
M
a
G
J
a

b

A

K
Q
Q
M
S

1

w
p
c
e
k
a
c
a
u
S
r
a

a

h
R

Information and Software Technology 191 (2026) 108005 

A
0
n

 

Contents lists available at ScienceDirect

Information and Software Technology

journal homepage: www.elsevier.com/locate/infsof  

aximizing quantum hardware utilization via multiprogramming circuits 
nd shot-wise distribution
iuseppe Bisicchia a,b , Jaime Alvarado-Valiente b ,∗, Javier Romero-Álvarez b , 
ose Garcia-Alonso b , Juan M. Murillo b, Antonio Brogi a
Department of Computer Science, University of Pisa, Pisa, Italy
Quercus Software Engineering Group, Universidad de Extremadura, Cáceres, Spain

 R T I C L E  I N F O

eywords:
uantum computing
SE
ultiprogramming
hot-wise distribution

 A B S T R A C T

Context: Quantum computing is rapidly evolving, offering new opportunities for solving problems in optimiza-
tion, cryptography, and simulation. However, the limited availability of quantum resources makes efficient 
utilization of quantum hardware a current challenge. Today’s paradigms often lead to under-utilization of 
qubits, increased costs, and execution delays, especially in the NISQ era.
Objective: This work aims to improve the utilization of quantum hardware by introducing an execution model 
that integrates multiprogramming at circuit level with quantum shot-wise distribution in a single policy-driven 
pipeline.
Methods: An architecture has been implemented that combines circuit scheduling and shot distribution 
techniques to aggregate multiple circuits and distribute their shots across heterogeneous QPUs. The approach 
was empirically validated on actual IBM Quantum devices using a diverse set of reference circuits.
Results: The proposal achieved a reduction in cost of 95% and a reduction in tasks 92%. Moreover, the 
fidelity analysis of the results showed an increase in noise, with an average increase of approximately 20% 
using different statistical distances.
Conclusions: This research provides a usable and extensible solution to increase the efficiency, cost effective-
ness, and resilience of quantum workload execution in heterogeneous and dynamic cloud environments. These 
results obtained suggest that users should weigh the implications of fidelity versus cost (and time) savings 
based on the application requirements and their goals.
. Introduction

Recent years have witnessed remarkable progress in quantum hard-
are, with steadily increases in the number of available qubits, im-
rovements in gate fidelity, and greater accessibility to quantum pro-
essors via cloud-based platforms [1]. However, despite this rapid 
volution, the paradigms governing quantum circuit execution have not 
ept pace with hardware advancements. In virtually all currently avail-
ble Quantum Processing Units (QPUs), the execution of each quantum 
ircuit monopolizes the entire machine, even if the circuit utilizes only 
 small fraction of the available qubits [2]. This may lead to significant 
nder-utilization of resources, especially in the Noisy Intermediate-
cale Quantum (NISQ) era, where the majority of practical circuits 
emain relatively small due to error rates, coherence limitations, and 
lgorithmic constraints [3].
At the same time, the quantum ecosystem is increasingly char-

cterized by heterogeneity and dynamism. Quantum hardware from 
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different providers (e.g. IBM, Rigetti, IonQ, AWS Braket) varies not only 
in native gate sets and qubit connectivity, but also in queue dynamics, 
languages, and cost models [4]. This landscape is in constant flux, 
with individual devices exhibiting time-dependent variations in error 
rates and operational availability. Consequently, efficiently exploiting 
quantum hardware may benefit not only from maximized intra-device 
resource utilization, but also from adaptive strategies that leverage de-
vice heterogeneity for improved throughput, reduced cost, and higher 
reliability [5].

To address these challenges, the use of two methodologies is pro-
posed. The first is multiprogramming-based [6], where multiple indepen-
dent quantum circuits are scheduled and executed in parallel on a single 
QPU, maximizing hardware utilization and reducing wait times. In this 
way, the QCRAFT Scheduler [7,8] addresses the inefficiency of single-
circuit execution by running multiple quantum tasks in parallel, but 
it can introduce new complexities in circuit mapping and potentially 
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increase aggregate noise due to circuit concatenation and deeper circuit 
depths.

The second methodology is the Shot-wise distribution [9,10], a tech-
nique that decomposes the execution of quantum jobs at the shot 
level. Here, the shots required by a given circuit are distributed across 
multiple QPUs, possibly from different providers, allowing for parallel 
execution and effective exploitation of device heterogeneity. Shot-wise 
distribution can dynamically balance workload according to backend 
costs, queue state and noise characteristics, and is inherently robust 
to device failures. However, it comes at the expense of increased 
network traffic and potentially higher operational costs, as the number 
of submitted quantum jobs grows with fragmentation.

In this article, we propose combining these two complementary 
approaches in a synergistic process. By integrating circuit consolida-
tion based on multiprogramming using circuit scheduling methods 
with Shot-wise distribution, we aim to capitalize on their respective 
strengths while compensating for their individual weaknesses. Schedul-
ing methods maximize QPU utilization and drive down costs by com-
bining circuits, while Shot-wise distribution leverages device hetero-
geneity and enhances resilience to backend failures or performance 
anomalies. Crucially, distributing jobs at the shot level increases fault 
tolerance, since failures or degraded performance on any single QPU 
affect only a fraction of the overall workload. Conversely, intelli-
gent scheduling policies can reduce the increased traffic and overhead 
introduced by Shot-wise fragmentation.

The result is a flexible, policy-driven architecture capable of dy-
namically adapting to both the size and nature of quantum workloads, 
as well as to the evolving landscape of quantum hardware. In this 
work, we design, implement, and empirically evaluate such a hybrid 
pipeline, demonstrating substantial gains in cost efficiency, workload 
consolidation, and operational robustness, with controlled trade-offs in 
execution fidelity and system complexity.

