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Abstract

In early vehicle development, simulation-based Digital Twin tool-
chains enable simulated testing of automated driving functions
prior to real-world testing. In a research setting, they are created
by researchers and comprise research software prototypes, propri-
etary tools, and customized open-source software. Although this
composition initially yields quick results, it accumulates technical
debt and erodes reproducibility. We study a case of architectural
technical debt in simulation-based Digital Twin toolchains for auto-
mated vehicles and a) identify symptoms of architectural technical
debt present in the toolchains via analyses and interviews with
researchers, b) investigate the underlying architectural technical
debt causing these symptoms, c) relate them with categories in the
field of architectural technical debt, d) reengineer the toolchains
towards a containerized service-based architecture, and e) discuss
the tradeoffs and lessons learned. Our results show that an interme-
diate implementation already substantially mitigates architectural
technical debt while preserving performance metrics.
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1 Introduction

The development of vehicles is becoming increasingly complex, due
to new regulations and more sophisticated software [36]. In partic-
ular, the demand for autonomous driving is increasing rapidly [14],
while its verification remains a main challenge [37].

Modern Automatic Vehicles (AVs) implement Automatic Driving
Functions (ADFs) to, e.g., keep the lane and speed limit, to overtake
slower vehicles, or to prevent collisions. The German Aerospace
Center (DLR) develops novel ADFs as part of researching future
mobility and evaluates them by simulating their behavior in prede-
fined scenarios. An automated monitor supervises each simulation
for undesired behavior and renders a video of the ADF’s behavior
when controlling the AV (Figure 1).

Currently, it is infeasible to specify the expected behavior of an
AV in all situations. Hence, Subject Matter Experts (in the following
experts) manually evaluate the videos to determine whether or not
the AV behaves as expected. Each simulation comprises multiple
software tools in toolchains.

A Digital Twin (DT) is a virtual representation of an actual sys-
tem that is continuously updated with real-time data [17] and can be
used to simulate vehicles’ behavior [7]. Such a twin can be created
before the physical system, which is often referred as a Digital Twin
Prototype (DTP) [19]. DTs are used in several domains, and their
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Figure 1: A simulation of an automated vehicle (left) performing a driving scenario that gets monitored (right).

success is based on the simulation of physical aspects in a software
domain [11]. This makes a DT essentially a software project.

When implementing new features in a software project, devel-
opers face trade-offs between quick and maintainable solutions [5].
Opting for the quick solution yields short-term benefits, but typi-
cally leads to overly complex implementations, so-called Technical
Debt (TD). Accumulated TD decreases the velocity of development
in the long run [12], and erodes its reproducibility. TD has been ex-
tensively researched, e.g., to evaluate its manifestation in software
development [31], or to manage its impact on software projects [1].

Particularly, Architectural Technical Debt (ATD) has been identi-
fied as a sub-type of TD [10, 27]. ATD denotes short-term beneficial
decisions that do not manifest in the source code, but instead in
the overall architecture of the software system. While there ex-
ists extensive tool support to identify and quantify TD [6, 34], the
quantification of ATD is a topic of ongoing research [24, 32].

Most existing work studies TD either in open source projects [26,
35, 42] or in industrial use cases [18, 38]. In contrast, little work ex-
ists on the impact of ATD on the quality of DTs in a research context.
Software in a research context is developed with different goals, un-
der different circumstances, and by different people than industrial
software. Typically, requirements are not documented, verification
and validation are done manually by experts, and the software
architecture is strongly influenced by available hardware [22].

In this work, we study ATD in simulation-based DTs in a research
context by investigating toolchains used for evaluating ADFs in AVs.
For that, we a) identify symptoms of ATD present in the toolchains
via analyses and interviews with researchers, b) investigate the
underlying ATD causing these symptoms, c) relate them to cate-
gories in the field of ATD, d) reengineer the toolchain towards a
containerized service-based architecture, and e) discuss tradeoffs
and lessons learned.

Given the complexity of the software and the significant adap-
tations required to develop a fully service-based simulation-based
DT, it is not feasible to pursue this within the scope of this work.
Instead, we present a partially service-based architecture that al-
ready yields numerous benefits over the existing implementation,
but only requires a fraction of the development effort. Furthermore,
we focus on the virtual part of the DT, which can be seen as a
DTP [19]. We believe the lessons learned to be transferable to the
physical system, as well as other cyber-physical domains where
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DT-driven simulation pipelines are employed, e.g., smart-city or
the simulation of manufacturing plants.

