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Abstract
Modern software-intensive systems require models of different en-
gineering domains, such as electronics, mechanics, and software.
Keeping these models consistent across domains is essential for
designing a valid system. Software-intensive systems tend to be
variant-rich because of market demands for individualization. The
state of the art for consistency preservation in variant-rich systems
is modeling each variant individually and applying consistency
preservation mechanisms to them. This approach leads to redun-
dant modeling of model elements shared between variants and does
not scale for large systems. To solve this issue, we present a novel
approach to combine multi-domain consistency preservation with
delta-oriented variability modeling. By lifting the Vitruvius consis-
tency preservation mechanism to delta models, we can preserve
consistency for all variants simultaneously, avoid redundant mod-
eling, and enable scalable consistency preservation for variant-rich
multi-domain systems. Our evaluation shows this approach pre-
serves consistency for all system variants and scales well enough
to be applicable to large systems.

CCS Concepts
• Software and its engineering → Software product lines;
Consistency.
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1 Introduction
The engineering of modern software-intensive systems, such as au-
tomotive systems, requires knowledge across multiple domains [23].
A domain describes a bounded field of interest or knowledge [8],
such as electronics, mechanics, and software. Specialized domain
experts develop each system domain. The parallel development
of system domains by their respective domain experts can lead
to inconsistencies, which prevents designing a valid system. In-
consistencies between system domains mean the system domains
do not fit together. An example would be the existence of a con-
trol unit behavior in software, while the electronic wiring plan
does not include that control unit. There are several approaches
to preserve such consistencies between system domain. One of
these approaches is Vitruvius [15], which uses imperative consis-
tency preservation rules. Consistency preservation rules react to
a model change in a source domain with a consequential change
in a target domain. Vitruvius can solve the example inconsistency
by reacting to the addition of a control unit behavior in software,
with the addition of that control unit to the electronic wiring plan.
Modern software-intensive systems, such as automotive systems,
tend to be variant-rich because of market demands [23]. Applying
a consistency preservation approach like Vitruvius to variant-rich
systems forces the usage of cloning to realize system variants since
the consistency preservation rules are not variability-aware. This
results in duplicates of model elements shared between variants
and is generally considered a harmful practice [13].

To address this issue, we present a novel approach to combine
the multi-domain consistency preservation of Vitruvius with delta-
oriented variability modeling [25] [9]. A preliminary version of
this approach has been presented in [7]. Delta-oriented variability
modeling represents variant-rich systems by explicitly modeling
the differences between variants in the form of deltas and ensuring
model elements shared between variants only exist once. Existing
consistency preservation rules are not variability-aware and need
to be adapted by lifting them to deltas. Variability-aware consis-
tency preservation rules for deltas can preserve consistency for all
system variants simultaneously, avoid redundant modeling, and
achieve scalability for large systems. In this paper, we describe a
method to systematically lift consistency preservation rules to delta-
oriented variability modeling and apply it to consistency preser-
vation for the Body Comfort System case study [18]. We evaluate
the lifting process by checking the consistency of system variants
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constructed from consequential changes of the variability-aware
consistency preservation approach and also evaluate the scalability
of variability-aware consistency preservation by measuring the size
of consequential changes. The evaluation results show consistency
is preserved for all system variants, and applying this approach to
large systems does not lead to significant scalability issues.

2 Background
Multi-domain Modeling and Consistency Preservation. Model-

driven engineering can represent a system in views of different
fields of interest or knowledge to separate concerns called do-
mains [8]. Each domain consists of one domain meta-model, which
describes the entities and relations between these entities in the
domain, and instantiations of meta-models, called models. Modern
software-intensive systems consist of multiple domains, such as
electronics, mechanics, and software. The models describing such
a multi-domain system often have semantic overlap, since they
describe the same underlying system. If the overlapping model
elements differ between the models, they are inconsistent, and
ambiguities arise. Consistency preservation keeps the overlapping
model elements synchronized between models to avoid ambiguities.

The Vitruvius-Approach [15] introduces the Virtual Single Un-
derlying Model (V-SUM) to preserve consistency between different
domain models while keeping their meta-models separated. A V-
SUM is the instantiation of a Virtual Single Underlying Meta-Model
(V-SUMM), which consists of domain meta-models and unidirec-
tional Consistency Preservation Rules (CPRs) between them, that
are manually defined between domain meta-models. Instances of
these CPRs are responsible for preserving consistency defined by
Consistency Rules (CRs) between a source and target domain model.
A CR establishes which model elements have to be synchronized
between the domain models. Whenever a change in the source
domain model occurs that breaks a CR, the CPR applies consequen-
tial changes to the target domain model in order for the CR to
hold again. The source and target domain models can be identical
(intra-domain consistency preservation) or different (cross-domain
consistency preservation). We call CPRs for systems without vari-
ability Product Consistency Preservation Rules (Product-CPRs) to
distinguish them from CPRs for variant-rich systems.

Running Example - The Body Comfort System. We use the Body
Comfort System (BCS) case study [18] as a running example of a
variant-rich multi-domain system and the subject system for the
evaluation of this paper. This case study has already been widely
applied to variability research and models Electronic Control Units
(ECUs) in a vehicle with 11616 possible system variants in two
different domains: The component domain represents a structural
system view for the ECUs and models ECU components, their in-
terfaces, and connectors between them. The statemachine domain
represents a system behavior view and models the behavior of
each ECU by a statemachine. Both domains describe the same BCS
system and have semantic overlap, such as the existence of a be-
havioral statemachine in the statemachine domain for every ECU
component in the component domain. This overlap necessitates
consistency preservation.

Figure 1: The lifting of a V-SUMM (left) to a Var-V-SUMM
(right) for the BCS. The dashed arrows show the lifting of
models to delta models, while the dotted arrows show the
lifting of Product-CPRs to Delta-CPRs.

