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Abstract
Modern software-intensive systems comprise multiple engineering
domains such as mechanics, electronics, and software. Traditionally,
variability modeling approaches address variability by focusing pri-
marily on a single domain. As a consequence, the management of
multi-domain variability becomes a difficult task. One frequent out-
come here is inconsistency, which means that the variability models
of the different domains are incorrect. To address this problem, we
propose a novel approach that combines consistency preservation
for multi-domain models and delta-oriented variability modeling.
By applying changes in form of deltas in one domain, our approach
systematically derives corresponding deltas in other domains. In
this way, we are able to ensure a consistent variant derivation
process across domains. Our approach paves the way for further
research on multi-domain variability management.
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1 Introduction
Variability management across multiple domains is essential to
meet customer needs in software-intensive systems, such as cyber-
physical systems (CPS) [6]. For example, consider the variability for
a car which integrates various features like exterior mirror heating
or power windows. Each feature has its own realization in structure,
implementation, mechanics, and electronics [6, 19]. In this context,
variability must be realized in multiple domains, and crucially, the
variability must be kept consistent across domains, meaning that
domain artifacts are compatible to each other. Traditionally, Soft-
ware Product Line Engineering (SPLE) [18] has focused mostly on
handling the variability of only one domain: the software. Expand-
ing to multiple domains requires manual development, which may
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result in the problem of inconsistencies. Advantageously, dependen-
cies between domains are often well understood and a formulation
of consistency between them may even be available.

This insight offers the starting point for a novel approach for con-
sistency preservation in multi-domain variability management. The
representation of variability in one domain can be used to retrieve
information concerning the representation of the same variability
from another domain. Our approach is based on two key concepts:
incremental consistency preservation [7] and delta-oriented vari-
ability modeling [20, 21]. Incremental consistency preservation, as
implemented in the Vitruvius approach [11], allows keeping mul-
tiple models from different domains consistent. Vitruvius defines
triggers in a source domain which activate repair routines to change
the target domain correspondingly to preserve consistency. Delta-
oriented variability modeling [20, 21] allows expressing variability
as deltas, which consist of delta operations. Deltas are (re-)used to
implement new variants based on existing variants. In our approach,
we leverage the fact that a delta represents variability as change,
which has the advantage that it matches the change-based incre-
mental consistency preservation approach. We extend variability
modeling from a single domain to multiple domains. The definition
of variability in one domain now becomes usable as a starting point
for retrieving variability for another domain through consistency.
By applying deltas in a consistency-preserving environment to one
domain, corresponding changes in other domains are identified.
These changes are then captured by deltas and applied in the target
domain, thus making it possible to propagate the variability from
one to another domain. We envision an approach to multi-domain
variability management by consistent propagation of variability
between multiple domains. This will reduce the risk of errors by
developers working independently in their respective domains.

2 Background
Multi-Domain Modeling and Consistency. In model-driven en-

gineering, a multi-domain system may be represented by several
models, which are instances of their respective domain metamodel.
Splitting a system description into multiple (meta)models bene-
fits the separation of concerns but at the same time consistency
preservation becomes essential. To address this need, Orthographic
Software Modeling (OSM) [5] introduces the Single Underlying Model
(SUM) which treats multiple (meta)models as one and use projec-
tions and a commit mechanism to keep consistency. The Vitruvius
approach [11] generalizes this concept to a Virtual Single Underlay-
ing Model (V-SUM). The V-SUM can reuse the existing domain meta-
models and introduces the so-called Consistency Preservation Rules
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Figure 1: Consistency-preserving variability propagation
across domains using the Vitruvius approach [11].

(CPR). These CPRs are unidirectional. They listen to consistency-
breaking changes in a source domain by defining triggers, called
reactions. If such a reaction is triggered, consistency can be restored
by identifying and executing consistency repairing changes, called
routines, in a target domain.

