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ABSTRACT
Annotative model-driven product lines allow to derive individ-

ual variants from a multi-variant model by exploiting annotations.

Those declare the presence of each model element in a specific set

of variants via a logical expression over features and may change

during evolution. This provokes the risk of introducing conflicts

causing logically cohesive elements of different models to appear in

diverging sets of variants, which threatens the consistency of the

product line. Existing work on propagating annotations across mod-

els employs the comparatively simple strategy of either overwriting

or manually protecting any changed annotation in the target model

but does not consider a backward propagation nor any form of syn-
chronization. Therefore, we contribute a sophisticated method for

synchronizing annotations which detects corresponding elements

based on model transformation traces and resolves conflicting an-

notations by preserving syntactically different but semantically

equal annotations according to the feature model. We demonstrate

challenges and our solution method in a scenario of synchronizing

two corresponding evolving multi-variant models.
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1 INTRODUCTION
Model-driven product line engineering (MDPLE) [11] promises in-

creased productivity due to automated maintenance of its artifacts

by employing techniques from both, software product line engi-
neering (SPLE) [8] and model-driven software engineering (MDSE)
[5].

On the one hand, SPLE establishes organized software reuse. A
feature model [26] declares the varying characteristics of a product

line which are used to configure customized products. A variability

mechanism [3], such as an annotative approach [7, 10, 23], allows

to derive a customized product by evaluating annotations mapped

onto model elements. An annotation is a Boolean expression over

features of the feature model constraining the presence of the ele-

ment in a variant. We denote an annotated model, which captures

the superimposition of all variants, as multi-variant model.

On the other hand, in MDSE, model transformations [38] keep

corresponding models consistent, e.g., a UML class model and the

corresponding Java model. While a batch forward transformation

generates the target model, a incremental bidirectional transforma-

tion synchronizes changes of one model with the opposite model.

Although model transformations are mature by now, using them to

propagate annotations of a multi-variant model in so-called multi-
variant model transformations is a young field of research.

Currently, multi-variant model transformations serve well for

propagating annotations in one direction [20, 35, 48, 50, 51]. How-

ever, in iterative and collaborative development scenarios, the devel-

oped product line evolves continuously. Thus, a multi-variant model

changes over time–including its annotations. While bidirectional

model transformations synchronize the elements and their relations

of two models, multi-variant model transformations [35, 39, 51]

propagate the annotations from a source model to the target model

regardless of present changes in the target model. For instance,

when changing the annotation of a Java class to a more restrictive

visibility (i.e., it is integrated in less variants) while the annotation of

the corresponding element in the UML model remains unchanged,

state-of-the art multi-variant transformations typically overwrite

the annotation of the Java class provoking possible data leakage on

Java side or an inconsistent, potentially broken set of products.

Manually detecting corresponding elements and synchronizing
their annotations is not only laborious but also error-prone and

expensive. To automate the detection, we propose to exploit trans-

formation traces recording correspondences and being persisted by

several model transformation execution engines [4, 25, 30, 48, 52].

Secondly, we have to identify mismatching annotations. While

syntactically different annotations may be recognized easily, they

do not necessarily cause a diverging set of variants, calling for

a more fine-grained analysis. Therefore, we contribute an anal-
ysis of mismatches and resolutions strategies. As opposed to

(mostly uninformed) annotation maintenance in collaborative SPLE

development, such as in variation control systems (VarCS) [31, 37],
we exploit the feature model and the Boolean nature of annotations

to inform the resolution. In case of real conflicts, we suggest of-

fering information from analyzing the context to the user. Thus,

our approach supports a unique, fine-granular and semi-automated

solution to consistent iterative and collaborative MDPLE.

2 PROBLEM STATEMENT
This section substantiates our problem statement by offering back-

ground information on the consistent development of a model-

driven product line and motivating the necessity of recognizing

mismatching annotations and synchronizing them.

https://doi.org/10.1145/nnnnnnn.nnnnnnn
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2.1 Formal Background
Variability. A set of features 𝐹 = {𝑓1, . . . , 𝑓𝑛} constitutes a prod-

uct line. Features are organized in a feature model 𝑓𝑚 = (𝐹,𝐶)
encompassing sets of features 𝐹 and Boolean constraints 𝐶 , respec-

tively. A feature model can be converted into a Boolean formula 𝜙 ,

e.g., normalized as CNF. An annotation 𝑎𝑛𝑛𝐹 is a Boolean expres-

sion over features in 𝐹 involving the logical AND, OR and negation

as operators in arbitrary composition. The set of annotations is de-

noted as 𝐴𝐹 . A feature configuration 𝑓 𝑐𝐹 either selects or deselects

each feature of 𝑓𝑚. 𝐹𝐶𝐹 denotes the set of all feature configurations.