A V-SUMM for the BCS running example is depicted abstractly
on the left side of Figure 1. This example V-SUMM includes do-
main models for the statemachine and component domain, as well
as Product-CPRs from the component to the statemachine domain
model (C2S) and from the statemachine to the component domain
model (S2C). One of the possible C2S Product-CPRs can be seen in
Listing 1. The Product-CPR is divided into a reaction (line 3), re-
sponsible for reacting to a change to the component domain model,
and a routine (line 7) that gets called to preserve consistency by
applying consequential changes to the statemachine domain model.
The reaction includes the trigger change, which is the change for
which the Product-CPR is executed (line 4). This example Product-
CPR executes if an ECU component is added into the system in the
component domain model. The routine includes the application of
the consequential change (lines 13-14), as well as correspondence
management. The consequential change in this example is the addi-
tion of a region to the statemachine. Correspondence management
consists of retrieving (lines 9-10) and adding (line 15) correspon-
dences from the correspondence model. The correspondence model
stores relationships between model elements in different domains
to track semantic overlap. In the example, a statemachine region in
the statemachine domain model corresponds to a system compo-
nent in the component domain model (lines 9 and 15) because each
system component behavior must be described by a corresponding
statemachine region.

Delta-oriented Variability Modeling. Delta-oriented variability
modeling [25] [9] represents variant-rich systems by modeling vari-
ability in the form of change-capturing deltas. Deltas encapsulate
delta operations, which are additions, removals, or changes of model
entities in a system variant. By iteratively applying deltas and the
contained delta operations, a system variant can be transformed
into a different system variant. When choosing a common starting
point for the transformations, each system variant can be expressed
by a set of deltas, which result in that specific system variant when
applied [26]. In order to decide when a delta is applied, an appli-
cation condition and an application order can be specified. The
application order defines an order in which deltas can be applied.
This is important if deltas depend on each other.
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1 import "statemachine_meta -model.ecore" as STMA
2 import "component_meta -model.ecore" as COMP
3 reaction ComponentAdded {
4 after adding to COMP:: System[components]
5 call addRegion(newValue)
6 }
7 routine addRegion(COMP:: Component comp) {
8 match {
9 requires absence of STMA:: Region corresponding to

comp
10 val statemachine = retrieve STMA:: Statemachine

corresponding to getContainer(component)
11 }
12 update {
13 val region = new STMA:: Region ()
14 statemachine.regions.add(region)
15 create correspondence between region and comp
16 } }

Listing 1: An example C2S Product-CPR. This Product-CPR
executes with the addition of a component and reacts with
the addition of a statemachine region as the consequential
change.

DeltaEcore [28] can be used to generate a delta domain meta-
model for any provided domain meta-model. By combining the
generic DeltaEcore meta-model, which describes all generic delta
operations, together with a selected domain meta-model, we gener-
ate a delta dialect for that domain meta-model. The resulting dialect
is a domain meta-model itself, which describes all possible delta op-
erations for the domain. For our BCS running example, we combine
the generic DeltaEcore meta-model with the component domain
meta-model, as well as the generic DeltaEcore meta-model with the
statemachine domain meta-model, to generate delta dialects in the
form of the statemachine delta domain meta-model and component
delta domain meta-model. Instances of these meta-models allow
delta operations to derive all possible BCS variants in the case study.

3 Extending Multi-Domain Consistency
Preservation with Delta-oriented Variability

Applying the Vitruvius multi-domain consistency preservation
mechanism to variant-rich multi-domain systems requires one V-
SUM per variant. The V-SUMs include redundancies in the form
of duplicated model elements, since they are shared by different
variants of the system. These redundancies lead to additional main-
tenance, e.g., when evolving the system variants. We address redun-
dancies with the introduction of a Variability-aware Virtual Single
Underlying Model (Var-V-SUM) by applying delta-oriented variabil-
ity modeling to facilitate model reuse between variants and by
using Delta Consistency Preservation Rules (Delta-CPRs) to ensure
consistency is preserved for all system variants. This represents a
partial realization of the vision presented in Eger et al. [11].

3.1 Introducing Variability Awareness
A V-SUM consists of domain models to represent the system do-
mains and CPR instances (specifically Product-CPR instances) to
preserve consistency between the domain models. All semantic
overlaps between the models get synchronized by Product-CPR ap-
plications whenever a change occurs. This makes the V-SUM appear

Figure 2: All system variant V-SUMs can be combined into a
single Var-V-SUM. System variants can be derived from that
Var-V-SUM and consistency is simultaneously preserved for
all system variants by the Delta-CPRs.

as a single model from the outside while keeping the domain meta-
models separated. A Var-V-SUM also appears as a single model from
the outside but has the ability to include multiple system variants.
The variability-aware CPRs (Delta-CPRs) synchronize semantic
overlaps between the domains for all included variants. Migrating
from V-SUMs to a Var-V-SUM requires changing the meta-model.
A V-SUMM is transformed into a Var-V-SUMM by changing the do-
main meta-models to variability-aware delta domain meta-models
and changing the Product-CPRs to variability-aware Delta-CPRs.
We call these changes to achieve variability-awareness liftings.

Consider the liftings for the BCS running example case study in
Figure 1. To lift the domain meta-models, we use DeltaEcore [28]
to obtain delta domain meta-models for both the statemachine and
component domain. The dashed arrows in the figure represent
this lifting. Second, we lift Product-CPRs to Delta-CPRs and apply
them between the created delta models in order to preserve consis-
tency between the delta domains. The CPR lifting is required since
Product-CPRs are not compatible with delta domain models. This
lifting process (represented by the dotted arrows) is explained in
Section 3.3.