Delta-Oriented Variability Modeling. Delta-oriented variability
modeling [20, 21] is an approach for managing variability by apply-
ing incremental changes, called deltas, used to derive one product
variant from another. A delta consists of one or more atomic delta
operations (representing additions, removals, or modifications) and
can express a specific user intent, such as adding an end user-visible
feature. Delta modeling integrates extremely well with consistency
management in the Vitruvius approach, as both approaches rely
on a semantically similar notion of change (in contrast to other
variability realization mechanisms).

3 Propagating Variability between Domains
The goal of our multi-domain variability management approach
is to develop variability only for a subset of source domains, and
then propagate the variability to the remaining target domains.
In general, the workflow of this approach consists of two major
phases: Preparing the consistency preserving environment and
subsequently propagate variability to multiple domains.

To illustrate our approach, we use the Body Comfort System
case study (BCS) [14] as a running example. It consists of two
domains: First, the structural composition of ECUs described in
component diagrams similar to SysML. Second, the behavior of

each component is described by a state machine. The BCS1 is also
a product line, defining a feature model with 19 variable features
and corresponding deltas which allow for the derivation of 11.616
valid variants. The core product P0 includes the minimal number of
features possible, which is only the feature Manual Power Window.
A second product, P7, differs from P0 only in this single feature.
Unlike P0, it uses the Automatic Power Window. These features
translate into the selection of their corresponding components:
ManPW and AutoPW. With this variant, the user does not have to
push and hold the buttons for the power window, but instead has
to push the respective button only once and can stop the power
window by pressing the button for the opposite direction. Goal of
this running example is to derive the delta in one of the domains
from the predefined delta in the other domain, for both directions.

3.1 Preparing the Consistency Preserving
Environment

In order to propagate variability through multiple domains, these
domains, the variability within them and the cross-domain con-
sistency relations have to be defined. These together build the
consistency preserving environment shown in the upper part of
Fig. 1. The source domains have to be chosen, which in our running
example is the state machine domain. The remaining domains are
the target domains, here the component domain.

Define Metamodels. For the considered domains, we need to de-
fine the metamodels as a uniform representation of their respective
instances. This standardization forms the foundation for the V-SUM.
For the running example, the component metamodel 1 and state
machine metamodels 2 are defined (cf. Fig. 1).

Define Delta Languages. We define the set of delta operations
that characterize how variability can be expressed in the domain.
These operations are tied to the defined metamodels, each detailing
how its elements can be modified. Adding a transition to a state
machine region is such a delta operation, for instance.

Define Consistency Preservation Rules. CPRs have to be specified
which each relate two domain metamodels. Between the two do-
mains metamodels, there are consistency relations that must be
maintained in order to represent a fully functional product. These
CPRs allows for variability to be propagated from a source to a tar-
get domain. In the running example, CPRs link the state machine to
the component domain 3 and vice versa 4 . An example reaction
is shown in Listing 1.

For example, in a state machine, a transition uses a signal as trig-
ger. The corresponding component must have an input port which
accepts said signal. In the ManPW component of P0, transitions t1
and t3 are triggered by the signal pw_but_dn?. Therefore, ManPW
must offer an input port that can send this signal. The reaction for
this example is shown in Listing 1. It first imports the metamodels
betweenwhich it preserves the consistency and assigns them aliases
in lines 1 and 2. In line 3, a reaction is defined. It consists of a trig-
ger in line 4 (in this case the addition to transitions in the Region)
and the call of the routine addPort in line 5, to repair a possible
inconsistency. The parameters newValue and affectedObject are

1https://github.com/TUBS-ISF/BCS-Case-Study-Full
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1 import "statemachine_metamodel.ecore" as STMA;
2 import "component_metamodel.ecore" as COMP;
3 reaction TransitionAdded {
4 after adding to STMA:: Region[transitions]
5 call addPort(affectedObject , newValue)
6 }
7 routine addPort(STMA:: Region region , STMA:: Transition

trans){
8 match {
9 assert(trans.trigger != null);
10 val comp = retrieve COMP:: Component corresponding

to region;
11 assert(comp.hasNoInput(trans.trigger));
12 }
13 update {
14 val newPort = new COMP::Port(trans.signal);
15 comp.inputPorts.add(newPort);
16 } }

