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1. Introduction 
1.1. Background  

Quantum computing has now become a game-changing paradigm and will revolutionize the areas of cryptography, optimization 
and molecular simulation through solving computationally intractable problems in classical systems. [1-4] Theoretical potential of 
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quantum algorithms, e.g., Shor algorithm to factor and Grover algorithm to search, has motivated worldwide enthusiasm in solving 
practical quantum problems. []Nevertheless, the existing quantum hardware remains in the Noisy Intermediate-Scale Quantum 
(NISQ) regime with constrained qubit numbers, low extraordinary time, and vulnerability to gate and measurement errors. These 
hardware constraints hinder the application of quantum algorithms at large scale and in a robust manner.  

 
Response: The discipline has moved instead to hybrid quantum-classical computing, which distributes computational workloads 

between quantum and classical processors. In these applications, traditional computers will perform data preparation, optimization, 
error correction and the like, with quantum computers specializing in specific subroutines, which may have a computing advantage 
but which deal with large state spaces or entanglement. Not only does this architecture alleviate the inefficiencies of existing quantum 
hardware, but it also provides a straightforward route to near-term quantum advantage. In turn, the creation of strong software, 
efficient task execution, and stable debugging methods for hybrid quantum-classic applications has become a major area of research 
interest, as a gap existed between theory and reality. 

 
1.2. Rise of Quantum-Native Development 

With the capabilities of quantum hardware gradually increasing, there has been a marked shift away from simply studying 
algorithms with quantum hardware as a theoretical curiosity and towards the development of quantum-native applications: the design 
of systems software that takes advantage of the novel features of quantum computation. This is transforming a new paradigm in 

programming, tooling, and system architecture, much as the infancy of classical computing. 
 
1.2.1. Emergence of Quantum Software Ecosystems 

One major motivation for quantum-native development has been derived from the rapid development of quantum software 
ecosystems. Open-source technologies, such as Qiskit, Cirq, PennyLane, and Braket SDK, also offer developers an API to build, 
simulate, and run quantum circuits without requiring specialist levels of understanding in quantum physics. These frameworks, after 
obscuring the complexities of the hardware backends, allow participation by a more diverse group in quantum application 
development. Experimentation has also become freer since cloud-accessible quantum processors allow researchers, startups, and 
enterprise developers to reduce potential barriers to entry. 
 
1.2.2. Shift toward Hybrid Architectures 

Due to the capabilities of existing NISQ computers, most quantum-native applications are based on a hybrid pattern, where 
both classical and quantum resources are closely coupled. This strategy has resulted in the creation of hybrid algorithms that include 
Variational Quantum Eigensolver (VQE) and Quantum Approximate Optimization Algorithm (QAOA) that hinge on quantum 
subroutines that are later built inside classical control loops. Consequently, developers must learn the tools that bridge the two 
computational paradigms, such as simulators, compilers, and hybrid execution frameworks. 
 
1.2.3. Growing Demand for DevOps and Debugging Tools 

Workflow integration, testing, and debugging have also become issues as quantum-native development has increased. Classical 
systems can be probed at runtime in the same fashion, but this is not the case with quantum programs due to the effects of 
measurement collapse and the no-cloning theorem. This has led to an interest in domain-specific techniques for debugging, including 

statevector simulations, noise models, and quantum test patterns, to facilitate iterative development and validation. 
 

 
Figure 1. Rise of Quantum-Native Development 
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1.3. Debugging in Hybrid Quantum-Classical Apps 
The task of debugging hybrid quantum-classical applications is inherently complex, due to the peculiarities of quantum 

mechanics and the interaction between the two very different models of computation. Debugging in the classical view of software 
development entails examining variables, setting breakpoints, and stepping through code. [5,6] Nonetheless, the methods of classical 
systems cannot be directly applied to quantum systems because of learnings like the no-cloning theory, which forbids replicating 
unknown quantum states, and the measurement collapse, where the state of quantum systems is altered irreversibly when being 

measured. Such limitations do not allow for introspection or quitting in the middle of a quantum algorithm's calculation. In hybrid 
applications, where quantum routines are treated as modules within a classical control loop such as in VQE or QAOA the debugging 
process must also consider the validity of the classical optimiser and the feedback loop through which controls on the quantum circuit 
parameters are updated. Many specialized debugging techniques have been invented to resolve these issues. Simulators are crucial, 
especially in the early stages of development. 

