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ABSTRACT 

 

Quantum computing, predicated on the unique principles of quantum mechanics, has engendered a profound shift 

in computational theory and practice by enabling algorithms that outperform classical counterparts for certain 

classes of problems. This research paper presents a comprehensive comparative analysis of quantum computing 

algorithms, focusing on their efficiency, robustness, and practical implementation. Drawing upon recent advances in 

open quantum walks, hybrid quantum-classical dataflow models, robustness analyses for early fault-tolerant 

quantum computers, and foundational algorithmic implementations, this study synthesizes theoretical insights and 

empirical data to evaluate the performance and applicability of leading quantum algorithms. The analysis 

encompasses key algorithms, including the Quantum Fourier Transform (QFT), Grover’s algorithm, phase 

estimation, Shor’s algorithm, and hybrid approaches, with special attention to dissipative dynamics, error 

robustness, and the interplay between quantum and classical computational resources. Detailed figures and 

comparative graphs elucidate algorithmic efficiencies, success probabilities, and noise tolerances. The paper 

concludes by assessing the current landscape and projecting future directions, highlighting open challenges and 

opportunities for advancing quantum algorithm design, hybrid workflow orchestration, and the realization of 

practical quantum advantage. 

 

INTRODUCTION 

 

Quantum computing is poised to revolutionize computational science by leveraging superposition, entanglement, and other 

quantum phenomena to perform specific tasks more efficiently than classical computers [1], [4]. Since the seminal 

introduction of quantum algorithms such as Shor’s integer factorization and Grover’s search, both the theoretical 

foundation and experimental realization of quantum computation have advanced rapidly. Nevertheless, the effective 

implementation of quantum algorithms remains contingent upon overcoming significant hardware limitations, error rates, 

and the need for seamless integration of quantum and classical processing [3], [4], [5]. 

 
In this context, a comparative analysis of quantum algorithms is essential for elucidating their relative strengths, limitations, 

and suitability for various computational tasks. This paper systematically examines different quantum computing 

algorithms, drawing on recent research in open quantum walks for dissipative quantum computing [1], hybrid quantum-

classical dataflow frameworks [2], robustness analysis for early fault-tolerant platforms [3], and detailed algorithmic 

implementations [4], [5]. By synthesizing these perspectives, we provide a holistic view of quantum algorithm performance 

across efficiency, robustness, and implementation paradigms, offering guidance for researchers and practitioners seeking to 

harness quantum computing’s potential. Fundamental Concepts and Algorithmic Taxonomy 

 

Quantum Information and Computation 

Quantum computation operates on the fundamental unit of quantum information—the qubit—which, unlike a classical bit, 

can exist in superpositions of its basis states |0⟩ and |1⟩. Quantum algorithms exploit phenomena such as entanglement and 

interference to enable computational speedups for specific problems [4]. The quantum computational model is typically 

formalized using quantum circuits composed of unitary gates, measurements, and, increasingly, dissipative or open-system 

dynamics [1], [4]. 
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Classes of Quantum Algorithms 

Quantum algorithms can be broadly classified into the following categories: 

 
• Search Algorithms: Exemplified by Grover’s algorithm, these provide quadratic speedups for unstructured search 

problems [4]. 

• Number-Theoretic Algorithms: Including Shor’s algorithm for integer factorization and algorithms for order-

finding and discrete logarithms [4], [5]. 

• Simulation and Linear Algebra Algorithms: Such as the Quantum Phase Estimation (QPE) and the Harrow-

Hassidim-Lloyd (HHL) algorithm for solving linear systems [4]. 

• Optimization and Sampling Algorithms: Including the Quantum Approximate Optimization Algorithm (QAOA) 

and quantum Monte Carlo methods [4]. 

• Hybrid Quantum-Classical Algorithms: Variational quantum eigensolver (VQE), quantum support vector 

machines (QSVM), and others, often involving iterative quantum-classical feedback loops [2], [4]. 