Listing 1: Example reaction to create a port after a transition
was added to a state machine region.

automatically resolved to the newly added Transition and the con-
taining Region by the Vitruvius framework. A routine starts with
a match block which ensures preconditions for the actual repair.
In line 9, it is ensured that the new transition requires a signal. In
line 10, the component is retrieved whose behavior is described in
region, using a so-called correspondence model in which relations
between model elements from different domains are stored. In line
11, the absence of a fitting input port for the signal of the transition
is checked. If all preconditions are met, the target model is updated
in the update block. In the example, a new Port is created and
added to the input ports of the retrieved component.

3.2 Deriving Multi-Domain Variability
After preparing the consistency preserving context, a product line
can be developed while exploiting the consistency preservation to
propagate variability between the domains. The variability propa-
gation is depicted in the lower part of Fig. 1.

Develop Core Models. To start multi-domain variability propa-
gation, a consistent multi-domain core model has to be defined.
We develop a core model of the component domain and call it P0.
It consists of 4 different components: an Exterior Mirror (EM)
which tilts the exterior mirrors in different directions, a Manual
Power Window (ManPW) which can be opened/closed by continu-
ously pressing the corresponding button, a Finger Protection
(FP) which ensures that the power window does not pinch the
user’s fingers and a Human Machine Interface (HMI) which com-
bines the different buttons into a single user interface. The com-
munication between these components is realized using signals
which are sent via ports. The composition of components is realized
using connectors which connect two different ports. For example,
the HMI can send the signals pw_but_dn and pw_but_up to the
ManPW to give the command for lowering/ raising the window.

In the second domain, for each of the four components, a state
machine is defined. These state machines consist of the different
states that a component can be in and the transitions between them.
The transitions either use a signal as trigger (marked as in signal or
“?”) or send a signal as action (marked as out signal or “!”). Figure 2a
shows an excerpt from the state machine of the ManPW component
that is responsible for lowering the window. This state machine

s2:PW_moving_dn

s3:PW_pending_moving_dn

s1:PW_up
t1:pw_but_dn?

t2:pw_mv_dn!

t3:pw_but_dn?

s4:PW_dn

t4:pw_pos_dn?

r2 : ManPW

(a) Manual Power Window (P0)

s1:PW_up

s2:PW_moving_dn

t1:pw_but_dn?

s5:PW_pend_auto_dn

t5:pw_auto_mv_dn!

t6:pw_pos_dn?

s6:PW_moved_dn

s4:PW_dn

t7:pw_auto_mv_stop!

r2 : AutoPW

(b) Automatic Power Window (P7)

Figure 2: Excerpts of the Power Window State Machines.

has state s1 as initial state in which the power window is up. The
transition t1 is triggered by receiving the signal pw_but_dn?. The
states s2 and s3 represent a loop which lowers the window, i.e.,
sending the signal pw_mv_dn! (t2) as long as the button in the
HMI is still pressed (t3). If the lower position of the window is
reached, i.e., the signal pw_pos_dn is received, the state machine
leaves the loop via transition t4 and goes into the state s4. In
our running example, we choose P0 as starting point meaning
that P0.statemachine 5 (Fig. 2a) and P0.component 6 are the
consistent core models.

Develop and Apply Source Domain Deltas. The BCS realizes the
variability in both of its domains. In the first part of our running
example, we develop the state machine delta 7 as source domain
variability. Listing 2 illustrates an example delta for transforming
P0 to P7. By applying deltas in the source domain, a new product
variant within that domain is derived. This derivation is executed
within the consistency preserving environment. In the running
example, the state machine of P7 8 (Fig. 2b) is derived by the state
machine delta (Listing 2) to P0. First, in lines 2 to 4, transitions
are deleted that are no longer needed, like the transition t2, which
pointed from s2 to s3. Then, in line 5, the no longer needed state
s3 is deleted, which realized the loop of lowering the window as
long as the window-down button is still pressed. Afterwards, in line
6, the signal pW_mv_dn is deleted which is no longer used by any
transition in the state machine. After the deletion, new elements are
added: In lines 7 and 8 two new signals are added, followed by two
new states in the lines 9 and 10. Adding states requires a reference
to the state machine region in which they should be inserted, here
r2. The regions r1, r3 and r4 refer to the state machine regions
corresponding to the components EM, FP and HMI respectively. In
lines 11 to 13, new transitions are added. A source and a target state
have to be defined, and a signal has to be referenced which can
either be marked as trigger signal with “in” or as action signal with
“out”. For example, the new transition t5 directs from s2 to the new
state s5 sends the signal pw_auto_mv_dn. Finally, the state machine
region which now represents a different behavior is renamed in
line 14 setting the name attribute to “AutoPW”. If all delta operations