Figure 2 depicts V-SUMs and the Var-V-SUM before and after
the meta-model is lifted: Instead of having a dedicated V-SUM for
each BCS variant (𝑃0 to 𝑃𝑛) to preserve consistency via Product-
CPRs (left side), lifting their domainmeta-models and Product-CPRs
allows the derivation of all system variants from the single Var-V-
SUM and the preservation of consistency between domains for all
variants simultaneously via Delta-CPRs (right side). The usage of
one Var-V-SUM for all system variants instead of one V-SUM per
system variant eliminates redundancies.
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1 import "delta_generic_meta -model.ecore" as GEN
2 import "delta_statemachine_meta -model.ecore" as DSTMA
3 import "delta_component_meta -model.ecore" as DCOMP
4 reaction ComponentAdditionAdded {
5 after adding DCOMP :: AddComponentToSystemOp to GEN::

Delta[operations]
6 call addRegionAddition(newValue)
7 }
8 routine addRegionAddition(DCOMP:: AddComponentToSystemOp

addCompOp) {
9 match {
10 requires absence of DSTMA:: AddRegionOp corresponding

to addCompOp
11 val addStatemachineOp = retrieve DSTMA::

AddStatemachineOp corresponding to
getContainerAddOperation(addCompOp)

12 }
13 update {
14 val addRegionOp = new DSTMA:: AddRegionToSTMAOp ()
15 addRegionOp.affectedObjectOp = addStatemachineOp
16 val mirrorDelta = getMirrorDeltaForOp(addCompOp)
17 mirrorDelta.addOperation(addRegionOp)
18 create correspondence between addRegionOp and

addCompOp
19 } }

Listing 2: An example C2S Delta-CPR. This Delta-CPR
triggers for the addition of a component addition operation
and reacts with the addition of a statemachine region
addition operation as the consequential change.

3.2 Delta Consistency Preservation Rules
Product-CPRs preserve consistency for a single multi-domain

system variant. A Product-CPR enforces a CR by ensuring that this
CR always holds. Delta-CPRs preserve consistency for all system
variants and operate on deltas, which are used to derive these
system variants. A Delta-CPR enforces a CR by ensuring that this
CR always holds for all derivable system variants. Delta-CPRs react
to changes to deltas with consequential changes to deltas. Since a
delta can be applied for the derivation of multiple system variants,
it allows the Delta-CPR to react to changes to multiple system
variants with consequential changes to those system variants.

An example for a Delta-CPR can be seen in Listing 2. The CR
enforced by this Delta-CPR is identical to the CR enforced by the
Product-CPR in Listing 1. The trigger change of this Delta-CPR is
the addition of a component addition operation to a delta (line 5). If
this change is applied to the component delta model, the Delta-CPR
is executed. This component addition represents the addition of an
ECU, which can be present in multiple BCS variants. The conse-
quential change is the addition of a statemachine region addition
operation (lines 14-15) to a delta in the statemachine delta model,
which is determined by a specific localization strategy (see below).
In this case, the target delta is a mirrored delta of the source delta
(lines 16-17). The new consequential change enforces the existence
of a corresponding statemachine region for all system components
in any derivable BCS variant (enforcement of the same CR as the
Product-CPR presented in Listing 1). The Delta-CPR uses the same
correspondence model as a Product-CPR for correspondence man-
agement but creates correspondences exclusively between delta
operations (lines 10-11 and line 18).

Localization Strategies. Consequential changes of Delta-CPRs
have to be placed in target domain deltas, which are applied to

Figure 3: Localization strategies for Delta-CPRs: The addition
of delta operations to the component delta model places con-
sequential changes into different deltas in the statemachine
delta model depending on the localization strategy. The ar-
row between deltas on the right side indicates the application
order.

derive system variants (see Listing 2 lines 16-17). Delta-CPRs react
to a change in a delta of the source domain with a consequential
change in a delta of the target domain. We call the source domain
delta the change source delta and the target domain delta the change
target delta for a Delta-CPR application. We propose three strategies
for the change target delta selection: Delta mirroring, functional
delta assignment, and configuration-dependent assignment.

Delta mirroring can be used whenever the consequential change
in the target domain model is independent of the system variant it is
applied to. In these cases, the Delta-CPR applies the consequential
changes to all variants that are affected by the Delta-CPR trigger
change. Delta mirroring aims to preserve the grouping intent of
the delta operations in the source domain model. Consequential
changes are placed into the change target delta, which mirrors the
change source delta. A delta mirroring example for cross-domain
consistency is depicted in Figure 3. Adding the system and compo-
nent addition operations into the component delta model on the left
requires adding a statemachine and statemachine region addition
operation into the statemachine delta model. Delta mirroring places
the consequential delta operation in a statemachine delta in the
middle, which mirrors the change source delta on the left.

Functional delta assignment can be used as an alternative to delta
mirroring whenever the consequential change in the target domain
model is independent of the system variant it is applied to. In these
cases, the Delta-CPR applies the consequential changes to all vari-
ants that are affected by the Delta-CPR trigger change. Functional
delta assignment aims to create delta dependency chains with clear
and comprehensible application orders. It identifies the deltas in
the target domain that are required to be applied before performing
a consequential change. A valid application of the change target
deltas must be ensured by setting their application order accord-
ingly. A functional delta assignment example for cross-domain
consistency is depicted in Figure 3. Adding the system and compo-
nent addition operations into the component delta model on the left
requires adding a statemachine and statemachine region addition
operation into the statemachine delta model. The consequential
delta operations are placed in individual change target deltas on
the right, based on the deltas that are required to be applied before.
Adding a statemachine does not require any prior delta operations.
But adding a statemachine region requires the addition of a statema-
chine before, so the region addition operation has to be placed in a
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change target delta, which is only applied after a statemachine has
been added.

Configuration-dependent assignment must be used whenever the
consequential change in the target domain model depends on spe-
cific system variants. In these cases, the Delta-CPR is required to
apply the consequential changes only to a subset of variants that
are affected by the Delta-CPR trigger change. A BCS example exists
in the component domain model. If an input and an output port
of the same signal exist in components, a connector is created be-
tween them. While a Product-CPR checks the existence of such
ports in the component domain model, lifting this Product-CPR
to a Delta-CPR requires configuration-dependent assignment. The
connector addition operation should only be applied for system
variants that include both input and output ports. Configuration-
dependent assignment places the connector addition operation into
a change target delta that is only applied for those system variants.

