing service 
infrastructures. 

3.MODELING FRAMEWORKS FOR QUANTUM QUEUEING THEORY 

Quantum Queueing Theory (QQT) requires new mathematical frameworks that 

explicitly incorporate quantum mechanical phenomena while still adhering to queueing-

theoretic principles. Three primary approaches serve as the foundational pillars for this 

field. 

3.1. Quantum Stochastic Processes 
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Generalizing classical Poisson processes, quantum arrival streams may exhibit 

entanglement between tasks or superpositional arrivals. The system state is modeled as a 

density matrix ρ that evolves under quantum stochastic differential equations: 

dρ=−ℏi[H,ρ]dt+k∑(LkρLk†−21{Lk†Lk,ρ})dt+J(ρ)dNt 

 

In this equation, H is the system Hamiltonian, the operators Lk model decoherence and 

dephasing, and J(ρ) captures quantum jumps that result from task arrivals or departures 

with the counting process Nt. 

3.2. Quantum Walks for Discrete-State Systems 

For queue systems with discrete states, quantum walks on graphs model 

superpositional queue occupations. The state vector ∣ψ(t)⟩∈HQ⊗HS evolves according to 

the following unitary operation: 

∣ψ(t+1)⟩=U⋅(S⊗C)∣ψ(t)⟩ 

Here, HQ is the queue occupancy space, HS is the server state space, U is a unitary service 

operator, S is a shift operator for arrivals and departures, and C is a quantum coin operator 

that governs routing decisions. 

3.3. Modified Lindblad Master Equations 

To integrate decoherence during waiting times, extended Lindblad equations are 

used to track task-resource entanglement. The evolution is described by: 

ρ˙=−ℏi[Hqueue,ρ]+i=1∑Mγi(AiρAi†−21{Ai†Ai,ρ}) 

In this equation, Hqueue governs the coherent queue dynamics, while the jump operators 

Ai model various processes: 

• Task arrivals with rate λ: Aarr=λ∑n∣n+1⟩⟨n∣⊗σarrError! Filename not specified. 

• Decoherence during waiting: Adec(k)=κk(I⊗σz(k)

)Error! Filename not specified. 

• Probabilistic service completion with rate μ: Adep=μ∑n∣n−1⟩⟨n∣⊗σdep

Error! Filename not specified. 

3.4 Critical Enhancements for Quantum Realism 
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These modeling frameworks can be enhanced to include realistic quantum effects: 

• Fidelity-Weighted Service Rates: The service rate can be made dependent on a 

qubit's coherence time, expressed as μ→μ⋅exp(−twait/T1). Here, T1 is the qubit's 

coherence time. 

• Entanglement-Aware Metrics: Success is measured by the probability Psucc

=Tr[ρΠsuccess] with a projection operator Πsuccess. 

• Resource-Dependent Hamiltonians: The queue Hamiltonian can be made 

dependent on available resources, such as Hqueue=∑r∈resourcesgr(t)Hr, where gr

(t) allocates qubits and gates. 

These frameworks enable the analysis of quantum-specific features like interference in 

queuing paths, entanglement-induced state correlations, and the fundamental tradeoff 

between throughput Λ=limt→∞t1∫0t⟨Adep†Adep⟩dt and fidelity decay F(t)=exp(−∫0t

Γ(τ)dτ). For hybrid architectures, these models can be coupled to classical queuing 

networks via interface operators B:Hquant→Xclass that measure quantum outputs for 

classical routing decisions. 

4.KEY PERFORMANCE METRICS (QUANTUM-CENTRIC) 

Quantum Queueing Theory (QQT) requires a new approach to performance 

evaluation. Unlike classical systems that rely on simple throughput and latency, QQT uses a 

dual-dimension framework to quantify both operational efficiency and the integrity of 

quantum information. These metrics balance temporal efficiency with quantum state 

preservation. 

4.1Fidelity-Decayed Throughput (ΛF) 

This metric measures the effective task completion rate, weighted by the quality of 

the output. It accounts for the fact that a completed task is only valuable if its quantum 

state is preserved. 

ΛF=T→∞limT1∫0TFτ⋅dN(τ) 

Here, N(τ) is the number of tasks completed by time τ, and Fτ=⟨ψideal∣ρout(τ)∣ψideal⟩ is 

the state fidelity, representing the overlap between the measured output state ρout and the 

ideal output state ψideal. 

4.2 Decoherence-Aware Waiting Time Distribution (Psucc(tw)) 
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This metric defines the probability of a task succeeding, given its total delay from 

arrival to service. It directly incorporates the effects of quantum decoherence during the 

waiting period. 

Psucc(tw)=Pcirc⋅e−Γtw,where Γ=k∑T1(k)1 

In this equation, tw is the waiting time, Pcirc is the inherent success probability of the 

quantum circuit itself, and T1(k) are the coherence times of the qubits being used for the 

task. 

