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Abstract Despite good results in several industrial pro-
jects, Model-Driven Engineering (MDE) has not been
widely adopted in industry. Although MDE has existed
for more than a decade now, the lack of tool support
is still one of the major problems, according to studies
by Staron and Mohaghegi [52, 58]. Internal languages
offer a solution to this problem for model transforma-
tions, which are a key part of MDE. Developers can
use existing tools of host languages to create model
transformations in a familiar environment. These inter-
nal languages, however, typically lack key features such
as change propagation or bidirectional transformations.
In our opinion, one reason is that existing formalisms
for these properties are not well suited for textual lan-
guages. In this paper, we present a new formalism de-
scribing incremental, bidirectional model synchroniza-
tions using synchronization blocks. We prove the ability
of this formalism to detect and repair inconsistencies
and show its hippocraticness. We use this formalism to
create a single internal model transformation language
for unidirectional and bidirectional model transforma-
tions with optional change propagation. In total, we
currently provide 18 operation modes based on a sin-
gle specification. At the same time, the language may
reuse tool support for C#. We validate the applicabil-
ity of our language using a synthetic example with a
transformation from finite state machines to Petri nets
where we achieved speedups of up to multiple orders
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of magnitude compared to classical batch transforma-
tions.
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1 Introduction

Model-driven engineering (MDE) is an approach to raise
the level of abstraction of systems in order to cope
with increasing system complexity. Although MDE is
widely adopted in academia, it is not as popular in in-
dustry, primarily because of the lack of stable tool sup-
port [52, 58]. In addition, Meyerovich et al. [51] have
shown that most developers only change their primary
language when either there is a hard technical project
limitation or there is a significant amount of code that
can be reused.

Model transformations are the “heart and soul” of
MDE [57]. Since general-purpose languages are not suit-
able for this task [57], there is a plethora of specialized
model transformation languages. This may hamper the
adoption of MDE in industry, since developers may not
want to use model transformation languages for the rea-
sons found by Meyerovich.

To solve both of these issues, internal languages of-
fer a promising approach: Model transformation lan-
guages can be abstracted from, and integrated into gen-
eral-purpose languages. This way, tool support for the
host language is inherited, and developers may stick to
the languages that they are used to.1

1 This does not mean that internal DSLs superior per se. One
has to be very careful when designing an internal DSL to gain
the benefits of the host language integration while still preserving
the advantages of a model transformation language such as a
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Several languages follow this approach [4, 20, 29, 41,
47, 63, 64]. We have observed that most of these lan-
guages only operate in a rather imperative way, which
means that they contain less control flow abstractions
than declarative model transformation languages, such
as, for example, QVT-R [54]. In particular, only few
approaches support bidirectional transformations, most
notably the Scala DSL created by Wider [63]. To the
best of our knowledge, none of these languages supports
change propagation, a feature that is mostly provided
by declarative languages such as Triple Graph Gram-
mars (TGGs)2. For these, implementations exist that
support change propagation [21, 22, 24].

A key problem when creating an internal language
for model transformation that shall support bidirec-
tionality and change propagation is the semantic differ-
ence between a typical programming language and for-
malisms that support bidirectionality and change prop-
agation such as TGGs. TGGs are based on graph pat-
terns, divided into left hand side, right hand side and
correspondence part. The only implementation of graph
patterns in an internal language that we are aware of,
VIATRA Query, uses method calls to represent graph
patterns in an object-oriented language. This entirely
loses the expressions language of object-oriented lan-
guages, which we think is a pity.

Therefore, we propose a new formalism for bidi-
rectional and incremental model synchronization that
is created to take the expression language of object-
oriented programming language better into account. The
formalism is based on synchronization blocks that de-
scribe expressions that, based on an isomorphism, should
be synchronized. The synchronization rests on the lenses
approach originally introduced by Foster et al. [16]. We
describe this formalism and prove its ability to repair
inconsistencies between heterogeneous models in a hip-
pocratic manner.

Further, we present NMF Synchronizations, an in-
ternal language in C#. Therefore, we show that the
current lack of change propagation, especially combined
with bidirectionality, is not a general restriction of inter-
nal languages. The language supports multi-directional
model transformation as well as multiple change prop-
agation patterns in combination. The implementation,
however, has a few limitations, which we discuss in Sec-
tion 8, but we believe they are only technical restric-
tions.

(presumably) better understandability. The latter can be more
easily accounted for in a dedicated, i.e., external, language.

2 VIATRA Query (formerly named EMF-IncQuery) does sup-
port change propagation and is implemented as an internal DSL
in Xtend, but does not support bidirectional transformations.

We have validated our approach using an example
transformation of Finite State Machines to Petri Nets.
With our prototype language, we only have a single
specification and are able to obtain 18 different model
transformations.

This paper is an extension of a previous version sub-
mitted to the ICMT 2015 [31]. It extends this prior work
with a formal theory how change propagation and bidi-
rectionality are achieved and a more thorough explana-
tion and related work section.

The rest of this paper is structured as follows: Sec-
tion 2 explains our running example, the synchroniza-
tion of finite state machines and Petri Nets. Section 3
introduces the foundations that our work is based on.
Section 4 introduces the concept of synchronization
blocks and proves some of their basic properties. Sec-
tion 5 explains how synchronization blocks can be im-
plemented in an internal DSL. Section 6 describes our
prototype language through applying it to the motiva-
tional example of synchronizing finite state machines
and Petri Nets. Section 7 validates the performance of
our language by benchmarking our example synchro-
nization. Section 8 shows the limitations of our ap-
proach. Finally, Section 9 lists related work before Sec-
tion 10 concludes the paper.

2 Finite State Machines to Petri Nets

Throughout the paper, both to explain our approach
and for validation, we use the running example of the
transformation of Finite State Machines to Petri Nets,
two well-known formalisms in theoretical computer sci-
ence. Both of them are well suited to describe behaviors
but each of them has its advantages. Therefore, both of
them are widely used. Finite state machines can be eas-
ily transformed to Petri nets.

However, for model synchronization, the example
of Finite State Machines and Petri Nets is a rather
synthetic one as usually only one of these formalisms
is used. We use it as our running example though as
the involved metamodels are rather simple and struc-
turally similar but yet different. Real application sce-
narios would rather center on the synchronization of
artifacts like the source code, architecture information
in UML diagrams and potentially performance engi-
neering models such as the Palladio Component Model
(PCM) [5].

The metamodel that we use for finite state machines
is depicted in Figure 1. Finite state machines consist of
states and transitions where transitions hold a reference
to the incoming and outgoing states and states hold
a reference to the incoming and outgoing transitions.
States can be start or end states.
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FiniteStateMachine

+ Id : String

State

+ IsStartState : Boolean
+ IsEndState : Boolean
+ Name : String

Transition

+ Input : String

states 1..* transitions 0..*

source

1

outgoing

0..*
target

1

incoming

0..*

Figure 1 The metamodel for finite state machines

PetriNet

+ Id : String

Place

+ Id : String

Transition

+ Input : String

places 1..* transitions 0..*

from

0..*

outgoing

0..*
to

0..*

incoming

0..*

Figure 2 The metamodel for Petri Nets

The metamodel of Petri Nets is depicted in Figure
2. Petri Nets consist of places and transitions. Unlike
state machines where states are modeled explicitly, the
state of a Petri Net is the allocation of tokens in the
network.

The transformation from finite state machines to
Petri Nets transforms each state to a place. Transitions
in the finite state machine are transformed to Petri Net
transitions with the source and target places set accord-
ingly. Final states are transformed to a place with an
outgoing transition that has no target place and there-
fore ‘swallows’ tokens.

An example of this transformation is illustrated in
Figure 3, where the state machine to manage the life-
cycle of a simulation is depicted. The advantage of a
Petri net is here that using tokens, Petri nets allow to
represent the state of multiple simulations in the same
diagram.

The backward transformation from Petri Nets to
finite state machines is not always well defined since
Petri Net transitions may have multiple source or target
places. However, if the Petri Net is an image of a finite
state machine under the above transformation, then the
backward transformation is useful to have.

3 Foundations

Our approach is a bridge between technologies that al-
ready exist. We combine and adapt a model transfor-
mation framework with a framework for incremental
computation and enrich this framework with lenses 3
to make bidirectionality possible. Thus, we briefly intro-
duce both the model transformation framework NMF
Transformations, the framework for incremental com-
putation NMF Expressions, its foundation in category

theory and the theory of lenses that we require for bidi-
rectionality.

3.1 NMF Transformations

NMF stands for .NET Modeling Framework [32] and is
an open-source project to support MDE on the .NET
platform. NMF Transformations [29] is a sub-project of
NMF that supports model transformation. It consists
of a model transformation framework and internal DSL
for C# on top of it (NMF Transformations Language,
NTL). Both framework and DSL are inspired by the
transformation languages QVT [54] and ATL [43] but
work with arbitrary .NET objects. The language has
been applied internally in NMF and at the Transfor-
mation Tool Contest (TTC) in 2013 [35, 36].

Figure 4 shows an excerpt of NMF Transformations’
abstract syntax. Model transformations consist of trans-
formation rules that are represented as public nested
classes of a model transformation class in NTL. A trans-
formation rule represents how a particular model ele-
ment should be transformed. NTL allows multiple trans-
formation rules to operate on the same model element
type(s). Transformation rules can have dependencies
specifying which other transformation rules should be
called if the transformation is executed for given model
elements. These dependencies may contain selectors,
filters and persistors which are called to register the
dependent model elements on the target. NTL distin-
guishes between single dependencies that only demand
calling the dependent transformation rule for a single
other tuple of model elements or multiple dependencies
that may execute the dependent transformation rule
several times for different inputs. In NTL, these depen-
dencies are specified using special method calls where
function typed attributes of the dependencies like se-
lectors, filters or persistors are specified as lambda ex-
pressions.

Because NMF Transformations operates indepen-
dently of containment hierarchies, the structure of the
model transformation is entirely encoded in the trans-
formation dependencies. The idea is that the transfor-
mation rules specify locally what other elements should
be transformed and whether they should be transformed
before the current transformation rule. The transforma-
tion engine then resolves these dependencies and ex-
ecutes all computations when their dependencies are
met. The rules themselves are imperative with an ac-
cess to the trace, i.e. to all correspondences that have
been found so far. In NTL, the rule body is specified as
an overridden method that takes the input and output
model element of the transformation rule as well as a
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created

Created

Paused Started

initialize

start

pause

reset

stop

stop

initialize

paused

start

pause
started

stop

stopped

reset

stop
Transformation

Figure 3 Illustration of the considered example transformation from finite state machines to Petri nets exemplified for a simulation
lifecycle.

