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ABSTRACT

Modeling solution-neutral operating principles of system features as SysML behavior models enable systems engineers to specify

reusable product features for a variety of similar products and to specify and document a product’s functionality in an easy-to-

understand manner. In practice, multi-perspective modeling methods from systems engineering require a high manual effort

from experts who do not have the needed time. Current systems engineering methodologies provide multi-perspective modeling

approaches. However, they do not consider real-world sizes of the problem domain. Thus, if the systems engineers change their

perspective, it requires excessive manual effort, and they must perform redundant tasks. This paper presents a CUBE-based,

feature-driven methodology that provides generative methods to systems engineers to address this challenge. In detail, we are

using SysML activity diagrams to model operating principles of system features and generate the logical architecture as SysML

Internal Block Diagrams.

1 | Introduction

Motivation. Modeling solution-neutral features at a functional
level [1] enables the reuse of basic and comfort features, shortens
time-to-market, and sustainably documents a product’s function-
ality. This is particularly relevant in the automotive domain,
where many manufacturers, such as Toyota Motor, Volkswagen
Group, and General Motors, operate as strategic groups sharing
common modules for vehicle development. Consequently, it is
reasonable for these groups to reuse not only final products but
also product specifications [2], enhancing product quality and
development speed while reducing development time.

Model-based systems engineering (MBSE) [3, 4] provides a means
to describe automotive specifications from different perspec-
tives [5]. Systems Modeling Language (SysML) Activity Diagrams
are one option to specify operating principles [6], offering a
solution-neutral view of the system by specifying its functional

behavior without considering technical implementation alterna-
tives or structural/architectural choices [7]. Functional elements,
as part of the operating principle, are logically grouped by
structural elements and are thus subject to a structural realization
decision in the form of the logical product architecture [7].
Although no technical decisions are made at this stage, it becomes
the focus when designing the system’s technical architecture in
the subsequent specification phase.

In the automotive domain, real-world models encompass several
hundred features and tens of thousands of signals, making
manual creation and maintenance of these models for various
perspectives time-consuming.

Research Gap. Existing approaches often overlook the effort
required to create models from various perspectives, leading
to unrealistic time demands or impractical automation. Thus,
some companies fear that MBSE may negatively impact budgets,
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schedules, efficiency, safety, and morale [8]. Moreover, high-
stakes engineering projects are particularly challenging for
experimentation but can potentially benefit the most from
the application of MBSE [9]. Various methodologies suggest
modeling systems from different perspectives [10], including
MBSE [11-14] and feature-driven systems engineering [15] and
offer advanced specification methods [16-18] but still require
significant time for model creation. This issue is exacerbated in
industry projects where experts have limited time [8].

Model-driven approaches [19], on the other hand, focus on
specific tasks such as transformations for verification pur-
poses [20, 21], generating design models [19], or generating
software code [22-24]. However, they lack integration into a holis-
tic approach or methodology. Based on these observations, we
identified the following gaps that our research aims to address:

* High Effort for Model Creation: Many MBSE approaches
aim to create an “all-inclusive” model, neglecting the effort
required to develop them.

* Redundant Tasks for Multi-View Modeling: Although
multiple views are beneficial for readers, modelers face
the challenge of performing redundant tasks during their
creation.

* Applicability in Industry Projects: Many approaches focus
on general applicability without addressing the specific needs
of concrete projects and industries.

Research Question. To address these challenges, our aim is to
answer the following research questions for the concrete appli-
cation scenario of generating logical architectures from SysML
behavior models:

* RQI1: How can the efficiency of MBSE be increased?
* RQ2: Which models suit project-independent reuse?

* RQ3: Are models from previous development steps or views
reusable in later development steps?

To mitigate the high efforts for model creation, we aim at
identifying optimization potentials in the considered projects
from the automotive industry in RQ1. To apply them in the
context of multiple industry projects, we analyze potentials for
a project-independent reuse in RQ2. Finally, we ask RQ3 to
combine the efforts from RQ1 and RQ2 to not only increase
the efficiency and applicability in multiple projects, but to
also consider the additional efforts for multi-view modeling in
multiple approaches.

Contribution. To increase modeling efficiency, We propose a
model-to-model transformation approach to generate logical
architectures from operating principles, based on the Composi-
tional Unified System-based Engineering (CUBE) [7] methodol-
ogy (see Section 2.3). This feature-driven methodology:

1. Helps systems engineers formulate operating principles with
object flow and logical elements.

2. Automatically generates logical architectures with minimal
effort.

We reuse functional descriptions from SysML Activity Diagram
(act) to generate SysML Internal Block Diagram (IBD) based on
a Logical Reference Architecture (LRA). We demonstrate this
approach with an automotive example and discuss its practical
applicability. Therefore, this paper is structured as follows: Sec-
tion 2 presents relevant foundations and related work. Section 3
introduces an example from the automotive domain and shows
its feature specification. In Section 4, we introduce our method
for generating logical architectures in the form of a SysML
IBD from an operating principle modeled as a SysML Activity
Diagram (AD). Section 5 discusses the method and results, and
the final section concludes.

2 | Foundations and Related Works

In recent years, systems engineering has become increasingly
important in industry and especially in the automotive indus-
try [25-27]. In this process, systems engineers consider systems
holistically during development and take other life-cycle phases
into account at all times [11]. In particular, this should achieve
an improved system specification that adequately addresses cus-
tomer requirements, ensures high-quality product, and reduces
the need for rework. Furthermore, the holistic system approach
should avoid incompatibilities of system components and thus
reduce the effort required for system integration [28].

2.1 | Systems Engineering

The systems engineering approaches developed in recent years
often combine established principles, such as structured par-
titioning, system decomposition, or system description using
different points of view [15]. Approaches such as OOSEM [11],
SPES [12] and its extension SPES XT [13] or SMArDT |6,
29] also use the model-based development method, which
extends the purely textual and document-centric specification
of the system with a graphical specification, enabling improved
interdisciplinary collaboration. The additional built database
can enable continuous enhancement, improved reusability, or
even automated evaluations of development artifacts during
development.

