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Abstract
Quantum applications are hybrid, i.e., they comprise quantum and classical programs, which must be orchestrated. Workflows 
are a proven solution for orchestrating heterogeneous programs while providing benefits, such as robustness or scalability. 
However, the orchestration using workflows can be inefficient for some quantum algorithms, requiring the execution of 
quantum and classical programs in a loop. Hybrid runtimes are offered to efficiently execute these algorithms. For this, the 
quantum and classical programs are combined in a single hybrid program, for which the execution is optimized. However, 
this leads to a conceptual gap between the modeling benefits of workflow technologies, e.g., modularization, reuse, and 
understandability, and the efficiency improvements when using hybrid runtimes. To close this gap, we introduce a method 
to model all tasks explicitly in the workflow model and analyze the workflow to detect parts of the workflow that can benefit 
from hybrid runtimes. Furthermore, corresponding hybrid programs are automatically generated based on the quantum and 
classical programs, and the workflow is rewritten to invoke them. To ease the live monitoring and later analysis of workflow 
executions, we integrate process views into our method and collect related provenance data. Thus, the user can visualize and 
monitor the workflow in the original and rewritten form within the workflow engine. The practical feasibility of our approach 
is validated by a prototypical implementation, a case study, and a runtime evaluation.

Keywords Quantum computing · Hybrid algorithms · Quantum workflows · Workflow rewrite · Hybrid runtimes · Process 
views

Introduction

With recent advances in improving quantum computers, e.g., 
increasing the number of provided qubits or reducing their 
error rates, quantum applications from various application 
areas, such as physics or chemistry, can be implemented and 
executed on real quantum computers [3, 89]. Furthermore, 
the quantum computers are publicly accessible via the cloud, 
e.g., by providers like IBM, Rigetti, or IonQ, enabling their 
usage by a large user group [42, 48, 83]. In addition to the 
speed-up that is proven for different quantum algorithms 

compared to their best known classical counterpart, there 
are further benefits for some use cases, such as a higher 
accuracy for some machine learning algorithms or a lower 
energy consumption when solving the same problem [5, 27].

In the following, we restrict ourselves to the widely used 
gate-based quantum computing model [46, 57, 60]. Thereby, 
quantum programs are represented by quantum circuits, 
comprising a set of gates operating on qubits and measure-
ments to retrieve classical information from them [42, 48]. 
However, quantum applications do not only consist of quan-
tum programs. Instead, they are hybrid, i.e., they also com-
prise classical programs, e.g., performing pre-and post-pro-
cessing tasks [55, 89]. One of these classical pre-processing 
tasks is generating so-called state preparation circuits based 
on the input data, which are then added to the beginning of 
the original circuit to prepare the required state in the reg-
ister of the quantum computer [43, 46]. On the other hand, 
a classical post-processing task is error mitigation, which 
is used to reduce the impact of errors occurring due to the 
noise of current quantum computers [7, 54]. Finally, some 
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classical tasks are also independent of a certain quantum 
algorithm, such as loading data from a database or visual-
izing results for the user [47, 89].

However, all the required quantum and classical programs 
are often based on varying programming languages, invoca-
tion mechanisms, or data formats [47, 83]. Thus, orchestrat-
ing their control and data flow is complex [91]. Workflow 
technologies are a proven solution that has been used for 
the integration and orchestration of heterogeneous applica-
tions in different areas, e.g., business process management 
or e-science [51, 52]. By providing various advantages, such 
as scalability, reliability, robustness, automated error han-
dling, or transactional processing, workflows are a promising 
means to orchestrate the quantum and classical programs 
of a hybrid quantum application [22, 45, 47]. Furthermore, 
there exist already modeling extensions to ease the modeling 
of such quantum workflows [91].

Although workflows provide a variety of benefits when 
modeling hybrid quantum applications, the orchestration 
can get inefficient for some use cases. This is the case if a 
high number of iterations between classical and quantum 
processing is needed, as the data transfer times, as well as 
the queuing times, sum up then [47]. One special type of 
quantum algorithm requiring these iterations are variational 
algorithms performing the interleaved execution of quantum 
and classical programs until a certain condition is met [24, 
56]. These variational algorithms can be efficiently executed 
by so-called hybrid runtimes, enabling to upload all quantum 
and classical programs together as hybrid program and opti-
mizing the communication between the quantum computer 
and the classical infrastructure [83].

In this paper, (1) we present a method to benefit from the 
advantages of modeling hybrid quantum applications using 
workflows while increasing the efficiency by utilizing hybrid 
runtimes for appropriate workflow parts. Thus, the user can 
model the workflow comprising all required tasks, retain-
ing the modularity, increasing the reusability, and easing 
the exchange of implementations for certain tasks. However, 
(2) the workflow model is automatically analyzed before 
execution to find suitable workflow parts that can benefit 
from hybrid runtimes. Then, corresponding hybrid programs 
are generated, and the workflow is rewritten to invoke them 
instead of orchestrating the whole workflow part. Monitor-
ing and analyzing the rewritten workflow is challenging for 
the user, as it differs from the original workflow. To over-
come this issue, (3) we automatically collect provenance 
data about the running hybrid programs, such as the current 
state or intermediate results, which are used to provide pro-
cess views to the user, allowing to visualize the original and 
the rewritten workflow with its current state in the workflow 
engine. To prove the practical feasibility of our concepts, 
(4) we present a prototypical implementation based on the 
MODULO framework [86], as well as Qiskit Runtime [33] 

and Amazon Braket Hybrid Jobs [4], two hybrid runtimes 
provided by IBM and AWS. Finally, (5) we validate our con-
cepts based on exemplary quantum workflows and evaluate 
the achieved runtime advantages for rewritten workflows.

This paper is a substantially extended and revised version 
of [85]. The main changes are: Improving and extending the 
introduction, complementing the fundamentals with infor-
mation about provenance and process views, and adding a 
second research question to the problem statement. Further-
more, the analysis and rewrite method from section “Quan-
tum Workflow Analysis and Rewrite” was extended with 
two new steps related to the provenance preservation when 
applying our method. Section “Monitoring & Analysis of 
Rewritten Quantum Workflows” was newly added to discuss 
more details about process views for quantum workflows 
and the retrieval of provenance data from hybrid runtimes. 
Additionally, the prototype, as well as the case study, were 
extended to cover the newly added concepts. Finally, the 
evaluation was enlarged with new experiments, and related 
work by further papers concerning provenance and process 
views.

The remainder of this paper is organized as follows: sec-
tion “Fundamentals & Problem Statement” introduces the 
required background and the problem statement that under-
lies our work. In section “Quantum Workflow Analysis and 
Rewrite”, the method to model quantum workflows inde-
pendent of a certain runtime, as well as their automated anal-
ysis and rewrite to improve the efficiency of the execution, is 
presented. Next, section “Monitoring & Analysis of Rewrit-
ten Quantum Workflows” shows how to retrieve provenance 
data from hybrid runtimes, and how process views can be 
used to properly monitor and analyze rewritten workflows. 
Section “Prototypical Validation” introduces the architecture 
and the prototypical implementation of the system realizing 
the proposed concepts. In section “Case Study”, the concepts 
are validated with a case study, and section “Evaluation” 
evaluates the performance when applying our method and 
compares the runtimes of original and rewritten workflows. 
Finally, section “Discussion” discusses possible extensions 
to our concepts, section “Related Work” presents the related 
work, and section “Conclusion & Future Work” concludes 
the paper.

Fundamentals and Problem Statement

In this section, the required background about hybrid quan-
tum algorithms and hybrid runtimes, workflows to orches-
trate hybrid quantum applications, and provenance to moni-
tor and analyze the workflows are introduced. Finally, we 
discuss the problem statement of this work and present the 
corresponding research questions.



