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Abstract

Research software is software that is designed and developed to support research activities. It can be used to
collect, process, analyze, and visualize data, as well as to model and simulate complex phenomena and control
sophisticated experiments. In different contexts, research software has been categorized to serve different goals.
Depending on the context in which Petri net research software is used, it may play different roles. If it is used
to model and simulate processes subject to research, then it is modeling and simulation research software. If it
is used to model, simulate, or mine real-life workflows, such as business processes in an enterprise, then it is
technology research software. This paper will examine several examples of research software in this context,
emphasize their modular software architectures, and report on the synergies obtained by combining research
software activities.
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1. Introduction

Research software can be used to collect, process, analyze, and visualize data, as well as to model complex
phenomena and run sophisticated simulations. Research software is also developed to control and
monitor lab experiments and environmental observations. In engineering research, research software
constitutes a new paradigm of scientific inquiry next to theory and experiment, and acts as a proof-of-
concept to invent and evaluate new technological artifacts, including algorithms, methods, systems,
tools, and other computer-based technologies. Research software also provides the infrastructure to
manage, publish, and archive research data and software.

Research software is developed by researchers themselves or by software engineers working closely
with researchers. Research software is typically developed to meet specific research needs, and often
has unique requirements that are different from standard commercial software [1]. Research Software
Engineering and the related role of Research Software Engineer emerged as a job profile to address the
resulting challenges. Thus, Research Software Engineering is a specialized field that applies software
engineering principles to address the unique challenges posed by developing software for research,
with the goal of enhancing the efficiency, reproducibility, and impact of research outcomes. For good
scientific practice, research software should be FAIR [2] and open [3].

Section 2 introduces categories of research software, which are illustrated with concrete categoriza-
tions of research software examples in Section 3. The Petri net research software Renew is introduced
and categorized in Section 4. Section 5 discusses modularity for research software. Section 6 concludes
the paper with an outlook.

2. Research Software Categories

When studying the research software ecosystem, categorizations of research software [4] provide a
framework for classifying research objects, supporting software corpus analyses, and improving our
understanding of the different types of research software and their properties. Of particular interest here
is the role that software plays in the research process. Examples of these roles include simulation and
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data analytics software, research infrastructure software, and technology research software [5]. Such
structured approaches help organize and interpret the vast landscape of research software, contributing
to advancements in research software engineering methods and practices.

Thus, research software may take various roles in the research process. Research software mainly
falls into one of the following three top-level role categories (and sometimes combinations) [4]:

1. Modeling, Simulation, and Data Analytics of, e.g., physical, chemical, social, linguistic, or biological
processes in spatio-temporal contexts.

2. Technology Research Software in science and engineering research.

3. Research Infrastructure Software, such as research data and software management systems.

The assignment of research software to categories may evolve over time. For instance, software
specifically developed for a research question (usually Categories 1 & 2) can later turn into infrastructure
software (Category 3). In different contexts, a software may also be in multiple categories at the same
time.

Figure 1, left, shows our role-based categorization [4]. Technology readiness levels constitute a
secondary sub-role for technology research software [5]. Additional categories describe the developer
structures and the form of dissemination of the research software.

3. Research Software Examples

To illustrate the categorization presented in the previous section, we present the concrete categorization
of research software examples (based on [6]):

+ SPRAT provides a spatially-explicit marine ecosystem model based on population balance equa-
tions [7]. SPRAT was empirically evaluated with ocean modelers and research software engineers
researching marine ecosystem simulations [8]. Table 1 presents the multi-dimensional catego-
rization of SPRAT.

« OceanTEA supports research on ocean observation data analytics [9]. To achieve this, OceanTEA
provides an online service for data analytics and exploration. OceanTEA was successfully
employed for studying polyp activity in cold-water corals using machine learning techniques to
analyze high-resolution time series data and photographs obtained from an autonomous lander
cluster [10]. Table 2 presents the multi-dimensional categorization of OceanTEA.

+ The Kieker observability and monitoring framework has been employed in various software
engineering research projects [11, 12, 13]. The Kieker development started in 2006 as a tool
for monitoring response times of Java software operations [14]. Research areas where Kieker
was successfully employed for software engineering research include performance analysis and
software architecture reconstruction. As reported in [12, 15], Kieker was also employed in several
industrial collaborations and technology transfer projects. Table 3 presents the multi-dimensional
categorization of Kieker.

+ The MooBench micro-benchmark can be used to quantify the performance overhead caused
by observability framework components. MooBench has been originally developed to examine
the performance overhead of Kieker in Java [16, 17] and was extended as a general overhead
measurement microbenchmark for various observability tools [18]. Table 4 presents the multi-
dimensional categorization of MooBench.