The remainder of this work is organized as follows: We first
review the existing work on ATD, software quality metrics, as well
as microservices and containerization in Section 2. In Section 3, we
describe the case study with the domain background and current
implementation. Then, in Section 4 we describe the shortcomings of
the original implementation as perceived by experts, as well as the
underlying ATD causing these symptoms. Subsequently, we present
the measures taken to reduce the ATD in Section 5 and report on
the resulting mitigation in Section 6. After that, we discuss the
results and lessons learned in Section 7 and close with a summary
of our results and an overview of future work in Section 8.

2 Related Work

Architectural Technical Debt Categorization. In [39], a theory
for Architectural Technical Debt was proposed, which connects
causes, consequences, symptoms, and management styles of ATD.
ATD is divided into the ATD types MVP that Stuck, Workaround that
Stayed, Re-inventing the Wheel, Source Code ATD, Architectural Lock-
in and New Context, Old Architecture. They also distinguish between
different types of management strategies when dealing with ATD:
active (allocate effort to reduce debt), reactive (delay effort until
debt blocks progress), and passive (work around technical debt
rather than fixing it).

Software Quality Metrics. One major metric for software qual-
ity is ISO 25010, an international standard that “defines a product
quality model [for] software products” [21]. The standard identifies
Functional Suitability, Performance Efficiency, Compatibility, Inter-
action Capability, Reliability, Security, Maintainability, Flexibility,
and Safety as the main metrics of software quality.

This standard does not consider the unique challenges faced
when developing software in a research context [22]. The FAIR Prin-
ciples [43] are a well-established metric for evaluating the quality
of scientific data and its management. Building on these principles,
the FAIR4RS Principles [8] can be used to judge whether software is
Findable, Accessible, Interoperable, and (Re)Usable. Both ISO 25010
and the FAIR4RS Principles are abstract and prescribe no concrete
guidance to developers. In contrast, the Twelve-Factors [41] repre-
sent a set of concrete recommendations that are designed to assist
in the development of Software-as-a-Service (SaaS) applications.
These recommendations include, e.g., using a single code base under
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version control, explicitly declared dependencies, and maintaining
parity between development, staging, and production environments.

All metrics discussed so far only serve to evaluate existing soft-
ware products and their management. In contrast, Auer et al. [4]
describe a set of metrics that serve to support the decision for or
against reengineering a monolithic software system into a service-
based one. Using this framework, software systems are evaluated
with respect to their Functional Suitability, Performance Efficiency,
Reliability, Maintainability, Cost, and Process Related metrics. Lenar-
duzzi et al. [25] show that migrating to microservices can reduce
TD, but Villa et al. [40] show that migrating to microservices is not
an easy task and can even increase TD.

Microservices and Containerization. In a microservice architec-
ture, a software system consists of cohesive and independent mod-
ules that implement only a small set of functionalities, and are
able to interact on their own with other modules via a defined
interface [16]. Single modules and their dependencies can easily
be exchanged or upgraded without affecting the whole software
system. The independent nature of microservices also prevents
a technology lock-in, as single modules can be implemented as
needed [16, 30, 44]. Microservices are commonly implemented us-
ing containerization. Containerization is a virtualization technology
where an application is packaged together into a standardized im-
age with its runtime environment. This image can be run nearly
everywhere. Containers are more lightweight, easier to manage,
more scalable, and have faster startup than other virtualization
methods like virtual machines [28, 33].

3 Case Study: Simulation-Based Testing of
Automatic Driving Functions

Domain Background. The researchers develop ADFs for AVs and
validate their behavior in simulations before testing them in the
real world. For this, they use the workflow shown in Figure 2.

Researchers initially describe an abstract scenario involving a
single AV. One example of such a scenario is a situation in which
the vehicle is traveling along a two-lane road together with other
vehicles. At some point, the current lane is blocked by another
vehicle. The ADF then has to steer the vehicle around this obstacle.
Using a Concretizer, the experts instantiate this abstract scenario
into multiple concrete ones which can be used by the simulator.
These scenarios differ, e.g., in the number of other vehicles involved,
in the sizes and acceleration profiles of these vehicles, or in the lane
widths. Each concrete scenario is then coupled with an ADF and ex-
ecuted in the simulator, which simulates the behavior of all vehicles
in the scenario. The ADF governs the vehicle, while the scenario
description governs all other vehicles. Inspecting each scenario
manually for compliance would be infeasible for the experts. Thus,
the simulations are automatically monitored for deviations from
the desired behavior by a Monitor. If the Monitor flags a simulation
as non-compliant, it is rendered as a video. An experts can then
analyze the videos and use them to further improve the ADF.