This work extends our previous research on shot-wise distribu-
tion [9,10], and our previous research on circuit multiprogramming [7,
8], by presenting, for the first time, a unified execution architecture 
that integrates multiprogramming with shot-wise execution. The nov-
elty of this paper lies not in re-proposing these methods separately, but 
in their systematic combination, implementation, and empirical valida-
tion within a single modular framework. Specifically, our contributions 
are:

• Unified Hybrid Pipeline: We design and implement an inte-
grated execution architecture that combines circuit-level multi-
programming with shot-wise distribution, enabling simultaneous 
consolidation of workloads and their distribution across hetero-
geneous QPUs.

• Modular Architecture Components: We introduce three core 
components: (i) the Quantum Executor, which decomposes shots 
and dispatches workloads; (ii) the QCRAFT Scheduler, which con-
solidates and multiprograms queued circuits using policy-driven 
strategies (e.g., AL-FIFO, replica-based scheduling); and (iii) the
Result Aggregator, which merges distributed outputs into final 
result distributions.

• Policy-driven Execution: We provide flexible scheduling and 
allocation policies that allow the system to adapt dynamically to 
workload characteristics, backend costs, and error profiles.

• Empirical Validation: We conduct an extensive evaluation on 
real IBM quantum devices using benchmark circuits, showing that 
the proposed hybrid approach achieves up to 95% cost reduction 
and over 90% task reduction, while preserving acceptable fidelity 
levels in the NISQ era.

Our previous work introduced and formalized the shot-wise
paradigm as a standalone methodology for quantum job execution. In 
the first paper [9], we motivated the idea of distributing the shots of a 
single circuit across heterogeneous QPUs and validated its feasibility, 
2 
highlighting its benefits for workload balancing, robustness to back-
end variability, and reduction of queuing delays. In the subsequent, 
extended work [10], we developed a more general framework for shot-
wise execution, introducing calibration- and reliability-aware policies, 
adaptive noise-aware split/merge strategies (e.g., based on Hellinger 
distance or MISE), and incremental execution mechanisms. That study 
provided a comprehensive analysis of how shot-wise policies influ-
ence fidelity and stability when distributing executions across multiple 
providers.

In contrast, this article does not re-propose shot-wise execution or 
circuit-level multiprogramming in isolation. Instead, it integrates shot-
wise with multiprogramming into a single, unified pipeline, thereby 
addressing inefficiencies that arise when each methodology is applied 
separately. Specifically, while the earlier shot-wise papers demon-
strated advantages at the inter-device level, they did not exploit intra-
device parallelism through multiprogramming. Conversely,
multiprogramming-only schedulers such as QCRAFT [7,8] improve 
hardware utilization but remain confined to a single backend and are 
vulnerable to device-specific noise and failures. By combining both 
strategies in a modular architecture, our work achieves cost reductions 
of up to 95%, workload consolidation above 90%, and improved 
robustness against backend fluctuations. This integration, supported by 
the new Quantum Executor, QCRAFT Scheduler, and Result Aggregator
components, constitutes the central novelty and main contribution of 
this paper.

The remainder of this paper is organized as follows. Section 2 
reviews the quantum scheduling and shot distribution methods used 
in this work. Section 3 describes our proposed architecture and its 
implementation. Section 4 presents the experimental evaluation and 
discusses the observed results. Section 5 outlines threats to validity. 
Section 6 reviews relevant related work, and Section 7 concludes with 
a summary of the findings and some directions for future work.

2. Background: Scheduling and distributing quantum circuits

The execution of quantum jobs on current NISQ hardware faces 
numerous limitations, including limited fidelity and long queue times 
on cloud-based quantum services. To address these challenges, two 
complementary strategies have emerged in the quantum software en-
gineering domain, the aggregation of multiple circuits into shared 
executions and the distribution of circuit executions across multiple 
backends.

This section presents the two methodologies integrated in this work: 
the Quantum Scheduler and the Shot-wise Distribution.

2.1. Quantum scheduler

Quantum Scheduler is a service-based execution tool that enables 
the parallel queuing and joint execution of multiple quantum circuits 
by aggregating them into a single multiprogrammed circuit before 
executing in a QPU. This approach leverages the fact that most user-
submitted circuits occupy only a small fraction of the available qubits 
on current QPUs [2]. By executing multiple circuits in parallel, it 
becomes possible to maximize qubit utilization, reduce queue times, 
and obtain lower execution costs [7,8].

Motivation and rationale
The increasing interest in quantum computing has led major

providers such as IBM, Amazon, Google, and Microsoft to offer quan-
tum resources through cloud platforms, following the Quantum Com-
puting as a Service (QCaaS) model [11–13]. While the number of qubits 
in quantum processors is rapidly expanding, with IBM announcing 
devices up to 4000 qubits [14], current usage patterns indicate a 
significant under-utilization of resources. Recent studies show that, 
on average, only around 10 qubits are used per quantum circuit [2], 
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leading to inefficiencies such as high costs, long queue times, and 
limited access to machines [15].

In contrast, classical High-Performance Computing (HPC) environ-
ments mitigate similar problems through scheduling, load balancing, 
and resource orchestration techniques [16].

Methodology
The proposed scheduler is implemented as a service-oriented archi-

tecture that receives circuit submissions via an API. Users can submit 
circuits either as URLs from visual tools like Quirk or as Qiskit code, 
specifying the required number of shots. The system places these cir-
cuits in a queue and initiates execution cycles. During each cycle, it 
attempts to combine as many circuits as possible, without exceeding 
the qubit capacity of the target quantum processor using the AL-FIFO 
(At Least First-In, First-Out) policy. This policy ensures that, at minimum, 
the circuit at the head of the queue will be included in each scheduling 
cycle. In addition, it offers another policy, the Replica-based scheduler 
policy, which schedules a circuit with itself, in order to reduce the 
number of shots and maximize machine utilization.

Combined circuits are submitted to IBM Quantum processors before 
transpilation, which ensures that qubit mapping is adjusted without 
overlaps. After execution, an unscheduling process extracts individ-
ual results based on the qubits assigned to each circuit. Developers 
can retrieve their results by referencing the execution ID provided at 
submission.