« ExplorViz supports research on software visualization, software comprehension tasks and software
collaboration [19, 20, 21, 22]. To achieve this, ExplorViz uses dynamic analysis techniques to
provide live trace visualization of the communication in large software landscapes. It targets
software system and program comprehension in those landscapes while still providing details
on the communication within an application. The ExplorViz development started in 2012 [19].
Table 5 presents the multi-dimensional categorization of ExplorViz.
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Figure 1: Our multi-dimensional categorization of research software, along the dimensions of roles, readiness,
developers, and dissemination [4].




Role ‘ Readiness Developer Dissemination

1.1 Modeling and Simulation TRL 5 [8] Individual Open Source
1.5 Scientific Visualization Researcher
Table 1

Multi-dimensional categorization of the SPRAT marine ecosystem model simulation approach [7].

Role ‘ Readiness Developer ‘ Dissemination
1.2 Data Analytics TRL 4 [10] Local Research | Open Source
1.5 Scientific Visualization Group Software as a Ser-
vice
Table 2

Multi-dimensional categorization of the OceanTEA ocean observation data analytics tool [9].

Role ‘ Readiness Developer ‘ Dissemination
1.3 Software Analytics TRL 4 [30, 31, 32, 33, 34, | Community Open Source
2.2 Software Related 35, 36, 37, 38, 39, 40, 41,
42, 43]
TRL 5 [44]
TRL 6 [45]
Table 3

Multi-dimensional categorization of the Kieker observability and monitoring framework [11, 12, 13, 14].

Role ‘ Readiness ‘ Developer ‘ Dissemination ‘
2.2 Software Related TRL 3 [17] Community Open Source
3.3 Pipelines and Tools TRL 4 [46,47, 48,49, 50]
TRL 5 [18]
Table 4

Multi-dimensional categorization of the MooBench observability overhead benchmark [16, 17, 18].

+ Theodolite is a framework for benchmarking the horizontal and vertical scalability of cloud-
native applications [23, 24]. Research areas where Theodolite was successfully employed for
software engineering research include benchmarking stream processing engines deployed in the
cloud [25, 26]. Table 6 presents the multi-dimensional categorization of Theodolite.

« ARCHES is a framework for developing digital twins based on the Robot Operating System
(ROS) [27, 28]. Research areas, where ARCHES was successfully employed, are several digital
twins of ocean observation systems, including a demo mission [29]. Table 7 presents the multi-
dimensional categorization of the ARCHES digital twin framework.

In the next section, we present a similar categorization of research software for Petri net research.

4. Petri Net Research Software

Petri nets are a mathematical and graphical modeling tool used to describe and analyze systems where
multiple activities happen concurrently and interact with each other. Petri net are, for instance, used
for modeling workflows — business processes, approval chains, manufacturing steps. Petri nets may
be used to formally verify properties of a system, such as deadlock freedom and liveness. Deadlock
freedom means the system can always continue executing; it never reaches a state where no transitions
are enabled. Liveness means that no transition can become permanently disabled; every transition



Role ‘ Readiness ‘ Developer ‘ Dissemination

1.3 Software Analytics TRL 4 [51, 52,53, 54,55, | Local Research | Open Source
1.5 Scientific Visualization 56, 57, 58, 59, 60] Group Software as a Ser-
2.2 Software Related TRL 5 [61] vice [62]

Table 5

Multi-dimensional categorization of the ExplorViz software visualization tool [19, 20, 21, 22].

Role ‘ Readiness Developer ‘ Dissemination
2.2 Software Related TRL 4 [63] Project Group Open Source
3.3 Pipelines and Tools TRL 5 [25, 26]
TRL 6 [64]
Table 6

Multi-dimensional categorization of the Theodolite framework for benchmarking the scalability of cloud-
native applications [23, 24].

Role ‘ Readiness Developer Dissemination
2.1 Hardware Related TRL 4 [65] Project Group Open Source
3.1 Control and Monitoring Software | TRL 5 [66]
TRL 7 [29]
Table 7

Multi-dimensional categorization of the ARCHES digital twin framework [27].

Role ‘ Readiness ‘ Developer ‘ Dissemination
1.1 Modeling and Simulation TRL 4 [69, 71, 72, 73] Local Research | Open Source
2.4 Process Related TRL 5 [70, 74] Group

Table 8

Multi-dimensional categorization of the Renew modeling and simulation tool for Petri net formalisms [67, 68].

remains potentially executable in the future, which is generally a stronger property than deadlock
freedom.

As an example Petri net research software, we take a look at Renew, which is a Java-based tool for
modeling and simulating various Petri net formalisms [67, 68]. As research software, Renew is used in
many contexts: in lectures and exercises to teach the concepts of Petri nets, in practical courses for
hands-on software development, for long-running simulations for analysis aspects and as a runtime
environment for Petri net-based applications.