A model𝑚 = {𝑒1, . . . , 𝑒𝑛} encompasses a finite number of model

elements (i.e., objects) out of the infinite set of model elements

𝐸. Mapping functions𝑚𝑎𝑝𝐹 : 𝐸 → 𝐴𝐹 map an annotation onto a

model element.We denote the sets of models andmapping functions

as𝑀 and𝑀𝑎𝑝𝐹 , respectively. A multi-variant model is a tuple of a
model and a total mapping function: 𝑑𝑚𝐹 ⊆ 𝑀 ×𝑀𝑎𝑝𝐹 . 𝐷𝑀𝐹 de-

notes the set of all multi-variant models in a product line. For deriv-

ing a single-variant model𝑚, the function 𝑑𝑒𝑟𝑖𝑣𝑒𝐹 : 𝐹𝐶𝐹 ×𝐷𝑀𝐹 →
𝑀 receives a feature configuration and the multi-variant model to

remove all elements whose mapping is not satisfied by the feature

configuration, such that 𝑑𝑒𝑟𝑖𝑣𝑒𝐹 (𝑓 𝑐𝐹 , (𝑚,𝑚𝑎𝑝𝐹 )) = {𝑒 | 𝑓 𝑐𝐹 ⇒
𝑚𝑎𝑝𝐹 (𝑒)}. The function 𝑐𝑜𝑛𝑓 𝑖𝑔𝑠𝐹 : 𝐴𝐹 × P(𝐹𝐶𝐹 ) → 𝐹𝐶𝑝 , where

𝐹𝐶𝑝 ⊆ 𝐹𝐶𝐹 , returns the set 𝐹𝐶𝑝 of all feature configurations, in

which an element carrying the given annotation is present, such

that 𝑐𝑜𝑛𝑓 𝑖𝑔𝑠𝐹 (𝑎𝑛𝑛𝐹 , 𝐹𝐶𝐹 ) = {𝑓 𝑐𝐹 | 𝑓 𝑐𝐹 ⇒ 𝑎𝑛𝑛𝐹 }.

Model Transformations. A (single-variant) trace-generatingmodel

transformation 𝑡𝑠𝑣 relates a left-side model 𝑚𝑙 with a right-side

model𝑚𝑟 and a trace 𝑡𝑚𝑚𝑙 ,𝑚𝑟
, such that 𝑡𝑠𝑣 ⊆ 𝑀𝑙 ×𝑀𝑟 ×𝑇𝑀𝑀𝑙 ,𝑀𝑟

.

A trace 𝑡𝑚 = {𝑡𝑒1, . . . , 𝑡𝑒𝑚} encompasses a finite number of trace

elements 𝑡𝑒 , each allowing access to the left- and right-side ele-

ments of a rule application. Two functions 𝑙𝑒 𝑓 𝑡 : 𝑇𝐸 → 𝐸𝑛𝑠 and

𝑟𝑖𝑔ℎ𝑡 : 𝑇𝐸 → 𝐸𝑚𝑡 , where 𝑛,𝑚 ∈ N+ offer access to these ele-

ments. Accordingly, we assume a trace is rule-based and generation-
complete [50, 51], i.e., it references all corresponding source and

created target elements per rule application. In contrast, an incom-
plete trace records only pivotal elements [9] and a complete trace
distinguishes context from created elements in the target model.

Similar to 𝑡𝑠𝑣 , a multi-variant model transformation relates two

multi-variant models with a trace: 𝑡𝑚𝑣 ⊆ 𝐷𝑀𝐹𝑙 ×𝐷𝑀𝐹𝑟 ×𝑇𝑀𝑀𝑙 ,𝑀𝑟
.

Correctness. We consider annotations synchronized correctly if

1) they are consistent with the feature model, 2) intended by the

product line developer and 3) yield commuting transformations

and derivations.

Without loss of generality, we assume that an MDPLE tool vali-

dates syntactic consistency with the feature models before mapping

an annotation manually, thus, ensuring criterion 1. Additionally,

we assume that the developer assigns only intended annotations –

in accordance with Kästner et al. [28] – which satisfies criterion 2.

As correctness criterion for multi-variant model transformations

(criterion 3), Salay et al. [35] propose commutativity of model trans-

formations as sketched in Figure 1. The result𝑚′𝑟 of transforming a

model𝑚′′
𝑙
derived from the multi-variant source model 𝑑𝑚𝐹𝑙with

𝑡𝑠𝑣 should be equivalent to the model𝑚′′𝑟 derived from the target

model 𝑑𝑚𝐹𝑟 for the same feature configuration. If this property

Figure 1: Bidirectional commutativity.

holds for each valid feature configuration, the variability infor-

mation in 𝑑𝑚𝐹𝑙 and 𝑑𝑚𝐹𝑟 is consistent and, thus, correct. As we

consider annotation synchronization, the commutativity diagram

must also hold for the opposite transformation direction.

2.2 Motivating Scenario
To highlight challenges in synchronizing annotations, we show

steps to construct a Graph product line [32] based on a UML class

model [34] and corresponding Java source code (represented as

model [6]). In the top left corner, Figure 2 illustrates the develop-

ment of the feature model. Below, the figure sketches UML class

and corresponding Java model elements whose annotations evolve.

In the beginning of the development (t=0), the feature model

comprises the mandatory feature N(odes) and G(raphPL) whereas
the UML class model encompasses not only the respective classes

but also classes realizing colored nodes and a BFS search. The classes
Node and Color carry the annotation N and the classes Search and

BFS the annotation G. First, a multi-variant model transformation

creates the Java model and a trace. Second, it propagates the annota-

tions from UML classes to the corresponding Java class declarations

and compilation units as recorded in the trace steps.