When to use quantum scheduler
This scheduler is particularly useful in environments where multiple 

circuits of relatively low qubit count need to be executed but are con-
strained by long queue times and high costs. Developers working with 
Hybrid Classical-Quantum systems or prototyping quantum services can 
benefit from reduced overhead, especially during the NISQ era [17], 
when frequent testing is required and qubit resources are expensive. 
Moreover, the Scheduler is valuable when the goal is to maximize 
the utilization of available hardware, such as IBM’s 127 or 156 qubit 
processors.

Applications and extensions
Potential applications of the scheduler include batch processing 

of quantum algorithms, optimization of resource usage in multi-user 
environments, and enabling real-time hybrid systems where execution 
latency must be minimized.

Furthermore, the tool can be extended to support dynamic shot 
allocation, integration with circuit editing while in queue, or policies 
prioritizing certain tasks.

Limitations and challenges
Despite its benefits, the scheduler must operate within the con-

straints of NISQ hardware, where noise, decoherence, and limited 
fidelity can affect results, especially for deep or entangled circuits [18]. 
Moreover, although transpilation avoids qubit conflicts, certain circuit 
combinations may exacerbate gate errors or depth, leading to noise 
constraints. Statistical validation has shown that these effects are minor 
in most cases, but some circuits exhibit higher sensitivity.

Additionally, the scheduler has been tested primarily on IBM hard-
ware, which may limit generalization to other quantum computing 
platforms with different architectures or queueing policies.

2.2. Shot-wise distribution

Shot-wise distribution is a recently introduced quantum execution 
methodology that enables the parallel execution of (even) a single 
quantum circuit by distributing individual measurement shots across 
multiple QPUs [9,19]. This technique leverages a fundamental property 
of quantum computing: Each measurement shot yields an independent 
sample from the circuit’s output probability distribution. Consequently, 
it is feasible to split the total number of shots among different devices 
without compromising the statistical validity of the final results.
3 
Motivation and rationale
The NISQ era is defined by resource constraints such as limited qubit 

counts, short coherence times, low gate fidelity, and constrained device 
access due to queuing and limited throughput. Moreover, most practical 
quantum algorithms require a large number of shots to produce reliable 
and statistically significant outcomes.

In traditional execution models, all shots are submitted to a single 
QPU, which can lead to long wait times, bottlenecks, and increased 
susceptibility to device-specific failure. The Shot-wise distribution mit-
igates these challenges by partitioning the execution across multi-
ple QPUs (potentially from different quantum and cloud providers), 
thereby reducing latency, increasing execution reliability, and im-
proving overall throughput. Importantly, recent experimental evidence 
highlighted that Shot-wise distribution can enhance the stability and 
reliability of results by mitigating device-specific noise and variability 
while reducing worst-case outcomes [10].

In cloud-native and multi-user environments, the heterogeneity of 
available devices in terms of performance, cost, and queue depth 
presents an opportunity for intelligent workload management. The 
Shot-wise distribution enables dynamic, fine-grained load balancing 
and cost optimization by assigning shot workloads based on real-time 
system metrics [9].

Methodology
The Shot-wise distribution pipeline is typically composed of the 

following four stages:

• Device Selection: Identify a pool of available QPUs based on 
criteria such as gate and readout fidelity, qubit topology, queue 
status, geographic distribution, and usage pricing. This stage sets 
the foundation for optimized multi-device execution.

• Shot Allocation: Distribute the total shot budget among the se-
lected devices. Allocation strategies can be uniform, probabilistic, 
or adaptive. Adaptive approaches leverage real-time telemetry 
(e.g., queue length, runtime errors, device uptime) to dynamically 
reassign shot loads, improving efficiency and robustness.

• Parallel Execution: Once assigned, the individual shot batches 
are executed in parallel across the selected QPUs. This parallelism 
may shorten total execution time, particularly when devices are 
subject to different scheduling or queuing constraints.

• Result Aggregation: After execution, the individual shot results 
are merged to reconstruct the circuit’s final output distribution. 
This aggregation is typically performed via weighted averaging, 
but more sophisticated statistical inference techniques can be em-
ployed to account for fidelity variation and shot count imbalances 
across devices.

When to use shot-wise distribution
Shot-wise distribution is designed to offer advantages in any of the 

following scenarios:

• Multi-device access: When multiple QPU are accessible.
• Time-sensitive execution: When reducing runtime or avoiding 
queuing delays is critical.

• Cost-awareness: When optimizing resource expenditure is a pri-
ority, especially in usage-based billing models.

• Fault tolerance: When robustness to single-device failure is re-
quired.

Importantly, the classical computational overhead incurred by split-
ting and aggregating shots is usually negligible relative to the quan-
tum execution time [20]. As such, the benefits of parallelization and 
reliability typically outweigh coordination costs.
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Applications and extensions
Shot-wise distribution has already been integrated with circuit cut-

ting [21,22] methodologies, where a large circuit is partitioned into 
smaller, executable fragments. Within such pipelines, each fragment’s 
shots can be independently distributed, enabling scalable execution 
across heterogeneous backends [20].

Additionally, noise-aware shot-wise policies, that address the chal-
lenge of heterogeneous device error profiles, are under active investi-
gation. In [10], several advanced split-merge strategies were proposed, 
including Hellinger-distance and Mean Integrated Square Error (MISE) 
based weighting, combined with calibration phases to rank devices by 
reliability. Experimental evidence showed that, while such strategies 
do not outperform the single best QPU, they consistently improved 
worst-case performance, reduced variability, and provided more sta-
ble aggregated results across heterogeneous backends. These results 
highlight how statistical techniques can indeed mitigate the impact 
of device-to-device noise differences. However, in the present work 
we deliberately restricted ourselves to the simplest uniform allocation 
and naive aggregation strategy. This choice was made to isolate and 
evaluate the fundamental feasibility and benefits of the shot-wise dis-
tribution paradigm without confounding factors introduced by more 
sophisticated policies.