90



SPLC-A ’25, September 01–05, 2025, A Coruña, Spain Dirk Neumann, Tobias Pett, Ina Schaefer

1 StateMachineDelta: State_PW_Man2Auto {
2 rem_transition(t2)
3 rem_transition(t3)
4 rem_transition(t4)
5 rem_state(s3)
6 rem_signal(pw_mv_dn)

7 add_signal(pw_auto_mv_dn)
8 add_signal(pw_auto_mv_stop)
9 add_state(s5,r2)
10 add_state(s6,r2)
11 add_transition(t5,s2,s5,pw_auto_mv_dn ,out)
12 add_transition(t6,s5,s6,pw_pos_dn ,in)
13 add_transition(t7,s6,s4,pw_auto_mv_stop ,out)

14 mod_region(r2,name ,"AutoPW")
15 }

Listing 2: Excerpt of the State Machine Delta ManPW→ AutoPW.

1 ComponentDelta: Component_PW_Man2Auto {
2 rem_connector(cnt1)
3 rem_connector(cnt2)
4 rem_port(p1)
5 rem_port(p2)
6 rem_signal(pw_mv_up)
7 rem_signal(pw_mv_dn)

8 add_signal(pw_auto_mv_up)
9 add_signal(pw_auto_mv_dn)
10 add_signal(pw_auto_mv_stop)
11 add_port(p3,comp1 ,pw_auto_mv_up ,out)
12 add_port(p4,comp1 ,pw_auto_mv_dn ,out)
13 add_port(p5,comp1 ,pw_auto_mv_stop ,out)
14 add_connector(cnt3 ,p3,ENV)
15 add_connector(cnt4 ,p4,ENV)
16 add_connector(cnt5 ,p5,ENV)

17 mod_comp(comp1 ,name ,"AutoPW")
18 }

Listing 3: Component Delta ManPW→ AutoPW.

have been executed, the state machine of the ManPW component,
shown in Fig. 2a, has been transformed into the state machine of
the AutoPW component, shown in Fig. 2b.

Retrieve and Execute Consequential Change. When a delta is app-
plied in a source domain, CPRs 3 are checked if any of their triggers
are activated. If so, the specified repair routine is called. This repair
routine applies a consequential change in the target domain and
derives a variant in the target domain that is consistent to the vari-
ant in the source domain. In the running example, in Listing 2, the
delta operation in line 12 adds a new transition. This matches the
trigger of the CPR defined in Listing 1, line 4. Therefore, the repair
routine addPort is called, which applies the consequential change
of adding a new output port to the PowerWindow component. These
consequential changes lead to the component structure of P7 9 .

Complete Target Domain Delta. The consequential changes can
be captured as a delta by translating them from Vitruv’s internal
representation to instances of the target’s domain delta language.
Target domain deltas may need adaptation, as they are not neces-
sarily complete. This may happen if model elements of the target
domain are not connected to the source domain by CPRs.