Depending on the context, in which Renew is used, it may take different roles:

« In case, Renew is used for modeling and simulating some processes that are subject to research,
it falls into Category 1.1 of modeling and simulation research software. For instance, if you are
conducting research on multi-agent systems, you may use Renew for modeling and simulating
these multi-agent systems [69, 70].

+ In case, Renew is used for modeling, simulating, or mining [71] real-life workflows, such as
business processes in an enterprise, it is technology research software. In such a context, it falls
into Category 2.4 of process-related technology research software.

Table 8 presents the multi-dimensional categorization of the Renew modeling and simulation tool for
Petri net formalisms.

Renew is used as a runtime environment for Petri net-based applications. For this purpose, it would
benefit from monitoring the simulation component. Figure 2 shows a dynamic call tree for Renew,
that was generated with the Kieker observability framework. Kieker was introduced in the previous



section as an example software for software analytics (Category 1.3). This call tree serves as a basis for
performance evaluation of Renew [75].
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Figure 2: Dynamic Call Tree for Renew, generated with Kieker (see also [75]).

Although Renew provides breakpoints for interactive debugging, these mechanisms interrupt execu-
tion and are therefore not suitable for observing long-running simulations. Hansson et al. [76] plan to
introduce WatchPoints into Renew using the Kieker observability framework to provide a non-intrusive
observation mechanism for Petri net simulations. WatchPoints can be attached to net elements and
are triggered during simulation without stopping execution. This enables modelers to observe firing
behavior, execution frequencies and interaction patterns while preserving the dynamics of the modeled
system. As such, WatchPoints support the exploratory modeling, debugging and analysis of Petri nets
beyond traditional stepwise execution. In Renew, WatchPoints are attached to places or transitions
and are triggered by execution events. They do not interrupt the simulation, but are observed and
logged. WatchPoints enable the observability of agents and the monitoring of protocol execution and
performance profiling. Figure 3 shows a Petri net in Renew with WatchPoints at transitions T1 to T3.
The colors constitute a heatmap ranging from blue for low temperatures to red for high temperatures.
The temperature corresponds to the number of times the net element occurs in the WatchPoint log.
Petri Nets may also be used for prototyping concurrent application [77], whereby WatchPoints may be
a useful feature for explorative prototyping [78].

5. Modular Research Software

In the research software engineering community, it is generally accepted that better software leads to
better research [79]. In software engineering, it is known that clear architectural foundations have a
strong impact to better software [80, 81]. Building on these principles, it is recommended to design
modular and maintainable software architectures in research contexts [82], recognizing their critical
role in enhancing the quality and impact of research outcomes [83].

The Java Platform Module System (JPMS), introduced with Java 9, provides a framework for structur-
ing Java applications into modules with explicit declarations of dependencies, exported packages, and



action y = RandomGenerator.getDefault().nextInt(1,101)

PO

guard y<=10

Figure 3: Introducing WatchPoints in Renew using the Kieker observability framework to provide a non-
intrusive observation mechanism for Petri net simulations, with heatmap coloring based on the number of
observed transitions [76].

service interactions [84]. This enhances encapsulation, maintainability, and runtime integrity. Renew
uses the JPMS to obtain a modular software architecture, in particular for plugins.

To investigate how Kieker can be used for Java applications with dynamically loaded modules of the
Java Platform Module System (JPMS), Hansson [75] conducted experiments with Renew. Renew allows
the execution of Java code during transition firing. Monitoring Renew’s simulator was challenging
because Renew loads core components as plugins in dynamic JPMS module layers and can reach high
simulation speeds. Based on this experience, we are currently introducing JPMS into Kieker to further
improve its modular software architecture.

6. Conclusions and Future Research

Research software can play a variety of roles in the research process. This paper illustrates the mutual
benefits of combining research software systems:

+ The Renew modeling and simulation tool for Petri net formalisms is instrumented with the Kieker
observability framework for performance evaluation [75] and to introduce WatchPoints [76].

+ The Kieker observability framework is currently incorporating the Java Platform Module System
(JPMS) to enhance its modular software architecture further, building on Renew’s experience
with the JPMS.

Such collaborations may stimulate and boost significant progress for the research groups involved.

This work also helps to improve the development of research software. The aim of Research Software
Engineering Research (RSE Research) is to understand and improve the development of software for
research purposes [85]. By enhancing the scholarly understanding of the development and maintenance
of research software, RSE Research helps to develop methods, techniques and tools to improve research
software engineering practices. Therefore, RSE Research must address a number of research questions.
One such question is “Which categories of research software require which software architecture
structures?” The impact of software architecture on research software could be investigated to answer
this question [83]. Studying Research Software Engineering project lifecycle structures [86] is another
domain within RSE Research to achieve a managed software evolution [87].
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