SN Computer Science (2023) 4:233 Page 3 of 19 233

SN Computer Science

Hybrid Quantum Algorithms and Hybrid Runtimes

Although quantum computing is rapidly evolving, today’s 
quantum computers are still restricted [46, 64]. On the 
one hand, they provide only a limited number of qubits, 
restricting the size of the input data that can be processed, 
e.g., the number to factorize for Shor’s algorithm  [17, 
71]. On the other hand, noise from different sources, such 
as unintended interactions between the qubits, leads to 
high error rates. This limits the maximum depth, i.e., the 
number of sequential operations on qubits, of successfully 
executable quantum circuits  [75]. Thus, they are often 
referred to as Noisy Intermediate-Scale Quantum (NISQ) 
computers [65]. However, with these restrictions, some 
quantum algorithms, that provide a speed-up compared to 
their classical counterparts can not be executed on practi-
cally useful problems [46].

Therefore, so-called hybrid quantum algorithms, or 
hybrid algorithms for short, are used to already benefit 
from quantum computing even with today’s restricted com-
puters [47, 56, 89]. For this, they combine calculations on 
quantum and classical computers to solve the overall prob-
lem [92]. By utilizing this approach, the size of the quan-
tum programs to execute can be reduced. This means they 
only require a small number of qubits and operations, and 
hence, the quantum programs can be successfully executed 
on today’s quantum computers [14, 46]. In addition, dif-
ferent hybrid algorithms execute the quantum and classi-
cal programs interleaved multiple times, e.g., variational 
algorithms perform classical optimization and quantum 
program execution in a loop [56]. This approach is realized 
by widely used algorithms, such as the Variational Quan-
tum Eigensolver (VQE) [36] to determine eigenvalues of a 
matrix or the Quantum Approximate Optimization Algo-
rithm (QAOA) [24] to solve optimization problems.

Quantum computers are typically accessed through a 
queue, i.e., a job is put in the queue, then it waits for execu-
tion, and finally, the results can be retrieved [37, 47]. This 
is unsuitable when hybrid algorithms require multiple inter-
leaved quantum and classical computations, as the waiting 
times sum up [53]. A possible solution is the reservation of 
a time slice for the exclusive execution on a quantum com-
puter [42]. However, it is difficult to estimate the required 
execution times, which can lead to unused reservations and 
corresponding costs [83]. Additionally, the latency incurred 
by transmitting the data between the quantum computer and 
the classical execution environment, e.g., a local computer 
or some cloud offering, still increases the overall execution 
time [31]. Thus, different providers develop new offerings 
optimizing the execution of such algorithms, to which we 
refer to as hybrid runtimes. Examples of hybrid runtimes 
are Qiskit Runtime [33] by IBM or Amazon Braket Hybrid 
Jobs  [4] by AWS. Thereby, the quantum and classical 

programs implementing a hybrid algorithm can be uploaded 
together to the hybrid runtime [83]. The hybrid runtime 
optimizes the data transfer time by closely deploying the 
classical programs to the used quantum computer. Further, 
after the initial queue access, the hybrid program starts and 
has preferred or exclusive access to the quantum computer, 
reducing intermediate queuing times [4, 31].

Quantum Workflows and QuantME

Due to the heterogeneity of the quantum and classical pro-
grams implementing a hybrid algorithm, the orchestration 
of the control and data flow between them can be challeng-
ing [86, 91]. This problem is amplified for complex hybrid 
quantum applications, as they might comprise multiple 
hybrid algorithms and further classical programs inde-
pendent of a quantum algorithm [47]. For this orchestra-
tion, workflow technologies should be used to benefit from 
their advantages, e.g., scalability, reliability, transactional 
processing, or the possibility to interrupt a long-running 
workflow execution [23, 51]. Thereby, a workflow model 
is defined, comprising a collection of activities, as well as 
specifying their partial order and the data flow between 
them. These workflow models can then automatically be 
executed by a workflow engine, navigating through the 
workflow model, transferring and, if needed, transform-
ing the data, and triggering the execution of the different 
programs [49].

Existing workflow languages, such as the Business Pro-
cess Model and Notation  (BPMN)  [62] or the Business 
Process Execution Language (BPEL) [61], do not provide 
a means to explicitly model the execution of quantum pro-
grams [86, 91]. Technically, workflows enable modeling 
these tasks, as arbitrary kinds of tasks can be defined. How-
ever, this leads to a complex modeling process that requires 
a lot of quantum-specific expertise [83, 89]. To ease the 
modeling of quantum workflows and to increase the reuse 
of corresponding implementations, we introduced the Quan-
tum Modeling Extension (QuantME) [91] for imperative 
workflow languages. QuantME provides explicit modeling 
constructs for different frequently occurring pre-processing, 
quantum program execution, and post-processing tasks. For 
example, it includes the data preparation task to generate 
a state preparation circuit based on given input data or the 
quantum circuit execution task to execute quantum circuits. 
Furthermore, each task has a set of configuration properties 
to customize them depending on the requirements, e.g., by 
specifying the quantum computer to use for the execution 
of a quantum circuit.

Figure 1 shows an exemplary quantum workflow com-
prising the general structure of variational algorithms, such 
as VQE or QAOA [14, 92]. When a message is received, 
the workflow is instantiated, and the algorithm is initialized 
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by loading the ansatz, a parameterized quantum circuit 
for which the parameters are optimized in multiple itera-
tions [25, 72]. Then, a hybrid loop is entered with the initial 
parameters, first executing the ansatz. Based on the execu-
tion results, a cost function encoding the solutions of the 
problem to solve is evaluated. Next, the gateway checks if 
the costs converge or another termination condition is met, 
and in this case the workflow terminates and sends the result 
to the user. Otherwise, the next iteration starts by optimizing 
the parameters based on the previous results.

Provenance and Process Views

Provenance refers to all data about a process, product, or 
another physical or virtual object that is collected to increase 
the reproducibility, quality, and understandability [26, 30]. 
Due to today’s heterogeneity of quantum computers with dif-
ferent technologies and characteristics, as well as their high 
error rates, gathering this data is especially important in the 
quantum computing domain [46, 88]. Thereby, provenance 
data can, e.g., help to find the reason for errors occurred or 
to improve the quantum applications based on passed execu-
tions. As the characteristics of quantum computers change 
during periodic re-calibrations, the provenance data about 
them must also be retrieved regularly [76]. Further, data 
about the quantum application, such as the number of itera-
tions or intermediate results for variational algorithms, are 
important for later analysis [88].

With the increasing complexity of business processes 
and corresponding workflows, it is challenging to under-
stand, monitor, and analyze them successfully [16, 74]. This 
complexity even grows when integrating quantum computa-
tions into these workflows [47, 91]. Thus, so-called process 
views can be utilized to reduce the complexity and focus on 
the relevant aspects to accomplish a certain task [9, 69]. A 
process view is generated by applying specific transforma-
tions to a workflow model and is intended to abstract from 
unnecessary details and make complex workflows easier to 

understand. In addition to these abstractions, process views 
can also provide a personalized perspective on the workflow 
for a specific user [66, 69]. The generation of such personal-
ized process views might include summarizing information, 
as well as hiding or filtering them.

Problem Statement

By modeling hybrid quantum applications using workflows, 
one can benefit from the various advantages of workflow tech-
nologies. In addition to the advantages presented in the previ-
ous sections, also the increased modularity by separating the 
functionality into independent and reusable services, as well 
as the understandability due to the graphical notation, have to 
be taken into account. However, orchestrating the interleaved 
execution of quantum and classical programs using workflows 
is inefficient due to the queuing and data transfer times. Instead, 
hybrid runtimes should be used for the workflow parts compris-
ing such an interleaved execution. Therefore, the first research 
question (RQ) we are resolving in this work is as follows:

RQ 1: “How can workflows implementing hybrid
algorithms be modeled independently of the run-
time to use and automatically be analyzed and rewrit-
ten to benefit from hybrid runtimes?”

We are addressing RQ 1 by splitting it into the following 
questions tackling the two main challenges:

Sub-RQ 1.1: “How can workflows be analyzed to
detect hybrid loops, which can be executed more ef-
ficiently using hybrid runtimes?”