In the first iteration (t=1), one developer adds the optional feature
C(olor) as child of the feature N. While one developer changes the

annotation of the UML class Color to N ∧ C, another one changes
the annotation of the corresponding Java class and compilation unit

to C. At t=2, the UML developer adds the optional feature S(earch) to
the feature model and maps the annotation S onto the UML classes

Search and BFS. At t=3, the Java developer adds the feature B(FS)
to the feature model and maps it as annotation onto the BFS class
and compilation unit while a class DFS and corresponding feature

are added to the UML and feature model, respectively.

Thus, annotations of corresponding UML and Java elements

change differently, provoking two questions: Is it sufficient to ex-

ecute the multi-variant model transformation again to propagate

annotations from source to corresponding target elements or should

they be synchronized, instead? How and to what extent can such

process be automated?

To motivate the answers, we consider the effect on the resulting

set of variants. Changing the annotations of the Color classes

and compilation unit at t=1 does not affect the presence of these
elements in derived variants because C⇒ N, according to the feature
model, such that C ∧ N (UML) and C (Java) have the same effect

obviating the need for propagating or synchronizing annotations.

On the contrary, the annotation of the class BFS causes a different

set of source and target variants at t=3 because B is an optional

feature which depends on the presence of feature S. For the feature
configuration S ∧ (¬B), the BFS class and compilation unit are
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Figure 2: Excerpt of the iterative development of a Graph product line built of a UML class model and Java source code model.

removed from the Java model whereas the corresponding class

remains whereas the corresponding class remains the BFS class

and compilation unit are removed from the Java model whereas

the corresponding class remains in the UML class model. Thus,

these annotations cause diverging, inconsistent variants violating

commutativity. However, the annotations on the UML and Java

model are related, such that B⇒ S.
From this scenario we draw the following conclusions: Firstly, a

model transformation trace serves as easily accessible source to re-

trieve corresponding elements. Secondly, mismatching annotations

may provoke inconsistent sets of variants and the potential deliv-

ery of functionality not required by or intended to the customer.

However, it also shows that syntactically mismatching annotations,

may still have the same effect on deriving variants. Thus, a sole syn-

tactic comparison of annotations does not suffice and simplifying

an annotation may lose information valuable for later develop-

ment; requiring more sophisticated strategies. Finally, propagating

(i.e., overwriting) annotations of one side, may cause losing the

latest changes of the target model, i.e., losing already invested work

and intended modifications. Consequently, it is indispensable to

synchronize annotations by retrieving semantic information from

the feature model and to preserve manually invested work and to

guarantee consistent sets of variants.

3 OVERVIEW
This section infers requirements for synchronizing annotations

and, thus, for consistently evolving a product line in Section 3.1.

Thereafter, Section 3.2 presents the conceptual approach where

traces serve as easy accessible source to retrieve corresponding

elements of both models and the previously assigned annotation.

3.1 Requirements
The motivating scenario reveals the following necessities for main-

taining annotations in evolving product lines.

R1: Automated Inconsistency Detection Automatic conflict

detection is indispensable to avoid time-consuming and error-prone
manual extraction of corresponding annotations.

Figure 3: Schematic overview.

R2: Mismatch Classification for Semi-Automated Resolu-
tion Determining the nature of the mismatch is essential to auto-
matically resolve conflicts and to offer pinpointed context information
where automatic resolution is not possible.

R3: Tool-Independence Only if no or few restrictions on the

MDPLE tool are posed, the solution is broadly applicable.

R4: Correctness Only commuting sets of derived left- and right-
side variants (c.f., Figure 1) guarantee consistently evolving the

platform and delivering functionality intended to the customers.

3.2 Conceptual Approach
This section introduces the solution schema for synchronizing an-

notations of corresponding elements which exploits traces written

by incremental bidirectional model transformations.

Figure 3 depicts an overview of the approach to synchronize

annotations. Accordingly, multi-variant models consist of a domain
model and a mapping. An incremental bidirectional (BX) transfor-
mation synchronizes modifications of both domain models while

continuously writing a trace, such as those passing a respective

benchmark [2]. Furthermore, the annotations of the mappings con-

form to the feature model and can be updated individually. An

incremental transformation converts the engine-specific trace (i.e.,
the trace which is written by the BX transformation engine) into a

generalized trace. The latter consists of trace steps, each represent-

ing a rule application and relating elements of the left-side with

corresponding ones of the right-side model. As prescribed in the

metamodel in Figure 4, each trace step may store a common base
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Figure 4: Generalized trace metamodel.

Figure 5: Classification of annotation matching.

version of the annotation. Thus, given a trace element of the general-

ized trace, a function 𝑏𝑎𝑠𝑒𝐹 : 𝑇𝐸 → 𝐴𝐹 offers one key information

for synchronizing annotations as explained next.

4 ANNOTATION SYNCHRONIZATION
As a first step to synchronizing annotations, Section 4.1 analyzes

which types of relationships between annotations occur when they

are edited on both sides of a transformation concurrently and

identifies problematic constellations yielding inconsistent products.

Subsequently, Section 4.2 proposes the synchronization procedure

which goes beyond the state-of-the art and preserves annotations

which are syntactically different but have the same effect on the

presence of a model element. The feature model enriches the pro-

cess as key context information to determine semantic matches

making our solution unique for synchronizing annotations.