2.2 | Feature-Driven Development

As a second trend in the automotive industry, agile development
approaches have become more observable in recent years. In
particular, feature-driven development originated in software
development and has become especially relevant. Thus, it not
only enables the definition of agile development processes and
feature-oriented system design [7], but also improves complexity
management, better variant management, and feature-specific
reuse of development artifacts [7].
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2.3 | Compositional Unified System-based
Engineering

To apply the feature-driven development paradigm in systems
engineering, the CUBE methodology, which has its roots in
the SPES [12] and SMArDT [6, 29] methodologies, combines
the established systems engineering fundamentals with the
feature-driven development paradigm [7]. CUBE achieves this by
extending the general concepts of decomposition and abstraction
that SMArDT [30] and SPES [12]/SPES XT [13] utilize and
embedding a feature-driven development paradigm into these
methodologies. This means that CUBE uses similar abstraction
layers as SMArDT to define the use cases for the application of
the system, operating principles to specify the system behavior
executing these use cases, and logical and technical architecture
views to describe the implementation of a system. Moreover,
as suggested in SPES, CUBE uses techniques for decomposing
the system into sub-systems. To enable the systems engineers
to apply the feature-driven development paradigm during the
system design, CUBE begins with a use case elicitation phase,
in which the systems engineers define the application scenarios
for the system under development. To implement the use cases
identified by the system stakeholders, the next CUBE abstraction
layer requires the systems engineer to cluster the use cases
into features, for which an operating principle is developed that
describes the implementation of the use case in a solution-neutral
way. With this operating principle, the systems engineers need
to assign the steps from the operating principle to executing
elements from the system. By this, not only the decomposition but
also the required interfaces are encompassed. As this is one of the
main drivers of the system design, this paper aims to support the
systems engineers in this task.

2.4 | Feature Modeling Using Activity Diagrams

Specifically, so-called function nets can serve to model automo-
tive features [31]. As an implementation of this concept, our
approach specifies function nets using SysML internal block
diagrams to represent a logical architecture of the entire system.
Views on these function nets limit the model scope to specific
features or feature variants [32]. Scenario diagrams model these
function nets, similar to UML communication diagrams. How-
ever, the authors acknowledge that the focus of function nets lies
on structural system properties and that functional behavior is
only exemplary, illustrated in the defined scenario diagrams [33].
For proper full-fledged feature specification, the approach has to
be enhanced by dynamic behavioral models.

2.5 | Related Works

Apart from the methodical aspects presented in this paper, other
approaches exist for similar model transformation. For instance,
several transformations for ADs exist; however, approaches
transforming SysML diagram automatically into other diagrams
are usually only a corner case. More common are approaches
that translate SysML diagrams to code or use transformation
for system validation. For system validation, SysML ADs are
transformable to Petri nets [34]. Based on this transforma-
tion, related projects transformed SysML ADs to Petri nets for

automatic system verification [35, 36]. As an extension of this
concept, Petri nets are transformable to VHDL!-AMS? [37] using
the Atlas Transformation Language (ATL), which is a hybrid
model transformation language defining transformation rules
and helpers [38]. As for ADs, also Internal Block Diagrams (IBDs)
are often transformed for validation e.g., for formal validation by
mapping the SysML IBDs to the input language PRISM [20].

The authors are unaware of other methods for transforming
from ADs to IBDs—however, a semi-automatic approach for
transforming in the opposite direction exists [39].

The translation presented in ref. [39] begins with the transforma-
tion from the main block of the SysML IBD to an activity of the
Unified Modeling Language (UML) AD. Afterward, the element
transformation is in focus. First, the approach transforms each
part of the IBD and each reference into an action of the AD. Then
input and output ports are transformed into parameters and set
as initial and final states. After that, each port, linked to a part or
a reference, is converted to an input or output pin and linked to
a corresponding action in the AD. Each connector that connects
parts or references transforms into an object flow connecting
the actions in the AD. Finally, if the main block has ports,
these are transformed into activity parameter nodes following the
connections between the ports of the main block and parts or ref-
erences [39]. One of the limitations of the reverse mapping [39] is
the activity flow, which is not automatically derivable because the
IBD does not contain this information. It has to be set manually by
the system engineers [39]. In our approach, this is not an issue due
to the consideration of the reverse direction where the engineer
creating the AD can directly specify this information. For the
transformation with ATL, the source and target models and the
transformation definition must correspond to their respective
metamodels, which limits the structure of the AD. However, ATL
does not provide a direct graphical representation of the diagrams,
which is a clear advantage of our concept.

Another related approach is the functional architecture for
systems method [40], for which another generation process
for functional architectures exists [41]. To this end, activity
diagrams serve as the basis for functional architecture generation
by transforming these activity diagrams into a SysML IBD. In
contrast to our approach, this functional architecture functions
as an additional architecture description, in which an assignment
to executing elements is limited. Moreover, only a one-to-one
mapping of the use cases to activity diagrams is allowed, and
the authors only sketch the automated transformation without
formalizing the applied transformation rules.

Regarding the specification of logical architectures in literature,
several systematic approaches starting from use cases are out-
lined [40, 42]. The focus here is on the creative process as part of
the transformation from a functional analysis model to a logical
architecture. Usually, this is achievable by allocation function
partitions to logical architecture elements, and as properly-
outlined, this process step cannot be reasonably automated [40].
Instead, these papers propose the use of heuristics in order
to enhance this allocation step systematically. However, the
automated generation of a logical architecture representation
after allocation must be considered and introduced as part of
this contribution.
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FIGURE 1 | Use cases and feature derivation of automotive use cases presented in the literature [43].
3 | Example From the Automotive Domain In this example (cf. Figure 1), five features address all use cases

As we present the method and the lessons learned in the
context of an automotive development projects, we chose a
running example from the automotive domain, as this domain
can greatly benefit from MBSE [9]. To protect the project details
and intellectual property of the stakeholders involved in the
projects evaluated in Section 5, this paper uses a use case diagram
from an automotive example presented in the literature [43].
Unlike the methodology in the literature [43], this running
example develops an alternative functional specification for the
basic functionalities of a vehicle. Although the use cases in
Figure 1 remain largely unchanged from the literature [43], the
rest of the functional specification and this section intentionally
deviate to follow the feature-oriented functional specification
approach according to CUBE. To specify the execution semantics
of the use case diagram, we use the syntax and semantics from
another source [44]. A use case diagram consists of use cases. A
system executes a context as indicated by the system boundary (a
rectangle in the diagram). The actor is connected to this use case
using the communication relationship to indicate that an actor
can execute a use case.

The use case diagram in Figure 1 specifies various vehicle use
cases such as “Enter Vehicle”, “Exit Vehicle”, “Control Vehicle
Accessory”, and “Drive Vehicle.”. According to CUBE, multiple
use cases may form a group that features implement following a
feature-oriented development method [45], similar to a use case
study in the context of autonomous vertical take-off and landing
use cases [46]. In this paper, features are independent end-to-end
functionalities of the system that benefit at least one stakeholder.
A use case diagram represents a stakeholder as an actor and a
feature as a non-empty set of satisfied use cases.

from the use case diagram:

1. “Load/Unload Vehicle” combines use cases to enter and exit
the vehicle (including ‘Open Door’ due to include relations).