Transformation

+ Initialize()

TransformationRule

+ InputType : Type[]
+ OutputType: Type
+ CreateOutput : Function
+ Transform : Function

Dependency

+ ExecuteBefore : Boolean
+ Filter : Function
+ Selector : Function
+ Persistor : Function

# HandleDependency()

SingleDependency MultipleDependency

rules 0..*

transformation 1

dependencies

0..*

parentRule

1

dependentRule

1

Figure 4 Abstract syntax of NMF Transformations

transformation context which can be used to query the
trace.

3.2 A very brief introduction to Category Theory

The goal of this section is to briefly introduce most
of the category theory that is used in this paper for
reference purposes. The concepts are not explained in
depth as suitable explanations can be obtained from
many textbooks on category theory. For the interested
reader, we would recommend the books by Lawvere [49]
or Crole [11]. The book by Lawvere is a good general
introduction, whereas Crole’s book is more focused on
applications to algebraic type theories. The latter is also
the original source for the definitions in this section.

Definition 1 (Category) A category C consists of a
collection ob C of objects and collections of morphisms
between objects of C equipped with an associative op-
erator ◦. Furthermore, for each object A, the identity
idA must exist and for each f ∈ Mor(A,B) it must hold
that f ◦ idA = f = idB ◦ f .

For given objects A,B ∈ C, the set of morphisms
is denoted as MorC(A,B) or simply Mor(A,B) if C is
clear from the context. The collection of all morphisms
in C is denoted as Mor with mappings source, target :

Mor → ob C determining the source and target object
of a morphism.

Remark 1 The associativity means that for any f ∈
Mor(A,B), g ∈ Mor(B,C), h ∈ Mor(C,D) where A, B,
C, D ∈ C that (h ◦ g) ◦ f = h ◦ (g ◦ f).

Example 1 (Sets) One of the most important categories
is the category S of sets. Here, the morphisms are the
mappings between sets and the identity for a given set
A is the identity mapping on A.

Remark 2 In category theory, equations are often visu-
alized as graphs. Here, objects of a category form the
vertices of the graph whereas the directed edges are the
morphisms between the objects. The terminology that
such a diagram commutes equals to saying that follow-
ing either path through the diagram yields the same
result.

Definition 2 (Functor) A (covariant) functor F : C →
D between categories C and D is a mapping between the
objects of C and D and the morphisms such that for
each objects A and B and f ∈ Mor(A,B) in C, we have
that F(f) ∈ Mor(F(A),F(B)). Further, a functor has
to respect composition, i.e. if f : A→ B and g : B → C,
then it must hold that F(g ◦ f) = F(g) ◦ F(f) and
F(idA) = idF(A) in D and for each object A in C.
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Example 2 (Identity functor) An important functor is
the identity functor idC : C → C for a category C that
maps each object A ∈ C to itself and likewise each map-
ping φ ∈ Mor(A,B) to itself.

Example 3 There are three prominent collection func-
tors on S:

1. The powerset functor P : S → S sends each set to
its powerset and for each morphism f : A → B we
have that

P(f) : P(A)→ P(B), S 7→ f(S) := {f(s)|s ∈ S}.

2. The multiset functor M : S → S sends each set
S to the set of multisets with elements of S, i.e.
to a function S → N0 that assigns each element a
multiplicity in the multiset. A morphism f : A→ B

is mapped to

M(f) : M(A)→M(B),m 7→ (b 7→
∑

a∈f−1({b})

m(a)).

3. The Kleene closure ∗ : S → S maps each set A to
its Kleene closure A∗, which is the monoid of finite
sequences of elements of A. A morphism f : A→ B

is mapped to

∗(f) : A∗ → B∗, (a1; . . . ; an) 7→ (f(a1); . . . ; f(an)).

These three functors can be seen as a formalization of
collections.

Remark 3 Functors are the ‘natural’ mapping constructs
between categories. This is because indeed, the collec-
tion of categories forms the category Cat where the mor-
phisms between categories C and D (which are them-
selves objects of Cat) are the functors F : C → D.

Definition 3 (Natural transformation) A natural
transformation η : F → G between two functors F ,G :

C → D is a set of mappings ηA ∈ Mor(F(A),G(A)) for
each A ∈ C (called components of η) such that for each
A,B ∈ C and f ∈ Mor(A,B) it holds that ηB ◦ F(f) =

G(f) ◦ ηA. That is, the following diagram commutes:

F(A) F(B)

G(A) G(B)

F(f)

ηA

G(f)

ηB

If all ηA are isomorphisms, η is called a natural isomor-
phism between F and G.

Example 4 An important example of a natural trans-
formation between functors is the identity transforma-
tion on a given functor F . For each object A in C, the
transformation component for A is simply the identity,
i.e. (idF )A = idF(A).

Definition 4 (Monad) A monad T : C → C is a
functor equipped with two natural transformations η :

idC → T and µ : T 2 → T such that µ ◦ T µ = µ ◦ µT
and µ ◦ T η = µ ◦ ηT = idT . Here, the natural trans-
formation η ’lifts’ objects into the monad and is thus
sometimes called the unit operation, while µ simplifies
a nested monad.

Example 5 A well known example of a monad are col-
lections. Here, the functor maps each typeA to a generic
collection of type A. The functor application of a func-
tion corresponds to a mapping. The natural transfor-
mation η treats an item of type A as a collection of
type A that just contains this element, while µ flattens
a collection of collections of type A into a collection of
type A.

Definition 5 (Product, Sum) Let A and B be ob-
jects of a category C. The product of A and B in C
is an object A × B of C together with two projection
morphisms πA : A×B → A and πB : A×B → B such
that for every object C and every pair of morphisms
f : C → A and g : C → B, there is a unique morphism
p : C → A × B such that f = πA ◦ p and g = πB ◦ A.
That is, the following diagram commutes:

C

A A×B B

f
p

g

πA πB

A sum of objects A and B in C simply is the product of
A and B in Cop. That is, it is an object A+B together
with two morphisms ıA : A → A + B and ıB : B →
A + B such that for every object C and every pair of
morphisms f : A→ C and g : B → C, there is a unique
morphism s : A + B → C such that f = s ◦ ıA and
g = s ◦ ıB . That is, the following diagram commutes:

A A+B B

C

f
s

g

πA πB

Definition 6 (Exponential) Let C be a category such
that for each objectsA andB their product exists. Then
the exponential of A and B is an object AB together
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with a morphism eval : AB ×B → A such that for any
morphism f : C ×B → A, there is a unique morphism
λf : C → AB such that for every c ∈ C and b ∈ B,
f(c, b) = eval(λf(c), b). That is, the following diagram
commutes:

C ×B

AB ×B A

λf × idB f

eval

Definition 7 (Initial object, terminal object) An
initial object ⊥ of a semicategory C is an object such
that for every object A in C, there exists exactly one
morphism from ⊥ to A.

Conversely, a terminal object > of a semicategory
C is an object such that for every object A in C, there
exists exactly one morphism from A to >.

An initial object of C is a terminal object of Cop and
vice versa. Initial and terminal objects are unique up
to isomorphism, i.e. if A and B are initial objects of
the same (semi-)category, then there is an isomorphism
from A to B.

Example 6 In the category S of sets, the initial object
is the empty set. The terminal objects are the sets that
contain exactly one element.

Definition 8 A category C is called cartesian-closed,
if it satisfies the following properties:

– It contains a terminal object (unique up to isomor-
phism)

– For any objects A and B, the product A×B exists
and is an object of C.

– For any objects A and B, the exponential AB exists
and is an object of C.

3.3 Incremental computation

Self-adjusting or incremental computation refers to the
idea to adjust a computation using dependency tracking
rather than recomputing the whole computation when
the input data changes. This is done by modifiable refer-
ences and a system that creates a dynamic dependency
graph based on these [1]. Further research has shown
that such self-adjusting programs can be implicitly in-
ferred from a batch specification [10]. That means, from
an expression x+ y where x and y are modifiable refer-
ences, a dynamic dependency graph is built where x and
y are nodes. Each node holds its current value. In this
situation, the system builds a new node for x+y holding
a reference to both x and y so that the sum changes as

soon as either x or y change. Creating a self-adjusting
program from a traditional (batch) specification is pos-
sible for purely functional programs [10] since they do
not contain side effects. However, approaches for imper-
ative languages exist as well [2, 25] but are not working
implicitly.

As explored already by Carlsson [9], the modifi-
able references that make up incremental computation
can be described with a monad in Haskell. Monads in
Haskell originate from monads in category theory which
may be used to describe algebraic type systems [11].
However, the unit function of incrementalization is not
natural: It does matter whether a computation is made
statically or incrementalized as only the latter will pro-
duce incremental updates. Therefore, incrementaliza-
tion only is a functor in the terminology of category
theory.

Our interpretation is based on mutable references,
so an instance a ∈ A of some type A refers only to its
identity while its attributes and references may change
over time. We do not model the state per class but only
keep a global model state Ω, inspired from stochastics.

One of the merits of category theory is that it of-
ten does not require an in-depth understanding of the
inner structure of objects but rather reasons on their
behavior, i.e. the value or the uniqueness of certain mor-
phisms. This is useful for us, because it enables a for-
malization at a very high level of abstraction that yields
a good flexibility in a later implementation. In particu-
lar, we do not make any assumptions on the structure
of the state space Ω or a given type A ∈ T except that
there is a relation that checks whether a given object
has a certain type. We use the element notation a ∈ A
to depict that an object a is an instance of A.

An attribute or reference of A is modeled as a func-
tion f : A × Ω → B. The reason for a global state
is that changes to attributes or references usually may
have side-effects to other attributes or references, for
example if there is an opposite reference. If one is to
set a reference that has an opposite reference, implicitly
also the opposite reference is set. We call this system a
mutable type category:

Definition 9 (Mutable Type Category) A muta-
ble type category C for a set of types T and a state
space Ω is a cartesian-closed category that consists of
tuples ob C := {A × Ω |A ∈ T } as objects and mor-
phisms Mor(A × Ω,B × Ω) between two types A and
B as functions A×Ω → B ×Ω.

Definition 10 (Notation) In the remainder of the
paper, we use a slightly simplified notation where we
write f : A → B for f ∈ Mor(A × Ω,B × Ω). We also
say that A ∈ C to denote that A × Ω ∈ ob C if it is
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clear that A refers to a type. Further, a functor I ap-
plied to a given object A × Ω in C must be an object
I(A × Ω) = A′ × Ω. We notate this type A′ ∈ T as
A′ = I(A) such that I(A×Ω) = I(A)×Ω.

We refer to changes of the global state as set-theoretic
functions ∆ω ∈ ∆Ω := Ω → Ω. We are interested in
the incrementalization of side-effect free morphisms as
per the following definition:

Definition 11 (Side-effect free morphisms) Amor-
phism f : A → B in a mutable type category C is said
to be side-effect free if and only if for all a ∈ A and
ω ∈ Ω, we have that

πΩ(f(a, ω)) = ω

where we denote πΩ as the set-theoretic projection to
the state.