Sub-RQ 1.2: “How can programs for hybrid run-
times automatically be generated based on such loops,
and workflows be rewritten to use them?”

However, rewriting the workflow complicates monitor-
ing and analysis, as the modeled and rewritten workflows 
differ. Therefore, the user must understand the performed 
changes to properly monitor and analyze the workflow. 
To overcome this issue, process views can be used. Thus, 
we are additionally addressing RQ 2:
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Fig. 1  Quantum workflow executing a variational algorithm [85]
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RQ 2: “How can process views be utilized to sup-
port the user in understanding, monitoring, and
analyzing rewritten workflows?”

Quantum Workflow Analysis and Rewrite

In this section, our method to analyze and rewrite quantum 
workflows for improved execution using hybrid runtimes 
is introduced (RQ 1). Furthermore, it supports the moni-
toring and analysis of rewritten workflows by collecting 
required provenance data and generating suitable process 
views (RQ 2). Figure 2 shows an overview of the analysis 
and rewrite method involving eight steps, which are dis-
cussed in the following subsections.

Workflow Modeling

First, the quantum workflow is defined by the user in a 
manual step. The resulting workflow model comprises all 
required quantum and classical tasks, as well as the data and 

control flow between them [20, 51]. Thereby, the QuantME 
modeling constructs can be used to model the quantum-spe-
cific tasks [86]. In the following, we use the BPMN [62] con-
cepts and their graphical notation, as they are widely used 
and well-known. However, QuantME can also be applied to 
other imperative workflow languages, such as BPEL [91]. 
The result of the first step is a workflow model orchestrating 
the hybrid quantum application, which can comprise one or 
multiple hybrid algorithms and additional classical tasks.

Candidate Detection

In the second step, candidates for an optimized execution 
using a hybrid runtime are detected. Such candidates are 
parts of the workflow orchestrating the interleaved execu-
tion of quantum and classical programs (see section “Hybrid 
Quantum Algorithms & Hybrid Runtimes”). Hence, the 
quantum workflows are automatically analyzed to identify 
workflow parts satisfying the following three conditions: 
(1) they have to contain one or multiple QuantME quan-
tum circuit execution tasks to execute quantum circuits on a 
quantum computer [91]. If the workflow part does not exe-
cute quantum circuits, a hybrid runtime is not needed, and 
the deployment, e.g., in the cloud is sufficient. (2) In addition 
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Fig. 2  Analysis and rewrite of quantum workflows to benefit from hybrid runtimes while preserving the workflow provenance
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to the execution of quantum circuits, the workflow part must 
also orchestrate the execution of classical programs or ser-
vices. This can, e.g., be modeled using service or script 
tasks in BPMN. Otherwise, batch processing can be used 
to execute all quantum circuits, reducing the queuing times. 
Furthermore, the quantum circuits of different quantum cir-
cuit execution tasks might also be concatenated into one 
circuit, e.g., if the quantum computer provides more qubits 
than required to execute a single quantum circuit. Thus, only 
the concatenated circuit has to be executed then. However, 
this can increase the depth and width of the quantum circuit, 
and hence, a thorough analysis of the quantum circuits and 
the available quantum computers is needed. (3) Finally, the 
quantum circuits and classical programs from conditions 
(1) and (2) have to be executed interleaved multiple times. 
Otherwise, the queuing and data transfer times do not sum 
up, and access to the quantum computer through a queue 
or by reserving a time slice is typically sufficient [83]. The 
interleaved execution can be modeled in various ways, e.g., 
by defining a loop in the workflow model or by modeling 
several tasks in a row. However, the efficiency improvements 
that can be achieved using hybrid runtimes depend on the 
number of iterations between quantum and classical pro-
grams. Therefore, an open research question for future work 
is how many iterations are required to benefit from hybrid 
runtimes, and what other factors, such as the size of the 
data that has to be transferred between the programs, must 
be taken into account. In this paper, we restrict the identifi-
cation of candidates to hybrid loops that can be defined in 
BPMN, e.g., using two splitting and merging gateways or by 
directly connecting tasks using conditional sequence flow.

Candidate Filtering

Next, the detected candidates are analyzed in detail and 
filtered if they are unsuitable for the execution within a 
hybrid runtime. For this, the properties of the candidates, 
the characteristics of the hybrid runtimes, and possible 
restrictions for the supported hybrid programs are consid-
ered. As the hybrid runtimes provide different capabilities, 
the filtering must be performed for each candidate and 
hybrid runtime combination independently, and a can-
didate might only be suitable for a subset of the hybrid 
runtimes. If the filtering results in no suitable hybrid runt-
ime for a candidate, no optimization is possible, and the 
candidate is not considered in the following steps (see first 
candidate in Fig. 2). Thereby, various aspects are relevant 
for the filtering:

(1) Programming languages: Hybrid runtimes usu-
ally only support a certain set of programming languages 
for which they provide the corresponding execution envi-
ronment with all dependencies. As the hybrid programs 
are generated from the quantum and classical programs 

implementing the tasks within the candidate in our approach, 
the candidate must be filtered if the used languages are not 
supported. This includes the classical programs, which, e.g., 
might only be implemented in Python. Furthermore, the 
libraries that can be used in the programs can be restricted 
too if the hybrid runtime does not allow installing arbitrary 
libraries and only provides a preinstalled set. On the other 
hand, it also applies to quantum programs for which only 
OpenQASM or Quil might be supported.

(2) Activity and task types: Additionally, depending on 
the used workflow language, some of the available activity 
and task types can not be properly mapped into a hybrid 
program. Therefore, they are not allowed within optimiza-
tion candidates. For example, if the hybrid runtime does not 
provide the capability for transactional processing, trans-
actions are also not admitted in candidates, as the rewrite 
would change the semantics otherwise. Furthermore, human 
tasks often lead to long delays. However, this prevents fast 
iterations between classical and quantum programs and 
contradicts the basic idea of hybrid runtimes. Finally, for 
some cases, the filtering has to be performed recursively. 
For example, this applies to sub-processes or modeling con-
structs such as the BPMN call activity invoking globally 
defined tasks or workflows. However, the filtering can only 
be applied recursively, if the corresponding definitions are 
accessible.

(3) Events: Also, some of the events that can be defined 
in various workflow languages can not be represented in 
hybrid programs. One reason for this is impractical delays 
incurred by receiving events, such as catching message or 
signal events, or other blocking events, e.g., timer events. 
Further types of events lead to technical difficulties when 
trying to realize them within hybrid programs. For example, 
to trigger the compensation of parts of the workflow, if a 
throwing compensation event is part of the hybrid program, 
it must be mapped to an API call at the workflow engine. 
Thus, this has to be supported by the hybrid runtime, and the 
corresponding hybrid program must be generated accord-
ingly if the candidate comprises such an event.

(4) Gateways: Similar to events, gateways can be difficult 
to realize within hybrid runtimes if no workflow engine is 
used internally. For example, if a gateway relies on external 
events that have to be handled by the hybrid program then. 
Another example are gateways controlling the sequence flow 
based on global semantics, such as the inclusive gateway 
in BPMN, as evaluating their conditions is complicated in 
hybrid programs.

(5) Quantum computer provider: Finally, the concrete 
quantum computer to use or the corresponding provider can 
restrict the set of hybrid runtimes that are suitable for opti-
mizing a candidate. Thereby, the quantum circuit execution 
tasks within the candidates can be configured to execute 
the quantum circuits using a specific quantum computer 
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or provider if necessary. However, then the target hybrid 
runtime must provide access to this quantum computer or 
provider.