Existing Implementation. Initial implementation of the toolchains
was subject to unclear requirements, did not follow formal software
engineering processes as they were perceived to inhibit research
progress, and the software architecture was driven by the available
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hardware. These circumstances are quite typical for software in
a research context [22]. The experts have partially implemented
the workflow described in the previous paragraph. This develop-
ment resulted in two toolchains, the Scenario Generation Toolchain
(SGTC) and the Sceneratio Execution Toolchain (SETC). The former
toolchain executes a fixed ADF in numerous generated scenarios,
while the latter executes a fixed ADF in a number of pre-defined
scenarios and monitors these executions for nominal behavior [20].
We illustrate the resulting implementation in Figure 3.

The SGTC generates variations of abstract scenarios, resulting
in concrete scenarios. It builds on concepts described by Becker et
al. [9]. The experts first specify abstract scenarios as one or more
Traffic Sequence Chart (TSC) files [13]. These TSC files contain the
scenario specification as well as a world model describing physi-
cal laws and properties. The abstract scenarios given as TSCs are
concretized using the tool TSC20penX [23]. This tool produces vari-
ations of the TSC files as intermediate results, and outputs concrete
scenarios as OpenX files. Each OpenX file comprises OpenDRIVE [2]
and OpenSCENARIO [3] files. The concrete scenarios are executed
by the simulator CARLA [15], which is an open-source simulator
for autonomous driving research. A Scenario Runner, provided by
the CARLA developers, reads the OpenX files and triggers the API
of CARLA. The experts have constructed a Docker container com-
prising the original TSC files, TSC20penX, the Scenario Runner,
and an instance of CARLA. The ADF to be evaluated is hard-coded
into the configuration of CARLA.

The SETC contains the Scenario Manager, which is a Python
application developed by the experts. The scenarios and ADFs
are hard-coded into the Scenario Manager. The Scenario Manager
provides these to CARLA and to a Monitor. CARLA executes the sce-
nario and provides virtual sensor data to the Scenario Monitor. The
Scenario Monitor fuses the information about the executed scenario
with the data received from the simulation and monitors the execu-
tion for undesired behavior. In this toolchain all three constituent
components communicate asynchronously using ROS 2 [29]. The
experts deploy the Scenario Manager and CARLA in a single Docker
container. The Scenario Monitor is deployed as a non-containerized
application on the same machine that executes the Docker container.
In the remainder of this work, we do not consider the Scenario Mon-
itor as part of the SETC. It is an application that only obtains data
from the toolchain instead of being part of it.

4 Methodology and Technical Debt in the
Existing Implementation

In the past, a passive management style regarding ATD was pur-
sued. When problems arose, reactive management techniques such
as opportunistic patching were used. In the scope of this work, we
pursue a reactive and active management style by performing a ma-
jor refactoring (reactive), systematically dedicating time to reduce
technical debt (active), and building technical credit by proactively
improving architectural elements (active). To identify ATD to be
mitigated by the reengineering, we met with experts to gain insight
into the existing implementation during a two-day workshop. We
opted for an agile approach for the engineering, because we deter-
mined it would be infeasible to identify all ATD by interviewing
experts and inspecting the current implementation.



MSSiS 26, April 12-18, 2026, Rio de Janeiro, Brazil

Eller et al.

Abstract Concrete
; . ; Simulators | .
Scenario Concretizer Scenarios ! Videos Expert
I > 4 I N\
: 1 (o} a
— _—> _Bﬁ—) 4 olo A
— > > =7 —> [o|o ol—>
Tl = > 15 |ofo o —
4 6 1~ o o
1
LN I
— |/ p

Automated Driving Function

Monitor

Figure 2: The conceptual workflow from an abstract scenario to analysis by an expert.
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Figure 3: Current architecture of Sceneratio Generation Toolchain (left) and Scenario Execution Toolchain (right).

For that, two software engineers met with stakeholders (includ-
ing the experts) in a sync meeting to gather symptoms of ATD.
The software engineers then extended the existing implementa-
tion to mitigate the ATD. They consulted with experts on demand
to answer questions. Afterwards, they again met with all stake-
holders, presented their progress, and gathered new ATD based on
the feedback given. This cycle was repeated for 3 months on a bi-
weekly basis. While refining a target architecture, the two software
engineers incrementally adjusted the existing implementation to
conform to the new architecture. During the initial sync meeting
with stakeholders, the software engineers observed that the main
symptom of the ATD is the low software quality, which results in a
low reproducibility of the toolchains and the results they create. We
categorize the ATD using a framework that we derived from multi-
ple sources of software quality and ATD types presented in Section
2. The categories of this framework are illustrated in Figure 4.