• Dissipative and Open Quantum System Algorithms: Leveraging non-unitary dynamics and environmental 

interactions, including open quantum walks and dissipative quantum computing [1]. 

 

Each class addresses distinct computational challenges and is subject to different constraints and performance 

characteristics. 

 

Open Quantum Walks and Dissipative Quantum Computing 

Theoretical Framework 

Open quantum walks (OQWs) represent a paradigm shift from traditional, unitary-only quantum circuits, introducing a 

formalism in which dissipative processes—mediated by environmental interactions—directly drive computation [1]. In this 

framework, the evolution of the quantum system is governed by completely positive, trace-preserving maps that can be 

interpreted as environment-induced transitions on a graph whose nodes correspond to computational states [1]. 

 

The dynamics of OQWs are defined on a Hilbert space ( H K ), where ( H ) encodes the internal degrees of freedom and ( K 

) indexes the graph nodes. Transition operators ( B^i_j H ) govern the evolution, ensuring the conservation of probability. 

The key innovation is that the transitions between nodes are not purely unitary but are instead dictated by dissipative 

interactions with a common environment, as shown in Figure 1. 

 
Figure 1: Schematic of an open quantum walk on a 2-node graph. Transition operators ( B^i_j ) mediate dissipative 

jumps between nodes. 

 

Algorithmic Implementation and Efficiency 

Sinayskiy and Petruccione [1] demonstrated the implementation of key quantum algorithms—such as the Toffoli gate and 

the Quantum Fourier Transform (QFT)—within the OQW formalism. Compared to canonical dissipative quantum 

computing, OQWs enable faster convergence to steady states and higher probabilities of successful outcome detection. For 

example, in the Toffoli gate implementation, adjusting the parameter ( ) (which determines the rate of forward propagation 

in the walk) yields both reduced number of steps to steady state and increased probability of correct result detection (see 

Figure 2). 
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Figure 2: Efficiency of OQW for the Toffoli Gate 

 

• 2a: Quantum circuit for the Toffoli gate. 

• 2b: Corresponding OQW diagram. 

• 2c: Detection probability as a function of OQW steps for different ( ). 

• 2d: Steps to steady state and detection probability versus ( ). 

This improvement is evident for more complex operations as well, such as the three- and four-qubit QFT, where OQWs 

again outperform conventional dissipative approaches in both speed and success probability (Figures 3 and 4) [1]. 

 
 

Figure 3: Efficiency of OQW dissipative approaches in speed. 
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Figure 4: Efficiency of OQW dissipative approaches in success probability. 

 

Comparative Analysis 

 

Table 1: Comparative efficiency metrics for Toffoli and QFT implementations in OQW versus canonical dissipative 

models [1]. 

 

Algorithm Model 

Steps to Steady 

State 

Detection 

Probability 

Tunable 

Parameters 

Robustness to 

Decoherence 

Toffoli Gate OQW Fewer Higher ( ) High 

Toffoli Gate Canonical 

DQC 

More Lower None Moderate 

QFT (3, 4 

qubits) 

OQW Fewer Higher ( ) High 

QFT (3, 4 

qubits) 

Canonical 

DQC 

More Lower None Moderate 

 

 

Hybrid Quantum-Classical Algorithms and Dataflow Frameworks 

Motivation and Architecture 

Many quantum algorithms, particularly those designed for near-term devices, are inherently hybrid, comprising alternating 

quantum and classical processing stages. This hybridization is necessitated by the current limitations of quantum hardware, 

including decoherence, gate fidelity, and limited qubit counts [2], [3]. 

 

Tierkreis, introduced by Sivarajah et al. [2], is a higher-order dataflow framework that models hybrid quantum-classical 

algorithms as directed graphs, where nodes represent pure functional units (either quantum or classical), and edges denote 

data dependencies. This approach reflects both the distributed nature of cloud-based quantum computation and the need for 

robust, asynchronous, and compositional workflows. 
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Figure 5: Tierkreis dataflow graph representing a hybrid quantum-classical workflow. Nodes represent functional 

operations; edges indicate data dependencies. 