Limitations and challenges
The primary shortcoming related to Shot-wise distribution is that, 

by executing portions of the same workload on multiple devices, the 
total number of quantum jobs submitted to the ecosystem increases. 
This leads to a larger quantum workload footprint and potentially 
amplifies network traffic, queue congestion, and scheduling complexity 
across quantum cloud infrastructures.

In high-demand environments, elevated system traffic may offset 
some of the time-saving benefits by exacerbating contention for lim-
ited quantum resources. Furthermore, from a provider perspective, the 
increased fragmentation of workloads could lead to inefficiencies in 
backend utilization.

3. Proposal, architecture, and implementation

This section details our proposal: a unified, modular pipeline that 
combines Shot-wise distribution and advanced quantum scheduling for 
efficient multi-programming in quantum computing environments. Our 
system is instantiated in the QCRAFT Scheduler-Shotwise framework1 
and is designed to maximize QPU utilization, reduce costs, and flexibly 
support heterogeneous quantum backends.

Our objective is to develop a pipeline that:

1. Accepts quantum workloads from multiple developers as arbi-
trary quantum circuits, each with user-defined shot counts;

2. Efficiently partitions and distributes these workloads across het-
erogeneous QPUs (both local and remote, from multiple
providers);

3. Employs dynamic, policy-driven scheduling to maximize re-
source utilization, minimize execution time, and reduce costs;

4. Transparently merges results and provides developers with final 
output distributions corresponding to their initial job submis-
sions.

3.1. System architecture overview

The proposed architecture, shown in Fig.  1, consists of three princi-
pal components: (1) the Quantum Executor, (2) the QCRAFT Scheduler, 
and (3) the Result Aggregator.

1 Open source and freely available at: https://github.com/Qcraft-UEx/
QCRAFT-Scheduler-Shotwise.
4 
1. Quantum executor
The Quantum Executor [23] serves as the primary orchestrator for 

the incoming quantum workloads. It is responsible for:

• Receiving developer-submitted quantum jobs: quantum circuit 
and required number of shots;

• Decomposing each job by splitting the required shots among 
available QPUs using configurable shot allocation policies (e.g., 
uniform, proportional, cost-aware, noise-aware [10]);

• Generating a dispatch plan that maps each quantum circuit to one 
or more QPUs, along with a designated subset of the total shots.

This process enables fine-grained parallelism and improves load bal-
ancing, leveraging the independence of measurement shots in quantum 
circuits.

2. QCRAFT scheduler
The QCRAFT Scheduler [7] acts as a queue manager and workload 

consolidator for each QPU. Its key features include:

• Queuing Circuits: Incoming circuits (possibly from different de-
velopers and jobs) are placed into a queue specific to each back-
end.

• Circuit multiprogramming: The scheduler applies user-
selectable policies to combine multiple circuits into a single
envelope circuit whenever backend resources (e.g., qubits avail-
able) allow. This multiplexing maximizes qubit usage and reduces 
backend idle times.

• Policy Control: The scheduler supports two scheduling policies 
that guide how envelope circuits are constructed. The default 
is AL-FIFO (At Least First-In First-Out), a variation of the tradi-
tional FIFO approach. In AL-FIFO, the scheduler guarantees that 
the first circuit in the queue is always selected for execution, 
and, if resources allow, additional circuits are appended without 
delaying the leading job. Another available policy is the Replica-
based scheduler policy. It is a built-in execution strategy within the 
QCRAFT Scheduler that enables automatic circuit replication to 
maximize qubit utilization on a target quantum backend. Thanks 
to their modularity, these policies can be applied individually 
or in conjunction. Furthermore, they can be substituted with 
new policies as they are implemented, by adding them as new 
endpoints within the API.

Upon execution completion, the scheduler unschedules (demulti-
plexes) the combined results and forwards the individual output dis-
tributions for each developer circuit to the Result Aggregator.

3. Result aggregator
The Result Aggregator (a component of the Quantum Executor) 

is responsible for merging the shot-wise results. For each original 
developer job, it:

• Collects all partial (demultiplexed) results returned from dis-
tributed QPU executions;

• Aggregates them according to a user-defined merge policy (using 
weighted averaging or more advanced, fidelity-aware statistical 
techniques if desired);

• Produces a final output distribution per job, preserving the statis-
tical validity of the original quantum experiment.

3.2. Pipeline workflow

The end-to-end workflow of our system, also shown in Fig.  1, is 
described below:

1. Job Submission: Developers submit quantum circuits specifying 
required shots and backends. Submissions are received by the 
Quantum Executor via API.

https://github.com/Qcraft-UEx/QCRAFT-Scheduler-Shotwise
https://github.com/Qcraft-UEx/QCRAFT-Scheduler-Shotwise
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Fig. 1. Main Architecture.
2. Shot-wise Decomposition: For each job, the Quantum Executor 
splits the shot count among the available QPUs, based on the 
configured shot allocation policy. Each QPU is assigned one or 
more partial jobs.

3. Dispatch to Scheduler: The Quantum Executor dispatches these 
jobs to the QCRAFT Scheduler associated with each target back-
end.

4. Queuing and Scheduling: The Scheduler maintains per-
backend queues. According to the selected scheduling policy, 
it combines multiple circuits into a single job (compatibly with 
qubit availability) and multiprograms this envelope for execution 
on the backend.

5. Backend Execution: Each QPU transpiles and executes the as-
signed envelope circuits and returns the results of measuring the 
final states of the qubits.

6. Result Unscheduling: The output (measurement results) is de-
multiplexed into separate results for each circuit and shot batch. 
Therefore, the obtained partial results are a combination of all 
the results of each individual circuit.

7. Result Aggregation and Retrieval: All partial results are passed 
to the Quantum Executor, where the Result Aggregator aggre-
gates them using a merge policy. The developer receives a single 
and merged output distribution per circuit.