4.1 Annotation Matching Classification
After editing, the annotations may not be synchronized anymore.

Figure 5 presents a classification of matching annotations:

First, the result of comparing two annotations is either syntac-

tically equal or different. Despite a syntactic mismatch, two anno-

tations may still have the same effect during derivation which we

call semantically equal. For example, the annotations 𝑣𝑙 = N ∧ C
and 𝑣𝑟 = C ∧ N are syntactically different but the elements they are

assigned to are included in the same set of variants.

Besides syntactic and semantic mismatches, a mismatch may be

inevitable. Such mismatch may occur due to the propagation in one

direction and due to missing deterministic information about corre-

sponding elements. Non-confluent rules may cause corresponding

elements recorded in the trace to vary with the order of executing

transformation rules. Thus, annotations cannot be guaranteed to be

computed correctly [50] andmay require manual adaptations where

one solution protects modified annotations from overwriting [21].

The type of matching result affects which action to perform in

the synchronization procedure. If the annotations are syntactically

or semantically equal or protected, no action is necessary. If only

one side has changed, an update of the opposite annotation suffices

to synchronize the annotations. If none of these two actions can be

applied, the conflict has to be resolved.
Context information, such as constraints from the feature model,

supports determining the mismatch nature. For instance, if the fea-
ture model of Figure 2 constitutes as in 𝑡 > 1, the annotations 𝑣𝑙 =

N and 𝑣𝑟 = C are neither the same nor have the same effect, but, ac-

cording to the feature model: 𝑣𝑟 ⇒ 𝑣𝑙 . Thus, other artifacts, such as

variability models [26, 36], contribute context information valuable

for resolving the conflict. Furthermore, the base annotation serves

as another form of context information. During synchronizing, the

base version can be employed to determine which annotation has

changed and allows to perform rollbacks or updates. In VarCS, not

only one base version but the entire history of annotations assigned

per correspondence may be available.

Table 1 enumerates the possible values of 𝑣𝑙 and 𝑣𝑟 and catego-

rizes the result of their comparison. The base version 𝑣𝑏 = a_b is
used to determine which annotations have changed. 𝑣𝑏 is omitted

from the table because it is the same in each case. a_n and a_m
represent two distinct annotations which are both syntactically

different from a_b. The first two cases (1,2) in the table reflect an

equal matching result whereas case 3 and 4 reflect an update, which
both can be handled completely automatically: In case of a match,

no action has to be performed. Instead, when one side has changed

only, the unmodified side is updated with the new version. This

requires access to the base version as context information and goes

beyond propagating which overwrites the target side regardless

whether it has changed or not. The last row, case 5, represents the

situation of a syntactic mismatch, i.e., a conflict, the resolution of

which, however, depends on its nature as explained next.

4.2 Annotation Synchronization
This section introduces synchronization strategies to maintain syn-

tactic mismatches and proposes our procedure for synchronizing
mismatching annotations. In contrast to overwriting the target

annotation in a propagation, to ignoring conflicts or to checking

syntactic similarity only, additionally we regard the effect of the an-

notation by means of a semantic comparison based on the presence

in feature configurations to infer pinpointed actions.

4.2.1 Synchronization Strategies. To resolve mismatches, we dis-

tinguish uninformed from informed strategies:

An uninformed automated synchronization does not rely on con-
text knowledge, thus, it may resolve a syntactic mismatch based on

one of the following strategies. We discuss the benefits of each strat-

egy with respect to 1) preserving modifications and 2) annotation

consistency of corresponding elements.

(1) rollback: revert the annotations to the base version

(2) ignore: retain the mismatching annotations and the base

version

(3) overwrite: propagate the annotations of source elements to

the corresponding target elements

A rollback (1) implies losing changes made by the developer

and, thus, meaningful annotation information. However, assigning

the base annotation to the left- and right-side elements yields a

synchronized state and consistent annotations.

Ignoring the mismatch (2) preserves the modifications which

may involve inconsistent annotations, resulting in diverging sets
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Table 1: Constellations of comparing two annotations 𝑣𝑙 and 𝑣𝑟 syntactically with a common base version 𝑣𝑏 = 𝑎𝑏 as context
information.

case 𝑣𝑙 𝑣𝑟 description matching result resol. action
1 a_b a_b no change equal a_b none
2 a_n a_n same change a_n

3 a_b a_n one side changed different a_n update
4 a_n a_b one side changed a_n

5 a_n a_m diverging different conflict depends on nature

of source and target variants. However, it is a viable strategy if

and only if the left and right version are semantically equal (which

requires context information).

Moreover, overwriting annotations based on the propagation

direction (3) encompasses the same problem as when rolling back

in terms of losing updates. If annotations on the target side have

changed, they will be overwritten and, thus, lost. However, left-

and right-side elements remain annotated consistently.

While uninformed synchronization does not consider context

information, informed synchronization may exploit the facts that 1)

Boolean expressions are maintained and 2) additional constraints

among their literals exist as declared in the feature model.

On the one hand, as annotations are Boolean expressions, the

algorithm can reason about Boolean relationships between the an-

notations or employ basic set-theoretic three-way merge behavior:

For three-way merging homogeneous sets, the formula in Equa-

tion 1 preserves the latest state of the left and right version [49].