 
Simulators such as Qiskit Aer or Cirq simulator provide the programmer with the opportunity to execute a quantum circuit in 

either an ideal (noiseless) or noisy setting. This is done so that the developer can perform the relevant analysis of the anticipated 
results and identify any logic errors before deploying it on a real quantum device. Circuit diagrams, Bloch spheres and statevector 
renders are visualization tools assisting in the intuitive understanding of quantum behavior. Moreover, measures of progress such as 
state fidelity, trace distance, and expected value convergence are used to evaluate whether the simulation results meet the established 
standards. The next strategy that should be mentioned is the separate testing of the classical elements by using unit testing in order to 

make sure that the data preprocessing, optimization routines, and post-processing logic are operating properly. With these tools, 
hybrid quantum application debugging largely remains a manual task, and it is time-consuming; sometimes, deep domain knowledge 
is required. In a mature quantum computer environment, where debugger tools can also be embedded, it will be crucial to the 
advancement of application development and the enhancement of software reliability. 
 

2. Literature Survey 
2.1. Tooling Ecosystem for Quantum Computing 

Quantum computing Software Development Kits (SDKs) have been the fastest-growing area of development over the past 
decade, enabling researchers and developers to develop, simulate, and execute quantum algorithms. One of the most well-known SDKs 
would be the one provided by IBM (Qiskit), which has a wide library of features such as a powerful simulator backend (Aer), a circuit-
optimizing stack of transpilers, and native compatibility to IBM quantum hardware. [7-10] Google offers Cirq, which has been 
associated with excellent capabilities in noise modelling and circuit templates, making it especially compatible with short-term Noisy 
Intermediate-Scale Quantum (NISQ) hardware. PennyLane, which is developed by Xanadu, is distinguished by the extent of integration 
with machine learning libraries, including PyTorch and TensorFlow, and support of automatic differentiation and gradient-based 
optimization, which play a critical role in variational quantum algorithms. Finally, the Braket SDK, which comes with Amazon 
Quantum Computing Service, features a hardware-agnostic interface that enables users to execute their circuits on various quantum 
hardware backends. This allows users to explore their experiments in a flexible and scalable manner.  

 
2.2. Quantum-Classical Interaction Models 

Models of quantum and classical computers used in modern quantum algorithms tend to combine both. Such constructions play 
a vital role in the NISQ era, where quantum hardware remains noisy and susceptible to decoherence. Good examples of applications 
are the Variational Quantum Eigensolver (VQE) family, where the ground state of a Hamiltonian is approximated by a parameterized 
quantum circuit run on a quantum processor, and then an optimization based on measurements is found iteratively by a classical 
optimizer. Likewise, the Quantum Approximate Optimization Algorithm (QAOA) to solve combinatorial optimization problems tries to 
balance quantum superposition and classical feedback. Quantum Machine Learning (QML) methods take this a step further by 
combining quantum circuitry with classical machine learning models, significantly enhancing both expressibility and computational 
performance. All these hybrid designs are brought together by a common structure: they are all feedback loops involving a classical 
optimizer to generate parameters, and a quantum processor implementing parameterized circuits. 