3.3. Architectural choices

The architecture is intentionally modular, separating concerns be-
tween the shot-wise partitioning logic (Quantum Executor) and back-
end resource management (QCRAFT Scheduler). This separation en-
ables:

• Policy Agility: Each layer can independently design and evolve 
its policies (e.g., introducing new scheduling algorithms or adap-
tive shot-splitting strategies).

• Provider Abstraction: The system seamlessly supports multiple 
backend types and cloud providers, future-proofing the architec-
ture for the evolving quantum landscape.
5 
• Scalability and Robustness: Decoupling the executor and sched-
uler allows for distributed deployment and horizontal scaling.

Our QCRAFT Scheduler-Shotwise architecture provides a usable, 
extensible, and efficient pipeline for orchestrating quantum workloads 
in the NISQ era. By integrating shot-wise distribution with backend-
aware scheduling and result aggregation, we aim at cost reductions, 
improved resource utilization, and robust support for heterogeneous, 
multi-tenant quantum computing environments.

4. Evaluation & results

To evaluate the impact of integrating the Shot-wise distribution 
methodology with scheduling techniques, we conducted a comprehen-
sive experimental study using 13 benchmark quantum circuits from 
the MQT Bench suite [24]. These circuits cover a broad spectrum of 
quantum computing domains and were categorized as follows: com-
binational circuits (Simon — 6 qubits, Quantum Fourier Transform 
(QFT) — 3 qubits, Bernstein-Vazirani — 4 qubits, Shor — 4 qubits, 
Full Adder — 4 qubits, Deutsch-Jozsa — 4 qubits, Grover — 9 qubits, 
Kickback — 3 qubits), sequential circuits (Quantum Walk — 5 qubits, 
Phase Estimation — 6 qubits), and variational circuits (QAOA — 6 
qubits, Traveling Salesman Problem (TSP) — 5 qubits). This selection 
features diverse structures in terms of door depth, connectivity, and 
measurement operations.

These circuits use from 3 to 9 qubits, with an average width of 
approximately 5 qubits. It aligns with current usage trends in the 
NISQ era, where most practical circuits remain below 10 qubits due 
to hardware noise and connectivity constraints [2].

A total of three experiments were performed. In each experiment, 
all 13 circuits were scheduled into a single task, alongside the baseline 
execution of each circuit individually (traditional execution). For every 
experiment, we used 10,000 measurement shots as the baseline. When 
applying the Shot-wise methodology across two QPUs, the shots were 
divided equally, allocating 5000 shots per QPU.

• Bare Shot-wise distribution without scheduling.
• Shot-wise + Scheduler: combination with circuit-level scheduling 
using the AL-FIFO policy.
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• Shot-wise + Scheduler + Replica-based: full pipeline, including 
automatically circuit replication policy.

Shot-wise was configured with uniform split and merge policies 
(i.e., all backends were weighted equally in both policies [10]). Exe-
cutions were carried out on two IBM Quantum devices with different 
topologies and capacities: ibm_brisbane and ibm_sherbrooke. This en-
abled an analysis of the workload distribution across different QPU 
topologies.

4.1. Results validation

To assess the impact and noise of each execution methodology 
on the fidelity of the outcome, different statistical distances were 
used [25], specifically the Hellinger distance, the Total Variation Dis-
tance (TVD), and the Jensen–Shannon divergence (JSD). These metrics 
are commonly employed in the analysis of quantum noise and distance 
estimation in NISQ circuits, as outlined by Sazzad et al. [26], due 
to their interpretability and robustness in measuring distributional 
divergence in probabilistic quantum outputs. Specifically, in this work, 
these statistical distances measure the deviation of the probability dis-
tributions resulting from the sequential execution of the circuits and the 
results obtained after executing the different proposed methodologies.

The Hellinger distance is a symmetric, bounded measure particu-
larly sensitive to small deviations and well-suited for capturing prob-
abilistic fidelity loss. The TVD represents the maximum difference be-
tween two distributions over all possible outcomes. The JSD provides a 
symmetric divergence metric based on the Kullback–Leibler divergence. 
Unlike TVD or Hellinger, the JSD has the advantage of being always 
finite and normalized, making it easier to interpret when compar-
ing noisy probability distributions that may arise from heterogeneous 
sources of errors (e.g., gate noise or decoherence).

Therefore, the three distances compare the probability distribution 
obtained from a given execution method with a reference distribution 
produced by an ideal sequential execution. They return values between 
0 and 1, where 0 indicates perfect similarity, and higher values signal 
increasing divergence.

In addition to this methodological validation, we also performed 
baseline comparisons against the standard execution model in which 
all shots are executed on a single quantum device without any form 
of scheduling or shot distribution. This baseline represents the typi-
cal execution strategy available to end-users on current cloud-based 
QPUs. Comparing against this reference highlights that our Shot-wise 
methodology maintains a very similar level of fidelity, while intro-
ducing the flexibility of multi-device execution. This indicates that 
the fidelity degradation observed in subsequent strategies (Scheduler 
and Replica-based) is primarily attributable to the multiprogramming-
induced circuit depth increase, rather than the fundamental act of 
distributing shots.

Furthermore, it is important to note that the experiments were 
executed on two IBM Quantum devices with distinct topologies and 
qubit capacities, namely ibm_brisbane and ibm_sherbrooke. These devices 
exhibit diverse noise profiles, as IBM hardware is recalibrated daily 
and error rates vary both across qubits within a device and between 
devices. In practice, this means that fidelity is influenced not only by 
the execution methodology but also by backend-specific noise charac-
teristics. The Shot-wise distribution benefits from this heterogeneity 
by averaging results across devices, which can sometimes mitigate 
device-specific error spikes. Conversely, when multiprogramming is 
applied, the deeper composite circuits amplify the effects of noise on 
whichever device is chosen, making the impact of backend calibra-
tion more pronounced. Therefore, while our results show an average 
20–22.5% fidelity degradation for the multiprogrammed strategies, this 
value should be interpreted in the context of heterogeneous device 
error landscapes, where the balance between cost savings and fidelity 
6 
preservation depends on the interplay of both execution strategy and 
device noise.