We base our initial categories on ISO 25010 [21] and FAIR4RS [8].
From ISO 25010, we omit the categories Security, Interaction Ca-
pability, Performance Efficiency, and Safety, because they do not
contribute to reproducibility. From FAIR4RS, we omit the cate-
gories Findable and Accessible, as they are mainly affected by the
deployment of the software, which is out of scope of this work.
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The FAIR4RS categories Interoperability and Reusability are sub-
categories of the ISO 25010 categories Compatibility and Reusability,
respectively. Additionally, we augmented the ATD items with rel-
evant ones from the Twelve-Factor App methodology [41]. We
present the collected ATD items in Table 1.

We have collected 20 ATD items that contribute to the low re-
producibility as the main drawback of the current toolchains. To
increase the reproducibility, we propose a containerization service-
based architecture, which we describe in the following section.

5 Reducing the Technical Debt

Based on the ATD outlined in Section 4, we propose a service-based
architecture that integrates the SGTC and the SETC. We describe
this architecture in Section 5.1. However, during implementation,
we encountered several challenges. This includes the adaptation of
components to expose their functionality via an AP, to consume
APIs of other services, or to use databases instead of files for data
exchange. Implementing these changes is out of the scope of this
work. Therefore, in section 5.2 we present an intermediate software
architecture that is feasible to implement and already reduces ATD.
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Figure 4: Our framework for categorizing Architectural Technical Debt.

Table 1: Gathered Architectural Technical Debt according to the proposed framework.

Reliability

ATD Type

D1

Toolchain components are tightly coupled.

Source Code ATD

D2  Failure of one toolchain component does affect other components.  Architectural Lock-in
D3  Toolchain components are dependent on specific service instances.  Architectural Lock-in
D4  Toolchain components are not disposable. Source Code ATD

D5  Toolchain components are not scalable across multiple processes. Source Code ATD
Compatibility

D6  The toolchain interferes with other tools in its environment. Architectural Lock-in
D7  Communication is not done via standards. Architectural Lock-in
Maintainability

D8  Toolchain components are not independently replaceable. Architectural Lock-in
D9  Toolchain components are not independently modifiable. Architectural Lock-in
D10 Toolchain components are not independently reusable. Architectural Lock-in
D11 Toolchain dependencies and configurations are not explicit. Architectural Lock-in
D12 Toolchain components implement already existing functionality. Re-inventing the Wheel
Flexibility

D13 Toolchain components are not independent of their environment.  Architectural Lock-in
D14 Host systems need to be reconfigured for each toolchain use case. ~ Source Code ATD

D15 Toolchain cannot be easily provisioned. Source Code ATD

D16 Used services cannot be swapped out. Architectural Lock-in
D17 Toolchain components are not self-contained. Source Code ATD

D18 Scenarios are hardcoded into toolchain components. The Workaround that Stayed
D19 Driving functions are hardcoded into toolchain components. The Workaround that Stayed
D20 Toolchain components are all developed with the same technology. Architectural Lock-in

5.1 Target Architecture

Following good practices for service-based architectures, we pro-
pose the target architecture in Figure 5.

The toolchain components are split into microservices to achieve
operational independence. Instead of direct file access, our architec-
ture stores data in databases to increase compatibility. To increase
the flexibility and maintainability of the toolchain, the databases
run in their own container, are attached as resources, and run inde-
pendently of other services. We split TSC20penX into the separate
services TSC2SMT, SMT2Instance and Instance20penX to break the
cycle between the Varied Scenarios and TSC20penX. The Scenario
Runner from the SGTC and the Scenario Manager from the SETC are
combined into the Scenario Executor because they serve similar pur-
poses. Since simulations dominate the toolchain’s execution time,
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multiple instances of CARLA are used, which are managed by a load
balancer. Cross-cutting services are centralized to de-duplicate func-
tionality and simplify service access. The architecture includes an
API gateway to provide a consistent interface to the services of the
architecture. A logging service collects the logs from the services in
a central location for debugging purposes. We include a monitoring
service that collects events from all services in the architecture.
Both the logging and the monitoring increase the maintainability
of the architecture. We include a central event broker to enable
asynchronous communication between the microservices, thus in-
creasing the flexibility and maintainability of the architecture.