Independent of the characteristics and capabilities of 
the different available hybrid runtimes, the source code 
of the quantum and classical programs implementing the 
tasks within the candidates must be available. For script 
tasks, the source code is often packaged together with the 
workflow model, either as a separate script in an archive 
or inline within the workflow model definition [62]. Addi-
tionally, there are approaches to attach deployment models 
for services that are needed directly to the corresponding 
activities and package them with the workflow model [90]. 
These deployment models contain the required code, which 
can then be retrieved when generating the hybrid program. 
In contrast, the source code might not be available for exter-
nal services, e.g., available through a service registry [18]. 
Then, the generation of a hybrid program is not possible.

If the filtering step results in multiple suitable hybrid 
runtimes for a candidate, the user decides which hybrid 
runtime to use. However, as part of future work, this selec-
tion can be automated based on non-functional requirements, 
such as costs or trust in the provider.

Hybrid Program Generation

In the fourth step, for each candidate, an equivalent hybrid 
program is generated, which can be executed on the selected 
hybrid runtime from the previous step. First, the quantum 
and classical programs of the candidate are extracted (see 
Fig. 2) [50]. Additionally, new code snippets are created to 
implement the functionality of the other modeling constructs 
in addition to the tasks within the candidate, such as events 
or gateways. For this, our approach relies on templates for 
the various supported modeling constructs  [63]. These 
templates provide the generic logic for the corresponding 
modeling construct and can be instrumented with the vari-
able parts, e.g., the condition for a gateway. To successfully 
invoke the hybrid program by the workflow, the input and 
output parameters must be determined. This is achieved by 
analyzing the workflow and collecting the input parameters 
of all modeling constructs within the candidate. These input 
parameters are filtered if they are the output of another mod-
eling construct of the candidate, as the data can be passed 
within the hybrid program then. In the same way, the output 
parameters of the hybrid program are retrieved by collecting 
the output parameters within the candidate and filtering them 
if they are not used outside the candidate. Next, all code 
fragments, i.e., the extracted programs and the generated 
code snippets, are combined into the hybrid program based 
on the sequence flow defined in the candidate. Furthermore, 
the equality of the data flow must also be ensured when 
merging the code fragments. This is realized by introducing 

a set of variables in the hybrid program based on the input 
and output parameter analysis, as well as the data flow within 
the candidate, e.g., specified using data objects in BPMN.

Provenance Collector Generation

Next, a provenance collector is generated to retrieve prov-
enance data about the hybrid runtimes and the hybrid pro-
grams when executing them [88]. This data can later be 
used to monitor and analyze the workflow execution using 
process views (see section “Provenance & Process Views”). 
The provenance collector is specific to the hybrid runtime 
selected for a certain candidate, as the APIs of the hybrid 
runtimes differ or the collectors must be implemented in 
various programming languages [4, 34]. Thus, if different 
hybrid runtimes were selected for the candidates of the 
workflow model in step 3, multiple provenance collectors 
must be generated. The functionality of the provenance col-
lector and how it retrieves provenance data from hybrid runt-
imes are discussed in section “Provenance Retrieval from 
Hybrid Runtimes”.

Workflow Rewrite and Transformation

In the sixth step, the workflow is rewritten to invoke the gen-
erated hybrid programs instead of orchestrating the whole 
workflow parts of the candidates. The invocation of a hybrid 
program can be realized by a new service task, which starts 
the execution of the hybrid program and retrieves the results 
through the API of the hybrid runtime. Therefore, all work-
flow parts corresponding to candidates are each replaced by 
a single service task. Thereby, in- and outgoing sequence 
and data flow are redirected from the workflow parts to the 
new service tasks. Furthermore, also boundary events of 
the replaced tasks are attached to the service task if their 
sequence flow leaves the candidate. In contrast, boundary 
events redirecting the sequence flow within the candidate are 
handled in the hybrid program (see section “Hybrid Program 
Generation”). However, only some boundary events might 
be supported. For example, an interrupting timer boundary 
event requires that the hybrid program is canceled once the 
timer expires. Hence, the cancellation must be enabled by 
the hybrid runtime. If one of the events can not be realized, 
the workflow rewrite for this candidate must be aborted. 
Otherwise, the semantics of the quantum workflow would 
be changed.

In addition to the rewrite, the quantum workflows are 
transformed in this step. This means all remaining QuantME 
modeling constructs are replaced by reusable workflow frag-
ments implementing the required functionality [21, 91]. The 
fragments are created by quantum experts and, e.g., com-
prise the logic to apply a certain encoding during data prepa-
ration or to execute a quantum circuit at a specific provider. 
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After this transformation, the workflow only contains native 
modeling constructs of the used workflow language. Hence, 
the portability between workflow engines is retained.

View Generation and Packaging

In the next step, process views are generated for the moni-
toring and analysis of the quantum workflow. Our main use 
case is to visualize the original workflow before rewriting it 
to increase understandability. However, similar to the rewrit-
ing, also the transformation leads to a difference between 
the modeled and executed workflow, as the user defines the 
QuantME modeling constructs, which are replaced by cor-
responding workflow fragments before execution. Therefore, 
providing a process view before and after this transformation 
can ease monitoring and analysis. All details about process 
views for quantum workflows are discussed in section “Pro-
cess Views for Quantum Workflows”.

The generated hybrid programs and provenance collec-
tors must be deployed to the hybrid runtimes before the 
workflow can be executed. However, a manual deployment 
would be time-consuming and error-prone [10]. To auto-
mate this deployment, deployment models are generated 
and attached to the activities within the workflow [90]. The 
programs, deployment models, and the workflow model with 
all views are then packaged in a self-contained archive (see 
Fig. 2) [47]. Hence, only this archive must be transferred 
into the target environment where the workflow is executed.

Deployment, Execution, and Monitoring

Finally, in the last step, the execution environment for the 
quantum workflow is set up. This includes deploying all 
services and programs that are not always on and need to 
be provisioned before executing the workflow [86]. For 
example, the classical services can be deployed in the cloud 
or using a local computer. Additionally, the hybrid pro-
grams and provenance collectors are provisioned using the 
deployment models from the previous step. Thereby, various 
deployment systems can be utilized, e.g., Kubernetes [15], 
Terraform [28], or the OpenTOSCA Container [8]. To suc-
cessfully invoke the deployed services and programs, they 
are bound to the workflow after the deployment [90]. This 
can, e.g., be achieved by adding the information about their 
endpoints to the activities of the workflow model [51].

When the binding is completed, the updated workflow 
model is uploaded to a workflow engine. Then, it can be 
instantiated by passing the required input data, e.g., the 
tokens to access the hybrid runtimes. When a service task 
invoking a hybrid program is reached, the provenance col-
lector starts gathering provenance data about the hybrid 
runtime and the current execution (see section “Provenance 
Retrieval from Hybrid Runtimes”). This provenance data is 

then retrieved by the workflow engine and used to instru-
ment the process views, e.g., with the current state of the 
execution and possible intermediate results.

Monitoring and Analysis of Rewritten 
Quantum Workflows

In the following, we introduce our approach to retrieve prov-
enance data about hybrid runtimes and hybrid programs. 
Further, it is shown how this data can be used to instrument 
process views for quantum workflows.

Provenance Retrieval from Hybrid Runtimes

To monitor and analyze hybrid programs executed in a 
hybrid runtime and to support the usage of process views 
for quantum workflows, detailed provenance data must be 
collected. The data that should be gathered can be divided 
into two categories: (1) first, provenance data about the 
hybrid runtime itself, i.e., the quantum computer and clas-
sical hardware. This comprises, e.g., the number of qubits, 
their decoherence times, gate errors, or the topology of 
the quantum computer, as well as the CPU or RAM of the 
classical hardware [88]. Such data is usually made avail-
able by the provider via an API and can be retrieved by 
a provenance system or workflow engine (see Fig. 3) [46]. 
(2) Furthermore, data about the running hybrid program 
must be collected, e.g., the number of the current iteration 
with intermediate results for a variational algorithm. How-
ever, provenance data from this category are typically not 
directly made available by the provider via the API [4, 33]. 
Thus, it is gathered by the generated provenance collector 
from step 5 of our method (see section “Provenance Col-
lector Generation”). The provenance collector is deployed 
together with the hybrid program and runs on the classical 
hardware inside the hybrid runtime, as depicted in Fig. 3. 