Remark 4 It is clear that compositions of side-effect
free morphisms are side-effect free and therefore the cat-
egory CΩ with objects obj CΩ = obj C and morphisms
MorCΩ (A,B) = {f ∈ MorC(A,B)|f is side-effect free}
is a subcategory of C.

To define an incrementalization system formally, we
need a last proposition as follows:

Proposition 1 Let C be a mutable type category and
I an endofunctor on CΩ. Then, the point-wise tuple
I × ∆Ω that consists of objects I(A) × ∆Ω and mor-
phisms (f,∆ω) where A is a type in CΩ and f a mor-
phism in CΩ, is a category. The concatenation operator
◦ is defined element-wise. Further, the mappings F(A) :

I(A) 7→ I(A) × ∆Ω and F(f) : I(f) 7→ (I(f), IdΩ)
form a functor. We identify this functor with the as-
signed category if this is clear from the context.

Definition 12 (Incrementalization System) An in-
crementalization system over a mutable type category
C is an endofunctor I : CΩ → CΩ equipped with four
transformations η : Id→ I, µ : I2 → I, value : I → Id

and apply : I×∆Ω → I from which µ, value and apply
are natural and the following conditions hold:

µ ◦ Iµ = µ ◦ µI,
µ ◦ Iη = µ ◦ ηI = idI ,

value ◦ η = IdC

apply ◦ (IdI , IdΩ) = IdI .

Remark 5 For a given type A, the value-transformation
shall return the current value of a modifiable refer-
ence a ∈ I(A). The apply-transformation applies a
given state change to an incremental value. Whether
this works by recomputing the value from scratch or

performing an inexpensive propagation is left as an im-
plementation detail to the incrementalization system I.
The transformation η plays the role of an elevation of
a given instance of a type A to a constant of that type,
i.e. an incremental value whose value as per value trans-
formation never changes after a state change has been
applied. In the running example, it could be used to
fix a certain state machine instance as object of consid-
eration. The transformation µ is required to simplify
nested modifiable references, for example a name refer-
ence of a modifiable state reference.

The first two validity constraints mean that an in-
crementalization system actually is a monad with the
slight exception that η does not have to be natural as
this would be too restrictive: If a result of a computa-
tion is elevated to a constant, this must not yield the
same result as performing the computation incremen-
tally on constant arguments - the latter may change
due to state changes as well.

The value-transformation can (and should) be nat-
ural so that there is no difference in the result whether
the current value of a modifiable reference is processed
incrementally or not, besides that an incremental pro-
cessing also means that the result are refreshed upon a
state change.

The last two constraints mean that the value of a
constant should always be the original instance the con-
stant was created from. The last constraint implies that
if no changes are made to the global state, modifiable
references must not change.

Proposition 2 The value of an updated modifiable ref-
erence matches the case where the value would have
been recomputed from scratch, i.e. for each ∆ω ∈ ∆Ω,
f : A→ B, ω ∈ Ω and a ∈ A, we have that

f(a, ω) = value(I(f)(η(a), ω)) and (1)
f(a,∆ω(ω)) = value(apply(I(f)(η(a), ω), ∆ω)). (2)

Proof This proposition mainly is a consequence from
the naturality of value and apply.

The key benefit of the incremental approach is that
the right side of Equation 2 knows the function f before
a model change ∆ω ∈ ∆Ω is applied such that the in-
crementalization system may insert and manage buffer
memories to accelerate the recomputation of f , for ex-
ample through a dynamic dependency graph. For the
correctness, only the naturality of value and apply have
to be checked, which can be done for each atomic mor-
phism individually. The naturality for composite mor-
phisms follows by stacking together the commutative
diagrams.
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Therefore, the key application of the incremental-
ization system I is to map any function f : A → B to
the function, i.e. a function I(f) : I(A)→ I(B).

In this paper, we use an implementation of these
ideas within the NMF project, NMF Expressions3, ap-
plied to the Train Benchmark case at the TTC 2015
[39]. This approach is suitable for our needs as it con-
tains dedicated collection support and is likewise im-
plemented as an internal DSL for C# and therefore
suitable to combine it with NMF Transformations. Fur-
thermore, unlike [10] it does not operate on the source
code and therefore can be used in a compiling environ-
ment. NMF Expressions operates on CLR classes that
implement the .NET platform default notification in-
terfaces, similar to the EMF Notification API. For a
metamodel, such classes can be generated.

3.4 Lenses

Lenses are a an algebraic construct originally intro-
duced by Foster et al. [16] to solve the view-update-
problem. They operate on a set of tree structures V and
are able to compute updates to the original tree when
views have changed. In the remainder of this section,
we briefly introduce this concept and the most relevant
definitions from [16].

Definition 13 (Lens) A lens l is a pair of two partial
functions l↗: V ⇀ V called the Get-function of l and
l↘: V ×V ⇀ V called the Put-function of l. The intu-
ition is that l ↗ computes a view on an element while
l ↘ applies changes to the view back to the original
element.

Definition 14 (Well-behavedness) Let C and A be
subsets of V. A lens is called well-behaved and total
from C to A, if it maps arguments of C to results of
A (l ↗ (C) ⊂ A and l ↘ (A × C) ⊂ C) and complies
with the following laws:

l↘ (l↗ (c), c) = c for all c ∈ C (GetPut)
l↗ (l↘ (a, c)) = a for all (a, c) ∈ A× C. (PutGet)

Intuitively, these laws state that when no modifica-
tion is performed in the view, the Put function should
not modify the original element; otherwise it should
store this information such that recomputing the view
would not change the results.

Definition 15 The composition operator ; puts two
lenses l and k in sequence:

(l; k)↗:c 7→ k ↗ (l↗ (c))

(l; k)↘:(a, c) 7→ l↘ (k ↘ (a, l↗ (c)), c).

3 http://github.com/NMFCode/NMF/tree/master/Expressions/

Proposition 3 The composition l; k of a well-behaved
total lens l from A to B and a well-behaved, total lense
k from B to C is a well-behaved, total lens from A to
C.

Proof The proof can be found in [16].

4 Model Synchronization with Synchronization
Blocks

In this section, we present our model synchronization
approach. First, we introduce the underlying synchro-
nization theory our implementation is built upon. We
then explain synchronization blocks as the synchroniza-
tion primitives of our approach and how these primi-
tives are composed to model synchronizations.

4.1 Combining Bidirectionality and Change
Propagation

To combine incrementality and bidirectionality, one must
find a suitable formalization able to describe both of
them. On the one hand, we have incrementality which
can be described by monads as manifested by Carlsson
[9], on the other hand, we have bidirectionality, where
Foster et al. have proposed the lenses approach [16].
In this section, we detail on our approach for such a
common formalization through incremental lenses.

To do that, we use that both approaches can be de-
scribed in terms of category theory. However, there is
an important difference of what entities are modeled in
the categories: While the objects in Croles categories re-
constructed from algebraic type theory are types, lenses
often consider entire models as objects [13].

There have been many different versions of lenses
with close correlations [42]. Diskin, Xiong and Czar-
necki argue that the original lenses have problems as
they do not know the change sequence and propose
delta-lenses as a solution [14]. However, this problem
only arises when the differences between two states is
not distinct as shown by Johnson and Rosebrugh [42].
As Diskin uses categories where objects represent entire
models4 [13], deltas require model differencing, which in
general has no unique solution.

In our case, the objects of the category consist of
identities of model elements or simple values. Thus, the
differencing is easy and unique: A change sequence is
uniquely described by the previous model element iden-
tity and the new identity. Therefore, state-based lenses
suffice.

4 also referred to as model-at-a-time, as opposed to object-at-
a-time

http://github.com/NMFCode/NMF/tree/master/Expressions/
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Therefore, we have to adjust the notion of lenses to
our situation a bit and apply it to the categorical type
system introduced in Definition 9.

Definition 16 (In-model Lenses) In this interpreta-
tion, a (well-behaved) in-model lens (m-lens) l : A ↪→ B

between types A and B of a mutable type category C
consists of a side-effect free Get morphism l↗: A→ B

and a morphism l↘: A×B → A called the Put func-
tion that satisfy the following conditions for all a ∈ A
and ω ∈ Ω:

l↘ (a, l↗ (a)) = (a, ω)

l↗ (l↘ (a, c, ω)) = (a, ω̃) for some ω̃ ∈ Ω.

Here, the object associated with the tuple type A×
B in CΩ is the space A×B×Ω, because morphisms in
CΩ are stateless. Because the objects of C and CΩ are
the same, this type also exists in C. After all, it does
not make sense to consider tuples where the elements
live in different global states.

The first condition is a direct translation of the orig-
inal PutGet law. Meanwhile, the second line is slightly
weaker than the original GetPut because the global
state may have changed. In particular, we allow the
Put function to change the global state.

Example 7 The most important lenses that we will be
working with are property accesses. Here, the Get mor-
phism is the evaluation of the property for a given
model element in a given state. The Put morphism
changes the global state such that the property then
points to the new value for the given model element. In
most modeling environments, this may also have side-
effects such as setting the opposite reference or reset-
ting stale references in case a model element has been
deleted (for example by setting its parent reference to
null).

Definition 17 (Stateless morphism) A side-effect
free morphism f : A → B for some types A and B in
a mutable type category C is stateless, if for all a ∈
A,ω, ω̃ ∈ Ω, we have that πB(f(a, ω)) = πB(f(a, ω̃)),
i.e., f ignores the state.

Proposition 4 There is a composition operator ◦ that
maps an in-model lens f : A ↪→ B and an in-model lens
g : B ↪→ C to a combined in-model lens (g ◦f) : A ↪→ C

if g ↗ is stateless by the following definition:

(g ◦ f)↗ : (a, ω) 7→ g ↗ (f ↗ (a, ω))

(g ◦ f)↘ : (a, c, ω) 7→
f ↘ (a, g ↘ (πB(f ↗ (a, ω)), c, ω)).

Note that in the last line, the result of g ↘ expands to
two arguments of the morphism f ↘.

Proof (g ◦ f) ↗ is side-effect free as concatenation of
side-effect free morphisms. Let a ∈ A, c ∈ C and ω ∈ Ω.
We first proof GetPut:

(g ◦ f)↘ (a, (g ◦ f)↗ (a, ω))

= f ↘ (a, g ↘ (πB(f ↗ (a, ω)), (g ◦ f)↗ (a, ω)))

= f ↘ (a, g ↘ (πB(f ↗ (a, ω)), g ↗ (f ↗ (a, ω))))

= f ↘ (a, f ↗ (a, ω)) = (a, ω).

Here, (g ◦ f) ↗ is side-effect free as a concatenation
of side-effect free morphisms and therefore does not
change the state. Then, we first applied GetPut for g
and then for f .