Across all three metrics, the results shown in Fig.  2 reflect that 
the basic Shot-wise configuration consistently achieves low divergence 
values, usually below 0.1. That indicates high fidelity across circuits. 
When the Scheduler is incorporated, the divergence increases as ex-
pected due to the parallel execution of the circuits and the resulting 
increase in depth. The average increase in Hellinger is 22.4%, in TVD 
is approximately 20%, while JSD shows an average increase of 5% 
compared to the baseline.

Finally, adding the Replica-based scheduler policy introduces a 
similar level of loss of fidelity (22.5% on average).

4.2. Cost and task reduction analysis

Fig.  3 presents the cost in USD for each circuit and configuration.
As shown, individual execution reaches a total cost of $76.8, while 

the Shot-wise alone incurs a significantly higher cost of $134.4, a 
75% increase due to job fragmentation and duplicated overhead across 
QPUs. By incorporating the Scheduler, the cost drops sharply to $6.73, 
achieving a 91.24% cost reduction, while also reducing the number of 
tasks by over 92%, going from executing 12 tasks to 2.

Finally, the incorporation of the Replica-based scheduler policy 
(Shot-wise + Scheduler + Replica-based) results in the lowest execution 
cost, only $3.74, which represents a 95.13% cost reduction relative 
to the individual baseline and an 88.31% improvement over the basic 
Shot-wise methodology. This confirms that the integration of circuit-
level multiprogramming into a distributed execution pipeline leads to 
significant cost savings and enhanced workload consolidation across 
QPUs.

Overall, although circuit programming methodologies introduce 
moderate degradation in fidelity, these deviations remain within ac-
ceptable margins in the NISQ era and are balanced by reductions 
in execution cost and task overhead. Therefore, the choice between 
higher fidelity or higher cost reduction with the use of the proposed 
methodologies is left to the developers.

5. Threats to validity

In this section, we discuss potential threats to the validity of our 
study. While we have taken rigorous steps to ensure the reliability 
and robustness of our results and open-sourced our tool, codebase, and 
experimental data, certain limitations inherent to quantum computing 
environments and experimental design must be acknowledged.

5.1. Internal validity

Internal validity concerns the correctness of the implementation and 
the interpretation of causal relationships in our study. A key source of 
internal threat is the dynamic calibration and error profile of real QPUs. 
Quantum devices, especially those accessible through cloud providers, 
undergo periodic recalibration, which alters gate fidelities, decoherence 
times, and readout errors. Since our experiments span multiple exe-
cutions over time, minor fluctuations in hardware performance could 
have influenced the observed differences in cost and fidelity.

To mitigate this, we repeated all benchmark executions within con-
trolled temporal windows, ensuring that device calibrations were stable 
during the tests. Nonetheless, some residual variability may persist.

Additionally, there exists the well-known problem of crosstalk in 
circuit multiprogramming. Crosstalk refers to the undesired interfer-
ence between qubits or gates belonging to different circuits that are 
executed simultaneously on the same QPU [27]. We acknowledge that 
our current tool does not directly address inter-circuit crosstalk. How-
ever, in our empirical validation, we compare the fidelity of the results 
from the multiprogrammed execution against the baseline of single-
circuit execution. This comparison allows users to decide if the cost and 
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(a) Hellinger Distance

(b) Total Variation Distance (TVD)

(c) Jensen–Shannon Divergence (JSD)

Fig. 2. Noise validation results for the 12 benchmark circuits using three statistical metrics: (a) Hellinger Distance, (b) Total Variation Distance (TVD), and (c) 
Jensen–Shannon Divergence (JSD). Green bars represent the Shot-wise methodology, blue bars the combination of Shot-wise and Scheduler, and red bars the 
complete pipeline including the Replica-based Scheduler policy.
task reduction benefits of our approach are sufficient to compensate 
for the fidelity degradation. For those applications requiring explicit 
mitigation, in other works we propose alternatives to try to mitigate the 
increased crosstalk caused by the scheduling. Specifically, we propose 
the utilization of quantum islands [28] within the QCRAFT Scheduler 
to reduce crosstalk between qubits by isolating or separating the qubits 
used by different circuits on the QPU topology. A quantum island in 
circuit multiprogramming refers to a set of qubits used by a circuit that 
are isolated or separated from those used by other circuits by one or 
more qubits within the same topology.
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5.2. External validity

External validity refers to the generalizability of our findings to 
other settings or environments. Our study was conducted using a 
selected set of quantum circuits (MQT Bench), a limited number of real 
QPUs from IBM, and specific scheduling and distribution policies. While 
the circuits represent a diverse range of domains and structures, they 
may not encompass all possible workload types or quantum algorithm 
behaviors.

Furthermore, although the QCRAFT Scheduler and Quantum Execu-
tor support multiple providers, our evaluation was restricted to IBM 
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Fig. 3. Comparison of costs between different methodologies. The green line represents the baseline cost using only the Shot-wise, while the purple line indicates 
the cost of executing each circuit individually. The blue and red lines correspond to the addition of the Scheduler and Replica-based scheduler policy, respectively.
QPUs due to availability and access constraints. Therefore, performance 
and reliability outcomes may vary when applying our pipeline to other 
hardware ecosystems such as IonQ, Rigetti, or OQC. Future work should 
aim to replicate this study across different hardware stacks to enhance 
generalizability.

5.3. Construct validity

Construct validity relates to how well our metrics and methods 
reflect the intended theoretical constructs. In our evaluation, we used 
cost (measured in USD) and fidelity (measured using the Hellinger 
Distance, TVD, and JSD) as primary metrics. While these are well-
established indicators, they may not fully capture qualitative factors 
such as user-perceived reliability, usability of tools, or error propaga-
tion in downstream quantum applications.

Therefore, complementary metrics such as KL divergence or fidelity-
specific cost functions could be considered in future analyses.