Classical
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Computer
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Provenance
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Hybrid
Program

AP
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Provenance
System
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Fig. 3  Retrieval of provenance data about hybrid runtimes
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Depending on the hybrid runtime, it can be a separate pro-
gram or also be integrated into the hybrid program with 
statements to collect the required data. This is needed if the 
hybrid runtime only allows to deploy a single program, such 
as Qiskit Runtime [33]. The collected provenance data can 
be returned regularly via the API if it supports providing 
intermediate results, e.g., to enable live monitoring, or all 
data is returned with the final result.

Process Views for Quantum Workflows

Process views for quantum workflows can be used to 
increase their understandability and ease the monitoring and 
analysis after rewriting or transforming the workflow. Fig-
ure 4 shows an excerpt of the workflow model after applying 
the analysis and rewrite method, as well as a correspond-
ing process view, based on the initial example presented in 
Fig. 1. On the left, the rewritten workflow model is depicted 
that is executed in the workflow engine, comprising only a 
single service task to invoke a hybrid program. In contrast, 
the right side shows a process view of the workflow before 
rewriting, orchestrating a hybrid loop with two gateways and 
three tasks. It can be seen that the process token, indicating 
the currently active task, is located at the service task on the 
left. This means that no further information about the cur-
rent state of the hybrid program is available. Visualizing the 
process view, the token moves between the different tasks of 
the hybrid loop, enabling the user to monitor the progress. 
However, this requires that intermediate results are returned 
from the provenance collector as described in the previous 
section. Otherwise, the process view can only be used for 
analysis after the execution. In the same way, the set of var-
iables that can be displayed differ. While in the executed 
workflow model only the input parameters and the output 
after finishing the execution are available, the process view 
provides further information, e.g., the current iteration, the 
counts from the last ansatz execution, or the current costs. In 

addition to more detailed process views for rewritten work-
flows, also abstractions for the workflow transformation can 
be applied (see section “Workflow Rewrite & Transforma-
tion”). Thereby, abstract QuantME tasks are replaced by 
workflow fragments implementing their logic, which can 
comprise multiple tasks. Thus, a process view can abstract 
from these technical details for some users and visualize the 
workflow with the QuantME tasks.

Prototypical Validation

In this section, we present the system architecture of the 
MODULO framework supporting the concepts introduced 
in sections “Quantum Workflow Analysis and Rewrite” and 
“Monitoring & Analysis of Rewritten Quantum Workflows”. 
Furthermore, we discuss our corresponding prototypical 
implementation.

System Architecture

In Fig. 5, an overview of the system architecture of the 
extended MODULO framework [86] is given. The MOD-
ULO framework enables to model, transform, deploy, and 
execute quantum workflows. In this paper, we extend it to 
also support the analysis and rewrite method, as well as 
the monitoring and analysis using process views. Thereby, 
already existing and unchanged components are light, 
expanded components are gray, and newly introduced com-
ponents are dark.

First, MODULO comprises the QuantME Transforma-
tion Framework, as depicted in the middle of Fig. 5. The 
QuantME Transformation Framework is a graphical BPMN 
workflow modeler based on the Camunda modeler  [12] 
that was extended to support QuantME. For the candidate 
detection and filtering, a new plugin-based Workflow Ana-
lyzer was added. It uses a plugin for each supported hybrid 
runtime, which specifies the restrictions and filtering rules 
for the categories described in section “Candidate Filter-
ing”. Next, the Workflow Rewriter component is responsible 
for rewriting the quantum workflows based on the analysis 
and filtering. For this, it extracts the quantum and classical 
programs for each candidate and sends them to the Hybrid 
Runtime Handler supporting the selected hybrid runtime.

The Hybrid Runtime Handlers are depicted on the left, 
and currently, two handlers are supported: (1) the Qiskit 
Runtime Handler and (2) Amazon Braket Handler. Both 
comprise the same components, and further handlers can 
be added once new hybrid runtimes are emerging. The 
Input Parser provides a plugin for each supported program-
ming language, which analyzes the quantum and classical 
programs and extracts the code that must be merged into 
the hybrid program. Furthermore, the handlers provide a Fig. 4  Process view for a rewritten quantum workflow
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repository with Templates, i.e., code snippets that are instru-
mented to implement the functionality of events and gate-
ways within a candidate. Based on the code snippets and the 
code from the programs, the hybrid program is created by 
the Hybrid Program Generator while ensuring the correct 
sequence and data flow. The Provenance Collector Genera-
tor is capable of generating provenance collectors for the 
specific hybrid runtime either as separate programs or by 
including the statements to gather data into the hybrid pro-
gram. Finally, the hybrid program and the provenance col-
lector are sent back to the Workflow Rewriter.

Further, the QuantME Transformation Framework is 
extended by a View Generator to create different process 
views during workflow rewrite and transformation, which 
can be selected by the user for monitoring and analysis. 
To package all required artifacts in a single self-contained 
archive, the Quantum Application Archive (QAA) Packager 
was adapted to include the generated process views in addi-
tion to, e.g., deployment models or the workflow model. 
The QuantME Modeler enables graphically modeling 
BPMN workflows and supports QuantME. It was extended 
to assist the user during workflow analysis and rewrite, e.g., 

visualizing candidates and enabling the selection of a hybrid 
runtime if multiple are suitable. Two unchanged components 
are the QuantME Validator to detect errors in workflows and 
the QuantME Transformer to transform workflow models 
comprising QuantME modeling constructs to native work-
flow models. For this transformation, a repository with 
QuantME Replacement Models (QRMs) is used, defining 
how QuantME modeling constructs are replaced by reusable 
workflow fragments. All deployment-related functionality is 
implemented in the Deployment Orchestrator, which uses 
Winery [40] to store and retrieve deployment models, and 
the OpenTOSCA Container [8] to automate the deployment.

The Deployment Orchestrator also manages the upload of 
the workflow model and the process view definitions to the 
Camunda Workflow Engine [13], a state-of-the-art BPMN 
workflow engine. Thereby, the Camunda Cockpit component 
visualizes running and finished workflow instances, e.g., 
showing the process token or the current variable values. 
It uses the Instance State database for running workflow 
instances, and after termination, the data is moved to the 
Audit Trail. It was extended to visualize process views and 
to instrument them with up-to-date provenance data. The 
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Fig. 5  System architecture of the extended MODULO framework supporting the analysis and rewrite method
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Camunda Tasklist provides a graphical interface for the user 
to work on human tasks and is used unchanged.

Prototypical Implementation

The QuantME Transformation Framework is realized as a 
standalone desktop application using the Electron frame-
work. It consists of a graphical user interface implemented 
in JavaScript and a Node.js backend. Thereby, the user 
interface was extended to guide the user through all steps 
of the analysis and rewrite method. On the other hand, the 
workflow analysis and rewrite, as well as the communica-
tion with the new external components was implemented in 
the backend.

Further, we prototypically implemented two Hybrid 
Runtime Handlers, namely the Qiskit Runtime Handler and 
the Amazon Braket Handler. Both are based on Python as 
the Braket and the Qiskit SDK are implemented in Python. 
Thus, the code analysis is eased, and also the required code 
snippets for gateways or events are available as Python files. 
For the execution of generated hybrid programs, Qiskit 
Runtime [33] and Amazon Braket Hybrid Jobs [4] are used. 
However, the hybrid runtimes have different requirements 
for hybrid programs, which must be reflected in the cor-
responding handler. For example, Qiskit Runtime currently 
only supports a single file as a hybrid program. Hence, all 
required code must be merged into this file, also comprising 
the provenance collector. Additionally, only a limited set of 
dependencies is available in the execution environment, and 
if other dependencies are needed, e.g., another optimizer, the 
hybrid program can not be executed. Therefore, the genera-
tion is aborted in this case. However, these are restrictions 

in the current state and are planned to be resolved when 
Qiskit Runtime is released with full functionality after beta 
mode [35]. In contrast, Amazon Braket Hybrid Jobs ena-
bles custom dependencies, but they have to be provided in a 
Docker image for the execution. This means a Docker image 
can be created and uploaded to the registry, where Amazon 
Braket Hybrid Jobs retrieves the images.