3.3 Lifting Consistency Preservation Rules
We can lift a Product-CPR to a Delta-CPR and have the lifted Delta-
CPR enforce the same CR as the Product-CPR it was lifted from.
The Delta-CPR in Listing 2 is created by lifting the Product-CPR
from Listing 1. Lifting the Product-CPRs to Delta-CPRs consists of
four steps: Replacing the Product-CPR trigger change, replacing the
consequential change, lifting the correspondence management, and
applying a localization strategy to place the consequential changes
into appropriate deltas in the delta domain models. These four
steps can all be performed automatically and only require manual
implementation effort in cases where external code is called.

Replacing the trigger change. Instead of triggering the Product-
CPR when a change to a system variant occurs, a Delta-CPR trig-
gers when a delta operation is added to a delta. The delta operation,
whose addition is the trigger change of the Delta-CPR, has to per-
form the exact same change when applied as the Product-CPR
trigger change it replaces. Consider the BCS Product-CPR in List-
ing 1. The Product-CPR executes after a component is added to a
system (Listing 1 line 4). This trigger change gets replaced in the
Delta-CPRwith the addition of a component addition operation that
adds a component to a system (Listing 2 line 5). Additionally, the
routine signature is changed to reflect this replacement (Listing 2
line 8).

Replacing the consequential change. A Product-CPR performs a
consequential change by applying the consequential change to a
domain model, while Delta-CPRs perform a consequential change
by adding a delta operation to a delta in a delta domain model. The
delta operation added by the Delta-CPR has to perform the exact
same change when applied as the consequential change applied to
the domain model by the Product-CPR. For the BCS Product-CPR
(Listing 1 lines 13-14), the addition of a newly created statemachine
region to the statemachine located in the statemachine domain
model is replaced by the addition of a delta operation to a delta
in the delta statemachine domain model that adds a statemachine
region to a statemachine (Listing 2 lines 14-15).

Lifting the correspondence management. Instead of managing
correspondences between entities in the variant domain models,
Delta-CPRs manage correspondences between delta operations in

the delta domain models. A Product-CPR creates a correspondence
between two entities in the variant domain models. For the lifted
Delta-CPR, this correspondence is replaced by a correspondence
between addition delta operations in the delta domain models. For
the BCS, the correspondence between a statemachine region and
a system component in the Product-CPR (Listing 1 lines 9 and
15) is replaced by a correspondence between the region addition
operation and component addition operation in the Delta-CPR
(Listing 2 lines 10 and 18).

Applying a localization strategy. The delta operations that get
added to a delta domain model as the consequential change of a
Delta-CPR must be placed into a delta in a delta domain model
of the Var-V-SUM. If the consequential change depends on the
system variant it is applied to, configuration-dependent assignment
is applied as the localization strategy. Otherwise, delta mirroring
or functional delta assignment is applied. The applied localization
strategy for the lifted BCS Delta-CPR (Listing 2 lines 16-17) is delta
mirroring.

Handling External Code. Product-CPRs might contain calls to
external code, such as library calls. When a Product-CPR contains
such calls to external code, and the external code is not variability-
aware, the external code has to be manually lifted. The Product-CPR
in Listing 1 calls the getContainer() method in line 10, provided
by an external library. This call returns the model entity, in which
the model entity provided by the argument is contained. Since this
external code is not variability-aware, it needs to be lifted manually
to the getContainerAddOperation() method (Listing 2 line 11).
This lifted method returns the addition operation of the model
entity, in which the addition operation provided by the argument
adds a new model entity.

3.4 Delta-CPR Correctness
Whenever a change is applied to a delta domain model, it might
trigger a Delta-CPR, which applies a consequential change based
on the trigger change to a target delta domain model, leading to
changes in derivable system variants. If the CR enforced by the
Delta-CPR holds for all derivable system variants after the Delta-
CPR was executed, the Delta-CPR is correct. Showing Delta-CPR
correctness for all derivable variants and possible consequential
changes is not feasible, since the number of derivable variants can
scale exponentially with the number of deltas in a delta domain
model, and the number of possible consequential changes can be
indefinite. Therefore, we propose to check correctness for a sample
of possible system variants for as many consequential changes as
we have available. To cover all possible consequential changes of
Delta-CPR applications in the delta domain models, the variants in
the selected sample have to involve the application of every delta
that is present in the delta domain models. We call this selection
criteria for system variants in the sample delta coverage. The existing
system variant domain models before the V-SUM lifting process are
combined into system delta domain models after the lifting process.
The combination of system variant domain models into a system
delta domain model consists of delta operation additions to the delta
domainmodel, which can construct the domainmodel for all system
variants when applied. We propose to use these delta operation
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additions as the trigger changes for Delta-CPR applications in order
to generate consequential changes for the Delta-CPR correctness
check in each domain. Using a sample of system variants with
delta coverage and the consequential changes resulting from the
additions of all delta operations in each delta domain model results
in a high chance of discovering incorrect Delta-CPRs with feasible
effort.

4 Implementation
We implement the concepts from Section 3, the Var-V-SUM, lifted
Delta-CPRs, and a correctness checking framework of Delta-CPRs [6].
Because the Vitruvius reference implementation already uses the
Eclipse Modeling Framework (EMF) [10], domain meta-model imple-
mentations (including the delta domain meta-models) are instances
of the Ecore meta-model, which is provided by EMF.

Variability-aware Virtual Single Underlying Model. By construct-
ing a V-SUM with delta domain models and Delta-CPRs between
them, we realize a Var-V-SUM implementation. For the V-SUM, we
use the Vitruvius reference implementation [14]. We implement the
generic delta meta-model, which includes operations for all possi-
ble changes for any generic EMF model based on Delta-Ecore [28].
This generic delta meta-model and any domain meta-model can be
used to generate a delta dialect, which includes operations for all
possible changes on an instance of that meta-model. By generating
delta dialects for both the statemachine and component domain
meta-models, we lift all meta-models of the BCS running example
to delta domain meta-models.