 

Features and Capabilities 

• Automatic Parallelism and Asynchronicity: Tierkreis enables independent nodes to execute in parallel when 

their inputs are ready, facilitating efficient utilization of distributed resources [2]. 

• Strong Static Type System: Ensures program correctness and reduces runtime errors, which is particularly 

valuable given the high cost of quantum computation [2]. 

• Higher-Order Semantics: Graphs themselves can be passed as values, enabling modularity and compositionality 

in algorithm design [2]. 

• Flexible Runtime Protocol: Integration with third-party systems and quantum backends is streamlined, 

supporting rapid development, testing, and deployment [2]. 

Algorithmic Examples 

Tierkreis has been used to implement advanced hybrid algorithms, such as the variational quantum eigensolver (VQE) and 

error mitigation routines (e.g., Zero Noise Extrapolation, ZNE), demonstrating the practical relevance of the framework for 

orchestrating complex quantum-classical computations [2]. 

 
Figure 6: Parallel Execution in Tierkreis 

 

Tierkreis’s graph-based model naturally expresses parallelizable components, such as running multiple noise-folded circuits 

for ZNE in parallel, reducing wall-clock time for error mitigation [2]. 

 

Comparative Analysis 

 

Table 2: Comparative features of Tierkreis and other workflow paradigms for hybrid quantum-classical computation [2] 

 

Framework Workflow Model Parallelism Type Safety Hybrid Support Debug/Resume Compositionality 

Tierkreis [2] Dataflow Graph High Strong Native Yes High 

Qiskit Runtime Scripted/Batch Limited Moderate Partial Limited Moderate 

Classical HPC DAG/Workflow High Variable No Yes Variable 
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Robustness of Quantum Algorithms for Early Fault-Tolerant Quantum Computing 

Motivation 

As quantum hardware matures towards fault-tolerance, current devices and foreseeable ―early fault-tolerant‖ quantum 

computers must operate under significant noise and error rates [3]. The cost of error correction remains high, prompting the 

development and analysis of algorithms that can tolerate or mitigate errors without excessive overhead. 

 

Analytical Approaches 

Kshirsagar et al. [3] address the need for provable robustness by analyzing quantum algorithms under explicit noise models. 

Their work introduces a randomized algorithm for phase estimation—randomized Fourier estimation (RFE)—and derives 

noise thresholds and runtime guarantees under both adversarial and random noise models. 

 

Key Results 

• Noise Thresholds: For the RFE algorithm, as long as the noise parameters ( {} ) (adversarial) or ( ) (random) 

remain below specified bounds, arbitrarily high accuracy can be achieved by increasing the number of samples [3]. 

• Expected Runtime: The expected circuit depth increases with noise, but below the threshold, the algorithm 

remains efficient (see Table 3). 

• Comparison with Robust Phase Estimation (RPE): While RPE outperforms RFE for phase estimation, the RFE 

analysis generalizes to a broader class of signal-processing-based quantum algorithms [3]. 

 

Table 3: Algorithmic Performance under Noise 

 
Algorithm Setting Expected Runtime (in ( c-U ) ops) Noise Threshold Scalability 

RFE Noiseless ( () ) N/A Good 

RFE Adversarial Noise Scales with ( (1-{})^{-2} ) ( {} <  ) Good 

RFE Random Noise Scales with ( (1-)^{-2} ) ( <  ) Good 

RPE Asymptotic Lower, but less generalizable Lower Limited 

Table 3: Runtime and noise thresholds for RFE and RPE algorithms [3]. 

 
Figure 7: RFE Algorithm Performance Under Noise 

 

The figure demonstrates the relationship between runtime, noise levels, and probability of successful phase estimation [3]. 