Finally, the Camunda engine provides plugin points in its 
graphical user interface, which was used to add a JavaScript 
plugin to visualize process views and the provenance data 
retrieval to instrument them. The prototypical implementa-
tions of all components are publicly available as open-source 
projects on Github [79].

Case Study

In this section, we discuss an exemplary quantum workflow 
and showcase how it can be analyzed, rewritten, and moni-
tored to validate the practical feasibility of our concepts and 
the corresponding prototype. The workflow is taken from 
the quantum humanities domain and applies clustering and 
classification to costume data [5, 6]. Figure 6 shows the 
workflow model on the top.

The workflow starts with a message start event, which 
receives request messages with the required input data. 
For the sake of simplicity, we assume that the input data 
is already pre-processed and all classical tasks are already 
performed. This comprises, e.g., transforming categorical 
data to numerical data or reducing the number of dimen-
sions [5, 6]. However, these tasks can also be integrated 
into the workflow, e.g., using additional service tasks at 
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the beginning of the workflow. After receiving the pre-pro-
cessed input data, clustering is performed using the quantum 
k-means algorithm [39], consisting of multiple tasks that 
need to be orchestrated. First, the quantum algorithm is ini-
tialized by determining random initial centroids for the clus-
tering and based on these centroids corresponding quantum 
circuits are generated. Then, a hybrid loop is entered using 
the quantum circuit execution task to execute the generated 
quantum circuits. The measurement results are used to cal-
culate the new centroids in a classical service task. Next, it 
is checked if the clustering converged, i.e., if the difference 
between the old and new centroids is smaller than a given 
threshold. If this is not the case, the next iteration is entered 
by adapting the quantum circuits to the new centroids.

When the clustering converges, the resulting clusters are 
utilized to train a classifier using a variational quantum Sup-
port Vector Machine (SVM) [29]. The algorithm is based on 
an ansatz, which is generated together with an initial param-
eterization in the first service task. Similar to the clustering, 
it then enters a hybrid loop executing the ansatz and opti-
mizing the parameters in each iteration based on the meas-
urement results. The parameters are also used to evaluate a 
cost function, and if the costs are higher than the threshold 
of 0.3, the next iteration is entered. Otherwise, the last user 
task provides details about the performed clustering and the 
trained classifier, which can be analyzed. Finally, the result 
is also sent back to the initiator of the workflow execution 
by the message end event.

By applying the analysis and rewrite method to the work-
flow, two optimization candidates satisfying all requirements 
are detected, which are surrounded by gray boxes in Fig. 6. 
For the candidates it is verified if they can be optimized 
using one of the supported hybrid runtimes, i.e., Qiskit Runt-
ime and AWS Braket Hybrid Jobs. However, for our case 
study, we continue by utilizing Qiskit Runtime for the opti-
mization. The candidates do not contain invalid modeling 
constructs, such as unsupported events (see section “Hybrid 
Program Generation”). Thus, they are not filtered, and 

rewriting can be performed for both candidates. At the bot-
tom of Fig. 6, the resulting rewritten workflow is depicted. 
The two service tasks initializing the hybrid algorithms and 
the user tasks are unchanged. In contrast, the optimization 
candidates of the original workflow are both replaced by a 
service task invoking the generated hybrid program at Qiskit 
Runtime. During execution, the workflow at the bottom is 
conducted. However, using the provenance and process view 
functionalities, users can also visualize the original work-
flow showing the current position of the process token and 
variable values in more detail.

The discussed use case, together with a detailed descrip-
tion of how to set up and use the framework, can be found 
on Github [80]. Furthermore, a corresponding demonstration 
video is available on YouTube [77].

Evaluation

In the following, we discuss the evaluation of the runtime 
when applying our method, analyzing and rewriting work-
flows with different sizes. Additionally, we compare the 
execution times of various workflows without using our 
method to the execution times after rewriting and using 
hybrid runtimes from AWS and IBM. Finally, we evaluate 
how the collection of provenance data impacts the execution 
times of hybrid programs.

Runtime of the Analysis and Rewrite Method

First, we evaluate the performance of our analysis and 
rewrite method to validate its applicability to various work-
flow models in a reasonable time frame. For this, we mod-
eled seven differently sized workflow models, as summa-
rized in Table 1. Additionally, the evaluation was done for 
IBM and AWS, i.e., using the Qiskit Runtime Handler and 
the Amazon Braket Handler for the generation of hybrid pro-
grams. For workflow models, there exist different complexity 

Table 1  Runtime evaluation of 
the analysis and rewrite method 
for different workflow models 
and hybrid runtime providers

Thereby, workflow 1 was evaluated for both providers to compare the performance of the different Hybrid 
Runtime Handlers

Workflow ID Provider Number of 
activities

Number of 
candidates

Avg. activities 
per candidate

Candidate 
detection (s)

Program genera-
tion and rewrite 
(s)

1 IBM 8 2 2.5 0.31 107.48
1 AWS 8 2 2.5 0.32 108.13
2 IBM 50 2 2.5 0.45 108.16
3 AWS 50 4 2.5 0.48 216.42
4 IBM 50 6 2.5 0.75 324.97
5 AWS 50 2 5 0.43 297.46
6 IBM 50 4 5 0.58 612.05
7 AWS 50 6 5 0.70 898.83
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measures [44]. However, we focus on three attributes char-
acterizing the workflows, directly influencing the execution 
time of the analysis and rewrite method: (1) the number 
of activities within the workflow model enlarges the search 
space for the detection of candidates. Thus, a higher number 
of activities can increase the required time. (2) Further, the 
number of candidates that can be detected must be consid-
ered. As the number of hybrid programs to generate corre-
sponds to the number of candidates, this strongly impacts the 
execution time. (3) Finally, the average number of activities 
per candidate is important. For each activity of a candidate, 
the corresponding program must be retrieved, analyzed, and 
merged into the hybrid program leading to increased genera-
tion times. In addition to these attributes characterizing the 
workflows, the language and length of the various programs, 
i.e., their lines of code, have an impact on the hybrid pro-
gram generation. Hence, all programs for the workflows of 
our evaluation are implemented in Python and have a similar 
length of around 200 lines of code.

Table 1 summarizes the required time to detect the can-
didates in the workflow, as well as the time to generate 
corresponding hybrid programs and rewrite the workflow 
accordingly for each of the workflow models. As the first 
workflow model for the evaluation, we utilize our case study 
introduced in section “Case Study”. The workflow consists 
of 8 activities and 2 candidates, comprising 3 and 2 activi-
ties. Thus, the average number of activities per candidate is 
2.5. This workflow model was evaluated for both provid-
ers, i.e., IBM and AWS, to determine if this leads to differ-
ences in the program generation and rewriting times. For 
the candidate detection, the required time is almost equal, 
as the analysis of the workflow is independent of the Hybrid 
Runtime Handler. However, also the program generation and 
rewriting times are similar and not influenced by the selected 
provider. Thus, we evaluated only one of the two providers 
for the remaining workflows.

Workflow 2 extends the case study by adding further 
classical activities which are not related to the candidates. 
Thereby, the candidate detection takes slightly longer due 
to the enlarged search space of the new activities. As the 
number and size of the candidates are the same, the program 
generation and workflow rewrite times are almost equal to 
workflow 1. Further, the time for the candidate detection is 
negligible compared to the program generation and rewrit-
ing. Hence, the other workflows do not increase the overall 
number of activities but add additional candidates or adapt 
their size to specifically evaluate the program generation 
and rewrite. Workflows 3 and 4 each add two candidates 
while retaining the average size of the candidates. The cor-
responding program generation and rewrite times grow lin-
early with the number of candidates, as they are processed 
sequentially in our current prototype. However, this can be 
parallelized in the future, e.g., by utilizing multiple instances 

of the Hybrid Program Handlers to handle different candi-
dates of the workflow.