4.3 Entanglement Survival Fraction (Ξ)   

This metric quantifies how well the quantum correlations (entanglement) between 

multiple tasks are preserved. It is a critical measure for multi-task applications that require 

shared entanglement. 

Ξ=Nent1j=1∑NentTr[ρjρjent] 

Here, ρj is the actual output state of task group j, while ρjent is the target entangled state 

for that group. The trace operation (Tr) measures the overlap between the two states. 

4.4 Quantum Resource Utilization (UQ) 

Unlike a simple measure of server occupancy, this metric weights server use by the 

fragility of the quantum resources. It penalizes the underutilization of fragile qubits that 

have short coherence times. 

UQ=T1∫0Tk=1∑KT1(k)⟨ak†ak⟩tdt 

In this formula, ak and ak† are qubit occupancy operators, and T1(k) is the coherence time 

for qubit k. 

4.5 Stability Condition Augmentation 

The classical stability condition is augmented to account for quantum decoherence. This 

new condition ensures that the system's capacity is sufficient to handle the arrival rate 

while also maintaining the quality of the quantum states. 

λeff<μ⋅kmin(e−1/(λT1(k))) 

Here, λeff is the effective arrival rate and μ is the service rate. The condition is now limited 

by the decoherence of the most fragile qubit, with the shortest coherence time T1(k). 
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5. HYBRID SYSTEM METRICS 

These metrics evaluate the efficiency of systems that combine classical and quantum 

components, focusing on the interface between the two. 

5.1 Classical-Quantum Interface Efficiency (ηCQ) 

This metric measures the quality of quantum state transfer from a quantum server to a 

classical system relative to the coordination latency. 

ηCQ=Avg. classical routing delayTr[B(ρout)ρclasstarget] 

This formula quantifies the quality of the state transfer and is a crucial measure for a 

hybrid system's overall performance. 

5.2 Quantum Efficiency Frontier 

These metrics reveal a fundamental trade-off: maximizing the fidelity-decayed 

throughput (ΛF) often requires minimizing the waiting time (tw), which might lead to more 

errors. This relationship is captured by a new efficiency frontier. 

max[ΛF⋅Psucc(tw)]≤f(Γ,ϵg,Nq) 

The function f represents the upper bound on the product of throughput and success 

probability, which depends on the decoherence rate (Γ), the gate error rate (ϵg), and the 

number of qubits (Nq). This framework enables the optimization of quantum service 

systems under the combined constraints of quantum physics and operational demands. 

6. CRITICAL RESEARCH DIRECTIONS 

6.1. Development of Quantum-Specific Arrival Processes and Service Disciplines 

Classical queueing theory relies on well-defined arrival processes (like the Poisson 

process) and service disciplines (like First-Come, First-Served). QQT needs to formalize 

quantum analogues that account for superposition and entanglement. 

• Entangled Arrival Streams: How do we model the arrival of tasks that are 

entangled with one another? What new queueing behaviors emerge when the 

arrival of one task is correlated with the state of another? This requires moving 

beyond classical counting processes to quantum stochastic processes that can 

handle these non-local correlations. 
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• Superpositional Queues and Service: A task in a superposition of states could 

require different resources simultaneously or be routed to multiple servers at once. 

How can a quantum server manage a queue of superpositioned tasks? Research 

should focus on developing quantum-aware scheduling policies that exploit this 

parallel nature without causing destructive interference or decoherence. For 

example, a "Superposition-First, Non-Entangled-Last" (SFNEL) policy could 

prioritize tasks that are in a superposition state to leverage their inherent 

parallelism. 

6.2. Resource Allocation and Scheduling under Decoherence 

Unlike classical servers that are always "on," quantum processors have a finite 

coherence time. This introduces a new, urgent dimension to resource management. 

• Dynamic, Decoherence-Aware Scheduling: Standard scheduling algorithms aim 

to minimize wait times. In QQT, the goal must shift to maximizing the probability of 

a task's success before its qubits decohere. This requires a dynamic scheduling 

policy that considers not just a task's place in the queue but also its required 

coherence time (T1) and gate error rate (ϵg). A priority system could be based on a 

"quantum urgency" score that combines waiting time with the fragility of the qubits 

required. 

• Optimal Resource Pooling: Given a limited number of qubits with varying 

coherence times and fidelities, how should a QPU allocate these resources to 

incoming tasks? This is a resource optimization problem where the cost is not just a 

monetary value but the risk of information loss. Research should explore algorithms 

that dynamically match tasks to the most suitable qubits to maximize overall system 

fidelity and throughput. 