We lift the required Delta-CPRs for the Var-V-SUM from Product-
CPRs. Product-CPRs and Delta-CPRs are both instances of the re-
action meta-model provided by Vitruvius. The lifting process is
described in Section 3.3. Code that is used multiple times in differ-
ent Delta-CPRs, such as the localization strategy implementation,
is located in external classes to avoid code redundancies in the
Delta-CPRs. Cross-domain Delta-CPRs are implemented with delta
mirroring or configuration-dependent assignment. All intra-domain
Delta-CPRs are implemented with configuration-dependent assign-
ment.

Delta-CPR Correctness Checking Framework. We implement the
proposed correctness checking approach (Section 3.4) with theDelta
Consistency Preservation Rule Testing Kit (Testing Kit) by checking
the correctness of a lifted Delta-CPR against the Product-CPR it
was lifted from. If this Product-CPR preserves exactly the same CR
on variants as the lifted Delta-CPR, they have two properties re-
sulting from the lifting process described in Section 3.3. The trigger
change for the Product-CPR is the application of the delta operation,
whose addition is the trigger change for the Delta-CPR. And the
consequential changes for the Product-CPR are the applications of
delta operations, whose addition is the consequential change of the
Delta-CPR. The Testing Kit uses these two properties to check for
the correctness of lifted Delta-CPRs. If the delta operations, added
by consequential changes of a Delta-CPR, are placed in a previ-
ously empty target delta domain model, variant domain models
derived from these target delta domainmodels represent the applied
delta operations added by consequential changes, which modify
a specific system variant. By applying the consequential changes

of Product-CPRs to previously empty target delta domain models,
this approach allows us to compare the delta domain models per
variant, which exclusively include applied consequential changes
of Delta-CPRs and Product-CPRs. Adding the deltas to empty delta
domain models to trigger Delta-CPRs, or applying the deltas to
empty domain models to trigger Product-CPRs, ensures the target
domain models are empty because no previous changes resulted in
consequential changes to the target domain models.

The Testing Kit consists of V-SUMs using the Vitruvius reference
implementation [14], a Var-V-SUM implementation, and a system
variant comparator. For the evaluation in Section 5.3, we use a BCS
case study specific variant comparator that identifies model entities
based on their name, except for entities without unique names. For
example, the BCS case study [18] sets connector names based on
the signal they carry. The comparator implementation does not
compare these connectors based on their name but based on the
combination of source port, target port, and signal. The comparator
itself is an extension of the EcoreUtil.EqualityHelper, which
is a standard comparison tool for EMF models. This comparator
is the only part of the Testing Kit that needs to be adjusted when
applying the Testing Kit to other case studies.

When applying the Testing Kit for checking the S2C Delta-CPR
correctness for system variants 𝑃0 - 𝑃17, which are provided by the
BCS case study [18] and achieve delta coverage, the Testing Kit
uses the addition of every delta operation in the BCS case study
statemachine deltas to the statemachine delta domain model as the
trigger changes for the Delta-CPR applications and the applications
of those delta operations (the stepwise construction of the statema-
chine domain models) as the trigger changes for the Product-CPR
applications. The Product-CPRs react to the construction of the
statemachine domain models for each system variant and apply
the consequential changes to the component domain models for
that system variant (top). The Delta-CPRs react to the addition of
all delta operations to the statemachine delta domain model and
apply the consequential changes to the component delta domain
model (bottom). After the Product-CPRs and Delta-CPRs applied
consequential changes, we derive system variants 𝑃0 - 𝑃17 from
the Var-V-SUM and compare their component domain models to
the component domain models of system variants 𝑃0 - 𝑃17 con-
tained in the V-SUMs. If the comparison shows the component
domain models are identical, then we know the CR preserved by
the Product-CPR was also preserved by the Delta-CPR on system
variants, hence showing the correctness of the Delta-CPR.

5 Evaluation
We evaluate the correctness for the lifted Delta-CPRs contained in
our case study and examine scalability by evaluating the number
of consequential changes performed by Delta-CPRs compared to
the number of consequential changes performed by Product-CPRs.
These evaluation criteria were selected to show the feasibility of
using a Var-V-SUM to develop variant-rich systems.

5.1 Research Questions
To evaluate if Delta-CPRs work as expected and can be practically
used, we aim to answer the following two research questions:
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• RQ1 Soundness: Can we lift Product-CPRs to Delta-
CPRs and achieve correctness? This is the central research
question for our evaluation. The Delta-CPR application has
to lead to consistent system variants. Otherwise, a single
Var-V-SUM is not a sufficient replacement for one V-SUM
per system variant. To answer this research question, we
compare consequential changes performed by lifted Delta-
CPRs to the consequential changes performed by the Product-
CPRs, from which they were lifted.

• RQ2 Scalability: Is the application of Delta-CPRs feasi-
ble for large systems? Delta-CPRs handle correspondences
and configuration-dependent changes differently compared
to Product-CPRs. Their consequential changes, including the
correspondence model, are of different size and complexity.
If scalability in these areas is not given, the Var-V-SUM ap-
proach is not applicable to modeling projects of large sizes.
To answer this research question, we compute the number
of entities in domain and correspondence models created
by lifted Delta-CPRs and compare them to the number of
entities in domain and correspondence models created by
Product-CPRs, from which they were lifted.

5.2 Subject System
We use a product representation and a delta representation of the
BCS to answer our research questions. The BCS product representa-
tion includes 18 of the 11616 system variants (𝑃0 − 𝑃17 presented in
the BCS report [18]), each with a statemachine domain model, com-
ponent domain model, and Product-CPRs. These 18 system variants
are used as samples for correctness checking of Delta-CPRs since
they fulfill the proposed delta coverage selection criteria. The 18
sample system variants also fulfill pairwise feature interactions cov-
erage, which have been shown to achieve good results for testing
variable systems [22]. For the statemachine and component do-
main, we implemented 20 Product-CPRs, listed in Table 1. Eleven of
these Product-CPRs synchronize the existence of entities in domain
models, six synchronize the entity attributes in domain models,
and three are intra-domain reactions in the component domain
model. All 20 Product-CPRs create and retrieve correspondences
from the correspondence model. The delta representation includes
the statemachine delta domain model and the component delta
domain model. Deltas included in these domain models can be used
to derive all 11616 valid variants of the BCS, including variants 𝑃0
to 𝑃17.