To see PutGet, we note that

(g ◦ f)↗ ((g ◦ f)↘ (a, c, ω))

= g ↗ (f ↗ ((g ◦ f)↘ (a, c, ω)))

= g ↗ (f ↗ (f ↘ (a, g ↘ (πB(f ↗ (a, ω)), c, ω))))

= g ↗ (f ↗ (f ↘ (a, g ↘ (πB(f ↗ (a, ω)), c, ω))))

= g ↗ (πC(g ↘ (πB(f ↗ (a, ω)), ω)), ω̃)

= (c, ω̃) for some ω̃ ∈ Ω.

Here, we first applied PutGet for f , but the problem
is that f ↘ may change the state from whatever g ↘
returned to some state ω̃. Because we do not know any-
thing about ω̃, we have to demand that g ↗ returns the
same result regardless of the global state. As we have
that, we know that g ↗ returns the same result as in
the case of the PutGet of g and since we know that g ↗
is side-effect free, we even know that the final state is
ω̃.

Remark 6 The composition operator ◦ is closely related
to ;, with the exception of the parameter order. In cat-
egory, it is common to read g ◦ f as ‘g after f ’, whereas
the original lens concatenation (f ; g) means ‘f , then g’,
which intuitively is the same.

Example 8 An example of lenses where the Get mor-
phism is stateless are arithmetic operations, because the
information what has changed is already encoded in the
reference to the number. Consider for example the lens
+c : Z → Z given by +c ↗: (i, ω) 7→ (i + c, ω) and
+c↘: (i, j, ω) 7→ (j − c, ω) for some c ∈ Z. Informally,
the lens simply adds a constant number.

Example 9 An example of an operation beyond arith-
metics is FirstOrDefault that returns the first item of a
collection or the default value of a type (null for a ref-
erence type and zero for numeric types) if the collection
is empty. If we were to assign x.F irstOrDefault() = y,

i.e., evaluate FirstOrDefault ↘ (x, y, ω), we can dis-
tinguish the following cases:
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1. The collection x contains y and y is the first element.
In this case, we do not have to change x since the
assignment is already satisfied.

2. The collection x contains y but not as the first ele-
ment (if the collection is ordered). In this case, we
have multiple options. We could either move y to be
the first element (matching the semantics of getting
the literally first element) or leave the collection un-
changed (with the semantics of getting any element
e.g. in an unordered collection5). This is because
a single functional implementation can implement
multiple semantics that need different reversability
behaviors.

3. The collection x does not contain y. In this case, we
add y to the collection x. We can either add it as
first element if x is an ordered collection or add it
to x at all, if x is unordered.

4. The element y is the element type default value.
In this case we again have multiple options. In our
implementation we clear the collection x.

The main learning point from this example is that
the same operational implementation of an operator
can match multiple lens semantics. In the example of
FirstOrDefault, we have two versions (with different
names) realizing the two options in case 2. On the other
hand, this limits the possibility for implicitly inferring a
reversibility semantics from existing code since there we
do not know how a particular operator has been used.
Thus, we decorate each operator with its reversability
behavior explicitly.

Example 10 An example that breaks PutGet for com-
posed lenses is the following: Consider a very simple
metamodel of old-fashioned relationships depicted in
Figure 5. It consists only of two classes Man and Woman

that have a bidirectional reference to each other. A man
may or may not have a wife and a woman may or may
not have a husband.

Man

+ Name : String

Woman

+ Name : String
wife

0..1

husband

0..1

Figure 5 A simple metamodel of men and women

In most metamodeling languages such as Ecore or
NMeta, such a bidirectional reference is modeled as two
separate references with a set opposite. This means, as
soon as the developer sets this reference, implicitly also

5 Due to the slight difference in the semantics for ordered and
unordered collections, one could also separate the two of them in
different methods. Our counter-arguments are that this increases
the size of the API. Furthermore, it is often not clear statically
if a collection is ordered.

the opposite reference is set. We refer to these refer-
ences as lenses wife and husband. We will consider their
concatenation (wife ◦ husband).

Now consider the example instance depicted in Fig-
ure 6.

H: Woman

Name = ”Hillary”

B: Man

Name = ”Bill”

M: Woman

Name = ”Monika”

:husband:wife

Figure 6 An example instance of men and woman at state ω0

The example instance consists of three model ele-
ments H,B and M . In state ω0, H is the wife of B and
conversely, B is the husband of H. M has no husband.
We want to see whether PutGet holds for the tuple
(H,M,ω0).

For this, we first have to evaluate (wife◦husband)↘
(H,M,ω0). Because wife ↘ will keep the identity of
the model element it is based on, it will return B, but
change to a new state:

(wife ◦ husband)↘ (H,M,ω0)

= husband↘ (H,wife↘ (husband↗ (H,ω0)︸ ︷︷ ︸
B

,M, ω0))

= husband↘ (H,B, ω1).

H: Woman

Name = ”Hillary”

B: Man

Name = ”Bill”

M: Woman

Name = ”Monika”

:husband :wife

Figure 7 An example of men and women at state ω1

This new global state is depicted in Figure 7. As
a side-effect of wife ↘, also the reference husband has
changed both for H and for M : Because wife has a
maximum cardinality of 1, H is no longer a wife of B
which in turn resets the husband reference. On the other
hand, M now is a wife of B and therefore the husband
reference is set appropriately.

If we go on and evaluate husband↘ (H,B, ω1), this
again sets the wife reference of B because it is an op-
posite of the husband reference. Because wife still has a
maximum cardinality of 1, M is no longer a wife of B
and we finally arrive back in state ω1.

The problem is now that in state ω0, we have that
(wife ◦ husband) ↗ (H,ω0) = (H,ω0) whereas PutGet
would demand this to be M . Even worse, because wife
and husband are opposite references, there must not be
a state ω ∈ Ω such that (wife ◦ husband) ↗ (H,ω) =

(M,ω). In particular, evaluating (wife ◦ husband) ↗
for H in state ω1 even throws an exception because
husband(H,ω1) returns a null-reference.
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A C

B D

ΦA−C

f g

ΦB−D

Figure 8 Schematic overview of synchronization blocks

Remark 7 We do not yet have a clear criterion to au-
tomatically decide whether a given Get morphism is
stateless or not. Furthermore, the fact that a given Get
morphism is not stateless does not immediately imply
that the resulting pair of morphisms breaks PutGet.
Therefore, our implementation currently assumes that
the developer is aware.

4.2 Synchronization Blocks

Before we describe synchronization blocks, we need a
small further definition.

Definition 18 A lens l : A ↪→ B is called persistent if
for all a ∈ A, b ∈ B and ω ∈ Ω, we have that πA(l ↘
(a, b, ω)) = a. This means that the Put operation may
only change the state, but not the identity.

Example 11 A property access is a persistent lens as we
have shown in previous examples.

Proposition 5 Let f : A ↪→ B a persistent lens and
g : B ↪→ C a lens such that (g ◦ f) fulfills the PutGet
law and therefore is a lens. Then, (g ◦ f) is persistent.

Proof The proof follows straight from the definition of
(g ◦ f)↘.

The very basic idea behind our approach is to de-
scribe the correspondence between elements of hetero-
geneous models through isomorphisms that are incre-
mentally build up during a synchronization through
synchronization blocks as in the following definition:

Definition 19 (Synchronization Block) A (single-
valued) synchronization block S is an octuple (A,B,C,
D,ΦA−C ,ΦB−D,f ,g) of four types with two isomorphisms
and two persistent lenses. Here, A, B, C and D are
types for which a correspondence isomorphism ΦA−C is
defined between A and C and likewise ΦB−D between
B and D. The types A and B originate from a muta-
ble type system CL, meanwhile C and D originate from
a type system CR. We further have persistent lenses
f : A ↪→ B and g : C ↪→ D in their respective type
systems CL and CR to navigate through the models.

FiniteStateMachine PetriNet

State∗ Place∗

ΦAutomataToNet

.States .Places

ΦStateToP lace

Figure 9 Synchronization of the states of a finite state machine
with the places of a Petri net

A schematic overview of a synchronization block is
depicted in Figure 8. We call the isomorphism ΦA−C
the base isomorphism of S, denoted as Ss and say that
ΦA−C depends on ΦB−D through S. Likewise, the mor-
phism ΦB−D is called the target morphism and is de-
noted as St.

A multi-valued synchronization block is a synchro-
nization block where the lenses f and g are typed with
collections of B and D, i.e., f : A ↪→ B∗ and g : C ↪→
D∗. Here, the stars denote Kleene closures.

Remark 8 The semantics of such a synchronization block
is to declaratively specify validation constraints that
must hold for any elements a ∈ A and c ∈ C when they
have a correspondence (a, c) ∈ ΦA−C . The lenses allow
us to enforce these constraints in one direction or the
other.

Remark 9 Kleene closures in this formalization are im-
mutable, ordered collections. In an implementation, one
would also like to allow mutable collections that may
not be ordered. Conceptually, mutable collections or
unordered collections are very similar to Kleene clo-
sures, but their formalization is a lot more complex,
yet does not offer much insight. Therefore, in the re-
mainder of the paper, the full theory of single-valued
synchronization blocks and multi-valued synchroniza-
tion blocks using ordered, immutable collections is pre-
sented, but the equivalent definitions and propositions
for other types of collections is omitted.

Example 12 As a first example, we want to synchronize
the states of a finite state machine with the places of
a Petri net. This can be realized through the synchro-
nization block depicted in Figure 9.

The synchronization block in Figure 9 states that
for each state of a state machine, there should be a
place in the Petri net (and vice versa).

Example 13 An important special case is when B = D

and we can simply use the identity as ΦB−D. This case
is particularly relevant for the synchronization of at-
tributes as their data types are typically used in many
independent models. However, this can also be interest-
ing when models have an overlap in model classes.
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In the following definitions and propositions, we show
how a synchronization block is used.

Definition 20 (Consistency with respect to sin-
gle-valued synchronization blocks) Let S = (A,B,C,
D,ΦA−C ,ΦB−D,f ,g) be a single-valued synchronization
block. We denote the state spaces of the type systems
CL and CR with ΩL and ΩR, respectively. Let further
ωL ∈ ΩL and ωR ∈ ΩR. We say that the state pair
(ωL, ωR) is consistent for a tuple (a, c) ∈ ΦA−C regard-
ing S, if

(f ↗ (a, ωL), g ↗ (c, ωR)) ∈ ΦB−D.

We say that the state tuple (ωL, ωR) is consistent re-
garding S, if it is consistent for all tuples (a, c) ∈ ΦA−C .