5.2 Intermediate Architecture

As a first step toward a service-based architecture, we develop an
intermediate architecture shown in Figure 6.
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Figure 6: Intermediate architecture for the reengineered toolchain.

In contrast to the target architecture, the Scenario Manager and
the Scenario Runner are individual components, as they are still
an integral part of their respective toolchains. The separation of
TSC20penX was successfully done. Databases are currently not
used because the toolchain components work with files or have
their inputs hardcoded. As an intermediate step, the access to the file
system is virtualized using Docker volumes to avoid dependencies
on files on the host machine. Docker volumes are a mechanism to
store data outside of containers that can be shared between services.
At the time of writing, there is no direct connection between the
two toolchains. The scenarios generated in the SGTC have to be
imported manually into the SETC. The proposed monitor is still
under development, so the simulations are monitored manually. To
facilitate the use of the toolchains, we use Docker Compose. This
allows the containers to be set up and started in a reproducible way.

15

6 Evaluation of Technical Debt Mitigation

We evaluate the architectures presented in the previous section
against the identified ATD. We show the results for the target
architecture and the intermediate architecture in Table 2.

The target architecture mitigates all of the identified ATD. Re-
liability is achieved because the toolchain components run inde-
pendently of each other (D1) and are independent of specific in-
stances of supporting services (D3). The failure of one component
does not affect other components (D2). It also makes parts of the
toolchain easily disposable (D4), which is necessary to scale parts
of the toolchains across multiple processes (D5). By separating
the components into individual services, the individual services
can be implemented with different technologies (D20). When com-
ponents run as individual services, it is easier to independently
replace (D8), modify (D9), and reuse (D10) parts of the toolchain.
Furthermore, it reduces duplicate implementations by combining
the Scenario Runner and the Scenario Manager into the Scenario Ex-
ecutor (D12). The usage of containers increases the maintainability
and flexibility of the toolchains. Dependencies and configurations
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Table 2: Mitigation of Architectural Technical Debt of the proposed architectures.

(a) Target Architecture

No.  Mitigated No.  Mitigated
D1 v D11 4
D2 v D12 v
D3 v D13 4
D4 v D14 4
D5 v D15 4
D6 v D16 4
D7 v D17 4
D8 v D18 v
D9 v D19 4
D1o v D20 v

are made explicit (D11), because a container packages everything
that a microservice needs to run. As a result, it can share an envi-
ronment with other tools (D6), which improves compatibility. It
also makes the services as independent as possible from the under-
lying hardware and software (D13). The host system does not need
to be reconfigured for each toolchain use case (D14) because the
toolchains are isolated from each other by containers (D17). Because
supporting services like databases are attached as resources, they
can be swapped out, providing greater flexibility (D16). With the
usage of databases, scenarios (D18) and driving function (D19) can
be externalized and removed from the Scenario Executor. By using
a container runtime, the toolchains can easily be deployed (D15).
Communication between the services is done via standards, either
synchronously via APIs or asynchronously via an event broker (D7).

The intermediate architecture mitigates 6 out of 20 ATD items
completely and 10 items partially. It achieves limited reliability, be-
cause not all components can run independently of each other (D1)
and are independent of specific service instances (D3). A failure
of one component affects other components (D2) because some
are tightly coupled. Parts of the toolchains are not easily dispos-
able (D4), and cannot scale across using multiple processes (D5).
Maintainability is limited, because not all components run as in-
dividual services. It is difficult to replace (D8), modify (D9), and
reuse (D10) parts of the toolchain individually. But components
that run as individual services can be implemented with different
technologies (D20). The Scenario Manager and Scenario Runner
implement similar functionality, which results in duplicate function-
ality (D12). Explicit declaration of dependencies and configurations
increases the maintainability (D11). Therefore, the toolchains can
share a common environment with other tools (D6). It also makes
the services as independent as possible from the underlying hard-
ware and software (D13). The host system does not need to be recon-
figured for each toolchain use case (D14) because the toolchains are
isolated from each other by containers (D17). Supporting services
are not present because no databases are used. This architecture
uses file access, via Docker volumes, which makes the file system
swappable, which increases flexibility (D16). Using a container run-
time, the toolchains can easily be deployed (D15). Communication
between the toolchains is not done via standards, because they are
currently not connected directly (D7). Scenarios (D18) and driving
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(b) Intermediate Architecture

No. Mitigated No. Mitigated
D1 () D11 v
D2 ) D12 X
D3 X D13 v
D4 ) D14 v
D5 ) D15 )
D6 v D16 )
D7 v D17 )
D8 ) D18 X
D9 ) D19 X
D10 ) D20 v

functions (D19) are partly hard-coded in the toolchains. To evaluate
the performance implications of the intermediate architecture, the
simulation execution time between the current and intermediate
implementations are compared in Fig. 7.