5.3 Experiment Setup and Procedure
We conduct a single experiment to answer both research questions
RQ1 and RQ2 and perform the following steps:

(1) We lift the 20 Product-CPRs to 20 Delta-CPRs by applying
the steps described in Section 3.3. We check the correctness
of these lifted Delta-CPRs in steps (2)-(4) by applying the
Testing Kit described in Section 4. When a CR does not hold
for a domain model, the consistency-preserving change is the
change that reestablishes the CR. The Delta-CPR correctness
check requires comparing consistency-preserving changes
generated by the lifted Delta-CPRs to those generated by
the Product-CPRs, for each BCS variant 𝑃0 to 𝑃17. Directly

Table 1: List of all implemented Product-CPRs for the BCS
applied to the statemachine domain models and component
domain models. They are divided into three types of Product-
CPRs: (E) for synchronization of entity existence, (A) for
synchronization of entity attributes, and (I) for intra-domain
consistency.

Trigger Change Consequential Change

E Add Statemachine Add System
E Add Com-Signal Add Signal
E Add Region Add Component
E Add Transition Trigger Signal Add Input Port
E Add Transition Behavior Signal Add Output Port
E Remove Transition Remove In/Output Port
E Add System Add Statemachine
E Add Signal Add Com-Signal
E Remove Signal Remove Com-Signal
E Add Component Add Region
E Remove Component Remove Region

A Change Statemachine name Align System name
A Change Com-Signal name Align Signal name
A Change Region name Align Component name
A Change System name Align Statemachine name
A Change Signal name Align Com-Signal name
A Change Component name Align Region name

I Set Port Signal Add Connector
I Remove Input Port Remove Connector
I Remove Output Port Remove Connector

comparing consistency-preserving changes is difficult for
this evaluation, so instead we apply them to variant domain
models and compare these domain models.

(2) We generate and apply consequential changes of Product-
CPRs in V-SUMs to have a baseline for consistency-preserving
changes. We apply the deltas necessary to build the source
domain models of a variant and apply the consequential
changes to empty target domain models. For each variant,
this results in the application of consequential changes to
one target statemachine domain model and one target com-
ponent domain model. For the system variants 𝑃0 to 𝑃17, this
results in the consequential change application to 18 target
statemachine domain models and 18 target component do-
main models. These domain models represent the applied
consistency-preserving changes for each variant, generated
by the Product-CPRs in V-SUMs.

(3) We generate and apply consequential changes of Delta-CPRs
in a Var-V-SUM to derive consistency-preserving changes,
which we can compare against the baseline. We add all BCS
deltas to the component and statemachine source delta do-
main models and apply the consequential changes to the
empty statemachine and component target delta domain
models. We derive statemachine domain models and com-
ponent domain models for BCS variants 𝑃0 to 𝑃17 from the
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target statemachine delta domain model and target com-
ponent delta domain model. These derived domain models
represent the applied consistency-preserving changes for
each variant, generated by the Delta-CPRs.

(4) After the derivation of domain models, we compare the do-
main models containing the applied consistency-preserving
changes generated by the Product-CPRs of step (2) to the
derived domain models containing the applied consistency-
preserving changes generated by the Delta-CPRs of step (3)
for each of the BCS variants 𝑃0 to 𝑃17. Comparing the target
statemachine domain model with the derived statemachine
domain model and the target component domain model with
the derived component domain model for each of the BCS
variants 𝑃0 to 𝑃17 results in a total of 36 domain model com-
parisons.

(5) We conclude the experiment by computing the number of
entities and correspondences that were created by Product-
CPR applications in the target domain models and Delta-CPR
applications in the target delta domain models.

5.4 Results
RQ1 Soundness: If the domainmodels consisting of consistency-

preserving changes for a BCS variant generated by the Product-
CPRs and generated by the Delta-CPRs are identical, they preserve
the same CRs. If the Product-CPRs and the lifted Delta-CPRs pre-
serve the same CRs for all BCS variants, the Delta-CPRs are correct,
and the lifting process was successful. The domain models are
identical for all 36 domain model comparisons between the target
domain models and the domain models derived from target delta
domain models. The 36 derived domain models achieve delta cover-
age, so every delta with consequential changes in the target domain
delta model of Delta-CPRs was applied to derive models for the
36 domain model comparisons. Because of the comparison results,
we can conclude the Product-CPRs and the lifted Delta-CPRs pre-
serve the same CRs. For the lifting process from Product-CPRs to
Delta-CPRs, two external EMF utility methods had to be manually
lifted, with the external methods comprising less than 100 lines
of Java code combined. The remaining liftings can be performed
automatically.

RQ2 Scalability: The consequential changes include the addi-
tion of domain model entities for Product-CPRs, the addition of
delta domain entities for Delta-CPRs, and the addition of corre-
spondences into the correspondence model for both. Evaluating
the scalability of Delta-CPRs requires comparing the number of
entities and correspondences created by Delta-CPRs to the number
of entities and correspondences created by Product-CPRs added up
over all BCS variants because the delta domain models can be used
to derive domain models for all variants. Since the computation
for all BCS variants is unfeasible, we only compute the number of
entities and correspondences created by Product-CPRs for the BCS
variants 𝑃0 to 𝑃17 and apply ordinary least squares linear regression
to approximate the number of created entities and correspondences
for all possible BCS variants, if necessary. Table 2 shows the com-
puted sums for the entities in domain models and delta domain
models and correspondences in the correspondence models, only
considering BCS variants 𝑃0 to 𝑃17. The Product-CPRs create more

Table 2: Sum of domain model entities and correspondences
in the 36 models containing the consistency-preserving
changes of the Product-CPRs compared to delta domain
model entities and correspondences in the two models con-
taining the consistency-preserving changes of the Delta-
CPRs.