 
2.3. Debugging Paradigms 

The process of debugging quantum programs is associated with several peculiarities that differ significantly from those in 
classical programming. The primary challenge is that the no-cloning theorem means there is no way to make copies of arbitrary 
quantum states. Therefore, one can inspect only a limited set. Another way is that quantum measurement collapses the state, meaning 
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that subsequent observations can yield probabilistically different results. To overcome the above weaknesses, scientists have developed 
new debugging technology. On quantum simulators, developers are provided with snapshotting, which allows them to sample the 
quantum state at intermediate points in the circuit. This feature cannot be achieved on a real quantum machine. Probabilistic circuit 
sampling is a technique in which the same circuit is run repeatedly, and the outcomes are statistically compared to suggest general 
behaviour trends and highlight abnormalities. A later development was the concept of shadow tomography, where multiple 
observables can be estimated based on a few quantum measurements; this enables the efficient characterisation of states without 

requiring complete quantum state tomography. All these paradigms test the limits of what can be done in the quantum program 
analysis and verification. 
 

3. Methodology 
3.1. System Architecture for Quantum-Native Apps 
3.1.1. Classical Host 

Classical Host serves as the control centre of a quantum-native application. It is a common computer system that acts as the 
coordinator of the entire workflow, controlling user input and application logic, as well as the connection to quantum routines. [11-14] 
It also executes classical tasks of pre- and post-processing, e.g. problem encoding, result interpretation and optimization loop. This 
host interface communicates with the quantum stack through software interfaces, and the host itself can utilize cloud resources to 
execute remotely. 
 
3.1.2. Quantum SDK/API 

The Quantum SDK or API layer serves as a connection point for development between classical hosts and quantum computing 
infrastructures. These higher-order libraries include (but are not limited to) Qiskit, Cirq, PennyLane, or Braket SDK, which offer 
quantum circuit construction logic, their execution on simulators or real quantum devices, and connectivity to classical code. It 
simplifies most of the complexity of quantum operations, making it easier for developers to code quantum programs in a familiar 

language, such as Python. 
 

3.1.3. Quantum Compiler 
The Quantum Compiler compiles high-level circuit definitions into low-level machine instructions optimized to run on a 

particular Quantum Processing Unit (QPU). The steps involved are gate decomposition, qubit mapping and hardware-specific 
optimizations, e.g. error mitigation or gate reordering. The compiler makes quantum circuits amenable to the realities of any 
hardware, including the limited connectivity of qubits and the availability of native gates. 
 
3.1.4. QPU or Simulator 

At the bottom, there is the Quantum Processing Unit (QPU) or a Simulator. The QPU is a real quantum device in which 
quantum gates are used to manipulate quantum bits (qubits). The current scarcity and noise in quantum hardware have led to many 

applications being tested initially on quantum simulators, which are logic simulators that run on classical computers and simulate 
quantum behaviour with high fidelity. Real or simulated execution is used to generate measurement results at this layer, which are 
then transmitted back to the classical host for analysis or iteration. 
 

 
Figure 2. System Architecture for Quantum-Native Apps 
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3.2. Tool Integration and Workflow 
3.2.1. Algorithm Design 

The Algorithm Design comes first in developing a quantum-native application, whereby a developer identifies an appropriate 
quantum algorithm in dependence on the domain problem. For example, a variant of VQE, the Variational Quantum Eigensolver 
(VQE), is commonly selected for application in quantum chemistry due to its hybrid design and compatibility with noisy hardware. In 
this step, the quantum problem analysis continues, where the affected problem is modelled within a quantum framework, and 

performance objectives, such as precision, runtime, or resource limits, are specified. 
 
3.2.2. Circuit Construction 

When deciding on an algorithm, the process should be followed by Circuit Construction with the help of quantum SDKs, such as 
Qiskit or Cirq. In this, algorithmic steps are translated into quantum gates and parameterized circuits assembled. The qubits, logic 
gates, and measurements are defined by developers, and may include circuit templates and reusable modules. The circuit lies along a 
tradeoff between computational advantage and circuit feasibility, taking into account depth, entanglement, and the number of lines of 
code. 
 