6.3. Stability Analysis of Quantum Queueing Networks 

The classical stability condition (λ<μ) guarantees that a queue won't grow infinitely 

large. QQT requires a more nuanced stability analysis that also considers the decay of 

quantum information. 

• Quantum-Augmented Stability Conditions: The paper introduces a decoherence-

limited stability condition (λeff<μ⋅exp(−1/(λT1))). This needs to be rigorously 

derived and expanded for more complex systems, such as multi-server queues and 

quantum networks. What happens to stability when entanglement and feedback 

loops are introduced? 
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• Stability of Hybrid Quantum-Classical Systems: In a hybrid architecture, a stable 

quantum queue doesn't guarantee a stable classical-quantum system. Research is 

needed to understand how the interface efficiency (ηCQ) and classical routing 

decisions affect the stability of the entire network. This could involve developing a 

unified theoretical framework that seamlessly merges classical and quantum 

stability analysis. 

6.4. Modeling the Interface Between Quantum and Classical Systems 

The most immediate application of QQT will be in hybrid data centers. The transition 

between quantum and classical processing is a major bottleneck. 

• Quantum-to-Classical State Transfer: How do we model the process of measuring 

a quantum state and then using that classical output to make a routing decision in a 

classical network? This involves creating a formal framework for the interface 

operator B, which is mentioned in the paper but not detailed. This framework 

should account for measurement overhead and the probabilistic nature of the 

outcome. 

• Feedback Loops in Hybrid Systems: Many quantum algorithms (like VQE and 

QAOA) are iterative and rely on classical feedback. How can QQT models 

incorporate these continuous quantum-classical feedback loops? This is crucial for 

accurately predicting the end-to-end performance and latency of such algorithms 

running on real-world infrastructures. 

7. APPLICATIONS & USE CASES 

QQT provides a foundational framework for modeling and optimizing the emerging 

quantum computing ecosystem, with applications ranging from cloud services to 

specialized quantum networks. 

7.1. Quantum Cloud Service Management 

QQT is essential for designing and managing Quantum Computing as a Service 

(QCaaS) platforms like those offered by IBM, Amazon, and Microsoft. It helps providers: 

• Predict Performance: Accurately forecast job completion times, success 

probabilities, and fidelity for various user workloads, which is crucial for service 

level agreements (SLAs). 

• Optimize Scheduling: Implement quantum-aware scheduling algorithms that 

prioritize tasks based on their qubit requirements, coherence time, and 

entanglement needs to maximize overall system throughput and job success rates. 
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• Pricing Models: Develop dynamic pricing models that account for the quality and 

fragility of quantum resources. For instance, a user might pay a premium for a task 

with a guaranteed high fidelity, which would be prioritized by a QQT-informed 

scheduler. 

7.2. Quantum Data Center and Network Design 

As quantum data centers become a reality, QQT will be critical for their physical and 

operational design. 

• Resource Sizing: Determine the optimal number of QPUs, cryostats, and support 

systems required to meet a projected demand, while accounting for the unique 

constraints of decoherence. This ensures a cost-effective and scalable infrastructure. 

• Network Routing: Design quantum networks that can route entangled or 

superpositional tasks between different QPUs. QQT can model the performance of a 

quantum network where the "hops" are not just a measure of distance but also of 

fidelity loss due to channel noise. 

7.3. Hybrid Quantum-Classical Computing 

Many real-world problems require a seamless integration of classical and quantum 

computation. QQT helps manage the complex interplay between these two environments. 

• Workflow Optimization: Optimize end-to-end workflows for hybrid algorithms 

like Variational Quantum Eigensolver (VQE) or Quantum Approximate 

Optimization Algorithm (QAOA). QQT can model the queueing delays and 

decoherence that occur as data is transferred back and forth between the classical 

optimizer and the quantum processor. 

• Interface Management: Design and analyze the performance of the classical-

quantum interface, which is often a significant bottleneck. QQT can help minimize 

latency and information loss during the critical process of quantum measurement 

and classical data transfer. 

7.4. Quantum Sensor Networks and Distributed Quantum Systems 

QQT can be extended to model distributed systems where quantum information is 

shared or processed across multiple nodes. 

• Distributed Sensing: Analyze the performance of a network of quantum sensors 

where entangled qubits are distributed and must be measured within a specific time 
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frame to avoid decoherence. QQT metrics like the Entanglement Survival Fraction 

(Ξ) would be key to evaluating system performance. 

• Quantum Internet: Provide a theoretical basis for the architecture and protocols of 

a future quantum internet, which will rely on the successful transmission and 

processing of quantum states. QQT models can help design protocols for managing 

entangled pairs and minimizing queuing delays in a quantum repeater network. 