Finally, the average number of activities per candidate 
was doubled from 2.5 to 5 for workflows 5 to 7. Thereby, 
between workflows 5 to 7, the program generation and 
rewriting time again increases linearly. In contrast, the dou-
bled average activities per candidate lead to a growth of 
approximately factor 2.8 compared to workflows 2 to 4. This 
is caused by the increased effort to determine the interface of 
the hybrid program, merge the different code snippets, and 
ensure the correct sequence and data flow between them.

In summary, the recorded times to apply the analysis and 
rewrite method to the evaluated workflow models is rather 
short compared to the runtime of large workflows. These 
can often take multiple hours, days, or even years [51]. Fur-
thermore, the evaluation of the workflow runtime before and 
after the rewrite presented in the following section shows 
that the efficiency improvement already exceeds the required 
time to apply the method when executing the workflows 
once. However, after performing the analysis and rewrite 
method, the workflow can be executed multiple times.

All measurements were performed on a computer running 
Windows 11 64-bits with an Intel(R) Core(TM) i7-8565U 
CPU @ 1.80 GHz processor and 40 GB of RAM. Thereby, 
the median based on 100 measurements for each workflow is 
calculated. The collected raw data of all performed measure-
ments is available on Github [78].

Workflow Runtime Comparison

Next, we compare the workflow runtime for a subset of the 
workflow models presented in the previous section before 
and after rewriting them. First, four workflow models are 
executed using quantum computers from IBM and Qiskit 
Runtime for the rewritten workflows. Second, another work-
flow model is evaluated for AWS, i.e., utilizing a quantum 
computer from Rigetti and the AWS Braket Hybrid Jobs 
functionality. Please note that a direct comparison of the 
two hybrid runtimes under the same assumptions and pre-
conditions is not possible for our use cases. The reason for 
this are the different quantum computers that can be used 
through the hybrid runtimes. They provide a varying number 
of qubits, different connectivities between them, and diverse 
error rates. However, these characteristics impact the meas-
urement results of the quantum circuits, which influences 
the number of iterations within the hybrid loops of the work-
flows. Consequently, this also changes the overall execution 
times of the workflows. Furthermore, the gate times differ 
for the quantum computers, i.e., the quantum circuits them-
selves have also diverging execution times. Thus, we com-
pared both hybrid runtimes to the same quantum computer 
without this functionality, showcasing that our approach 
leads to shorter execution times independent of the provider 
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and hybrid runtime. Another important factor influencing 
the number of quantum circuits to execute and accordingly 
the workflow execution times, is the size of the input data. 
Hence, exactly the same input data was used for the original 
and rewritten workflows. Finally, the data presented in the 
following box plots was collected from ten executions of the 
original and rewritten workflows.

Workflow Runtime Comparison for IBM

The evaluation of the workflow runtimes directly using quan-
tum computers from IBM and comparing them to the usage 
of Qiskit Runtime includes four workflow models for which 
the execution times are depicted in Fig. 7. Both the quantum 
circuits of the original workflows and the hybrid programs of 
the rewritten workflows were executed on the ibmq_ehnin-
gen quantum computer. The quantum computer is an IBM Q 
System One, comprising 27 qubits. Furthermore, an exclu-
sive reservation of the quantum computer was used for the 
evaluation. Therefore, quantum circuits submitted over the 
queue did not have to wait for other jobs to complete, which 
is the best case to execute the original workflows. Thus, the 
accomplished speed-up is solely based on the optimized 
execution of Qiskit Runtime, and other jobs in the queue 
can further increase it. For workflow 1, the median execution 
time using Quantum Computing as a Service (QCaaS), i.e., 
directly executing quantum circuits over a queue, was 569 s. 
In contrast, using Qiskit Runtime the median execution time 

decreases to 304 s, i.e., roughly a speed-up of factor 1.9 was 
achieved. Workflow 2 has a median execution of 699 s when 
using QCaaS and 425 s utilizing Qiskit Runtime. While the 
absolute runtime improvement is similar to workflow 1, the 
relative speed-up is smaller as workflow 2 only adds addi-
tional classical tasks which can not benefit from the hybrid 
runtime. Workflow 4 comprises more candidates, and thus, 
more hybrid programs to execute. While the original work-
flow has a median execution time of 1454 s, the rewritten 
workflow only requires 749 s, again providing a speed-up 
of about factor 1.9. Finally, for workflow 7, the execution 
time changed from 1768 to 748 s when rewriting the work-
flow. The reason for the higher speed-up of factor 2.4 is the 
increased number of activities among the candidates, which 
can benefit from hybrid runtimes.

Workflow Runtime Comparison for AWS

For AWS, one workflow model was evaluated for which 
Fig. 8 visualizes the execution times. AWS provides access 
to quantum computers from different quantum hardware 
providers, such as IonQ or Rigetti. We selected the Rigetti 
Aspen-11 for our experiments, which provides 38 qubits. 
However, for AWS no exclusive reservation was possible, 
and the quantum circuits executed for the original workflow 
had to be submitted to the queue. In contrast, using AWS 
Braket Hybrid Jobs preferred access to the quantum com-
puter is provided once the hybrid program starts [4]. On the 

Fig. 7  Workflow execution times for different example workflow models using IBM with and without Qiskit Runtime



SN Computer Science (2023) 4:233 Page 15 of 19 233

SN Computer Science

left of Fig. 8 the execution times with queuing are shown, 
having a median of 1206 s. We collected the queuing times 
for each circuit execution and subtracted them from the over-
all execution times, leading to the data depicted in the mid-
dle. The median decreased to 1058 s, and the variance is way 
smaller, as the queuing times strongly vary. Finally, on the 
right, the execution times for the rewritten workflow using 
AWS Braket Hybrid Jobs are shown. The median execution 
time is 550 s, providing a speed-up of about factor 1.9 com-
pared to the original workflow without queuing and factor 
2.2 including queuing.

Runtime Comparison with Provenance Collection

As the last part of the evaluation, the workflow runtime 
using Qiskit Runtime is compared when running the hybrid 
program with and without provenance collection. This can 
influence the performance as additional statements are exe-
cuted within the hybrid program or as part of a separate 
provenance collector running on the classical hardware of 
the hybrid runtime. Figure 9 shows the execution times for 
workflow 1 and 2 using Qiskit Runtime with and without 
collecting provenance data about the hybrid program execu-
tion. Thereby, the data from Fig. 7 was used for the execu-
tion without collecting provenance data. For workflow 1, 
the median execution time increased by 4 s from 304 to 
308 s. Similarly, the execution time for workflow 2 is 425 s 
without and 427 s with provenance collection. However, the 
differences for both workflows are within the variance of 
the measurements, and no serious increase is to be noted. 
Hence, the provenance collection can be performed without 
impacting the overall performance, enabling to use process 
views for monitoring workflows.

Discussion

In this section, possible improvements in the detection of 
suitable candidates and extensions with new kinds of hybrid 
runtimes are discussed. Additionally, the automated selec-
tion of a suitable quantum computer before rewriting the 
quantum workflows is explored.

Current hybrid runtimes incorporate quantum comput-
ers with co-located classical hardware, whereby typically a 
containerized execution environment is provided to execute 
single scripts. However, in the future, different sets of pre-
build runtimes are expected to evolve, as, e.g., announced by 
IBM in their quantum computing roadmap [32]. For exam-
ple, such runtimes can incorporate a workflow engine or an 
HPC, which are co-located to the quantum computers. Our 
approach can be extended to support these runtimes by add-
ing corresponding detection and filtering rules. Furthermore, 
the generation of the software artifacts for the runtimes must 
then be changed, e.g., using sub-workflows to execute within 
a runtime comprising a workflow engine.