3.2.3. Simulation and Calibration 

After the circuit is ready, the developers progress to Simulation and Calibration, where quantum simulators are applied to 

simulate the circuit within a noise-aware space. Due to the availability of simulators such as Qiskit Aer or the noise models of Cirq, 
these effects can be analyzed through decoherence dynamics of gates or flawless readout. Parameter tuning, circuit verification, and 
optional checking against known benchmarks occur in this stage to assess the level of performance before running on a real device. 
 
3.2.4. Execution and Optimization 

During this step, the verified circuit is executed and optimised onto real quantum hardware. Developers deploy their jobs on 
quantum backends through services such as IBM Q Experience, AWS Braket, or Google Quantum Engine. Before the circuit is executed, 
it is optimized by a set of compilers that are specific to the QPU architecture. After the execution, the outcomes (typically probabilistic) 
are investigated and applied to correct the parameters in an iterative manner, typically by the classical optimization loops in the hybrid 
algorithms such as VQE or QAOA. 
 

3.2.5. Result Analysis 
Ultimately, the Result Analysis phase involves explaining the measurement results to assess the quality of the solution. These 

are statistical analysis, error correction, and comparison with the classical benchmarks. Results can be visualized (or further processed 
via classical algorithms) or fed into later computation, depending on the application. This aids in understanding whether the algorithm 
achieved its goals and plans further enhancements in terms of both circuit design and algorithm choice. 
 

 
Figure 3. Tool Integration and Workflow 
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3.3. Pattern Repository 
3.3.1. Quantum Loop Controller 

Hybrid algorithms, such as VQE and QAOA, focus on the Quantum Loop Controller pattern. It introduces a control architecture 
where parameters are updated in an iterative way by a classical optimizer using the results of quantum measurements. The pattern 
allows classical and quantum components to be easily coordinated and create a feedback loop that refines inputs to the circuit to 
maximize or minimize a desired goal. It is an abstraction of the hybrid interaction, and developers are free to work on optimization 

logic with asynchronous or batch-managed quantum execution. 
 

 
Figure 4. Pattern Repository 

 
3.3.2. Layered Execution 

The Layered Execution pattern encourages the separation of the quantum and classical components of a hybrid application. The 
modularization of the software architecture this way allows the quantum layer to encapsulate the construction of quantum circuits, 
execution, and the handling of results, whereas the classical layer does the preprocessing work, parameter tuning, and the 

postprocessing. This abstraction enhances code maintainability, makes it easier to test and debug the code, and makes it portable to 
multiple quantum backends and simulators. 
 
3.3.3. Heuristic Partitioning 

The Heuristic Partitioning design pattern aims at maximizing the hybrid workflow by assigning the computational tasks to 
classical and quantum components, respectively, on the basis of their strengths. One can, for example, regard a computation done 
classically in which there is complex decision-making or data preprocessing, but which uses quantum subroutines to solve the high-
dimensional or combinatorially hard components of the problem. This is more efficient and improves performance even in devices of 
the NISQ era that have limited and expensive quantum resources. 
 
3.4. Debugging Toolkit 

Automated debugging of quantum-only applications presents a distinct issue from debugging classical software and hardware. It 
is related to the fundamental probabilistic nature of quantum computers, the no-cloning theorem, and the inherently destructive 
process of measurement. [15-18] To help solve them, it is necessary to have a design debugging pipeline that runs classical and 
quantum skills together to achieve reliability and validity. Unit testing of classical logic is the procedure that normally commences and 
involves ensuring that preprocessing procedures, data encoding and optimization routines are correct. These components run in a 
deterministic environment, which means they can be tested using standard methods, such as assertions and coverage analysis. Having 
passed the classical part, one can proceed to the quantum circuits, which are first simulated on ideal backends, that is, quantum 
simulators assuming ideal, noise-free hardware. This enables developers to ensure logical correctness, check gate action, and verify the 
expected distributions of measurements.  
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The second phase of benchmarking will involve simulation on noisy backends that produce more realistic hardware 
impairments, which must be overcome, including decoherence, gate infidelity, and readout errors. The step is useful to evaluate the 
sensitivity of the algorithm to quantum noise and informs the error mitigation approach. The visualization tools may be used by 
developers during this stage in order to gain insight into the evolution of the quantum state. As an example, Bloch sphere visualization 
allows one to show the path of single-qubit states under a series of consecutively applied gates in order to aid in intuitive analysis and 
allow anomalies to be identified easily. Lastly, fidelity quantities may be employed, such as the trace distance, state fidelity, or cross-