𝑣𝑚 = (𝑣𝑙 ∧ 𝑣𝑟 ) ∨ (𝑣𝑙 ∧ ¬𝑣𝑏 ) ∨ (𝑣𝑟 ∧ ¬𝑣𝑏 ) (1)

As after merging the annotations of each side are equal, merging

guarantees consistent annotations of corresponding elements as

well as the preservation of modifications. However, the semantics

of the annotation may have changed due to the merge. For instance,

if 𝑣𝑏 = true, 𝑣𝑙 = N and 𝑣𝑟 = C, the merged annotation 𝑣𝑚 = N ∧ C
may be more restrictive for including elements (depending on the

feature model) in a variant than assigning only the feature N. Due
to building a new expression, merging without context cannot be

considered semantic-preserving, in general.

On the other hand, an annotation is a Boolean formula over fea-

tures of a feature model. Thus, the resolution procedure can check

if the two annotations satisfy the same set of feature configurations.

4.2.2 Synchronization Procedure. For synchronizing annotations
we consider only resolution strategies which guarantee annota-

tion consistency ultimately. The following paragraphs present the

deduced synchronization procedure consisting of maintaining au-
tomatically resolvable situations (Algorithm 1) and manually resolv-

able ones (Algorithm 2).

At first, we assume that the development starts with a synchro-

nized state of annotations: 𝑡𝑚𝑣 has propagated annotations from

one side to the opposite side, such that the generalized trace stores

a base version per trace step. After editing, the annotation synchro-
nization iterates the generalized trace. For each trace step, the left

and right version of the recorded left- and right-side elements, 𝑣𝑙
and 𝑣𝑟 , are retrieved from the mapping and serve, besides the base

version 𝑣𝑏 retrieved from the trace element, as input to Algorithm 1.

Algorithm 1 Synchronization of annotations.

1: procedure synchronizeAnns𝑣𝑏 , 𝑣𝑙 , 𝑣𝑟 , 𝜙
2: in 𝑣𝑏 , 𝑣𝑙 , 𝑣𝑟 {base, left and right version, respectively}

3: in 𝜙 {feature model as Boolean formula}

4: if 𝑣𝑙 = 𝑣𝑟 then
5: 𝑣𝑏 ← 𝑣𝑙
6: else
7: if 𝑣𝑙 = 𝑣𝑏 ∨ 𝑣𝑟 = 𝑣𝑏 then
8: updateUnchanged(𝑣𝑙 , 𝑣𝑟 , 𝑣𝑏 )
9: else
10: resolveConflict(𝑣𝑙 , 𝑣𝑟 , 𝑣𝑏 , 𝜙)
11: end if
12: end if

Algorithm 1 describes the first part of the synchronization pro-

cedure which employs three-way merge behavior to synchronize

the three annotations 𝑣𝑙 , 𝑣𝑟 and 𝑣𝑏 . Besides these annotations, the

feature model in form of a Boolean formula in propositional logic

is input to the algorithm (Line 3) which is necessary to resolve con-

flicts (Line 10). If the left and right version are syntactically equal

and have both changed, the base version will be updated (Line 5).

In contrast, if the left and right version are different but one is the

same as the base version, the new version is assigned to the base

and the old version by the method updateUnchanged() (Line 8).
While Algorithm 1 maintains automatically resolvable synchro-

nization situations, Algorithm 2 proposes steps to perform in all

other cases. When Algorithm 1 recognizes a syntactic mismatch

which is no update in Line 10, Algorithm 2 checks whether both ver-

sions are semantically equal. If they are, it performs no other action,

hence, all three annotations remain the same (Line 4). This implies

that this check is performed each time Algorithm 1 is executed

because the annotations are syntactically mismatching. Despite the

additional computational effort, this behavior is beneficial when

the feature model changes and features serving as literals in the

annotations become constrained differently because it preserves

the annotations as intended by the developer.

Two annotations are semantically equal (Algorithm 2, Line 4), if

they satisfy the same set of feature configurations of a given feature

model, such that 𝑐𝑜𝑛𝑓 𝑖𝑔𝑠 (𝑣𝑙 , 𝐹𝐶𝐹 ) = 𝑐𝑜𝑛𝑓 𝑖𝑔𝑠 (𝑣𝑟 , 𝐹𝐶𝐹 ). Checking
this condition in a brute force approach is only feasible for feature

models with small numbers of valid configurations and still requires

two satisfiability checks for each valid feature configuration. Con-

versely, both annotations could be simplified w.r.t. the feature model

and then compared, which requires an exact and deterministic al-
gorithm. For instance, the Quine-McCluskey algorithm minimizes



Conference’17, July 2017, Washington, DC, USA Sandra Greiner, Michael Nieke, and Christoph Seidl

Algorithm 2 Resolution of syntactic mismatches.