2. “Air-Condition Vehicle” addresses the “Control Climate
Control” aspect of the ‘Control Accessory’ use case.

3. “Entertain Passengers” addresses the “Control Entertain-
ment System” of the same use case.

4. “Drive Vehicle” combines all actions required to drive the
vehicle to its desired destination.

5. “Anti-Lock Braking” addresses “Perform Anti-Lock Braking”
as an extension of the “Drive Vehicle” aspect.

In the next step of CUBE, a systems engineer must specify the
operating principle for each feature, considering all related use
cases. Since “Drive Vehicle” is a main feature of almost all
vehicles, we will use it as the primary feature in this paper.
To specify the operating principle, the systems engineer must
define the actions the system must perform solution-neutrally.
For this purpose, a AD, as presented in Figure 2, is the primary
specification model.

As specified in the diagram, to implement the “Drive Vehicle”
feature, the driver (human or machine) must be informed about
the environment and the vehicle’s driving state initially. Since the
driver, as an external entity, is not part of the “Drive Vehicle”
feature, the model does not represent the steps required to make a
driving input decision. Hence, only the resulting steering inputs
in the form of “Steering Command”, “Acceleration Command”,
“Brake Command”, and “Gear Selection” are considered in the

Systems Engineering, 2025

765 of 778

95U801 SUOWILLOD 8A11E81D) 3|qeot[dde 8Ly Aq peueAob ek Sa e YO ‘8sh JO S9N 10j ARIqIT8UIIUO AB|IM UO (SUOTHPUOD-PUB-SWBH 00" A8 1M ARe.q 18U [U0//SANy) SUORIPUOD pue SWie | 8U18eS *[520zZ/2T/60] Uo ARiqiTauliuo A[IM ‘Usydey Uimy Aq S000£ SAS/Z00T OT/10p/Loo" A 1M Alelq  puljuoasooul//sdny wouy pepeojumod ‘9 ‘620z ‘8589025T



«activity»
Drive Vehicle

Feature operating
principle

:Vehiclelnfo

Inform driver about
environment and
driving state

:Vehicle
Info

Steer
vehicle |'|“|

:Steering
Command :SteeringCommand

|: Accelerate
vehicle I+| ™~ Y
:Acceleration :AccelerationCommand

Command

Brake
vehicle rh

Change
gear |+|

:GearSelection

$

FIGURE 2 | A feature specific operation principle for the “Drive
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Vehicle” feature.

operating principle of this feature. To effectively operate a vehicle
using these inputs, the vehicle must respond by adjusting its
steering, acceleration, braking, and gear shifting. Since this
specification is only at a functional level, the physical cross-
relationships between steering, accelerating, and braking are
deliberately not modeled at this step, as they depend on the
vehicle’s technical realization. For example, a motorcycle would
react differently to simultaneous steering and braking than a car
or truck [47].

4 | Generating Logical Architectures from SysML
Behavior Models

To implement use cases identified by stakeholders, the CUBE
methodology develops functional behavior in a solution-neutral
way. We focus on the “Drive Vehicle” feature to explore our
approach for generating logical architectures from SysML Activ-
ity Diagrams. Our approach builds on CUBE’s modeling of
feature operating principles. To be applicable in the industry,
the approach must fulfill several requirements and fulfill several
process requirements as, e.g., specified in ref. [48]:

* MRI: Specification models must be reusable to realize
reduced time-to-market constraints

* MR2: Specifications must be adaptable to specific markets or
vehicle projects

* MR3: Specification models must be consistent

* MR4: Specification models must be bidirectionally traceable
(e.g., from a requirement to a component and vice versa)

* MRS5: Creating specification models must be possible without
redundant manual modeling tasks

To describe how our method implements these requirements,
first, Section 4.1 addresses the reuse of our requirements stated
in MR1 and motivates how to model ADs as a specification of
reusable feature operating principles. Then, Section 4.2 intro-
duces the concept of a LRA, which enables system engineers
to implement and adapt the functionality in the context of a
predefined LRA to implement the challenges that arise from
MR2. Because the actions from the operating principles require
an executing element from the Logical Reference Architecture
(LRA), Section 4.3 deals with the allocations between functional
and logical execution views. Finally, Section 4.4 addresses MR3
and MR4 by providing transformation rules from ADs to IBDs
for a give allocation to the LRA, which enables the systems
engineer to generate a logical architecture without the need for
a redundant modeling task as required by MR5.

4.1 | Modeling Operating Principles Based on
CUBE

In CUBE, eliciting relevant stakeholders and use cases is part of
the customer value specification [7]. Systems engineers identifies
use cases and functional features to specify the “Operating
Principle.” In the running example, the vehicle has multiple
use cases for the driver, such as “Enter Vehicle”, “Exit Vehicle”,
and “Drive Vehicle.” Since these features only provide value to
an individual customer and do not necessarily specify an entire
sequence of actions required to operate the vehicle, features
group use cases into client-valued functionalities that benefit the
stakeholder in achieving their aims with the system. The AD in
Figure 2 specifies the steps to drive a vehicle, ensuring solution-
neutral principles that are reusable for other systems like bicycles
or trucks, supporting feature reuse (MR1) and adaptability (MR2).
In our running example, the driver is informed about the vehicle’s
environment and driving state in the first action. After that,
they can steer, accelerate, brake, and change gears in parallel.
Apart from the control flow specified by these actions, the AD
in Figure 2 also specifies the object flow, i.e., the objects or
information required to perform these actions.

In the next step of CUBE (and similar methodologies), a systems
engineer must identify the logical elements that perform these
actions and allocate the actions to these elements. Based on
this evaluation, they would update and evaluate the resulting
logical architecture to optimize their decision, e.g., by using a
reasoning framework [49]. In all concurrent industry projects
known to the authors, these steps are performed manually,
as none of the commonly used SysML modeling tools (e.g.,
IBM Engineering Systems Design Rhapsody [50], Enterprise
Architect [51], MagicDraw/Cameo Systems Modeler [52]) support
this generation natively without further tailoring.

As a result, systems engineers often view the creation of logical
architectures (or operating principles) as desirable but unneces-
sarily difficult, leading them to avoid this effort, which negatively
impacts project documentation. This observation is also reflected
in the study by ref. [18], where a common need for developing
description methods that logically reflect the functional and
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architectural structures and rules of the system is identified.
However, investments in systems engineering tools are not made,
and the benefits of traceability analysis are not estimated as highly
as other benefits of MBSE in the questionnaire.

To address this, we propose an automated transformation that
reduces effort by generating logical architectures from ADs.
Systems engineers can allocate actions to elements in the LRA,
using the object flow to generate logical architecture diagrams
based on transformation rules presented in Section 4.4.