For the candidate detection and filtering, only the struc-
ture of the workflows, i.e., the tasks, events, gateways, and 
the corresponding quantum and classical programs, as well 
as the characteristics of the hybrid runtimes, are considered 
at the moment. However, including non-functional require-
ments in the detection and filtering, as well as the selection 
of a concrete hybrid runtime to use, can improve the resulting 
rewritten workflow [19, 67, 73]. Thus, non-functional require-
ments or policies can be attached to tasks, e.g., that it com-
prises confidential data that is not allowed to be transferred to 
specific providers. Another example would be annotating if a 
certain task increases or decreases the data size. To improve 
the efficiency, tasks decreasing the size should be performed 

Fig. 8  Workflow execution times using AWS with and without 
Hybrid Jobs

Fig. 9  Workflow execution times for Qiskit Runtime with and with-
out provenance collection
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before transmitting the data between the hybrid runtime and 
the workflow engine [93].

The quantum circuit execution tasks allow defining a pro-
vider or even a specific quantum computer to use, which also 
restricts the set of possible hybrid runtimes for the rewrite. If 
not needed, e.g., due to the trust in the provider, this should be 
avoided to increase the number of possibilities during detec-
tion and filtering. Instead, the quantum computer for the execu-
tion of quantum circuits within quantum workflows can also 
be automatically selected based on different strategies [87].

Related Work

The adaptation of workflow models during design time 
or dynamically during runtime is discussed by different 
research works, which are presented in the following.

Bucchiarone  et  al.  [11] introduce an approach to 
model workflows abstractly, where the tasks are anno-
tated with goals, preconditions, and effects. These tasks 
are then dynamically replaced with fine-grained work-
flow fragments implementing the required functionality. 
Mundbrod et al. [59] follow a similar approach, adapt-
ing workflows by injecting workflow fragments depend-
ing on the current context, e.g., the available resources 
or the load on a component. Also, Képes et al. [38] adapt 
workflow models by dynamically selecting and executing 
suitable workflow fragments based on the current situa-
tion. In contrast to these approaches transforming from an 
abstract workflow model to a more fine-grained one, our 
approach requires the opposite direction summarizing the 
workflow part of a candidate within a single service task. 
Furthermore, it does not rely on predefined workflow frag-
ments, but the required hybrid programs are automatically 
generated.

Cohen-Boulakia et al. [16] discuss how to rewrite scien-
tific workflows to satisfy series-parallel structures enabling 
efficient processing of provenance data. However, they only 
adapt the workflow by rearranging the tasks and do not gen-
erate new programs or services. Wang et al. [84] introduce a 
scheduling procedure for scientific workflows based on trust 
in different service or hardware providers. Depending on the 
result, they adapt the sequence flow of the workflow. Addi-
tionally, various approaches are generating new workflow 
models or adapting existing ones using the data collected 
during workflow execution in the audit trail of the workflow 
engine by applying process mining techniques [2, 81, 82].

The adaptation or transformation of workflows during 
runtime is also directly implemented in some workflow 
engines, so-called adaptive workflow engines. For example, 
AristaFlow [68] enables the adaptation of deployed work-
flow models, as well as the automated migration of work-
flow instances to a new version of the workflow model. 

AgentWork [58] is another example of an adaptive work-
flow engine. It automatically adapts workflows in exception 
cases by adding or removing activities instead of requir-
ing to model all possible alternative sequence flows in the 
workflow. However, to support our approach, the workflow 
engines must be extended, reducing the portability of the 
workflows. In contrast, the presented approach transforms 
the workflow models to native workflow models before 
deployment and execution. Thus, the portability is retained, 
and only the visualization of the process views is specific 
to the used workflow engine, which is an optional feature 
if needed by the user. In previous work [87], we presented 
an approach to select a suitable quantum computer for the 
execution of quantum circuits during runtime of quantum 
workflows. Thereby, the selection is based on characteristics 
of the quantum circuits, such as their depth, which are based 
on the input data. Thus, it can only be performed during 
runtime, and the workflow is adapted to invoke the quan-
tum circuits using the selected quantum computer. In future 
work, we plan to incorporate this approach with our analy-
sis and rewrite method to dynamically rewrite the workflow 
for an automatically selected quantum computer and hybrid 
runtime. However, the generation of hybrid programs during 
workflow runtime can lead to longer delays, thus, the user 
can decide if the rewrite during design or runtime is more 
suitable for his use case.

Views are used in various application domains to intro-
duce suitable abstractions and handle increasing complexity, 
e.g., views on databases [1], to model applications [41], or 
to observe business processes [74]. In the following, differ-
ent works covering views on workflows, i.e., process views, 
are discussed. Biton et al. [9] present how process views 
can be automatically generated based on user requirements. 
Thereby, they summarize multiple activities into single 
activities abstracting from the technical details. Further-
more, they introduce various properties to evaluate whether 
a process view is suitable or not. Reichert et al. [66] focus 
on the monitoring of workflows and how to properly visual-
ize the process views using the Proviado framework. This 
includes defining abstract process view definitions by the 
user, which are then instrumented with collected data and 
visualized. Sonntag et al. [74] analyze existing concepts 
for process views on conventional workflows and extend 
them for scientific workflows. Scientific workflows lead to 
specific challenges due to their characteristics, e.g., incre-
mental development. In addition to rewriting scientific 
workflows, Cohen-Boulakia et al. [16] also show how to 
use process views to analyze collected provenance data. 
Schumm et al. [70] utilize process views for ensuring the 
compliance of workflow executions. Therefore, they extract 
so-called compliance fragments and, e.g., show or hide 
certain details. To perform the transformation including or 
excluding information, a rule language is introduced. Finally, 
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also BPMN specifies sub-processes, which can be collapsed 
or expanded, providing a means to abstract technical details 
depending on the users [62]. However, this mechanism is 
not sophisticated enough for certain scenarios, as only the 
executed activities can be abstracted to a single sub-process. 
In contrast, it is not possible to visualize additional details, 
as required by our presented approach.

Conclusion and Future Work

Quantum workflows enable orchestrating the control and 
data flow between quantum and classical programs of 
hybrid quantum applications. Thereby, workflows provide 
various benefits, such as robustness, scalability, automated 
error handling, increased modularity, or simplified under-
standing of complex applications by providing a graphical 
notation. However, when executing the quantum and clas-
sical programs interleaved multiple times, the orchestration 
using workflows is inefficient due to the increased latency 
and queuing times. For such use cases, hybrid runtimes are 
provided, optimizing the execution by closely deploying the 
quantum and classical programs together and reducing the 
queuing times. In this paper, we presented a method to auto-
matically detect workflow parts that can benefit from hybrid 
runtimes. Based on the workflow parts, equivalent hybrid 
programs are generated, and the workflow is rewritten to 
invoke them instead of orchestrating the workflow part. Addi-
tionally, provenance data about the execution of the hybrid 
programs are collected and can be used to instrument process 
views. These process views ease the monitoring and analy-
sis of the workflow, as both the original and the rewritten 
workflow can be visualized, including the token flow and the 
current variable values. To validate the practical feasibility of 
our approach, we introduced a prototypical implementation 
and a case study comprising a quantum workflow from the 
humanities domain to which the analysis and rewrite method 
is applied. Finally, an evaluation was performed showing that 
the time required to analyze and rewrite a quantum workflow 
is small compared to the overall execution times. Further, for 
our experiments, the speed-up when using hybrid runtimes 
was about factor 2 compared to the execution of the original 
workflow directly accessing the quantum computers.

In future work, we plan to extend the detection and filter-
ing steps by including non-functional requirements. These 
requirements are then also used to select a hybrid runtime 
when multiple are suitable for a workflow part. Additionally, 
we will incorporate new hybrid runtimes into our approach. 
Finally, we plan to investigate how to determine if other 
workflow parts comprising the interleaved execution of 
quantum and classical programs without a loop can benefit 
from hybrid runtimes and what factors must be considered.
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