Definition 21 (Consistency with respect to multi-
valued synchronization blocks) In case S is a multi-
valued synchronization block in the last definition, we
say that the states (ωL, ωR) are consistent for the tuple
(a, c) with respect to S, if the following conditions hold:
– f ↗ (a, ωL) and g ↗ (c, ωR) have the same length

and
– For each index i for f ↗ (a, ωL), we have that (f ↗

(a, ωL)i, g ↗ (c, ωR)i) ∈ ΦB−D.

Example 14 With respect to the synchronization block
from Figure 9, two states ωL and ωR are consistent, if
for each pair (f, p) of a state machine and a petri net,
there is an isomorphism between the states of f and
the places in p, namely the isomorphism ΦState2Place
restricted to the states of f .

Definition 20 clearly can be used to check whether
two models that should be treated equally (meaning
that they are treated as isomorphic), but the more in-
teresting use case of synchronization blocks is to repair
inconsistencies. This is captured in the following propo-
sitions.

Definition 22 Let S = (A,B,C,D,ΦA−C ,ΦB−D,f ,g)

be a single-valued synchronization block. The right re-
pair operator RR : A × C × ΩL × ΩR → ΩR for S is
defined as

RR(a, c, ωL, ωR) :=

πΩR(g ↘ (c, ΦB−D(πB(f ↗ (a, ωL))), ωR)).

Here, the repair operator is a function from the
space A × C × ΩL × ΩR to ΩR, not a morphism in
either CL or CR.

In case S is a multi-valued synchronization block,
we exchange ΦB−D(πB(f ↗ (a, ωL))) with ¯ΦB−D(πB ∗
(f ↗ (a, ωL))) where

¯ΦB−D :B∗ → D∗
(b1; . . . ; bn) 7→ (ΦB−D(b1); . . . ;ΦB−D(bn)).

This means, we convert the items in the collection sep-
arately through the isomorphism.

Definition 23 Let S = (A,B,C,D,ΦA−C ,ΦB−D,f ,g)

be a single-valued synchronization block. The left repair
operator RL : A× C ×ΩL ×ΩR → ΩL is defined as

RL(a, c, ωL, ωR) :=

πΩL(f ↘ (a, Φ−1B−D(πD(g ↗ (c, ωR))), ωL)).

In case S is a multi-valued synchronization block,
we exchange

Φ−B−D1(πD(g ↗ (c, ωR)))

with

¯Φ−B−D1(πD ∗ (g ↗ (c, ωR)))

where the closure of the isomorphism defined as above.

Proposition 6 Let S = (A,B,C,D,ΦA−C ,ΦB−D,f ,g)

be a synchronization block and ωL ∈ ΩL, ωR ∈ ΩR be
states such that the tuple (ωL, ωR) is not consistent for
a tuple (a, c) ∈ ΦA−C with respect to S. Then, the oper-
ator RR can repair this inconsistency. This means, the
tuple (ωL,RR(a, c, ωL, ωR)) is consistent for (a, c) with
respect to S.

Proof Assume that S is single-valued. We need to check
that

πD(g ↗(c,RR(a, c, ωL, ωR)))

= ΦB−D(πB(f ↗ (a, ωL))).

To see this, we have that

g ↗ (c,RR(a, c, ωL, ωR))

= g ↗ (c, πΩR(g ↘ (c, ΦB−D(πB(f ↗ (a, ωL))), ωR)))

= g ↗ (g ↘ (c, ΦB−D(πB(f ↗ (a, ωL))), ωR))

= (ΦB−D(πB(f ↗ (a, ωL))), ω̃) for some ω̃ ∈ ΩR.

The ω̃ is precisely the result from the repair operator
RR and hence the result of the Put operation of g.

Here, we used that g is persistent and we therefore
know that πC(g ↘ (c, . . .)) = c. The rest follows from
the PutGet for g. The projection of the resulting tuple
is exactly what is requested. The proof for the multi-
valued case is exactly equivalent.

Remark 10 It may be possible that resolving ΦB−D,
there is not yet a corresponding element for πB(f ↗
(a, ωL)). In that case, the engine may decide whether
or not to extend the isomorphism ΦB−D dynamically by
creating an entry for the tuple (πB(f ↗ (a, ωL)), πD(g ↗
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(c, ωR))). Whether or not this is intended is usually ap-
plication specific. In our implementation, we deny cre-
ating such a trace entry if either of the elements is a
null-reference and ask the developer otherwise, using a
virtual method. In case of collections, the reconstruc-
tion of ΦB−D is done element-wise.

Example 15 To give an example to the last remark,
consider again the synchronization block from Figure
9 that synchronizes the states of a state machine with
the places of a Petri net. Consider that we start to syn-
chronize two consistent models, but the isomorphism
ΦState2Place is not yet populated, for example because
the synchronization is run in an offline scenario. In that
case, the engine has two options: It could either create
entirely new places and discard the existing ones, or it
could try to reuse the existing places. Because creating
new model elements may lead to information loss, our
implementation always tries to reuse existing model el-
ements. To match the states to the existing places, we
request the developer to specify when a new trace entry
should be created. Therefore, we may specify that cre-
ating such a new correspondence tuple is permitted if
the names of the state and place match (cf. Section 6).

Proposition 7 Let S = (A,B,C,D,ΦA−C ,ΦB−D,f ,g)

be a synchronization block and ωL ∈ ΩL, ωR ∈ ΩR be
states such that the tuple (ωL, ωR) is not consistent for
a tuple (a, c) ∈ ΦA−C with respect to S. Then, the oper-
ator RL can repair this inconsistency. This means, the
tuple (RL(a, c, ωL, ωR), ωR) is consistent for (a, c) with
respect to S.

Proof The proof is exactly symmetric to the proof of
Proposition 6 as synchronization blocks are entirely sym-
metric.

Proposition 8 The right repair operator RR is hippo-
cratic in the sense that if the states (ωL, ωR) are con-
sistent for the tuple (a, c) ∈ ΦA−C (with respect to S),
then RR(a, c, ωL, ωR) = ωR.

Proof Again, we proof this proposition only for single-
valued synchronization blocks as the proof for multi-
valued synchronization blocks is equivalent. We have
that ΦB−D(πB(f ↗ (a, ωL))) = πD(g ↗ (c, ωR)). There-
fore,

g ↘(c, ΦB−D(πB(f ↗ (a, ωL))), ωR)

= g ↘ (c, πD(g ↗ (c, ωR)), ωR)

= g ↘ (c, g ↗ (c, ωR)) = (c, ωR).

This is because g ↗ is side-effect free and therefore
always returns the same state it was executed with – in
this case ωR. The last line is a consequence of GetPut.
The projection of the resulting tuple is ωR as requested.

Proposition 9 The left repair operator RL is also hip-
pocratic.

Proof The proof is once again exactly symmetric to the
proof for RR.

Remark 11 If one of the input model changes, reflected
by a state change, then all synchronization blocks must
be revisited to check whether the states of the input
models are still consistent with respect to this syn-
chronization block. Depending on the size of the base
isomorphism but also the complexity of the involved
lenses, this can be very time-consuming (which is not
reflected in the formalization). Therefore, we use the
incrementalization to accelerate this process.

In particular, the synchronization engine may keep
an incrementalization i = I(f ↗)(ηA(a)). In this case,
calling f ↗ (a, ω) is replaced by value(i) which yields
the same result due to (1). In case the model state ω ∈
ΩL is updated, the system may use the apply transfor-
mation to apply the model change sequence ∆ω ∈ ∆ΩL
that lead to the new state directly to the incremental
value of the lens.

We observed that it sometimes comes in very prac-
tical to be able to also have synchronization blocks that
only allow to repair inconsistencies in one direction.
This may be because one of the models contains not
invertible analysis results from the other model, the
transformation should be only uni-directional or such
a one-way synchronization block accounts for a flaw in
some other synchronization block where the lens does
not respect the PutGet law in some cases6. After all, the
design-aim of one-way synchronization blocks is to give
the developer a choice what information he would like
to have synchronized and which information should not
be synchronized. In the latter case, the synchronization
engine may still be used to detect any inconsistencies.
This is the subject of the next two definitions:

Definition 24 (One-way synchronization block)
A one-way synchronization block S is an octuple (A, B,
C, D,ΦA−C ,ΦB−D,f ,g) like a regular synchronization
block with either of the following exceptions:

– f is not a lens, but a regular morphism f : A → B

(single-valued) or f : A → B∗ (multi-valued). In
this case, we call the one-way synchronization block
a Left-to-Right synchronization block.

– g is not a lens, but a regular morphism g : C → D

(single-valued) or g : C → D∗ (multi-valued). In
this case, we call the one-way synchronization block
a Right-to-Left synchronization block.

6 This may be acceptable because the – let us call such a thing
for the moment a semi-lens – can be specified much more generic
in this way. An example of such a construct is given in Section 6
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The consistency for one-way synchronization blocks
is the same as for regular synchronization blocks except
that the missing lens Get has to be replaced by the
respective regular morphism.

Remark 12 The advantage of a one-way synchroniza-
tion block is that the choice of the function is more lib-
eral and the transformation developer may also chose
non-invertible functions.

Proposition 10 The consistency repair operator RR
is also applicable for Left-to-Right synchronization blocks
and in that case is also hippocratic.

Likewise, the consistency repair operator RL is also
applicable for Right-to-Left synchronization blocks and
in this case, is also hippocratic.

Proof The proof is equivalent to the case of regular syn-
chronization blocks where we again exchange the Get
operation of the missing lens by the regular morphism.

4.3 Composition of Synchronization Blocks

A synchronization block is made to define how an iso-
morphism should be populated based on the knowledge
of another one. In the implementation, these isomor-
phisms are usually synchronization rules, so that the
synchronization block in Figure 9 specifies how to build
up the isomorphism StateToP lace from the isomor-
phism AutomataToNet. This stacking process is the
subject of the next definition:

Definition 25 (Model Synchronization) A model
synchronization is a set of synchronization blocks S
with an entry isomorphism s such that for each S ∈ S,
we have that either Ss = s or there is another synchro-
nization block S̃ ∈ S such that Ss = S̃t.

Remark 13 The synchronization blocks of a model syn-
chronization can be regarded as a graph where the nodes
are the isomorphisms and the edges are the synchro-
nization blocks. A synchronization block S then points
from Ss to St. This graph may be an arbitrary directed
graph, it is not required to be free of circles. Rather, cir-
cles are required to handle composite structures such as
expressions.

The start isomorphism s of a model synchronization
determines the signature of the model synchronization,
i.e., what model elements it can synchronize. Usually,
this isomorphism is defined between the root model
class of the LHS and the root model class of the RHS.

Definition 26 Because the synchronization blocks hav-
ing a given isomorphism Φ as their base isomorphism

describe validity constraints for tuples in this isomor-
phism, we associate them with Φ and refer to them as
the synchronization blocks of Φ.

In particular, within a model synchronization (S, s),
we have that

blocksS(Φ) := {S|Ss = Φ}.