4.2 | Logical Reference Architecture for Element
Allocation

Most established manufacturers and suppliers of complex or
safety-relevant systems, such as rail vehicles, aircraft, and
autonomous vehicles, leverage their extensive experience for
future development projects. These systems are often not devel-
oped from scratch; instead, results from previous projects serve as
inputs for subsequent generations. Therefore, it is crucial that the
reference architectures used are accurate. We assume that either
this architecture is known beforehand or quickly converges to an
improved version when applying our approach, or that a family
of LRAs developed for each family of problems may is already
established. In domains where the architecture is not initially
known, there is still an opportunity to develop a preliminary
sketch during development and refine it by reallocating the
executing elements multiple times. Since the development of
system reference architecture is highly domain-specific, this
paper does not delve into its development and refers detailed
approaches in the literature [33, 53-55].

Using a LRA as presented in this paper embraces the idea of
reuse and adaptability as required by MR1 and MR2 by providing
systems engineers with elements to implement functions mod-
eled according to an operating principle. Because this logical
architecture is independent of the technical realization, the same
logical architecture can be used as a reference for multiple
technical architectures, allowing the required adaptability by
MR2. Moreover, since the resulting logical architecture can be
generated automatically by the transformation rules presented
in Section 4.4, re-adoption to different LRAs is also possible,
increasing the reusability of the operating principle specification
as required in MR2.

Like other system architectures [56-60], the LRA has a structural
and a behavioral part. The structural part is based on the logical
decomposition of the system and specifies subsystems for the
next level of decomposition. The behavioral part of a system is
modeled here by a state machine that describes the states the
system can take in its life cycle. To put this idea into practice,
the structural part of the logical system reference architecture
is modeled in a SysML BDD, and the behavioral part of the
logical system reference architecture is modeled in a SysML state
machine diagram.

For the sake of our running example, we refer to the elements
presented in the Block Definition Diagram (BDD) from Figure 3
as LRA. In this architecture, the “Vehicle” is decomposed into
the “Powertrain,” providing the drive energy and transmitting it

«block»
Vehicle

¢

«block» «block» «interfaceBlock»
Powertrain Structure Infotainment
«block» «block»
Chassis Data Management

FIGURE 3 | A(simplified) LRA asan example for automotive system
development.

Vehicle
Idle Start [KI. 50 = ON] Driving
Initial
Stop [KI. 50= OFF]
Final

FIGURE 4 | A simplified state machine for a vehicle that is either
driving or idle waiting for its next drive

to the road to guide the vehicle longitudinally; the “Chassis,”,
responsible for steering, lateral control, and roll stabilization;
the structure, consisting of structural elements for crash secu-
rity as well as exterior and interior components; the “Data
Management”, responsible for collecting and providing infor-
mation from or to the environment; and the “Infotainment”
system, responsible for all vehicle-machine interactions and
passenger entertainment.

To better locate individual system functions or system features in
the context of the overall system and to model their interaction in
addition to their pure assignment, the features should be located
even further in the behavioral part of the LRA. For this purpose,
we recommend refining the SysML state’s behavior further and
modeling the behavior of the modeled features as an activity
diagram for the entry/do/action operations of the state machine.

For the “Drive Vehicle” feature developed as a running example
in this paper, we only consider two states in the state machine
presented in Figure 4. According to this state machine, our vehicle
is either “Idle” or “Driving” and changes between those states
by a “Start/Stop” trigger. These are intentionally not further
specified to allow different implementations in the product’s
technical architecture. An electric vehicle could use a drive mode
selection, whereas a vehicle with an internal combustion engine
could implement this state change by referring to the ignition.
Since these states from the LRA only restrict the number of
possible states but do not relate to the developed features, the
AD from Figure 5 exemplarily locates the “Drive Vehicle” feature
in the context of the driving state of the vehicle. To visualize
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FIGURE 5 | The activity diagram showing the features that are
active/executed during the driving state.

feature inter-dependencies, the diagram additionally presents
the potential support feature “Manage Energy” that provides
the required driving energy to the “Drive Vehicle” feature, as
indicated by the object flow in the diagram.

4.3 | Allocating Elements to Their Executing
Architectural Parts

Identifying the executing entity for each action in the operating
principle is a core task of functional/structural decomposition,
which determines the work-split and subsystems of the system
development process.

Consequently, all actions must be mapped unambiguously to
their executing entities in the LRA to automate the generation
of the logical architecture. In our example, most elements of
the feature operating principle (cf. Figure 2) can be mapped
straightforwardly to their executing entities in the LRA (cf.
Section 4.2). For instance, “Steer vehicle” is performed by
the “Chassis”, while “Accelerate vehicle”, “Brake vehicle”, and
“Change gear” are mapped to the “Powertrain.”Mapping the
vehicle’s braking action can be a philosophical question, as the
chassis can also perform this task if decomposed structurally
rather than functionally.

However, the “Inform driver about environment and driving
state” action cannot be mapped unambiguously to the Infotain-
ment system alone, as the structure also needs to enable the driver
to see the vehicle environment. Thus, in Figure 6, the action is
decomposed into its elementary steps, enabling the driver to see
the environment and receive vehicle information.

4.4 | Transformation Rules

The transformation of operating principles expressed in a AD
into a logical architecture expressed in a IBD, as proposed in
this paper, follows formal transformation rules and implies some
preconditions described in this section.

To make a formal transformation possible, all activity diagrams
for the operating principle must ensure that all elements are
mapped to an executing element from the LRA. Moreover, this

allocation must be unique, such that an unambiguous mapping
from action to its executing element in the LRA is possible.

The transition is then performed by applying the following rules.
Note that all other elements from the AD are still allowed to be
part of the diagrams for the generation, but are not regarded in
the transformation.

The first rule, also called the execution rule (Figure 7), states
that an action allocated to an ‘Executing Element’ from the LRA
is executed by this element. Thus, a system composed of the
executing element must have this element to perform this action.
Consequently, the logical architecture diagram of the system must
contain this executing element to perform this action.

Since the necessity of an element to perform an action is not
sufficient for a functional specification, the second rule, also
called the action interface rule (Figure 8), states that the object
flow an action requires to be executed must also be regarded in
the resulting IBD. For this, the rule states that if two actions are
allocated to different elements ‘A’ and ‘B’ from the LRA and have
an object flow between two action pins ‘al’ and ‘a2’ with the same
or a compatible type ‘T, the information flow must be part of the
logical architecture. Hence, the rule implies that the IBD created
during the transformation must contain matching ports ‘al’ and
‘a2’ with compatible type ‘T.” Since the SysML specification [61]
allows some ambiguities here, we require that the ports are typed
with an interface block “T” having ‘al’ and ‘a2’ as flow properties
and the same direction (ingoing/outgoing) as indicated by the
object flow.