entropy benchmarking, to measure the closeness with which the output of the quantum circuit matches the desired outcome. Such 
metrics are crucial for identifying invisible bugs and assessing the impact of noise on calculation accuracy. This set of debugging tools, 
taken together, implements an end-to-end approach to ensuring that quantum-native applications behave as expected, both in 
simulation and in the confident deployment to hardware of the Noisy Intermediate-Scale Quantum (NISQ) era. 

 

4. Results and Discussion 

4.1. Benchmarking Setup 
To measure and compare the performance and reliability of quantum-native applications, a systematic benchmarking 

infrastructure is necessary. In this work, two distinguished quantum computing platforms (IBM Q, a 5-qubit superconducting quantum 
processor, and AWS Braket, allowing access to a variety of quantum hardware backends and high-performance simulators) will be 
used. A comparison of real-device operation with simulation was conducted on these platforms to evaluate the operation of various 
vendor ecosystems. The benchmark focuses on a well-established quantum algorithm, the Variational Quantum Eigensolver (VQE), 
which is used to calculate the ground-state energy of the hydrogen molecule (H2). The problem is perfect to use to benchmark because 
it is small in size, which means it can be run on the current hardware, but large in size to bring to light the variation in the quality of 
execution of quantum circuits, error behavior, and optimization. The purpose of benchmarking is to measure against three important 
performance indicators.  

 

The former is an energy error, defined as the disparity between the energy of the H2 molecule computed using classical 
schemes, such as Full Configuration Interaction (FCI), and the exact solution assumed to be known. This measure serves as an accurate 
indicator of the algorithm's performance. The second is the circuit depth, which is the length of sequences of layers of gates in the 
quantum circuit. NISQ devices should use a circuit depth that minimizes the depth needed in the storage of information and 
vulnerability to decoherence and gate errors. Lastly, the time taken for the simulation run is measured, especially when carrying out 
operations on simulators, to determine the efficiency of the computations and identify performance bottlenecks. Based on both ideal 
and noisy models, simulations are conducted to examine the differences between the hardware flaws. By collecting these metrics on 
both IBM Q and AWS Braket and comparing them, the benchmarking arrangement enables us to gain an understanding of the 
influence of platform selection, circuit design, and algorithm implementation on the quality and practicality of quantum computation 
in real-life applications. 

 

4.2. Performance Evaluation 
Table 1. Performance Evaluation 

Platform Energy Error (%) Avg Depth (%) Runtime (%) 
Qiskit 110.5% 90.5% 92.6% 

Cirq 100% 100% 100% 
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Figure 5. Graph Representing Performance Evaluation 

 
4.2.1. Energy Error (%) 

The Energy Error measure assesses the quality of VQE implementation on each platform in relation to the actual ground-state 
energy of the H2 molecule. Cirq obtains the baseline error in the normalized results, and a relative error of 110.5 percent is recorded by 
Qiskit. It implies that the approximate value of energy provided by Qiskit is further off compared to the correct value of the energy, due 

to changes in circuit design, gate unravelling, or noise simulation models. Both platforms are similar in absolute terms, although small 
energy accuracy differences have a large impact on quantum chemistry applications, where accuracy is paramount. 
 