∑
#Entities

∑
#Correspondences

Product-CPRs 4527 7376

Delta-CPRs 9529 2450

correspondences than the Delta-CPRs but fewer domain model
entities, than the Delta-CPRs delta domain model entities for BCS
variants 𝑃0 to 𝑃17 in our experiment. Figure 4 plots model entities
and correspondences, summed up for a subset of system variants
(𝑃0 up to 𝑃𝑥 ), with the greatest plotted subset being 𝑃0 to 𝑃17. For
example, the subset of domain models with six variants in the left
plot of Figure 4 is the sum of entities in the models, containing
the consistency-preserving changes for BCS variants 𝑃0 up to 𝑃5.
Since the delta domain models can be used to derive any possible
system variant, the values for Delta-CPRs are constant in these
plots independent of the system variant subset. The plot shows
seven variants are necessary until the Product-CPRs create more
correspondences than Delta-CPRs in our case study. The number
of variants necessary, until the Product-CPRs created more domain
model entities than Delta-CPRs in our case study, is greater than 18
and not reached in our experiment. We apply ordinary least squares
linear regression to the data points of BCS variants 𝑃0 to 𝑃17 to
estimate the break-even point for the number of domain model
entities to be around 37 of the 11616 possible variants.

5.5 Discussion
RQ1 Soundness: Can we lift Product-CPRs to Delta-CPRs

and achieve correctness? We answer this research question posi-
tively. Product-CPRs can be lifted to correct Delta-CPRs that pre-
serve the same CR on system variants as the Product-CPRs, which
they originate from. The correctness of lifted Delta-CPRs can be
checked by applying the Testing Kit presented in Section 4. We con-
clude the correctness of the Delta-CPRs in our evaluation because
all Product-CPRs and Delta-CPRs were executed at least twice when
applying the Testing Kit for BCS variants 𝑃0 to 𝑃17. Additionally,
the lifting can be performed with low effort. The only manual imple-
mentation effort required to lift all 20 Product-CPRs comprises less
than 100 lines of Java code. 14 of the 20 Product-CPRs were lifted by
applying delta mirroring as the localization strategy. The remaining
six Product-CPRs required the usage of configuration-dependent
assignment as the localization strategy.

RQ2 Scalability: Is the application of Delta-CPRs feasible
for large systems? We also answer this research question posi-
tively. The Delta-CPR application scales well for large variant-rich
systems, which makes a Var-V-SUM feasible. The reuse aspect of
delta-oriented variability modeling applies to the number of enti-
ties added by consequential changes of Delta-CPRs, since a single
delta operation added to a delta domain model can be applied to
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Figure 4: Comparison for the number of domain model entities summed up for a subset of system variants (𝑃0 up to 𝑃𝑥 ) on the
left side, and the number of correspondences in the correspondence model summed up for a subset of system variants on the
right side, to the number of domain model entities and correspondences for using lifted delta models.

derive multiple different system variants. A component addition
delta operation is added to a delta domain model by a Delta-CPR
a single time, while the component itself can be added to domain
models of multiple variants by a Product-CPR. This reuse aspect
does not apply to consequential changes of Delta-CPRs that are
required to use configuration-dependent assignment, since in the
worst case these consequential changes depend on a single variant
and therefore get added once per system variant. The application of
configuration-dependent assignment for Delta-CPRs leads to a num-
ber of entity additions to target delta domain models so high, we
were unable to reach the break-even point with the BCS case study
variants 𝑃0 up to 𝑃17. But with a break-even point of about 37 vari-
ants and 11616 valid possible variants of the BCS, the application of
Delta-CPRs scales overall well in the number of entity additions to
the target delta domain models. Additionally, the number of deltas
created with configuration-dependent assignment could be reduced
by refactoring the delta domain models [27].

The reuse aspect of delta-oriented variability modeling also ap-
plies to the number of correspondences in the correspondence
model that get added by Delta-CPRs. The lifting of correspondence
management discussed in Section 3.3 leads to the addition of cor-
respondences for addition operations, instead of correspondences
for the entities these operations add. Adding a component to com-
ponent domain models leads to the addition of a correspondence
in the correspondence model for each system variant that includes
that component (see Listing 1). In contrast, adding a component
addition delta operation leads to the addition of a single correspon-
dence in the correspondence model (see Listing 2). The reuse of
correspondences between variants leads to reaching the break-even
point for just seven variants in our BCS case study.

The reuse of model entities and correspondences directly trans-
lates to a lower number of model changes necessary to apply conse-
quential changes. A reduced number of model changes influences
the runtime andmemory requirements for consistency preservation,
since the Vitruvius consistency preservation mechanism operates
linearly in the number of model changes [12] on models in memory.

5.6 Threats to Validity
Internal Validity. The correctness of the Delta-CPR correctness

checking implementation (see Section 4), specifically the model
comparator implementation, is a threat to internal validity for RQ1.
With a faulty comparator implementation, the check for Delta-
CPR correctness would not be conclusive, and RQ1 could not be
answered. The comparator implementation was tested multiple
times during the development, including automated [6] and manual
tests on different system variants of the BCS case study. It was
implemented by following software engineering best practices and
extends a standard EMF model comparison tool to reduce error
probability in the core functionality.

The granularity of the evaluation process is another threat to
internal validity for RQ1. Instead of checking the correctness for a
single Delta-CPR at a time, we check the correctness for multiple
Delta-CPRs that add the delta operations used to derive a domain
model for the comparison. All Product-CPRs, and therefore lifted
Delta-CPRs, have different consequential changes (see Table 1). We
implement additional automated tests [6] that ensure each Product-
CPR and lifted Delta-CPR only perform the exact consequential
changes listed in Table 1.