Because the feature operating principles presented in this paper
are not stand-alone but connected in the behavioral part of the
LRA, these interfaces must be especially regarded during the
transformation. To this aim, Figure 9 states a rule to resolve
these inter-feature dependencies during the logical architecture
generation. According to this rule, if an ‘Actionl” has an action pin
connected to an outgoing parameter of its ‘Operating Principle
1’ Activity and an ‘Action2’ has an action pin connected to an
ingoing parameter of its ‘Operating Principle 2’ Activity, and both
operating principle activities are connected in invoked actions
allocated to different elements ‘A’ and ‘B’ from the LRA, then ‘A’
and ‘B’ must be connected in the generated logical architecture
and present in the feature operating principle diagram.

Finally, all actions connected to activity parameter nodes that
are not connected to elements from different elements must be
provided from the environment of the system and thus must
result in interfaces from the system environment as stated in the
fourth rule, also called the input/output rule (Figure 10).

The following implications arise from the presented transforma-
tion rules:

* From the first rule (c¢f. Figure 7), actions are only allowed to
be allocated to subsystems of the currently regarded system.

* From the second rule (c¢f. Figure 8), object flows between
actions allocated to the same element of the LRA are not
visible/regarded in the logical architecture (as no interface
between the sub-elements will be generated).
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The third rule (c¢f. Figure 9) does not filter out illegal con-
nections (e.g., a port becomes multiple inputs from different
systems). Thus, the resulting logical architecture might con-
sist of illegal port connections that must be later found and
resolved in a validation phase of the logical architecture.

Following the fourth rule (cf. Figure 10), all unconnected
activity parameters are interpreted as system interfaces. Thus,
the resulting logical architecture might contain external inter-
faces that were not intended by the modelers of the operating
principle.

Since an automated application of these rules is pos-
sible, the requirements from MR3-5 can be verified by
design.

LRSA::System

namespace

: Executing Element

(from LRSA)

LRSA::System

namespace

(from LRSA)

& J
FIGURE 6 | The activity diagram showing the decomposition of the “Inform driver about environment and driving state” action.
LRSA::System
Operating Principle Y
_________ LRSA::Executing Element
«allocate»
FIGURE 7 | Rulel (Execution Rule): Transformation rule for action execution in the logical architecture
( Operating Principle \
: aLT a2T !
]
I |
\yallocate» \yallocate» .
(from LRSA)
LRSA::A LRSA::B
FIGURE 8 |

Rule 2 (Action Interface Rule): Action interface transformation rule creating interfaces for actions connected with an object flow

4.5 | Example Logical Architecture Generation
Applying the aforementioned rules to the diagrams provided in
Figure 2 and Figure 6 together with the allocation provided in
Table 1 leads to the diagram presented in Figure 11.

As an example application Figure 11 connects the operating
principles activity diagrams from Figure 2 and 5, and visualize
the application of the transformation ruels from Section 4.4 with
blue arrows. Following the first rule, all LRA elements shown in
the ‘Executing Element’ column of Table 1 are included in the
IBD from Figure 11. The fourth rule implies that all elements
must be interfaces and are routed to the system boundary of the
vehicle. Following from the feature connection in Figure 5 and the
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TABLE 1 | Allocation of the actions from Figure 2 and 6 to executing
elements in the LRA shown in Figure 3

Action Executing Element
Enable driver to see environment Structure
Provide vehicle information Infotainment
Steer vehicle Chassis
Accelerate vehicle Powertrain
Brake vehicle Powertrain
Change gear Powertrain

third transformation rule, the structure system provides driving
energy to the powertrain. Since no feature internal connections
apart from this connection are made in the diagram, and no other
features are considered in our running examples, the second
transformation rule is not applied in this example. As this rule
would lead to the same result as allocating the drive vehicle action
to the powertrain, we did not include an additional example here
and leave this application as an example task for the reader.

In the example shown in Figure 11, two familiar situations
from examples of this kind are presented. First, one might note
that the ‘Structure’ component is unconnected to the other
features. This is because the ability of the driver to look at the

Rule 3 (Feature Interface Rule): Feature interface transformation rule to connect features using parameters provided in other

«block»
LRSA::System

«block»
LRSA::System

namespace namespace

E / 2
a:T a:T a: a:
(from LRSA) (from LRSA) T T

Rule 4 (Input/Output Rule): Input/Output rule to create system interfaces for objects that are not provided by other features

vehicle’s exterior is deliberately not further specified as a logical
architecture interface here. From similar applications to other
automotive examples, we noticed that similar situations also
appear in the logical architecture that is realized implicitly in
the product architecture, such as screw points, contact areas, or
energy provision.

As an attentive reader might also have noticed, most of the
performed actions require different kinds of energy. For example,
most concurrent infotainment systems require (low-volt) elec-
trical energy, powertrains are operated with fuel or (high-volt)
electrical energy, and the chassis usually transmits rotational
energy from the powertrain to the wheels. Since we aimed
at modeling a solution-neutral drive operation, we deliberately
decided not to model these aspects in the drive feature and already
indicated in Figure 5 that these tasks are modeled in a ‘Manage
Energy’ feature that is required to be executed in parallel to the
‘Drive Vehicle’ feature. Finally, there is the allocation of the ‘Brake
vehicle’ action. Depending on the decomposition, this is either
part of the powertrain (following the functional decomposition
philosophy, the powertrain is responsible for all tasks of longitu-
dinal guidance and thus also for longitudinal deceleration) or the
chassis (following the mechanical decomposition, the brakes are
mounted to the chassis and decelerate the wheels, thus part of
this system). An advantage of our approach is that these different
philosophies reduce this conflict since the allocation and logical
architecture generation can easily be changed.
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5 | Lessons Learned from Application in Practice

We applied our approach in three automotive systems engi-
neering projects. This section summarizes and compares the
results, describes our application, and derives lessons learned. We
analyze how our approach increased efficiency and reflect on the
fulfillment of methodical requirements, considering limitations.
Finally, we present future improvements and possible extensions.

5.1 | Lessons Learned from Industrial Application
To evaluate our approach and quantify the advantages, we applied
it in three automotive development projects. In the first project,
Project A (Project A), the project team created a high-level
vehicle architecture for software and hardware development. A
comparably small team of 7 systems engineers developed a model-
based specification for 16 critical high-level vehicle features. Due
to the small team size and a tight schedule, it was agreed with
the project management to use the approach presented in this
paper to accelerate development. They used Enterprise Architect
as a modeling tool and implemented the transformation rules
from Section 4.4. The team reported their times to analyze the
performance and determine potential time savings.