Listing 3 shows the full delta for the component model that has
to be applied to variant P0 to derive variant P7. First, the no longer
needed model elements are deleted: the connectors in lines 2 and 3,
the ports in lines 4 and 5, and the signals in lines 6 to 7. Afterwards,
three new signals are added (lines 8 to 10). Then, the ports are added

which use these signals. Adding a port, as in line 11, has the fol-
lowing parameters: identifier of the new port, component to which
the port is added, signal that this port uses and the type of the port
which is either “in” or “out”. The identifier “comp1” refers to the
component which is transformed from the ManPW component into
the AutoPW component. The identifier does not change just as the
actual ECU in the car does not change. All ports are output ports,
since the AutoPW component uses the same input information as
the ManPW component. After the ports, the connectors are added in
lines 14 to 16. These delta operations are parameterized with a con-
nector identifier, the identifier of the source port and the identifier
of the target port. The target component in the example is, “ENV”
which symbolizes the environment, which is not modeled in the
component architecture. This can be a mechanical part of a vehicle
or the user pressing a button. Last, a modify operation is used to
change the name of the component in line 17. Since P0 and P7 only
differ regarding the power window, the delta in Listing 3 derives
the component structure of P7 from that of P0. Signals pw_mv_up
and pw_mv_dn in ManPW for stepwise movement are replaced by sig-
nals pw_auto_mv_up and pw_auto_mv_dn in AutoPW for continuous
movement and complemented by pw_auto_mv_stop to stop.

However, the derived component delta is incomplete. After adding
the new output ports (lines 11 to 13), the delta operations in lines
14 to 16 must be completed by specifying the desired target of the
connector: a) as highlighted in Listing 3, a default value (here the
environment (ENV) can be specified in the CPRs and the developer
is notified, b) during the retrieval of the target domain delta, the
user is asked for a default value which is applied to all similar cases
in this translation, c) the user is asked for each case individually.
Ultimately, the component delta 10 in Listing 3 is completed.

3.3 Discussion
Limitations of the approach. Retrieving the complete target do-

main delta is only possible if the source metamodel dominates the
target metamodel, i.e., contains all information needed in the target
domain through application of CPRs. However, this is both, unlikely
and undesirable, as the target metamodel would then be redundant
as it was entirely determined by the source domain. In our example,
we can consider the opposite direction’s delta derivation and try
to retrieve the statemachine delta from the component delta. The
removals of the connectors, ports, and signals in the component
delta (see Listing 3) in the lines 2 to 7 can be propagated as the
removals of transitions using these signals in the state machine
delta (see Listing 2), lines 2 to 4. Depending on the CPRs, making a
component unreachable for a signal (removing connectors or ports)
or deleting a used signal might result in the deletion of a corre-
sponding transition. After the transitions t2, t3 and t4 are deleted,
the states of the affected statemachine regions can be checked if any
of them is now unreachable. Although it looks like this is the case
for s3, it is not, as Fig. 2a only shows an excerpt of the statemachine.
However, s2 has now no more transition to be left and s4 cannot
be entered anymore. In summary, deleting states based on changes
in the component model is not straightforward, as adding states
and transitions. Signals can be deleted and added as they are repre-
sented in both metamodels, identifier modifications are also easily
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transferrable as component name and state machine names corre-
spond to each other. The resulting delta is as in Listing 2 without
the orange delta operations as not automatically derivable.

Delta Completion Strategies. Several strategies exist to complete
a delta when information is missing that is not part of the source
domain. One option is to encode a default behavior in the CPR. For
example, the developer of the CPRs can set them up such that the
deletion of a connector results in the deletion of all transitions using
the connector’s signal. Alternatively, the CPR could also require
the deletion of the signal itself as the current component might be
reconnected to other components later. A second strategy is to use
user interactions during the derivation of consequential changes
in the consistency-preserving context. User interactions can be
used to either set a default bahavior for multiple similar situations
or to ask for manual resolution in individual situations. In the
running example, the user may be asked whether a state should be
deleted which became unreachable. A third strategy is to tolerate
incomplete deltas to be completed by the developer manually.