1: procedure resolveConflict(𝑣𝑏 , 𝑣𝑙 , 𝑣𝑟 , 𝑣𝑏 , 𝜙)
2: in 𝑣𝑏 , 𝑣𝑙 , 𝑣𝑟 {base, left and right version}

3: in 𝜙 {feature model as Boolean formula}

4: if ¬semanticEqual (𝑣𝑙 , 𝑣𝑟 , 𝜙) then
5: if SAT(𝜙 ∧ (𝑣𝑙 ⇒ 𝑣𝑟 )) then
6: reportImplies(𝑣𝑙 , 𝑣𝑟 )
7: else if SAT(𝜙 ∧ (𝑣𝑟 ⇒ 𝑣𝑙 )) then
8: reportImplies(𝑣𝑟 , 𝑣𝑙 )
9: else
10: reportConflict(𝑣𝑙 , 𝑣𝑟 )
11: end if
12: manualUpdate(𝑣𝑙 , 𝑣𝑟 )
13: if ¬(𝑣𝑙 = 𝑣𝑟∨ semanticEqual (𝑣𝑙 , 𝑣𝑟 , 𝜙)) then
14: rollBack()
15: end if
16: end if

an annotation given in Disjunctive Normal Form by employing the

feature model as context information [47] as further explained in

Section 6.

If 𝑣𝑙 and 𝑣𝑟 are not semantically equal but 𝑣𝑙 ⇒ 𝑣𝑟 (Lines 5f.)

or vice versa (Lines 7f.) according to the feature model, the de-

veloper is informed about the implication. Since we assume that

only intended annotations [28] are assigned, there may be a rea-

son (e.g., a missing constraint in the feature model) provoking the

semantic inequality. This reason may be uncovered by checking

the annotations for Boolean relationships. The analysis of Boolean

implications between semantically conflicting annotations may be

extended to other types of Boolean relationships which could be

reported similarly. In all other cases, a real conflict, which neither

conforms with the feature model nor incorporates an implication,

is reported. Then, the developer should manually update one or

both annotations (Line 12) and the algorithm checks whether the

resulting annotations are consistent (Line 13 ). If they are not, it will

roll back the annotations (Line 14) by mapping the base annotation

onto both sides.

To this end, synchronizing conflicting annotations results in (at

least semantically) equal annotations of 𝑑𝑚𝑠 and 𝑑𝑚𝑡 , thus, guar-

antees annotation consistency: Due to consistent annotations of

corresponding elements after synchronizing, these elements are

part of the same set of derived variants. Please note: for guarantee-

ing commutativity, 𝑡𝑠𝑣 needs to be functional and local, such that

for a given element 𝑡𝑠𝑣 and 𝑡𝑚𝑣 create the same opposite elements.

Altogether, exploiting the trace, the matching classification and

synchronization procedure offers the following benefits: First, the

trace recognizes all corresponding left- and right-side elements.

Particularly, if multiple elements correspond with each other, trace

information will ensure that a synchronized annotation is mapped

onto all elements and none is forgotten inadvertently. Second, the

synchronization retains new modifications and does not overwrite

annotations based on a transformation direction which would lose

changed target annotations. Finally, based on the matching classifi-

cation we differentiate pure syntactic from semantic mismatches by

exploiting the feature model as unique context information, thereby

ensuring consistent development under evolution.

4.2.3 Technical Prerequisites. To apply the proposed synchroniza-

tion method, the following technical prerequisites have to be met.

Main Technical Components: As sketched in the overview

(Figure 3), firstly, a single-variant transformer is necessary to ex-

ecute the BX transformation [2], such as an eMoflon [30] or Bx-

tendDSL [4] transformation specification. The transformer needs

to offer access to an incrementally maintained generation-complete

trace, thereafter. Secondly, a trace converter needs to incrementally

turn this engine-specific trace, for instance, the protocol of eMoflon

or the correspondence model of a BxtendDSL transformation, into

an instance of the generalized trace (Figure 4). The incremental

conversion is decisive to pertain the base annotation used for the

three-way synchronization and offers stable information about cor-

responding left- and right-side model elements. Furthermore, the

generalized trace allows to abstract from a concrete transformation.

Finally, the synchronization procedure iterates the generalized trace

and, therefore, handles different transformations languages generi-

cally. The synchronization requires access to the source and target

mapping as well as the feature model, to look up annotations of

the model elements. For checking syntactic and semantic equality

of annotations, the Strategy pattern [18] allows to exchange the

comparison method. Our prototype
1
synchronizes annotations re-

trieved from external mappings [22] from the MDPLE tool Famile

[7] according to the contributed algorithms. A BxtendDSL BX trans-

formation converts UML class into Java models and vice versa. A

unidirectional BxtendDSL transformation converts the resulting

incrementally maintained trace into the generalized trace model.

Further Remarks: Firstly, we assume functional and determin-
istic BX transformation rules which realize the BX transformation.

Furthermore, we employ generation-complete trace information.

Thus, the trace records all corresponding source and target ele-

ments per transformation rule application. This ensures that the

synchronization procedure can map consistent annotations onto all

recorded source and target elements. Moreover, the transformation

properties ensure that for the same element in𝑚𝑙 and𝑚
′′
𝑙
the same

elements are created in𝑚𝑟 and𝑚
′
𝑟 , respectively, and vice versa. Sec-

ondly, complete traces have not been covered, which record context
elements. Those are left- or right-side target elements which were

created by another rule but are necessary to create the elements

recorded as target (or source, depending on the transformation

direction) in the respective trace step. Finally, it must be stressed,

that the proposed algorithms serve for arbitrary MDPLE tools. We

do not assume VarCS, i.e., version control systems aware of product

line variability, which are not widely spread and foster dedicated

development workflows. Not relying on VarCS, edit monitoring

or specific transformation languages makes the algorithms flexible
and broadly applicable in iterative development scenarios.