In the second project, Project B (Project B), the systems engineers
used the same tool setup but developed a demonstration example

Feature-specific logical architecture diagram for the “Drive Vehicle” feature.

for internal training and showcases of autonomous driving func-
tions. Due to this different focus and setup, the involved systems
engineers did not track their exact modeling times and did not
aim to develop an industrial product. Thus, the project results
might not reflect the best architectural decisions but showcased
the possibilities of the underlying CUBE framework and tooling.

Finally, in the third project, Project C (Project C), the project
team developed a functional specification of 122 vehicle functions
and used the approach presented in this paper to derive a
logical architecture specification. As the approach was already
established, no additional time was planned for the derivation
of the logical architecture, and more time was scheduled for
the development of the operating principle. Therefore, no exact
speed-up of the process using the generation approach is possible.

Table 2 provides more details about the number of actions, the
required parameters/object flows between those actions, and
their effect on the logical architecture in the three considered
projects. As all three projects were concerned with the top-most
decomposition layer, it is important to note that the figures only
represent the top-level interfaces on a small excerpt of the overall
vehicle and system models. Thus, the number of interfaces almost
grows exponentially for the following decomposition levels as
soon as these interfaces are refined in the next development
steps. From these numbers, we see that a small number of
high-level features already result in a high number of interfaces
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TABLE 2 | Number of elements generated in three considered
projects.

Project Project A Project B  Project C
Operating Principle

Features 16 7 122
Actions 380 170 2456
Parameters 749 477 2297

Logical Architecture
Logical components 6 5 14
Ports 549 57 1250

on the subsystem level in the logical architecture. Moreover,
comparing the three project results reveals that the modelers
used 20.13 actions per feature in Project C, 23.75 actions per
feature in Project A, and 24.29 actions per feature in Project
B. Thus, approximately 20-24 actions per feature is the average
number of actions a feature performs in the considered projects.
Furthermore, each of the actions has between 0.94 in Project C,
1.91 in Project A, and 2.81 in Project B parameters per action.
Therefore, each action processes one to three objects during
this operation.

As the example in Figure 11 showed, the allocation of two adjacent
actions to the same system of the LRA results in the object flow
from the activity diagram not appearing as an interface in the
logical architecture. As the results in all three projects show,
this is not only a theoretical possibility due to the design of the
transformation rules but occurred often in the three considered
projects. In fact, only 0.73% of the defined object flows on the
operating principle level of Project A resulted in interfaces on
the logical architecture level, whereas in Project C only 0.54%
and in Project B with 0.11% even fewer activity parameters result
in ports on the logical architecture level. Although the Project
B project aimed to minimize system interfaces, leading to an
average of 11.4 ports per component with their action allocation
in an idealized project environment, Project A and Project C
gained comparable numbers with 91.5 respectively 89.29 ports
per component.

For that reason, interface handling is one of the following lessons
we have learned during the application:

* L1: The execution times of the transformation are sufficient.
The implemented automation did not cause any considerable
waiting times for the modelers. However, the size of the
overall model does not scale well with a large number of
features in the prototype implementation of the modeling tool.

* L2: Collaborative modeling and variant handling are still an
issue for the native implementation of the modeling tool used
in the project.

* L3: Additionally, created links between the parameters and
ports achieve easier navigation and support traceability.

* L4: The allocations from actions to executing elements, as
well as a naming convention, enable further analysis and
specification of a component.

Although the implementation of the approach worked well in
the modeling tool, the underlying database quickly reached its
limitations when multiple features were considered and multiple
modelers modeled different features in parallel, as expressed in
L1. With this observation, we also reproduced the assumption
made in ref. [33], which may indicate a general lesson for systems
engineering projects.

5.2 | Increasing Efficiency of the Project Team

Since the method we present aims to reduce the effort to create
and model logical architectures through automatic generation, it
is reasonable to assume that our approach increases the efficiency
of the development team. We analyzed this in the context of
the Project A project. Project management tracked the team’s
performance during the creation of the logical architecture by
examining the hours spent in each project phase. The goal
was to compare the team’s performance with benchmarks from
previous projects and account for the increased efficiency due to
automation in future effort estimations.

The project team consisted of 3 MBSE experts experienced with
the CUBE methodology and 4 domain experts with extensive
experience in function development. The methodology experts
reported that automation improved their workflow compared to
previous projects. Project management noted that the remaining
4 team members, who had less experience with the method-
ology, integrated faster and performed better after a shorter
familiarization phase.

A rough schedule for logical architecture creation was required
to coordinate the project effort. Previous projects served as a basis
for initial estimation, and the expected efficiency increase (50%)
was factored into the project plan. After the project phase, we
verified whether the planning was accurate by comparing the
hours booked by project members with the initial plan. Modelers
booked only 46.87% of the hours compared to other projects
without automation, exceeding our initial expectations under
real-life conditions.

One threat to validity is that the adaptation beforehand (less
effort planned and communicated) might have influenced the
modelers’ performance. The tighter schedule increased pressure,
potentially improving efficiency at the cost of quality or pro-
ductivity, as implied by ref. [62] in construction performance.
However, based on previous projects, we assume a similar
increase is achievable with automation. Customer and project
management concerns required us to consider this risk.

The project team reported that the schedule was tough but real-
istic, suggesting minimal impact on our observations. Feedback
indicated that the bottleneck shifted from modeling systems
engineers to functional domain experts, whose availability and
response time limited the schedule improvement.

Automation significantly reduced the effort required to create
the logical architecture, covering all modeling tasks with trans-
formation rules. However, previous projects showed that effort
is also needed for diagram layout. The used tooling (Enterprise
Architect) does not fully address this issue, impacting diagram

772 of 778

Systems Engineering, 2025

95U801 SUOWILLOD 8A11E81D) 3|qeot[dde 8Ly Aq peueAob ek Sa e YO ‘8sh JO S9N 10j ARIqIT8UIIUO AB|IM UO (SUOTHPUOD-PUB-SWBH 00" A8 1M ARe.q 18U [U0//SANy) SUORIPUOD pue SWie | 8U18eS *[520zZ/2T/60] Uo ARiqiTauliuo A[IM ‘Usydey Uimy Aq S000£ SAS/Z00T OT/10p/Loo" A 1M Alelq  puljuoasooul//sdny wouy pepeojumod ‘9 ‘620z ‘8589025T



understanding [63]. Modelers had to manually adapt suggested
layouts. Errors in operating principles and interactions were
identified during logical architecture reviews, requiring rework
and regeneration of the logical architecture, which was factored
into the effort estimation.