8. FUTURE DIRECTIONS & OPEN PROBLEMS 

8.1. Integrating Error Correction and Fault Tolerance 

The current QQT models primarily focus on decoherence as the primary source of error, 

but they don't fully account for the complexity of quantum error correction (QEC) 

protocols. 

• Modeling QEC Overhead: How do you incorporate the significant resource and 

time overheads of QEC into queueing models? QEC requires a large number of 

physical qubits to encode a single logical qubit, and these codes have specific latency 

requirements. Future models must account for this, as it fundamentally changes the 

service time and resource demands of a task. 

• Impact on Stability and Metrics: How does the introduction of fault-tolerant 

quantum computing (FTQC) change the stability conditions and performance 

metrics? For example, the success probability (Psucc) would no longer be a simple 

exponential decay but would depend on the error-correction code and the rate of 

logical errors. This would require developing new metrics and stability conditions 

specifically for FTQC systems. 

8.2. Multi-Resource and Networked Queueing Models 

The provided models are a good starting point but are limited to a single-server, single-

resource perspective. Real-world quantum systems are far more complex. 

• Multi-Qubit and Multi-Server Models: Develop QQT models that can handle tasks 

requiring varying numbers of qubits and that can be processed by multiple, 

interconnected QPUs. This requires formalizing how entanglement can be shared or 

transferred between different servers, a process known as entanglement 

swapping, and how that affects overall network performance. 

• Quantum Network Routing and Congestion Control: An open problem is how to 

route quantum information through a network to minimize decoherence and 

maximize fidelity. Unlike classical networks, quantum routing is not just about 

finding the shortest path but the one with the highest fidelity. This calls for the 
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development of new quantum routing algorithms and congestion control protocols 

that can handle the unique fragility of quantum states. 

8.3. Experimental Validation and Practical Implementation 

QQT is currently a theoretical framework. To become a practical tool, its models must 

be validated against real-world quantum hardware. 

• Simulations and Emulators: Develop open-source quantum queueing simulators 

and emulators that can test different scheduling policies and network designs. These 

tools would need to accurately model real hardware parameters like gate error 

rates, coherence times, and crosstalk. 

• Collaboration with Quantum Hardware Providers: A critical step is to partner 

with companies like IBM, Google, and IonQ to collect real-world queueing data from 

their quantum computers. This data can be used to validate the assumptions of QQT 

models and to refine the theoretical framework to better match the realities of 

current and future quantum hardware. This collaboration is essential for ensuring 

that QQT remains relevant to the needs of the industry. 

8.4. Quantum Machine Learning and Optimization for QQT 

Quantum computing itself may provide the tools to solve some of QQT's most complex 

problems. 

• Quantum-Inspired Optimization: Explore the use of quantum annealing or hybrid 

quantum-classical algorithms like QAOA to solve complex resource allocation and 

scheduling problems that are too difficult for classical computers. For example, a 

quantum algorithm could find the optimal qubit-to-task assignment to maximize a 

system's Quantum Efficiency Frontier in real time. 

• Learning Quantum Dynamics: Use machine learning techniques, possibly with 

quantum data, to learn the complex dynamics of a quantum queueing system. This 

could help in predicting decoherence rates and other non-Markovian processes that 

are difficult to model analytically. This approach could lead to more adaptive and 

robust quantum resource management systems. 

9. CONCLUSION 

Quantum Queueing Theory (QQT) presents a necessary and timely paradigm shift in 

service system modeling, addressing the fundamental limitations of classical queueing 

theory when applied to quantum computing. This paper has formally introduced QQT, 

outlining a roadmap for future research by defining its core challenges, proposing a suite of 
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new modeling frameworks, and establishing quantum-centric performance metrics. The 

unique characteristics of quantum mechanics namely superposition, entanglement, 

measurement, and decoherence—are not merely minor perturbations but core drivers of a 

quantum service system's behavior, fundamentally breaking the assumptions of 

deterministic service times and memoryless processes. By leveraging tools such as 

quantum stochastic processes, quantum walks, and modified Lindblad master equations, 

QQT provides a robust theoretical foundation for analyzing and optimizing the 

performance of a new generation of computing infrastructure. The introduction of metrics 

like Fidelity-Decayed Throughput (ΛF) and the Quantum Efficiency Frontier 

acknowledges the dual challenge of balancing operational efficiency with the integrity of 

quantum information. As quantum computing transitions from a scientific curiosity to a 

practical technology, QQT is poised to become an indispensable tool for engineers, system 

architects, and researchers. It is the essential framework for designing scalable quantum 

cloud services, efficient quantum data centers, and the integrated hybrid quantum-classical 

networks that will power the next era of computation. The path forward involves tackling 

open problems in quantum error correction, developing multi-resource network models, 

and validating theoretical predictions against real-world hardware, thereby solidifying 

QQT as a critical discipline for the future of information technology. 
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