 

Implications and Extensions 

The analytical techniques developed in [3] are broadly applicable to other quantum algorithms that can be reduced to 

signal-processing problems, including amplitude estimation, ground state energy estimation, and linear systems solvers. 
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This analytic robustness is crucial for resource estimation, error mitigation, and the practical deployment of quantum 

algorithms on near-term and early fault-tolerant devices. 

 

Quantum Algorithm Implementations: Survey and Practical Considerations 

Survey of Core Algorithms 

Abhijith et al. [4] provide a comprehensive survey and practical guide to over 20 quantum algorithms, including Grover’s 

search, Bernstein-Vazirani, phase estimation, Shor’s algorithm, and quantum walks. The implementations are tested both 

on simulators and real hardware (IBM Q), offering valuable empirical insights into performance variations due to noise, 

decoherence, and hardware limitations. 

 
Implementation Insights 

• Grover’s Algorithm: Demonstrates quadratic speedup in search problems; sensitivity to gate errors and 

decoherence is significant, especially as the number of qubits increases [4]. 

• Quantum Phase Estimation: Central to algorithms such as Shor’s and HHL; accuracy is limited by circuit depth 

and noise, but error mitigation strategies can be effective [4]. 

• Shor’s Algorithm: Hybrid in nature, combining quantum order-finding with classical continued fraction analysis; 

hardware constraints currently limit scalability [4], [5]. 

• Quantum Walks: Both unitary and dissipative (OQW) versions explored; potential for algorithmic speedup and 

robustness to certain types of noise [4], [1]. 

 

 
Figure 8: Simulator vs. Hardware Performance 

 

Empirical results indicate a gap between simulated and hardware execution, primarily due to noise and gate infidelity [4]. 

 

Hybrid and Error-Mitigation Strategies 

Hybrid algorithms such as VQE and QAOA are particularly relevant for near-term devices, as they leverage classical 

optimizers to compensate for quantum noise and limited circuit depth [2], [4]. Error mitigation techniques, including zero 

noise extrapolation and probabilistic error cancellation, are increasingly integrated into practical workflows [2]. 

 

The Classical-Quantum Interface: Shor’s Algorithm and Continued Fractions 

Hybrid Structure and Mathematical Foundations 

Shor’s algorithm is the archetype of a hybrid quantum-classical algorithm, with a quantum subroutine for order finding and 

a classical post-processing stage based on continued fractions [5]. The continued fraction analysis is essential for extracting 

the period from quantum measurement outcomes, which in turn enables integer factorization. 



International Journal of Enhanced Research in Science, Technology & Engineering 

ISSN: 2319-7463, Vol. 14 Issue 12, December-2025 

Page | 37 

Barzen and Leymann [5] provide a rigorous and detailed exposition of the continued fraction theory underpinning Shor’s 

algorithm, including recursive formulations, convergence properties, and probability estimates for successful period 

extraction. 

 

 
Figure 9: Continued Fraction Expansion Process 

 

Demonstrates the stepwise construction of convergents and their application to period finding in Shor’s algorithm [5]. 

 

Success Probability and Resource Analysis 

The probability of successful period extraction is closely tied to the distribution of measurement outcomes in the quantum 

subroutine and the properties of continued fractions. Detailed analysis reveals that, for large ( N ), the likelihood of 

obtaining a measurement result sufficiently close to a rational multiple of ( 1/r ) (where ( r ) is the period) is approximately ( 

4/^2 ) [5]. This probabilistic aspect underscores the importance of repeated runs and robust post-processing. 

 

Table 4: Probability of Successful Period Extraction 

 

Algorithm Quantum Subroutine Success Classical Post-Processing 

Overall Success 

Probability 

Shor’s 

Algorithm 

High (ideal) / Moderate 

(noisy) 

Dependent on continued fraction 

convergents 

( /^2 ) (asymptotic) 

Table 4: Success probabilities in Shor’s algorithm, integrating quantum and classical stages [5]. 