4.2.4 Example. Table 2 displays the annotations before and after

executing our synchronization procedure in the scenario of building

UML class and Java models for realizing the Graph product line,

described in Section 2.2. At t=0 corresponding annotations are

syntactically equal and stored as base versions.

At t=1, the annotations of the class Color and the corresponding
Java elements are changed and diverge (i.e., they are syntactically
different). Thus, the following synchronization checks whether both

1
http://btn1x4.inf.uni-bayreuth.de/MuVaTra/3-way-sync.zip

http://btn1x4.inf.uni-bayreuth.de/MuVaTra/3-way-sync.zip
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Table 2: Annotations mapped onto optional UML (left side) and Java (right side) elements by the synchronization.

synchronization step Color Search BFS DFS

𝑡0 N N G G G G – –

𝑡1 N ∧ C C G G G G – –

synchronization semantically equal update equal –

𝑡2 N ∧ C C S G S G – –

𝑡3 N ∧ C C S S S B S ∧ D –

synchronization semantically equal update report 𝑣𝑟 ⇒ 𝑣𝑙 update

𝑡4 N ∧ C C S S B ∧ S B S ∧ D S ∧ D

annotations N ∧ C and C are semantically equal. Since C implies N
the annotations are semantically equal and remain as they are.

At t=2, the annotation S is mapped onto the UML classes Search
and BFS. Before synchronizing, the feature B(FS) and D(FS) are added
to the feature model as children of S as well as the class DFS to the

UML model carrying the annotation S ∧ 𝐷 at t=3. The following
synchronization recognizes the annotations of the Color elements

again as semantically equal and updates the annotations of the

Java Search and DFS elements. The latter have been created by

𝑡𝑠𝑣 right before the synchronization. The annotations of the BFS
elements are neither syntactically nor semantically equal but the

analysis recognizes that B⇒S and reports this dependency. The

UML modeler changes the respective annotation to B∧S. such that,

at t=4, all annotations are consistent.

5 DISCUSSION
The example of the previous chapter demonstrates that our pro-

cedure ensures consistent annotations after each synchronization

step. If only one side has changed, it synchronizes the manually

invested work with the opposite side regardless of a propagation

direction while a propagation would potentially overwrite a new

annotation, instead. If both annotations have changed, they are

only synchronized if they are not semantically equal. To aid the

developer, the feature model and the expressions themselves are

checked for further dependencies. This increases awareness and pin-
points the problem by offering context information from Booolean

relationships and the feature model. Checking whether the annota-

tions are consistent after a manual update and the potential rollback

ensures consistent annotations for all left- and ride-side recorded

in the trace after the synchronization.

The freedom to leave semantically equal annotations as they are

and, thus, preserving the literal intention of the developer and not

overwriting or merging it, comes with the cost to check semantic

equality each time the synchronization is performed. Particularly,

when the feature model changes due to iterative building steps

or evolution, retaining semantically equal annotations is key to

preserve the users intention.

Another strength of the approach is that the only key assumption

is the presence of generation-complete traces. As soon as trace-

writing model transformations maintain the two synchronized

models, it is possible to retrieve information about correspond-

ing elements. Even if such transformation is not present, automated

approaches, such as matching the models and metamodels [19, 46],

may deduce the information of corresponding elements.

So far, our contribution maintains situations where the annota-

tions of elements of one side recorded in a trace element change

uniformly. This assumption may not hold for several reasons, for

instance, in complex transformation scenarios or when synchro-

nizing before all annotations of one side have been updated. The

trace can, however, still serve as source to detect these conflicts. A

similar situation is caused when context elements are present in

complete traces. Future work may examine these situations.

Further future work may evaluate the benefits of the approach

which may also answer the motivating questions quantitatively.

The answer to the sufficiency of propagating annotations (i.e., over-

writing) was already given and motivated. Overwriting is cheap

and straightforward but may lose changes made to the target side

and thus, cannot be considered sufficient. We argue that synchro-

nizing may preserve changes made to both sides and can be fully

automated in most cases: If users are aware of the features they

implement [28], we expect semantically equal annotations and real

conflicts, which both require the costly feature configuration satis-

faction checks, to occur seldom such that the comparatively cheap

and automated three-way update can be executed for most of the

model elements. Our preliminary validation of the propagation

algorithm reconstructs developments steps for an already created

product line. A future evaluation requires to either reconstruct or

modify existing product lines or to build new ones from scratch

for measuring the cost-effectiveness as well as trace-writing BX

transformations for synchronizing the considered models.