5.4. Conclusion validity

Conclusion validity addresses the statistical soundness of the anal-
ysis and whether the reported effects are robust and significant. While 
we report substantial cost and task reduction benefits from combining 
scheduling and shot-wise strategies, we did not apply hypothesis testing 
or confidence interval estimation, since our goal was to perform an 
empirical demonstration rather than a hypothesis-driven study. Future 
work should incorporate statistical tests to further validate the observed 
patterns.

We released all source code, configurations, and benchmark scripts 
to facilitate verification and replication by the community.

6. Related work

Quantum workload orchestration and efficient resource utilization 
are growing areas of interest in the domain of Quantum Software 
Engineering, especially in the context of the NISQ era. Broadly, prior 
research in this space can be categorized into two complementary 
branches: (i) circuit-level scheduling techniques that aim to optimize 
quantum workload execution on single devices and QPU resource uti-
lization; and (ii) distribution methodologies that seek to exploit back-
end heterogeneity by executing workloads across multiple quantum 
processors.

While scheduling strategies have focused on backend-aware re-
source consolidation, often optimizing qubit usage or minimizing la-
tency, distribution techniques aim to distribute and/or decompose 
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quantum jobs across diverse devices to improve throughput, reduce 
queuing delays, and increase fault tolerance. In this section, we survey 
representative contributions from both branches and compare them 
with the integrated methodology developed in this work.

6.1. Maximizing resource utilization

Quantum Software Engineering is emerging as a key discipline to 
bridge classical software practices with quantum computing capabili-
ties [29–31]. Among its core paradigms is Hybrid Classical-Quantum 
computing, which integrates classical computing with quantum execu-
tion to enhance scalability and performance [32]. This paradigm has 
facilitated the rise of quantum services, allowing developers to interact 
with quantum hardware via a service-oriented model [29].

As quantum computing gains adoption, resource management be-
comes increasingly critical. The limited availability of QPUs, combined 
with inefficient infrastructures, often results in long queuing delays 
ranging from seconds to hours [33]. Despite the rapid growth in qubit 
capacity, actual usage remains low, averaging around 10 qubits per cir-
cuit [2], leading to under-utilized hardware and high execution costs. 
These issues are expected to persist as quantum hardware remains 
primarily available through cloud platforms [34].

While other works have explored circuit-level optimizations, such as 
gate count reduction [35,36] or depth minimization using deep learn-
ing [37], these works focus on individual circuit fidelity. Other efforts 
address infrastructure-level optimization. For example, Delayed Instruc-
tion Scheduling (DIS) policy [38] enables concurrent circuit execution 
through qubit partitioning to support multiprogramming; QuCloud+ [3] 
introduces a system for efficient qubit mapping and dynamic resource 
allocation in multi-application environments; and Online Job Sched-
uler [6] also explores multiprogramming quantum jobs in fault-tolerant 
quantum computers. In addition, QGroup [39] proposes a parallel quan-
tum job scheduling approach based on dynamic programming. By 
grouping jobs and optimizing their parallel execution, QGroup im-
proves throughput and resource utilization across QPUs. 

Finally, SCIM [40], along with the circuit cutting strategy proposed 
in [41], explores workload parallelization by decomposing circuits or 
distributing their execution across quantum resources.

In contrast, the QCRAFT Scheduler emphasizes the scheduling of 
multiple independent quantum circuits into a single execution by mul-
tiprogramming. This aligns with the service-oriented nature of quantum 
applications and aims to improve hardware efficiency without modify-
ing the internal circuit structure or introducing slicing complexity.
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6.2. Distributing quantum computations

The problem of selecting the most appropriate QPUs for executing 
a quantum circuit has received significant attention in the literature. 
Most existing approaches address QPU selection by defining and op-
timizing a set of metrics that may include not only the physical and 
logical characteristics of available quantum devices (such as qubit 
count, topology, or noise model), but also circuit-specific features (gate 
count, width, depth), and dynamic environmental factors such as queue 
waiting time, cost, and backend availability.

A prominent example is Quantum API Gateway [42], which provides 
a service for automatic selection of an optimal QPU for each submitted 
quantum circuit. The selection process considers factors such as device 
architecture (e.g. gate-based vs. annealing) and circuit width, and 
enables users to prioritize speed or cost according to their application 
requirements.

The NISQ Analyzer [43] follows a similar strategy, but also con-
siders that multiple circuit implementations may exist for a single 
quantum algorithm. It selects the best circuit implementation from a 
repository of candidates using selection rules dependent on input data, 
and then determines the most suitable QPU-circuit pair according to 
criteria such as circuit width, depth, and SDK compatibility. The NISQ 
Analyzer ecosystem has been extended to include tools for compiler 
comparison [44], ML-based optimization for discarding non-promising 
compilers and QPUs prior to compilation [45], and further compilation 
optimization using machine learning [46].

Beyond these, several other approaches have investigated intelligent 
QPU selection and workload management. For example, [47] intro-
duces an adaptive job scheduler that selects QPUs by jointly considering 
estimated output fidelity and queue waiting time. The framework 
in [48] addresses the integration of quantum computing within en-
terprise cloud systems, using static attributes such as qubit count and 
queue length to select a suitable device. In a similar vein, [49] presents 
a system for automatically predicting the best combination of QPUs, 
compilers, and compilation parameters to maximize the execution fi-
delity for a given quantum circuit.

Addressing the problem from another perspective, the EQC frame-
work [50] proposes ensembled quantum computing for Variational Quan-
tum Algorithms. Instead of relying on a single device, EQC dynami-
cally distributes different circuit executions across a heterogeneous set 
of QPUs, asynchronously managing noise-aware weighting and back-
end selection. This ensemble-based approach reduces device-specific 
bias, mitigates calibration drift, and significantly accelerates training 
by parallelizing workload distribution across multiple machines. In 
contrast to our shot-wise distribution methodology, which distributes 
measurement shots of the same circuit instance across QPUs to ex-
ploit statistical independence and enable fine-grained parallelism, EQC 
focuses on distributing entire circuit evaluations (e.g., in variational 
optimization) across devices. Thus, while EQC improves the efficiency 
and robustness of iterative training loops, shot-wise distribution en-
ables resilience and scalability at the level of measurement sampling, 
targeting complementary aspects of distributed quantum computation.