The metric selection of model entities and correspondences is
a threat to internal validity for RQ2. If the chosen metrics do not
translate to scalability in practice, collecting them is not helpful to
determine the scalability of our approach. The number of entities in
a model is a meaningful metric because it gives a sufficient estima-
tion of model size and complexity. The number of correspondences
is another meaningful metric, because Vitruvius has to maintain the
correspondence model in addition to the domain models. If the num-
ber of correspondences increases, the preservation of consistency
becomes more extensive.

External Validity. The representativeness of the BCS case study
for multi-domain variant-rich systems is a threat to external validity
for RQ2. The size of the BCS is limited and has a clear one-to-one
mapping between different domain model elements. The findings
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might not be fully applicable to large domain models with one-
to-many mappings between domain model elements. While we
did show feasibility of this approach for large systems, further
application to more complex case studies is required.

6 Related Work
Multi-domain consistency preservation is a long-standing problem
but has not been thoroughly adapted to variant-rich systems.

Preserving Multi-Domain Consistency. Systematic literature re-
search into multi-domain consistency preservation approaches [29]
shows strengths, limitations, and tool support for different ap-
proaches to the consistency preservation problem. While multiple
existing approaches could be adapted to be applicable to variant-
rich systems, we choose Vitruvius [15] for our adaptation because
Vitruvius represents changes similarly to deltas in delta-oriented
variability modeling, and Vitruvius provides an open-source ref-
erence implementation [14] that is extendable with open-source
EMF tooling [10]. Vitruvius combines meta-models of different
domains into a virtual single underlying model with consistency
preservation rules, making them appear from the outside as a single
underlying model [4] without redundancies.

Extending the Delta Modeling Approach. Operations on deltas in
the form of addition, removals, and changes are explored in [17].
These operations on deltas represent delta operations on a delta
model, called higher-order delta operations. A Delta-CPR is executed
when a higher-order delta operation is applied and reacts with the
application of higher-order delta operations as the consequential
changes.

Combining Multi-Domain Consistency with Variability. While
there are many approaches to check for consistency in variable sys-
tems [24], these do not address consistency preservation between
domain models. Lopez-Herrejon and Egyed [19] [20] consider multi-
domain consistency checking for variant-rich systems and discuss
possible localization strategies for multi-domain consistency preser-
vation for feature-oriented programming [5]. However, these works
do not propose any multi-domain consistency preservation mecha-
nisms for variant-rich systems. Kowal and Schaefer [16] categorize
CRs for variant-rich multi-domain systems into intra-domain, cross-
domain, and cross-variant CRs. Kowal and Schaefer do not address
the preservation of those CRs, instead focusing on checking if the
CRs apply. Of these three categories, the Var-V-SUM approach is
able to preserve intra-domain and cross-domain CRs.

Ananieva et al. propose VaVe [2], an approach for the manage-
ment of system variants and system versions in a V-SUM. VaVe
does not solve the research problem of multi-domain consistency
preservation on variant-rich systems because it only introduces
new consistency checks between variants and versions of a sin-
gle domain while keeping the Vitruvius multi-domain consistency
preservation mechanism untouched. This makes the approach not
applicable for multi-domain consistency preservation in variant-
rich systems. Neumann et al. [21] present an approach that uses
delta-oriented variability modeling and Vitruvius, but for a differ-
ent purpose. Neumann et al. translate consequential changes of
Product-CPRs on system variant domain models to deltas. These
deltas represent the consistency-preserving changes per system

variant and can be applied to obtain consistent system variants.
Our approach aims to apply consequential changes on delta domain
models, which leads to derivations of already consistent system
variants from deltas. A preliminary version of our approach has
been presented in [7].

7 Conclusion
The Var-V-SUM represents the combination of the delta-oriented
variability modeling [17] [9] and Vitruvius [15] multi-domain con-
sistency preservation approaches. Introducing a Var-V-SUM enables
consistency preservation for variant-rich multi-domain systems by
using delta domain models and Delta-CPRs. Delta-oriented variabil-
ity modeling can be applied to lift domain models to delta domain
models and represent a domain for the complete variant-rich sys-
tem instead of just a single system variant. Product-CPRs preserve
CRs for a single system variant by applying changes to the domain
models of that variant. Such a Product-CPR, which is only applica-
ble to a single system variant, can always be lifted to a Delta-CPR.
Delta-CPRs preserve CRs for every system variant simultaneously
by applying changes to the delta domain models of the system.
The lifting process of domain models to delta domain models is
automatically performed by DeltaEcore [28]. The lifting process
of Product-CPRs to Delta-CPRs requires performing lifting steps
described in Section 3.3, which can be performed with small effort
or automatically if no external method calls are involved in the
Product-CPR applications.

By using a Var-V-SUM, we combine the advantages of delta-
oriented variability modeling and Vitruvius. The reuse of core
model entities shared between system variants enables the develop-
ment of variant-rich systems without redundant modeling, while
Vitruvius enables consistency preservation for multi-domain mod-
els. A Var-V-SUM enables consistency preservation for variant-rich
multi-domain systems without requiring redundant modeling and
redundant Product-CPR applications.

The Var-V-SUM as presented in this work should be understood
as a highly expandable approach. Deltas can describe variability
in space (variants), but also variability in time (versions) [1]. Since
Delta-CPRs do not make assumptions about what a delta repre-
sents, the Var-V-SUM approach is applicable to preserve consis-
tency for variants and versions. Vitruvius allows the definition of
views. Product-oriented development and platform-oriented devel-
opment [3] of Software Product Lines (SPLs) are both achievable
with a Var-V-SUM. Delta-CPRs can be used to preserve consistency
between domain models in the solution space of an SPL, while
variability in the problem space can be modeled with additional
variability models, such as feature models, in the Var-V-SUM. Con-
sistency preservation between the problem and solution space of
a SPL could be realized with the introduction of additional CPRs
between models in the problem space and delta domain models in
the solution space of the SPL, as described in Eger et al. [11].
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