Checking the satisfaction of the requirements of Section 3.1

concludes the discussion: We realize automated inconsistency
detection (R1) based on the generation-complete trace and a total

model transformation which allows to recognize all corresponding

left- and right-side elements. Additionally, we offer an annotation

matching classification, particularly regarding the impact on the

automation degree. Combining the classification with the semi-

automated synchronization procedure satisfies themismatch clas-
sification for semi-automated resolution (R2). The algorithm
does not request specific capabilities of the MDPLE tool for detect-

ing conflicts or merging versions, particularly, the edit history is

not required but only complete information (e.g., a trace) about

corresponding source and target elements which is an essential

prerequisite for realizing incremental transformations. Therefore,

in these respects, we are tool-independent (R3). Finally, based on
our prerequisites, we hypothesize to guarantee commutativity and,

thereby, the requirement for correctness (R4). If the transforma-

tion is total and functional (confluent rules), and the trace records
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all corresponding source and target elements of a rule application,

these elements are included in the same set of variants. If these

conditions do not hold, it will depend on the scenario (e.g., the

annotations, filters,...) if commutatitvity is satisfied, nevertheless.

6 RELATEDWORK
We identify related work mainly in three areas: synchronizing

multiple models, maintaining and merging Boolean expressions

and specifically synchronizing annotations in evolving product

lines.

In the first area, synchronizing two models, particularly by em-

ploying BX transformations [12, 13, 24, 29], lays the foundation to

synchronize multi-variant models. In this work, we do not consider

synchronizing more than two models [14, 27, 42]. A meta-survey

[43] summarizes temporary approaches on keeping (multiple) evolv-

ing models consistent.

In contrast to MDSE, MDPLE does not synchronize model ele-

ments but also their annotations. Automated approaches to main-

tain diverging annotations are present in VarCS [31] and in in-

cremental multi-variant transformations. On the one hand, VarCS

address annotation consistency, particularly, if they support opti-

mistic multi-user development
2
. Thereby, VarCS keep track how

annotations evolve by explicitly integrating and relying on version

control systems aware of variability in space which is not the case

in the majority of SPLE tools.

The VarCS SuperMod [37] automatically maintains annotations

assigned to different models hidden from the user. This single-

variant editing tool for model-driven product lines based on a ver-
sion control mechanisms (checkout/commit) allows for multi-user

development and optimistic updates and, thus, handles evolving

and conflicting annotations. Annotations are updated according to

the expression specified in the commit such that a conflict can oc-

cur only due to simultaneous changes of multiple distributed users.

The tool resolves these conflicts automatically based on Booolean

logic employing the set theoretic merge formula (Equation 1). Fur-

ther VarCS, such as VTS [40] or ECCO [16, 17] employ a check-

out/commit mechanism, too, but map annotations onto source code

only and maintain them differently: VTS does not allow for multi-

user support and the commit expression is always combined with

the checkout expression in a conjunction whereas ECCO stores

conflicting revisions in parallel internally and leaves the merge

task to the developer. Moreover, ECCO does not assign annotations

in form of Boolean expressions but maintains sets of possible and

impossible features which are refined on committing new variants.

Thus, none of these VarCS supports a semantic-based annotation

synchronization across corresponding artifacts.

Apart from VarCS, von der Rhein et al. [47] offer a solution to

simplify Boolean expressions, particularly, in product line engineer-

ing. This task involves reducing one Boolean expression, e.g., an

annotation, such that it has the same expressiveness as the orig-

inal annotation but fewer literals and clauses. The feature model

enriches the simplification as context information besides the de-

fault possibilities to reduce a Boolean expression, e.g., by removing

2
In contrast to pessimistic synchronization, which locks the repository to avoid con-

flicts when changing the contents, optimistic synchronization allows for arbitrary

modifications and offers automated merge support for conflicts.

redundant literals or clauses. Thus, the examined algorithms allow

for reducing one annotation to a semantically equal annotation. In

contrast to our work, the authors do not compare two distinct anno-

tations but the reduced with the original annotation to see if they

are semantically equal. However, for synchronizing two distinct

annotations it is a valuable strategy to determine semantic equality

when reducing both and comparing them thereafter. Similarly, rea-

soning techniques [1, 15, 45] comparing two feature models given
in Boolean normalized forms are related to the problem. Instead,

for comparing the two annotations, 𝑣𝑙 and 𝑣𝑟 , the feature model is
necessary as additional context information to retrieve all valid

feature configurations.

Finally, incremental multi-variant model transformations [21, 44]

regard evolving annotations of the models kept consistent by a

transformation. Täntzer et al. [44] consider the evolution of the fea-

ture model in the category of model transformations, theoretically.

In contrast, Greiner and Westfechtel [21] sketch how annotations

can be combined in incremental forward transformations. In their

work, annotations can be protected from overwriting, which is

a frequent strategy in incremental model-to-text transformations

[33, 41] for preserving manually changed text blocks. Addition-

ally, annotations can be compared with the previously assigned

annotation but only in form of a propagation. However, protecting

annotations requires the possibility to mark the annotation e.g., by

extending the mapping capabilities of the respective MDPLE tool.

As we rely on the generalized trace derived from an engine-specific

trace, we do not make specific assumptions about the mapping

mechanism.

7 CONCLUSION
Altogether, we contribute a synchronization mechanism to keep

multiple models in an evolving product line consistent. Not only

does our approach preserve a modified annotation regardless of

the propagation direction but it also differentiates pure syntactic

from semantic mismatches by consulting the feature model for the

effect of the annotations. Thus, by exploiting traces and feature

models we offer a unique and fine-granular approach supporting

consistent iterative model-driven product line development.
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