More recently, Li et al. introduced QuSplit [51], a framework that 
addresses the fidelity-throughput tradeoff by splitting quantum jobs 
across noisy devices. This work improves both execution fidelity and 
throughput by partitioning jobs into smaller sub-jobs that can be run 
concurrently, thereby mitigating the effect of noise accumulation and 
queue delays. Compared to our proposal, QuSplit highlights the advan-
tages of job partitioning strategies. While both approaches share the 
objective of improving efficiency and reliability on NISQ devices, our 
method enables fine-grained control at the level of measurement shots 
and circuit scheduling, whereas QuSplit operates at the job level to 
balance fidelity and throughput.

Despite these advances, existing proposals predominantly focus on 
identifying a single best QPU (or QPU-circuit pair) for the entire 
quantum workload, and then executing all measurement shots on 
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that device. In contrast, our approach departs from this paradigm 
by leveraging the statistical independence of quantum measurement 
shots through the shot-wise distribution methodology [9,10], wherein 
the shots (even those from a single circuit) are distributed across 
multiple, heterogeneous QPUs, thereby enabling parallelism, increased 
resilience, and adaptive load balancing.
Final remarks. To the best of our knowledge, this work presents the first 
framework that combines circuit-level scheduling and shot-wise distri-
bution into a unified quantum workload execution pipeline. While prior 
studies have investigated these two strategies in isolation, optimizing 
either intra-device resource utilization or inter-device distribution, no 
existing approach integrates them in a modular and policy-driven 
architecture.

7. Conclusion

In this paper, we present a hybrid execution model for quantum 
computing that integrates two complementary paradigms: circuit-level 
scheduling and shot-wise distribution. Our approach is motivated by 
the limitations of current quantum cloud infrastructures, where re-
source under-utilization, device heterogeneity, and lack of fault toler-
ance remain key barriers to efficiency and scalability. By combining 
the fine-grained load distribution benefits of shot-wise execution with 
the hardware utilization optimizations offered by multi-programmed 
scheduling, we deliver a flexible pipeline for quantum job orchestra-
tion.

We implemented this model in the QCRAFT Scheduler-Shotwise 
framework and evaluated its effectiveness using 12 benchmark circuits 
from the MQT Bench suite. The experiments covered execution on 
real IBM QPUs and assessed three main configurations: pure Shot-
wise execution, Shot-wise with scheduling, and Shot-wise with both 
scheduling and making use of the Replica-based scheduler policy. Our 
evaluation demonstrates the following key findings:

• Cost Reduction: The integrated approach achieved a total cost 
reduction of up to 95.13% compared to sequential execution and 
88.31% compared to naive shot-wise execution alone.

• Task Reduction: The number of quantum jobs submitted to the 
cloud was reduced by more than 92% with the full pipeline, 
reducing system pressure and queue congestion.

• Fidelity Impact: The inclusion of circuit-level scheduling in-
troduced an average increase of approximately 22.5% in the 
Hellinger Distance 20% in TVD, and 5% in JSD, mainly due to 
deeper composite circuits. These results suggest that developers 
must weigh the implications of fidelity versus cost savings based 
on the specific requirements and tolerance levels.

• Fault Tolerance and Resilience: Shot-wise distribution
improved robustness by spreading the execution across multi-
ple devices, mitigating the impact of backend-specific errors or 
failures.

Overall, the proposed architecture provides a practical and extensi-
ble solution to increase the efficiency, cost-effectiveness, and resilience 
of quantum workload execution in heterogeneous and dynamic cloud 
environments. Our results confirm that the trade-offs introduced by 
each technique can be mutually balanced when combined into a unified 
system, leading to a more favorable operational profile.

It is worth noting that the benefits of load balancing not only persist 
but may become even more significant when extending execution be-
yond a single provider. By distributing workloads across heterogeneous 
QPUs, users are no longer constrained by the limitations of a single 
provider. Different providers expose diverse hardware characteristics, 
including qubit technologies and counts, connectivity topologies, gate 
fidelities, queue dynamics, access modalities, and cost models. Load 
balancing empowers the orchestration layer to select the most suitable 
combination of hardware for each circuit, aligning backend features 
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with application requirements. This flexibility can enhance execution 
quality while also ensuring more predictable costs and turnaround 
times. As we previously discussed in [9], shot-wise load balancing 
across heterogeneous QPUs can improve adherence to Quality of Ser-
vice (QoS) requirements, enabling more effective handling of scenarios 
with stringent constraints and multi-objective optimization functions. 
Moreover, recent experimental results reported in [10] highlight that 
shot-wise distribution can also be leveraged as a form of noise mitiga-
tion when allocating shots across multi-provider QPUs. By exploiting 
backend diversity in error rates and calibration profiles, the aggre-
gated results can yield more accurate output distributions than relying 
on a single noisy device. This evidence further reinforces that load 
balancing across heterogeneous hardware not only addresses cost and 
performance trade-offs but also contributes to improving fidelity and 
robustness of quantum executions.

Future work

There are several promising avenues for future research and en-
hancement:

Adaptive Scheduling and Shot Allocation Integrating machine
learning models to predict backend queue times, error rates, 
and pricing dynamics could enable more intelligent, real-time 
decision-making in both scheduling and shot-splitting strategies.

Fidelity-Aware Aggregation More advanced statistical techniques
could be used to weight partial results during Shot-wise merging 
based on backend-specific fidelity profiles, leading to higher 
overall result accuracy.

Multi-provider Evaluation Future experiments will incorporate ad-
ditional quantum hardware providers (e.g., IonQ, Rigetti, AWS 
Braket) to assess cross-platform behavior and refine policies for 
highly heterogeneous ecosystems.

Security and Provenance As execution pipelines become more dis-
tributed, guaranteeing integrity, reproducibility, and security of 
quantum job data across multiple providers is a critical area for 
exploration.
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