Remark 14 In practice, the isomorphisms are created
and dedicated for a given model synchronization sce-
nario. Therefore, we omit the subscript in the last def-
inition.

Definition 27 Let (S, s) be a model synchronization,
S ∈ S a single-valued synchronization block with source
isomorphism Ss : A → C and target isomorphism St :

B → D. We call a tuple of states (ωL, ωR) ∈ ΩL ×ΩR
fully consistent for a tuple (a, c) ∈ Ss with respect to
S in S, if

– The states are consistent for the tuple (a, c) with
respect to S and

– The states are fully consistent for the tuple (f ↗
(a, ωL), g ↗ (c, ωR)) with respect to all synchro-
nization blocks of St in S.

If S is a multi-valued synchronization block, then
the states have to be fully consistent for all tuples spanned
by f ↗ (a, ωL) and g ↗ (c, ωR) with respect to all syn-
chronization blocks of S in S.

Definition 28 Let (S, s) be a model synchronization.
We call a tuple of states (ωL, ωR) ∈ ΩL×ΩR consistent
for a tuple (a, c) ∈ s with respect to (S, s), if the states
are fully consistent for the input tuple with respect to
all synchronization blocks in s within S.

Remark 15 Like for synchronization blocks, one would
like to obtain generic consistency repair operators R̃R
and R̃L that are able to repair any possible inconsis-
tency. Such a repair operator could be obtained by re-
peatedly executing RR or respectively RL for all in-
consistencies that arise. However, we have no guarantee
that repairing one consistency does not open a new one.

Remark 16 To repair an inconsistency, the synchroniza-
tion blocks only change the respective model through
Put operations. This means that in case of hetero-
geneous models, any information not contained in the
other model simply is ignored, meaning that it is not
propagated to the other model but left intact.

Example 16 Consider a metamodel with just a single
class A that has an integer-valued property called i,
which we extend to a lens. We look at synchronizing
two copies of this metamodel with the following two
synchronization blocks:
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A A A A

int int int int

ΦA−A

i i

Idint

ΦA−A

i+ 1 i

Idint

It is clear that no state tuple can be consistent for
any pair of instances of A, because the i property of
both copies must be the same and different at the same
time, which is not possible. If we go ahead and start
repairing inconsistencies, then each repair will create
a new inconsistency, which is why the synchronization
does not terminate.

Proposition 11 If the model synchronization termi-
nates to apply RR and RL, it returns a new consistent
state.

Proof This proposition is an immediate consequence
from the fact that the non-existence of further incon-
sistencies is used as the termination criterion.

Proposition 12 The model synchronization is hippo-
cratic, i.e., if applied to consistent changes, the model
synchronization does not change the states.

Proof This proposition is an immediate consequence
from the fact that the repair operator(s) for the in-
dividual synchronization blocks is hippocratic.

Remark 17 As the last example shows, repairing the
inconsistencies between two states may not be termi-
nating. To find a suitable theory to proof termination
is subject of future work. To us, it is unclear whether
such a theory may even exist, in particular, whether or
not the construct of synchronizations as presented in
this paper is Turing-complete.

Nevertheless, we have a formal tool that is able to
repair inconsistencies one by one. If only finitely many
new inconsistencies arise from fixing existing ones and
the synchronization only consists of regular (two-way)
synchronization blocks, then any inconsistency can be
repaired automatically.

Problems as in the above example can be avoided if
the properties used in synchronization blocks are mu-
tually exclusive. In that case, it is unlikely that the
repairing an inconsistency just produces another incon-
sistencies.

Remark 18 Propositions 11 and 12 are independent of
the order in which inconsistencies are resolved. In prac-
tice, this order may be important. This is because very
often, isomorphisms are defined based on other isomor-
phisms, such as for example Listing 6 in Section 6. Our
implementation uses the literal order in the transfor-
mation specification. The fact that the correctness of

the synchronization process is independent of this or-
der also means that the transformation developer can
play with it to make sure that all elements are available
when the synchronization is executed.

5 Implementation in an Internal DSL

In this section, we present our approach for implement-
ing model synchronization through synchronization blocks
in an internal DSL. For this, we first describe how the
primitives that are used in synchronization blocks, lenses,
morphisms and isomorphisms are represented in the
language before we describe the synchronization modes
and how the model synchronization is executed.

5.1 Lenses and Morphisms

To support multiple transformation modes, we need
to operate on incrementalizable lenses. However, most
general-purpose programming languages only provide
predefined operators or simple method calls, combined
in a compiled code – an artifact which is often hard
to analyze. To solve this problem, we need to obtain a
model of the code. This could be created by a fluent
syntax [18].

In our implementation, we use a feature of our host
language C# to retrieve this model of the code even
simpler. C# allows us to obtain the abstract syntax
tree (called expression tree) from an expression instead
of compiled code. This means that the transformation
developer writes regular C# code but the compiler does
not compile this code down to intermediate language.
Instead, the compiler generates code to create a model
of the abstract syntax tree. Fowler calls this construc-
tion principle of an internal DSL Parse Tree Manipula-
tion [19, p. 455].

The rationale behind this decision is that 1. the lan-
guage adoption problem is mitigated because the trans-
formation developer writes regular C# code, 2. the un-
derstandability is improved because the code does not
contain syntactic boilerplate and 3. the tool support is
maintained: The compiler still checks the correct types
and the editor offers support such as code completion
or navigation.

This ability to step into the compilation process is
the one and only syntax feature that we use from C#
that makes our language in this form impossible to im-
plement in many other languages (apart from Visual
Basic). However, we believe that other languages such
as Java or in particular Xtend will soon adapt this fea-
ture as well, making our approach applicable to other
languages.
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For operators built into the host language, we imple-
ment default Put operators, if they can be considered
as lenses.

For example, consider the expression x+ c for some
modifiable references x and c. Through the modifiable
monad, we know that whenever x changes its value,
also the value of the sum may change. For the lens,
the expression resembles the Get function. The lens
allows us to assign a value, say 42 to the sum given that
the reference c is constant. This is applied by setting
x = 42−c, the Put function of the respective lens. The
lens is represented by its Get function which we expect
to be decorated with a Put function reference. In our
implementation, this reference is realized through an
annotation.

Other operators such as value equality cannot be re-
verted in general. It is unclear how to set an expression
x == c to false, in particular, what value to assign
to x. This can be solved by additional parameters that
are only taken into account when reversing the opera-
tion, such as a method EqualsOrDefault providing the
missing information with a third parameter.

To reconstruct the lens from a method call, we deco-
rate each allowed method with an information how this
method can be inverted – the developer may annotate
the respective Put operation. Since this decoration is
publicly accessible, this even allows developers of our
approach to extend the API that can be used to spec-
ify a model synchronization.

For an example, consider the FirstOrDefault func-
tion that has been considered previously in Section 4.1.
Ideally, one would like to define this function in a generic
way, such that for each type A, FirstOrDefault : A∗ →
A. To make this a lens, the developer has to specify
a Put method FirstOrDefault ↘: A ∗ ×A → A∗. Al-
ternatively, we also allow the developer to specify an
operation FirstOrDefault ↘′: A ∗ ×A → ⊥ to specify
that the lens is persistent.

This method is specified using a type (or type tem-
plate) and a method name. The problem here is that the
method may be generic, but method annotations must
not be generic. However, if the Get method is generic,
the Put method must also be generic with the same
type arguments. Therefore, the implementation collects
generic type arguments in the Get method and applies
them automatically to the selected method. The system
also checks the selected method that shall be used as
Put operation for type conformance.

In the .NET platform, for a given type A, the Kleene
closure is represented by the array type A[], as long as
indices of the array are not changed directly. The Put
annotation is called LensPut in NMF. This annotation
has to be put on a given method to specify its cor-

responding Put operation. In the example, the Put
operation of FirstOrDefault is PutFirst. Therefore, an
implementation for a FirstOrDefault lens for arrays is
the one depicted in Listing 1.

1 static class Helpers

2 {

3 [LensPut(typeof(Helpers), "PutFirst")]

4 T FirstOrDefault<T>(this T[] array)

5 {

6 return array != null && array.Length > 0 ? array[0] : default(T);

7 }

8
9 T[] PutFirst<T>(this T[] array, T element)

10 {

11 ...

12 }

13 }

Listing 1 Implementation of a FirstOrDefault lens for arrays

When the framework is asked to build a lens of a
given expression, it uses the abstract syntax tree of that
expression and tries to apply Proposition 4 repeatedly
to it. Our implementation currently does not enforce
yet that g from this proposition is indeed stateless, but
this is currently left to the transformation developer.
However, it is usually not a problem because most syn-
chronization blocks that we have come across so far
either are very simple, most of them only consist of a
single property access.

The ability to extend the language with custom lenses
gives the transformation developer the possibility to ex-
tend the capabilities of the synchronization language
whenever necessary.

If the lens is to be used also in an incremental set-
ting, we also require to specify a function I(FirstOrDefault) :

I(A∗) → I(A), though the implementation is actually
able to lift a function FirstOrDefault′ : A∗ → I(A) by
reevaluating the latter when the input changes. Similar
to the Put operation, we annotate this manual incre-
mentalization using an annotation ObservableProxy. If
this function is not provided, then the system automat-
ically assumes that the function only changes when the
input reference changes.

In the case of the FirstOrDefault function, such an
annotation is not required because the length of an ar-
ray is fixed. If the collection type was mutable, then
such a proxy method must be available. As an exam-
ple, Listing 2 contains the same lens for generic lists.
For the incremental evaluation, we simply reuse the
incrementalization system of NMF through the class
ObservingFunc.
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1 static class Helpers

2 {

3 private static ObservingFunc<IList<T>, T> firstOrDefaultFunc =

4 ObservingFunc<IList<T>,T>.FromExpression(list =>

5 list != null && list.Count > 0 ? list[0] : default(T));

6
7 [LensPut(typeof(Helpers), "PutFirst")]

8 [ObservableProxy(typeof(Helpers), "FirstOrDefault")]

9 T FirstOrDefault<T>(this IList<T> list)

10 {

11 return firstOrDefaultFunc.Evaluate(list);

12 }

13
14 INotifyValue<T> FirstOrDefault<T>(this INotifyValue<IList<T>> list)

15 {

16 return firstOrDefaultFunc.Observe(list);

17 }

18
19 T[] PutFirst<T>(this IList<T> list, T element)

20 {

21 ...

22 }

23 }

Listing 2 Implementation of a FirstOrDefault lens for lists

In NMF, in fact the collections we are working with
are mutable. The reason for this is mostly that mu-
table collections allow a more fine-grained information
how the collection contents have changed. We require
all collections to implement an interface to record when
any changes have been made to the collection contents
and how these changes look like. If a model element
has been added to a collection, we do not need to iter-
ate through the entire collection to find out what has
changed but already know the element that has been
added. Therefore, the FirstOrDefault operator in our
implementation does need a custom implementation of
its incrementalization.