With one scenario, the execution time of both implementations
is identical. With a scenario number from 2 to 4, the scaling of the
intermediate implementation (one CARLA instance per scenario)
yields a measurable performance benefit. With 5 or more scenarios,
the intermediate implementation is slower. A likely cause is that 5
or more instances of CARLA exceed the available resources of the
test system, or undiscovered bottlenecks are triggered.

7 Lessons Learned

The transition of a monolithic simulation-based Digital Twin to a
containerized service-based architecture is not a one-time effort.
This work demonstrates that such a transition is not a trivial task
and should be considered as early as possible in the life cycle of the
software. This section highlights good practices and insights that
can be learned from this transition process.

The main aim of our work was to improve the reproducibil-
ity of the toolchains. This effort focuses both on the toolchains
themselves and their comprising parts as well as on the results the
toolchains generate. In the context of business applications, contain-
ers represent the primary technology to facilitate reproducibility.
For the software in this work, containers are necessary, but
insufficient to ensure reproducibility.

Firstly, while containers virtualize the software stack, contain-
ers can still expose the underlying hardware to the software
running inside them. CARLA has strict hardware dependencies on
NVIDIA graphics cards and utilizes ROS 2 for communication with
other components of the toolchains. In our implementation, ROS 2
attempted to communicate between two containers using shared
memory for efficiency. This failed, since by design, containers do
not share a memory space. While containers can be configured to
have shared memory, doing so breaks the isolation between the
containers. In contrast, breaking isolation may be necessary for
efficiency, as software in a research context typically produces and
consumes large amounts of data. These data may not be efficiently
transferred via industry-standard message-oriented interfaces. Also,
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Figure 7: Execution time of the current implementation and the intermediate implementation. Measured on an Intel Core

i9-13900K, 128 GB RAM, NVIDIA RTX A5000.

the benefit of scaling toolchain components has a limit and might
even have a negative impact on performance.

Secondly, containerization requires researchers to create
and maintain additional software artifacts, such as container
build scripts. In one instance, we were unable to build a container
image because dependencies became outdated or unavailable from
public sources. The maintenance of container build scripts places
an additional maintenance burden on the researchers. Moreover,
containerizing an application involves explicitly declaring and man-
aging all its dependencies. Dependency management is also a part
of containerizing business software. But, dependency manage-
ment is particularly burdensome for research software due to
the reliance on other research software that is not consistently ver-
sioned and whose long-term stability is uncertain. However, once
these dependencies are defined, researchers can benefit from a
reproducible and consistent build environment that reduces
dependency issues and simplifies the deployment process.

Finally, containers still require the use of a container ex-
ecution environment, even if they are built and managed in a
well-organized and reproducible way. This means that researchers
must either administer and maintain the infrastructure for exe-
cuting containers or rely on external vendors to provide such an
execution environment. The former option can place an additional
burden on researchers, while the latter can lead to vendor lock-in.

8 Conclusion and Outlook

In this paper, we worked towards the reengineering of simulation-
based Digital Twin toolchains to a containerized service-based
architecture. We first gathered ATD items via an agile approach,
where we met with experts on a regular basis. To categorize the
ATD items, we proposed a framework based on existing literature.
We then developed a target architecture for the toolchains that
mitigates the identified ATD. During development, it became clear
that limitations in the existing toolchains prevented the target
architecture from being realized. We developed an intermediate
architecture that serves as a milestone on the way to the target
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architecture. We presented both of these architectures and evaluated
them with respect to the collected ATD items, and conducted a
performance evaluation of the intermediate architecture. Finally,
we discussed lessons learned from implementing the intermediate
architecture. Despite the challenges, the use of a service-based
architecture and containerization provides significant benefits. It
helps to enhance the reproducibility and simplifies the deployment
of simulation-based Digital Twins.

In further work, we aim to also include the physical part of the
Digital Twin and implement the target architecture. This will allow
us to assess whether additional research toolchains can be migrated
to a similar architecture. We will evaluate the architecture in other
domains to extract general good practices. We believe that good
practices will aid experts in various domains when transferring
toolchains to service-based architectures and later lifecycles.
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