5.3 | Reflection on the Fulfillment of the
Methodical Requirements

In defining the approach from Section 4, we formulated several
methodical requirements and reflect on their fulfillment.

MR1: Reusability The split between a solution-neutral operating
principle and the use of an LRA enables reuse across different
development projects. Specifications created using this method
are reusable, reducing time-to-market constraints. Operating
principles can be adapted to different environments by changing
the allocation to the LRA, such as for electric vehicles, bicycles,
or other driving vehicles. The logical architecture is reusable
without implementing the operating principle, as interfaces are
derived from actions. However, evaluating the time-to-market
constraint is not possible without a complete industrial applica-
tion.

MR2: Adaptability Deriving a logical architecture based on
an operating principle ensures adaptability to specific markets
or projects. Solution-neutral operating principle models enable
reuse in different logical architectures. Different allocations from
action to LRA elements allow variability on a logical level, and
different realizations on a product level. More ways to express
variability might be required, such as modeling variability directly
on control flow or object flow level [64, 65]. Future work could
analyze how this variability influences logical architectures.

MR2: Adaptability Deriving a logical architecture based on
an operating principle ensures adaptability to specific markets
or projects. Solution-neutral operating principle models enable
reuse in different logical architectures. Different allocations from
action to LRA elements allow variability on a logical level, and
different realizations on a product level. More ways to express
variability might be required, such as modeling variability directly
on control flow or object flow level [64, 65]. For example, a
positioning feature might only be required for autonomous air-
craft with high-precision requirements, but not for standard road
vehicles [45]. Instead of modeling two features for positioning,
a systems engineer might want to model only one positioning
feature for better adaptability and reusability. Future work could
analyze how this variability influences logical architectures.

MR3: Consistency Transformation rules ensure consistency
between multiple model views. All relevant elements from the
operating principle are regarded in the logical architecture. The
risk is that operating principles may not contain all required
interfaces as object flow, which must be minimized through
model reviews, validation, or expert interviews.

MR4: Traceability Our transformation supports traceability in
system specifications, as required by standards like ISO 26262 [66]
and A-SPICE [48]. Requirements must be bidirectionally trace-
able, meaning all elements from the operating principle must be

traceable to their executing element in the logical architecture
and vice versa. This is achieved through the design of the
transformation rules. Actions are allocated to their executing
element following the action execution rule (Figure 7), creating
a bidirectional mapping. Interfaces derived from actions and
their object flows ensure traceability of each object flow to
the resulting parameters in the logical architecture. Since the
reverse direction and application, as presented in ref. [39], is
more complicated (but generally possible), we suggest creating
links between parameter/activity pin and port in the modeling
tool to simplify navigation for systems engineers, as stated in
Section 5.1. The architecture modeling language might impact
traceability [67], so future work could explore whether similar
approaches in other modeling languages support traceability
better or worse. Apart from traceability, ISO 26262 also states
other requirements for developing an architecture for safety-
critical systems, which are not discussed here. Other works focus
on developing a SOTIF-compliant modeling process [68] or the
technical electric/electronic architecture [69], which could be
good research aspects for future work.

MRS5: Reduced Effort Automated transformation between dif-
ferent views in system specification reduces the effort required by
systems engineers. If the systems engineer changes perspective,
there should be no manual modeling effort required. Although
additional tasks like diagram layout or view selection may
still be needed, the SysML v2 specification, which provides a
textual modeling interface, offers a solution [70]. From a critical
perspective, however, one could argue that additional tasks such
as the diagram layout or view selection of single or multiple
requirements and update tasks are still required. Regarding the
layout, we are confident that the SysML v2 specification, which
also provides a textual modeling interface, provides a solution for
this issue.

5.4 | Applicability of the Approach

Although the proposed methodology offers significant benefits in
terms of automation and efficiency, it is essential to understand
the types of problems for which this approach is most valid.

The CUBE-based feature-driven methodology is particularly
effective for systems that require:

* High Reusability: Systems where features can be reused across
different products or projects, such as automotive systems,
aerospace, and industrial automation.

* Complex Multi-Perspective Modeling: Projects that benefit
from multi-perspective modeling to capture different aspects
of the system, including functional, structural, and behavioral
views.

* Consistency and Traceability: Systems that require consistent
and traceable specifications across different development
stages and views, ensuring high-quality documentation and
reduced errors.

In addition to the automotive systems considered, the CUBE-
based feature-driven methodology could also be effective in
various domains and applications, including aerospace systems,
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critical safety medical systems, consumer electronics, industrial
automation, cyber-physical systems, transportation networks,
customizable manufacturing systems, research and development
projects, Enterprise software solutions, and other highly regu-
lated industries. This methodology enhances the development of
complex features, ensures consistency and traceability, supports
high reusability, and facilitates the integration of physical and
digital components, making it ideal for projects requiring com-
plex multi-perspective modeling and compliance with regulatory
standards. As an implementation guideline, potential users of our
approach could ask if the following steps are required in their
application scenario:

* Action Identification: Clearly identify all actions that need to
be executed by the element.

* Action Allocation: Use a LRA to allocate these actions to the
appropriate elements.

* Dependency Modeling: Ensure that dependencies between
actions are well-documented and modeled using SysML
diagrams.

* Transformation Rule Application: Apply transformation rules
to generate the logical architecture from the behavior models,
ensuring that these rules account for multiple actions and
their interactions.

For instance, in an automotive system as specified in our running
example, actions such as steering, braking, and accelerating can
be allocated to different elements of the vehicle architecture.
Transformation rules can be used to generate a consistent logical
architecture that accounts for these actions and their dependen-
cies. Moreover, our approach can be also extended to generate
and analyze multiple allocation scenarios resulting in different
architecture alternatives. Consequently, our approach provides
several benefits in the aforementioned scenarios and application
areas with similar problems could benefit from its application.

5.5 | Assumptions, Limitations, and Guidelines

In other scenarios, however, there are some assumptions and
limitations that need to be discussed and addressed with an
additional guideline. As presented in Section 4, our approach
has some inherent implications and limitations from its design.
First, only subsystems of the currently regarded systems are able
to execute actions of an operating principle. This is not only a
limitation of the approach but also a process requirement for
the underlying method since a system can only perform actions
through its own elements and not through the elements of other
systems. Moreover, internal information flows within the same
system element are not regarded. While this implication from
the second rule (c¢f. Figure 8) is crucial for the system design to
prevent the introduction of unused interfaces, it bears a risk for
system optimization, as new functionalities that require the same
information, material, or energy might be ideally performed by
the same system elements. To consider this information in the
extension of the logical architecture, further works could focus
on a capability model to take this information for architecture
optimization into account. As the third rule (cf. Figure 9) does
not filter out illegal connections (e.g., a port becomes multiple

inputs from different systems), additional steps must be per-
formed to filter out these takes. In our example implementation
for the evaluation project, we implemented additional checks
for these tasks analogous to context conditions. Finally, the
fourth rule (c¢f. Figure 10) interprets all unresolved interfaces
as system interfaces. Even though this allows high reuse of the
features concerning MR1 and is technically correct (since not
provided objects must inherently be provided from the system
environment), in a later validation phase of the generated logical
architecture, it must be assured that this information is actually
provided to the system. In our application project, we solved
this by introducing additional reviews with domain experts and
changing the operating principles according to their feedback
when errors were found.