5.2 Isomorphisms

To represent isomorphisms, we distinguish between two
cases: Identities and isomorphisms between model classes.
The case of an identity isomorphism is easy since the
model synchronization engine does not have to do any-
thing as the identity of an object is easy to compute.
In the latter case, we realize the isomorphism using two
unidirectional transformation rules Φ← and Φ→, one for
transforming the models in each direction. Thus, the re-
lationship (a, c) ∈ Φ is manifested in two trace entries
(a, c) ∈ Φ← and (c, a) ∈ Φ→. This of course implies
a 1:1 relationship between synchronized elements, but
the transformation developer is free to define arbitrarily
many other isomorphisms for the same element(s)7.

The implementation of synchronization blocks as
NTL transformation rules also has another advantage:
As we expose the underlying transformation rules, de-
pendencies may be added to them which may result in

7 We do not support dynamic creation of isomorphisms, the
isomorphisms must be given at compile time.

executing a model transformation each time a new cor-
respondence is set. This behavior is used for example
in the TTC 2015 Java Refactoring Case [30] where a
method group is created for each unique method name,
meanwhile later changes to a methods name are re-
flected by renaming the method group.

In case custom lenses do not suffice for a given task,
we allow opaque synchronization blocks where we give
the transformation developer full control. In this case,
the transformation developer may hook in arbitrary C#
code, but has to manage all the operation modes and
change propagation modes by himself.

Regarding the syntax, based on the experience we
collected with our non-incremental, unidirectional trans-
formation language NTL [33, 34], we decided to ap-
ply a similar strategy and represent synchronization
rules by generic classes. However, the body of such a
synchronization rule consists of synchronization blocks
rather than compiled code. We therefore use a dedi-
cated method to create these synchronization blocks
through method calls. However, synchronization rules
may also serve as containers for helper methods, should
they be necessary for the definition of a synchronization
block. The concrete syntax is presented for our motiva-
tional example in Section 6.

As a further consequence, we also inherit the mod-
ularization techniques as discussed in earlier work [34,
38]. We can therefore offer the transformation developer
advanced modularization techniques, such as version
conflict detection, integrity checking, creating model
synchronization libraries and model synchronization rule
templates.

5.3 Synchronization Modes

As an advantage of the declarative specification of syn-
chronization blocks, they are not tied to specific opera-
tion modes and therefore can be reused in many scenar-
ios. We have seen that we always have a choice whether
to fix inconsistencies at the left or right side of the syn-
chronization blocks. Furthermore, in some scenarios, it
may be desirable to allow certain inconsistencies. We re-
fer to the strategies of selecting the appropriate repair
operator as synchronization modes and discuss them in
the following.

We support six different synchronization modes that
can be combined with three different change propaga-
tion modes where we adapted the terminology from
Triple Graph Grammars and refer to type systems CL
as the Left Hand Side (LHS) and similarly CR as the
Right Hand Side (RHS). The synchronization modes
are as follows:
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LeftToRight: the transformation ensures that all model
elements on the LHS have some corresponding model
elements on the RHS. However, the RHS may con-
tain model elements that have no correspondence
on the LHS. This means, we apply RR as long as
we find inconsistencies, but do not propagate null-
values.

LeftToRightForced: the transformation ensures that
all model elements on the LHS have some corre-
sponding model elements in the RHS. All elements
in the RHS that have no corresponding elements in
the LHS are deleted. In this mode, we apply RR as
long as possible and also propagate null-values.

LeftWins: the transformation ensures that all model
elements on the LHS have some corresponding model
elements in the RHS and vice versa. Synchroniza-
tion conflicts are resolved by taking the version at
the LHS. This means, we apply RR as long as possi-
ble but do not propagate null-values. Instead, these
inconsistencies are resolved using RL.

RightToLeft, RightToLeftForced, RightWins: same
as the above but with interchanged roles of RHS and
LHS

The change propagation modes are the following:

None: no change propagation is performed. In this
case, also no dynamic dependency graphs for any
expressions are created as they are not necessary.

OneWay: change propagation is only performed in the
main synchronization direction, i.e. LHS to RHS for
the first three synchronization modes and RHS to
LHS otherwise.

TwoWay: change propagation is performed in both di-
rections, i.e. any changes on either side will result
in appropriate changes in the other side.

Usage examples in the TTC 2015 [30] have shown
that there are some cases where also the remaining op-
eration mode to propagate updates from the target side
of the synchronization back to the origin model make
sense, but we decided not to support this operation
mode in our implementation as we believe that these
are rare corner-cases. However, conceptually, there is no
limitation. It is also not clear whether all of the combi-
nations between change propagation and synchroniza-
tion direction are necessary but the diversity shows the
flexibility how the transformation specification can be
used.

Furthermore, there may be even more operation mo-
des such as a check-only mode that only tests whether
the selected constraints hold, but would not enforce
these constraints.

The applicable synchronization direction and change
propagation mode is specific to a synchronization run

and is provided together with the input arguments,
i.e., LHS and RHS initial models. At this initializa-
tion, we generate code to minimize the performance im-
pact when no change propagation should be performed,
i.e. the synchronization should run with a performance
comparable to a transformation without change propa-
gation as, e.g., pure NMF Transformations.

5.4 Execution

In this section, we explain the bidirectional execution
modes that a synchronization engine implementation
can support based on the concept of synchronization
blocks. Throughout this section, we will use the syn-
chronization block from Figure 9 as example.

For example, assume that the synchronization block
from Figure 9 was the only synchronization block in our
model synchronization and the synchronization engine
was asked to execute this synchronization for a given
finite state machine and Petri net model. The engine
finds the synchronization rule to start with based on the
synchronization rule types, in this case ΦAutomataToNet
and executes this rule (and therefore all of its synchro-
nization blocks) for the given direction.

When executing the synchronization block from Fig-
ure 9, the synchronization engine uses the Get opera-
tion to obtain the states of the finite state machines and
the places of the Petri net. Then, it tries to find a corre-
sponding place for each state of the finite state machine,
thereby executing the synchronization rule ΦStateToP lace.
Synchronization rules are required to determine whether
elements of LHS and RHS should correspond. For the
synchronization rule ΦStateToP lace, a reasonable defini-
tion is that a state and a place should correspond when
their names match. Once the correspondence has been
established, it is saved in the trace. Because a subse-
quent query for the corresponding element of a given
LHS element (or RHS element, respectively) results in
a trace access, this guarantees that the correspondence
relation stays bijective.

The result of this matching are three sets: A setM↔
of tuples of states and places that correspond according
to the ΦStateToP lace isomorphism, a set M→∅ of states
with no corresponding place and similarly a set M∅←
of places with no corresponding state. In all direction
modes, the setM↔ is traversed and the synchronization
engine makes sure that each synchronization block for
the dependent synchronization rule is executed for each
pair.

The fact that trace entries in NTL are keyed not
only by their source elements but also by their trans-
formation rules means that a model element on the LHS
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may easily mapped to multiple elements of the RHS (or
vice versa) by just specifying multiple synchronization
rules for that element.

For the contents of the two setsM→∅ andM∅←, the
next step depends on the synchronization direction:

LeftToRight: In this direction, the set M∅← is ig-
nored. The engine only traverses the set M→∅ and
creates a new element in the RHS, in the example a
place, and establishes a correspondence, including to
execute the synchronization blocks of the dependent
synchronization rule. The newly created element is
then added to the Petri net using the Put operation
of the RHS lens .P laces. Since this is a collection-
valued lens, this results in adding the element to the
collection.

LeftToRightForced: In this direction, the RHS must
look exactly like the LHS, up to isomorphism. There-
fore, additionally to the processing of M→∅ as in
the LeftToRight direction, the engine removes ele-
ments in M∅←, again using the collection interface
of .P laces.

LeftWins: In this direction, the set M∅← is similarly
to the set M→∅ as the synchronization engine cre-
ates new states, establishes a correspondence and
adds the newly created states to the state machine
using the Put operation of the .States lens, which
again means to add the state to the collection. The
direction LeftWins is therefore almost symmetric as
the sets M∅← and M→∅ are treated equally. The
only difference is in case of conflicts, e.g. when the
lenses are single-valued. This is very often the case
for attributes such as an elements name. Here, set-
ting a new name also means to delete the old one
and therefore, the synchronization engine must only
apply at most one of the lenses. Here, the direction
LeftWins specifies that in such a scenario, the en-
gine should always apply the LHS to the RHS.

The directions RightToLeft, RightToLeftForced and
RightWins are equivalent except for exchanged roles of
LHS and RHS.

The easiest case for change propagation is of course
disabled change propagation (None) since in this case,
the synchronization does not have to perform any lift-
ing. This means, the transformation can simply use the
lens f to obtain the affected source elements and uses g
to store them in the target model. Afterwards, it may
forget about the synchronization block, as it has been
processed.

If the change propagation is set to OneWay, the syn-
chronization engine must react on changes that affect
the selecting lens f . Therefore, it applies the (original)
incrementalization monad I, which for a given source

element a ∈ A yields a modifiable reference for the re-
sult I(f)(η(a)). The engine can then use the value of
this modifiable reference and proceed as if there was
no change propagation switched on. However, the mod-
ifiable reference is stored and event handlers are regis-
tered for the event that the modifiable reference changes
its value. In that case, these changes are transmitted to
the RHS with the synchronization mode LeftToRight-
Forced (important as otherwise the change may get
lost). Both initially and in case of change notifications,
the target value is stored using the Put method of g.

Formally, if we have again the situation of Figure
8 and a ∈ A, c ∈ C such that (a, c) ∈ ΦA−C and
the system is in state ω ∈ Ω. If change propagation
is enabled for the direction LHS to RHS in the cur-
rent configuration, we actually store a reference to the
incrementalized getter f . We refer to this variable as
f̂ := I(f ↗)(η(a), ω).

Now, consider that some global state change ∆ω ∈
∆Ω occurs. The first step to perform is to check whether
this state change actually has any effect on the synchro-
nization block, i.e. whether

value(f̂) 6= value(apply(f̂ , ∆ω)).

In the implementation, this check is implemented
by an event raised by f̂ if a state change happened that
changes the current value. Should that be the case, f̂
is assigned the new value apply(f̂ , ∆ω) which in the
implementation can be neglected since the objects re-
alizing I(f ↗) are mutable and adjust their state au-
tomatically.

Afterwards, the change is propagated using the di-
rection mode LeftToRightForced, since the change
propagation demands that this change will be propa-
gated to the RHS. Thus, the change is propagated by
RR as in the non-incremental case.