4.2.2. Average Circuit Depth (%) 

Average Depth is the number of consecutive gate layers that the VQE circuit needs to run or perform. The circuits in Cirq are 
deeper (design or compiler strategies), so it is the 100 percent baseline. The implementation of Qiskit, however, has a lower depth of 
90.5 percent. This is beneficial to NISQ hardware, as it allows more efficient optimization during transpilation or a more compact 
circuit construction, because shorter circuits are less subject to decoherence or gate errors. Even a smaller depth can probably be more 
resistant to noise. 
 
4.2.3. Runtime (%) 

Runtime refers to the total cost of executing the VQE task, encompassing the simulation of all circuits or the submission of 
circuits to hardware. The baseline benchmark in runtime (100 percent) is once again Cirq, while Qiskit requires 92.6 percent of the 
time to complete the task. It implies that Qiskit can provide better simulation efficiency or a faster backend compared to the same 
conditions. Reduced execution time is better in the case of an iterative hybrid algorithm, especially where numerous circuit evaluations 
are needed in optimization loops. 

 
4.3. Tool Usability Analysis 

Table 2. Tool Usability Analysis 

SDK Debugging Docs ML Support 
Qiskit 4 5 3 

Cirq 3 4 2 

PennyLane 3 4 5 
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Figure 6. Graph Representing Tool Usability Analysis 

 
4.3.1. Debugging  

Quantum applications require iterative development and debugging support, as well as reliability. Qiskit ranks highest as it has 
a 4, which is attributable to the extensive debugging tools, which include statevector simulators, circuit simulators visualization tool 
and step-by-step execution with simulators like Qiskit Aer. Cirq and PennyLane have a score of 3, which provides a simple 

visualization, a noise simulator and a lack of integrated tools that might facilitate deep examination or live debugging. The mature 
ecosystem of Qiskit provides developers with more insight into the behavior of the quantum circuits, especially during the diagnosis of 
execution errors or the optimization. 

 
4.3.2. Documentation  

The learning curve and speed of development have a direct relationship with the quality of documentation. Qiskit remains in the 
lead with a full score of 5, thanks to its extensive documentation, tutorials, user notebooks, and thoroughly explained API references. 
Both Cirq and PennyLane continue with an equally good 4, with more structured documentation and tutorials that take one from 
novice to advanced starting points, but do not achieve the depth or examples that Qiskit has. The well-documented design is one of the 
features that give Qiskit special appeal among beginners and scholars. 

 

4.3.3. ML Support 
A significant capability identified with hybrid applications is the incorporation of Machine Learning (ML) support, whereby 

quantum algorithms are coupled with a classical learning model. The best in this category receives a score of 5 Penny Lane because it is 
dedicated to quantum machine learning and conveniently integrates with ML libraries like TensorFlow and PyTorch, and already 
includes the automatic differentiation feature. Qiskit registers 3 since its ML capabilities are in maturity due to the Qiskit Machine 
Learning tool. Cirq has the lowest score at 2 because it lacks built-in ML tools and requires a special effort to integrate with the 
classical framework. Penny Lane is, by far, the most suitable SDK for ML-oriented quantum-related tasks. 
 
4.4. Discussion 

The practical performance and usability testing make it clear that quantum-native development is becoming a realistic thing, 
and this is because today, quantum Software Development Kits (SDKs) are already mature. Nevertheless, the results also indicate some 

nagging problems, particularly in debugging, hardware integration, and the overall user experience. Individual SDKs have particular 
strengths and trade-offs, as indicated by usability ratings and performance measurements, which make them suitable for filling the 
needs of different developers in various application areas. Qiskit turns out to be a balanced platform with excellent support for 
classical-quantum hybrid chains, especially in French curve design and circuit optimization. Its high-performance compiler and 
transpiler stack make it easier to minimise the depth of circuits to better fit Noisy Intermediate-Scale Quantum (NISQ) hardware. 
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Moreover, Qiskit offers a rich feature set in terms of debugging options, as well as high-quality documentation, making it a suitable 
entry point for both researchers and practitioners in the industry. Its machine learning support, on the other hand, is implemented, 
but it is built upon more machine learning-focused frameworks such as PennyLane. Instead, PennyLane excels in Quantum Machine 
Learning (QML) problems.  