From the application point of view, we did not perform a complete
tool evaluation. Since we have focused only on the method-
ological feasibility of the transformation and have deliberately
excluded the aspect of tool evaluation. As a result, Section 5.1
is primarily a qualitative statement about the functionality
demonstration, which is not to be understood as a complete
tool evaluation.

The execution and timing behavior of the operating principle
and resulting logical architectures is not part of the approach
presented in this paper. As mentioned in Section 2, other works
on ADs mostly focus on their semantics and transformations to
Petri nets. Since we decided not to further focus on this aspect
and highlight their characteristics as a specification in this paper,
the aspect of simulating or executing the operating principles
is not further addressed in this paper. However, we want to
highlight that the activity diagrams that model the operating
principles alone are not always sufficient to describe the timing
behavior of the system. To address this problem, previous works
provided methods to derive test cases from activity diagrams [29,
71], or scenario-based specification [72]. Apart from these aspects,
the modeling approach for modeling functionalities is based on
modeling and decomposing activity diagrams, which itself is
an interesting research and application topic for which several
approaches exist [73, 74]. Since we did not focus on the several
possible decomposition strategies, the approach we present relies
on the modeler correctly modeling and decomposing the activity
diagrams in the operating principles of a feature.

Moreover, our approach inherently only allows for a single
allocation of an action to an element from the LRA, and thus,
cardinalities cannot be modeled using the approach. Since we
use this approach only for the generation of logical architectures,
in which we assume that only one instance shall be responsible
for the execution of an action, this might become a problem if
a similar approach for the generation of a product architecture
is developed, where multiple executing elements might also
perform a task. For example, in most vehicles, transmitting
the driving force to the road is realized by four tires in the
technical architecture, which cannot be expressed or transformed
in the currently presented approach, since we assume that logical
architectures, in contrast to the technical realization in the
technical architecture, are free of redundancies. Consequently,
similar automation for the next abstraction layer, the technical
architecture, would require an extended set of transformation
rules capable of handling redundancy and cardinalities.
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Even though we focused on the automotive industry in our
example, we believe that the approach presented in this paper
is also applicable to other industries, e.g., for creating energy
systems and wind turbines [75], in avionics [76], transportation
systems, industrial automation [77], or maritime engineering [78].
We cannot make any definitive statements about this aspect,
however, we are convinced that our presented approach might
have a beneficial impact during the development of systems in
other industries where a shared reference structure is identifiable,
as the transformation we proposed in Section 4.4 is generally
applicable in SysML.

5.6 | Future Improvements and Possible
Extensions

To automate our approach and further improve model-driven
systems engineering, transformation rules could be extended to
generate ADs from use case specifications, as sketched in early
works on Use Case Diagrams (UCDs) [79, 80]. Additionally,
transformation rules do not currently consider event-based com-
munication, as the considered projects did not use these model
elements. Future work may introduce rules to cover this form
of actions.

As mentioned in L2 and Section 5.3, the variability of ADs
used for operating principle specification and their impact on
the generated logical architecture could be interesting for future
research. This approach focuses on state machine diagrams in the
LRA and ADs in operating principle modeling. Future work could
extend our approach by using other SysML behavior models,
such as sequence diagrams or models from our Domain Specific
Languages (DSLs). The current approach does not account for the
timing behavior of the system, which could be a future extension.

The evaluation of our approach focused on an automotive exam-
ple. Follow-up research might apply the same concepts to other
domains, such as railway engineering, aerospace engineering,
marine engineering, manufacturing, civil engineering, or power
plant engineering.

Practically, the approach is extendable to a SysML toolchain,
which applies the proposed transformation rules from Section 4.4
to create new models and uses these rules for compliance
checks for model validation. Models not initially created with our
methodology could benefit from these insights by checking the
conformance of functional behavioral interfaces.

Our approach relies on using a correct LRA for optimal action
allocation. Although we assumed in Section 4.2 that this archi-
tecture is known beforehand, this is not always the case in other
domains or automotive problems where required knowledge is
not known. Iteratively optimizing the reference architecture for
action allocation could be beneficial. Starting with a draft of the
LRA and continually improving it before, during, and after using
our approach to generate the full architecture could identify
gaps and improve outcomes. Metrics for architecture quality
aspects, such as modularity, coexistence, or interoperability,
could evaluate designs and aid systems engineers in improving

the logical architecture. Developing a family of architectures for
a family of problems might also be beneficial.

Finally, with the upcoming SysML v2, the challenge arises
to transfer our approach to the different viewpoints of this
new standard.

6 | Conclusion

We have demonstrated how to apply model-to-model transfor-
mation methods in an industrial context to create SysML IBD
models from SysML AD models, allowing domain experts to
derive logical architectures from operating principles based on a
LRA. We applied this approach to a reduced example from the
automotive domain, providing insight into the high number of
actions, parameters, and object flows resulting from a relatively
small number of features. Clearly, manual modeling of these
concepts while keeping the models consistent is not realistic
in practice. Thus, generative approaches significantly improve
the process.

Applying this method improves the consistency between models
from different perspectives and reduces the manual effort for
developers. This enables the use of model-driven methods in the
industry to enhance the systems engineering process and increase
the quality of the resulting products.

With respect to our research questions, we can draw the following
conclusions:

* RQ1: Automation, as suggested in Section 4, enhances effi-
ciency. Logical architectures and solution-neutral operating
principles are often independent of the development project
and the concrete system, making them reusable on multiple
levels.

* RQ2: We suggest these modeling methods and artifacts to
other practitioners of MBSE due to their adaptability and
reusability.

* RQ3: The operating principles in CUBE are usable for the
generation of logical architectures. However, the suggested
methods and applications cannot answer all aspects of our
research question, such as whether more ways of automation
of CUBE and other systems engineering exist. Therefore, we
see potential for further research in this area.

In summary, our findings indicate that automating model cre-
ation and reusing systems engineering artifacts whenever pos-
sible and beneficial can significantly improve the efficiency and
quality of the systems engineering process. For other practitioners
of MBSE, we recommend adopting these practices to enhance
their development workflows.
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