Technical Realization. For a prototypical realization of the pre-
sented approach, we reuse and adopt existing tools. We base our
implementation on three frameworks to set up a consistency pre-
serving environment, as described in Section 3.1. The Eclipse Mod-
elling Framework (EMF) [23] provides the Ecoremetamodel standard.
It grants access to many EMF utilities, and also the other two used
frameworks build up on it. One of them is DeltaEcore [22] which is
a framework for delta-oriented variability modeling [20, 21]. We
reuse it to define delta languages based on Ecore metamodels. The
other EMF-based tool is Vitruv2 which implements the Vitruvius
approach [11] and therefore can be used to define consistency be-
tween different domains. By integrating EMF, DeltaEcore, and Vit-
ruv, we will establish a framework to realize consistency preserving
variability propagation for multi-domain systems.

4 Related Work
Non-Variable Multi-Domain Consistency Checking and Preserva-

tion. Instant Consistency Checking [9] enables immediate identifi-
cation of potential inconsistencies by precomputing and caching
dependencies between model elements, allowing for real-time feed-
back during single-domain product development. Orthographic Soft-
ware Modeling (OSM) [5] introduces the Single Underlying Model
(SUM) which allows for the consistent development of a multi-
domain product. By working only on projections of a SUM, consis-
tency can be ensured when committing changes back into the SUM.
However, the SUM relies on a specifically developed model and does
not support integration of domains by reusing their metamodels.
The Vitruvius approach [11] extends the SUM concept by introduc-
ing the V-SUM, in which existing metamodels are connected using
CPRs. While Vitruvius ensures consistency through the application
of predefined CPRs,DesignSpace [8, 17] relies on a more exploratory
approach. By generating and evaluating alternative repair paths, a
preselection of consistent alternatives is determined from which
a developer can choose. While these approaches focus on the con-
sistent development of a single product in multiple domains, they
have not been extended to variable systems.

2https://github.com/vitruv-tools

Variable Multi-Domain Consistency Checking and Preservation.
Adding variability to multi-domain systems introduces new types
of inconsistencies. Incremental Consistency Checking for variable
systems [12] divides inconsistencies in variable multi-domain sys-
tems into different categories. This categorization is also applied in
cyber-physical production systems [10]. These categories differen-
tiate between intra-domain and inter-domain inconsistencies, as
well as between problem space inconsistencies (e.g., errors in mod-
eling a product line’s variability) and solution space inconsistencies
(i.e., inconsistencies arising during product variant derivation) [18].
This categorization is not necessarily complete and so far does not
address restoring or preserving consistency in variable systems.
VaVe [3] focuses on maintaining consistency between variants and
versions of artifacts within one domain. Our approach is the first to
maintain consistency betweenmultiple domains in variable systems
and simultaneously enhances the development of these variable
systems, paving the way towards platform-oriented development
of variable multi-domain systems [4].

5 Conclusion and Future Vision
We understand our approach as a stepping stone towards a larger
concept of combining multi-domain variability and consistency
which contributes to different development paradigms for multi-
domain product lines. Those paradigms range fromproduct-oriented
to platform-oriented development, following the idea of the Virtual
Platform [4, 15, 16]. Product-oriented development [1, 2] focuses on
the consistency preserving development of a single product variant
and propagation of its variability back to the product line. In our ap-
proach, we utilize the consistency preservation rules to propagate
variability between domains. First, this eases the development pro-
cess since variability has only to be developed in the source domains.
Second, the propagation of variability always results in consistent
target domain variability. Platform-oriented development [4] ad-
dresses the development of the whole product line at the same time,
which allows for joint development on core aspects included in mul-
tiple product variants. Our approach supports platform-oriented
development for delta-oriented variability [20, 21] by retrieving
the propagated variability as target domain deltas for further de-
velopment and future reuse. To fully realize platform-oriented de-
velopment, we intend to lift the current consistency preservation
between model instances to consistency preservation between delta
instances. This can be achieved by defining consistency preserva-
tion rules between deltas instead of between metamodels. This
eventually allows not only for consistent propagation of variability,
but also for consistent modification of variability. To realize this
vision, advanced concepts of delta modeling, such as higher-order
deltas, i.e., deltas modifying deltas [13], have to be incorporated and
combined with consistency preservation. Continuing our work, we
will develop a concept for an always-consistent multi-domain delta
repository from which consistent product variants can be derived.
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