 
PennyLane will significantly lower this threshold through native support of TensorFlow and PyTorch, automatic differentiation, 

and out-of-the-box support for hybrid models. It can also conceptualize multi-part quantum-classical optimisation-depth cycles, so it is 
a great tool to experiment with variational algorithms. But debugging is less advanced than that of Qiskit, and less effort is put into 
hardware-level optimization. Cirq, though offering a fairly acceptable performance and documentation, is more targeted to the 
quantum ecosystem of Google. Its circuit templates and noise modeling are helpful when it comes to prototyping, but are not as 
comprehensive in available tools or 3rd-party integrations as Qiskit or PennyLane. In conclusion, quantum-native tooling has 
improved; however, developers still face challenges such as low transparency in debugging, noise in hardware, and ecosystem 
fragmentation. The choice of SDK to use very much depends on the application: Qiskit, PennyLane, and Cirq all support general-
purpose quantum development, with PennyLane and Cirq additionally focusing on ML-oriented research and applications directly 
connected to Google hardware technologies, respectively. 
 

5. Conclusion 
In this paper, a comprehensive overview of the modern state of quantum-native application development is provided, along 

with an emphasis on its tools, design patterns, system architecture, and debugging approaches that power the emerging hybrid 
quantum-classical computing paradigm. We have developed a taxonomy of the most popular quantum SDKs, namely Qiskit, Cirq, 
PennyLane, and AWS Braket, through a survey of quantum literature based on their functionality and uniqueness, including such 
aspects as the ability to integrate with ML, execute on multiple platforms and simulate. Architectural modeling described the path of 
hybrid applications, classical controls up to quantum execution backends and the important levels such as the quantum SDKs, 

quantum compilation, and QPUs. We also addressed workflow patterns, such as Quantum Loop Controllers and Layered Execution, 
that can be used to form a reusable design solution when developing a hybrid algorithm. The published debugging toolkit was 
described as a multi-phase procedure consisting of classical unit tests, quantum simulation, visualization, and fidelity tracking, 
providing useful methods to alleviate the problems of quantum inclusion and probabilistic measurement. Lastly, we applied empirical 
benchmarking of VQE on both IBM Q and AWS Braket systems to assess performance-related metrics, including energy error, circuit 
depth, and runtime, in addition to usability-related aspects, such as documentation, ML integration, and debugging. With this 
structured assessment, it should be made clear that quantum-native development can be made a reality, and it is becoming 
increasingly accessible. However, it remains a fluid and largely experimental practice, where significant barriers and high learning 
walls are still observed. 
 

Moving beyond, there are opportunities for research and development that can accelerate the development of quantum-native 

software engineering. A potential set of directions is the advancement of quantum-compatible Development Environments (IDEs) that 
can provide inline circuit visualization, real-time feedback, and inline quantum logic debugging tools. These settings would help 
eliminate the usability gap, making it possible for more of us to participate in quantum programming. The second important direction 
is the development of formal verification technologies for quantum circuits. In the same way that formal techniques are applied to 
testing the correctness of safety-critical, classically programmed software, the corresponding techniques, such as symbolic execution 
and model checking, could be applied to guarantee logical correctness and root out elusive quantum programming bugs. Lastly, as 
quantum software matures, there will be a need to incorporate CI/CD pipelines to scale development. The constant integration and 
deployment of quantum workflows would enable testing across various backends, hardware-specific restrictions, and maintaining 
versions of both quantum algorithms and quantum circuits. All these future directions are aimed at getting quantum development 
nearer to the mature engineering capabilities in classical computing and realize the scalable and dependable deployment of quantum 
applications. 
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