 

Comparative Performance Analysis 

Efficiency Metrics 

Efficiency in quantum algorithms is typically assessed in terms of circuit depth, number of qubits, gate count, and 

probability of successful outcome. OQW-based algorithms demonstrate improved convergence rates and detection 

probabilities relative to canonical dissipative models [1]. Hybrid frameworks like Tierkreis enable efficient orchestration 

and resource utilization by parallelizing classical and quantum tasks [2]. 

 

Robustness and Noise Tolerance 

Robustness is increasingly critical as quantum hardware operates in noisy intermediate-scale quantum (NISQ) regimes. 

Analyses such as those in [3] provide explicit noise thresholds and scaling laws, informing both algorithm selection and 

hardware resource planning. 

 

Implementation Flexibility and Hybridization 

Modern quantum algorithm implementations are trending towards hybridization, with dataflow frameworks such as 

Tierkreis offering both flexibility and compositionality [2]. This approach is vital for accommodating heterogeneous 

workloads and leveraging the strengths of both quantum and classical resources. 
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Figure 10: Comparative Algorithm Performance Graph 

 

Figure 10: Algorithm efficiency and robustness vs. circuit depth and noise rate for key quantum algorithms. 

The graph illustrates the trade-offs between efficiency and robustness across several algorithms and implementation 

models, highlighting the superior performance of OQW and hybrid approaches under realistic noise levels. 

 

CONCLUSION AND FUTURE WORK 

 

Summary of Findings 

This comparative analysis has elucidated the relative merits and limitations of leading quantum computing algorithms and 

implementation paradigms: 

• Open Quantum Walks: Offer superior efficiency and robustness for dissipative quantum algorithms, enabling 

faster convergence and higher detection probabilities [1]. 

• Hybrid Dataflow Frameworks: Such as Tierkreis, provide a natural and powerful model for orchestrating 

complex quantum-classical workflows, supporting compositionality, parallelism, and type safety [2]. 

• Robustness Analyses: Explicitly quantify noise thresholds and scaling for algorithms deployed on early fault-

tolerant quantum computers, broadening the applicability of quantum signal-processing methods [3]. 

• Algorithm Implementations: Empirical results underscore the gap between simulated and hardware performance, 

highlighting the necessity of error mitigation and hybridization for practical quantum advantage [4]. 

• Hybrid Classical-Quantum Algorithms: Exemplified by Shor’s algorithm, showcase the indispensable role of 

mathematical rigor—particularly in continued fraction analysis—for realizing quantum speedup in practice [5]. 

 

Future Directions 

Several promising avenues for future research and development emerge from this analysis: 

1. Physical Realization of Open Quantum Walks: Demonstrating the laboratory implementation of OQWs for 

dissipative quantum computing remains an open challenge, especially for non-Markovian environments [1]. 

2. Generalization to Non-Markovian and Noisy Regimes: Extending OQW and robustness analyses to 

accommodate non-Markovian noise and decoherence may further enhance algorithmic efficiency [1], [3]. 

3. Automated Hybrid Workflow Optimization: Further development of dataflow frameworks with enhanced 

resource allocation, adaptive error mitigation, and dynamic scheduling is essential for large-scale quantum 

applications [2]. 

4. Algorithmic Robustness and Error Mitigation: Continued exploration of provably robust algorithms and 

scalable error mitigation techniques will be pivotal for the transition from NISQ to fully fault-tolerant quantum 

computing [3], [4]. 

5. Expanded Classical-Quantum Algorithm Integration: Deeper integration of number-theoretic and 

combinatorial techniques (e.g., continued fractions) with quantum subroutines may unlock new applications and 

performance gains [5]. 
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6. Comprehensive Benchmarking: Systematic benchmarking of algorithms across simulation and hardware 

platforms, incorporating realistic noise models and resource constraints, will inform both theoretical development 

and practical deployment [4]. 
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