Compared to a repeated execution of the same model
synchronization without change propagation or alterna-
tively, a repeated execution of an unidirectional regular
model transformation, the activated change propaga-
tion may lead to speedups. The speedup, however, de-
pends on the used lenses, their performance characteris-
tics and also the change sequences in which the models
are changed. As we are striving for an extensible ap-
proach where developers can simply implement a lens,
if they feel that the language misses one, a speedup can,
however, not be guaranteed. Rather, the incremental-
ization is best effort.

The change propagation mode TwoWay works very
similar, except that for both sides, the refined incremen-
talization monad Ĩ is applied and the store transforma-
tion is used as a replacement of the Put operation. The
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synchronization engine registers for change notifications
on both monad instances and enforces the changes with
direction LeftToRightForced or RightToLeftForced, re-
spectively.

5.5 Inheritance and Superimposition

In practice, many metamodels use inheritance to avoid
duplication of concepts in the metamodel. This poses
a challenge for model synchronization because isomor-
phisms between more abstract concepts often are re-
quired to be broken down to isomorphisms that are
more specific, i.e., have a smaller domain. Based on
the more specific isomorphisms, more synchronization
blocks may apply.

In our running example, consider the case that we
added a composite structure both to finite state ma-
chines and Petri Nets. This means, states may either
be simple states or composite states and likewise, places
may either be simple places or composite places8. Clearly,
we would like to keep synchronizing states of a state
machine with the places of a Petri net, but in case the
state is a composite state, a composite place shall be
created and the inner state machine should be synchro-
nized with the inner Petri net of that composite place.
However, one would still like to continue using the ab-
stract isomorphism between states and places, but be
able to refine this isomorphism in case of more specific
elements.

In the implementation, we use a concept we call
synchronization rule instantiation, very similar to the
transformation rule instantiation concept used in NTL
[29, 38]. Thus, whenever the synchronization engine is
asked to create a new element for a given synchroniza-
tion rule, it looks out for instantiations of that synchro-
nization rule to create the element, because the target
concept may also be different according to the true type
of the source element. In case of the example above, a
composite place should be created if the source model
element was a composite state. Such a rule instantia-
tion may be mandatory in case the targeted class is
abstract.

To implement synchronization rule instantiation, we
simply reuse the rule instantiation concept of the un-
derlying NTL transformation rules. That is, if a syn-
chronization rule Φconcrete is instantiating a synchro-
nization rule Φabstract, then simply Φ←concrete instanti-
ates Φ←abstract and Φ

→
concrete instantiates Φ→abstract. Note

that rule instantiation can be stacked, i.e., there may

8 If this concept was added in only one of the metamodels, the
information simply would not be propagated but no additional
synchronization would be required.

be another rule that instantiates Φconcrete for more con-
crete classes. With this feature, also more complex in-
heritance hierarchies can be supported. In TGGs, rule
refinements are an equivalent concept.

Furthermore, we also adopted the superimposition
implementation of NTL, which in turn is adopted from
ATL [62]. That is, synchronization rules may be eas-
ily overridden in refined model synchronizations, one
may create a library of synchronization rules or cre-
ate synchronization rule templates9. In particular, the
considerations on inherited modularization concepts as
described in previous work can be reused, but it is yet
unclear to which extend this is useful also for incremen-
tal and bidirectional model synchronizations. However,
a detailed analysis is out of the scope for this paper and
subject to future work.

6 Synchronization of Finite State Machines and
Petri Nets

In this section, we apply our concepts to the motiva-
tional example of synchronizing finite state machines
with Petri nets. In parallel, we also describe how the
proposed model synchronization would be specified in
TGGs in order to draw some comparison. Because there
is a textual language available that is easier to compare
with and our impression is that it is the most actively
developed TGG tool, we have chosen eMoflon [3] as
concrete language. However, the results should be sim-
ilar when using a different TGG tool.

Like a model transformation in NMF Transforma-
tions that consists of multiple transformation rules rep-
resented by public nested classes inheriting from a Trans-

formationRule base class, model synchronizations of NMF
Synchronizations consist of synchronization rules. These
synchronization rules implicitly define two transforma-
tion rules for NMF Transformations, one for each direc-
tion. A minimal example for a model synchronization
is therefore depicted in Listing 3.

1 public class FSM2PN : ReflectiveSynchronization

2 {

3 public class AutomataToNet : SynchronizationRule<FiniteStateMachine

, PetriNet> {}

4 }

Listing 3 Amodel synchronization in NMF Synchronizations

This defines the isomorphism ΦAutomataToNet be-
tween finite state machines and Petri nets, but with-
out any synchronization block. Synchronization rules in

9 We have not yet used synchronization rule templates in prac-
tical use cases, yet. We suspect that they are harder to create than
transformation rule templates because there is fewer support for
abstract incrementalizable lenses than for regular abstract meth-
ods.
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NMF Synchronizations define the LHS and RHS model
elements they operate on through the generic type argu-
ments of the SynchronizationRule base class they need
to inherit from and have multiple methods they can
override.

In particular, unlike eMoflon, we do not require a
correspondence declaration. To declare the used meta-
models, it suffices entirely that the compiler of the host
language knows the metaclass implementations. The
latter may be either in the same assembly or in a refer-
enced assembly.

The most important method to override in the defi-
nition of a synchronization rule is the method to deter-
mine when an element of the LHS should match an ele-
ment of the RHS. For the AutomataToNet-rule, we simply
return true since both RHS and LHS model elements
are the root elements of their respective models and
should be unique.

1 public override bool ShouldCorrespond(FSM.State left, PN.Place right,

ISynchronizationContext context)

2 {

3 return left.Name == right.Id;

4 }

Listing 4 Definition that states and places should correspond
based on their names

Other synchronization rules may have other strate-
gies. For example, the correspondence of the StateToPlace-
rule is based on comparing the names as depicted in
Listing 4.

The second most important method to override is
the DeclareSynchronization method. Here, we define
what synchronization blocks the synchronization rule
consists of. The DeclareSynchronization method of Au-
tomataToNet looks as depicted in Listing 5.

1 public override void DeclareSynchronization()

2 {

3 SynchronizeMany(SyncRule<StateToPlace>(),

4 fsm => fsm.States, pn => pn.Places);

5 SynchronizeMany(SyncRule<TransitionToTransition>(),

6 fsm => fsm.Transitions, pn => pn.Transitions.Where(t => t.To.

Count > 0));

7 SynchronizeMany(SyncRule<EndStateToTransition>(),

8 fsm => fsm.States.Where(state => state.IsEndState),

9 pn => pn.Transitions.Where(t => t.To.Count == 0));

10 Synchronize(fsm => fsm.Id, pn => pn.Id);

11 }

Listing 5 The DeclareSynchronization method of AutomataTo-
Net

The statements in Listing 5 create synchronization
blocks: Lines 3 and 4 create the synchronization block
we depicted earlier in Figure 9. When handling the
synchronization of a finite state machine with a Petri
Net, the synchronization engine should establish cor-
respondences between the states and the places using
the StateToPlace rule, synchronizing the states of the
finite state machine with the places of a Petri Net. This

synchronization rule is straight forward, matches states
and places based on their names (cf. Listing 4) and
synchronizes them afterwards. For a given state of a
state machine, the synchronization engine only looks
for corresponding places in the Places reference of the
corresponding Petri Net.

The advantage of synchronization blocks over e-
Moflon is here that the specification can be much
more concise. Consider for example the synchroniza-
tion block in Lines 3 and 4, or depicted in Figure 9.
This synchronization block is able to repair inconsis-
tencies arising from adding or removing states from a
state machine. TGGs usually require an entire rule for
this, which to the best of our knowledge cannot be ex-
pressed in a single line10. In eMoflon, this rule con-
sists of 36 lines. These savings are possible because a lot
of declarations have to be done explicit in a TGG rule,
while they can be inferred in NMF Synchronizations
because of the synchronization rule a synchronization
block belongs to.

Please note that the lenses at the Petri Net side vi-
olate the PutGet law in case a new transition has to be
added, because the count of the To collection is not re-
versible. The Where-operator is currently implemented
to silently ignore this inconsistency and we oblige this
to the transformation developer to take care about such
cases. This is fine for all the cases that we have come
across, but if this should not match the transformation
developers needs, he can simply override this behavior
by extending the respective lens. Because it is usually
only the Put operation that is problematic, the lan-
guage also has some overloads to provide a custom Put
method.

Similarly, the transitions of the finite state machine
should be matched with the transitions of the Petri Net,
but only with those that have at least one target place.
Therefore, lines 5 and 6 of Listing 5 create the synchro-
nization block depicted in Figure 10. This means that
if a new transition is added to the Petri Net transi-
tions or an existing transition is assigned a first target
place, then the synchronization engine will try to match
this transition to an existing finite state machine tran-
sition. If conversely, a transition is added to the finite
state machine, the synchronization engine will add the
corresponding transition to the Petri Net, hoping that
it satisfies the condition that the count is greater than
zero. To find the corresponding transition on the respec-
tive other side, the ShouldCorrespond method depicted
in Listing 6 is used.

10 We ignored the linebreak in the Listing, because editors usu-
ally allow 85 characters in a single line
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FiniteStateMachine PetriNet

Transition∗ PN.Transition∗

ΦAutomataToNet

.Transitions
.Transitions

.Where(t => t.To.Count > 0)

ΦTransitionToTransition

Figure 10 Synchronization of the transitions of a finite state machine with the transitions of a Petri net

1 public class TransitionToTransition : SynchronizationRule<FSM.

ITransition, PN.ITransition>

2 {

3 public override bool ShouldCorrespond(FSM.Transition left, PN.

Transition right, ISynchronizationContext context)

4 {

5 var stateToPlace = SyncRule<StateToPlace>().LeftToRight;

6 return left.Input == right.Input

7 && right.From.Contains(context.Trace.ResolveIn(stateToPlace,

left.StartState))

8 && right.To.Contains(context.Trace.ResolveIn(stateToPlace,

left.EndState));

9 }

10 public override void DeclareSynchronization()

11 {

12 Synchronize(t => t.Input, t => t.Input);

13 Synchronize(SyncRule<StateToPlace>(),

14 t => t.StartState,

15 t => t.From.SingleOrDefault());

16 Synchronize(SyncRule<StateToPlace>(),

17 t => t.EndState,

18 t => t.To.SingleOrDefault());

19 }

20 }

Listing 6 Matching transitions

This method uses the trace abilities of NMF Trans-
formations that is still accessible in NMF Synchroniza-
tions, i.e. it accesses the corresponding place for a given
state in the transformation rule Φ→StateToP lace from LHS
to RHS and uses it to decide whether the transitions
should match. This trace entry exists regardless of the
synchronization direction, as the synchronization en-
gine always creates two trace entries.

In eMoflon, the synchronization blocks to syn-
chronize the transitions of a finite state machine as
well as the synchronization blocks to synchronize the
start and end states of such a transition all can be
expressed in a single TGG rule, plus a second rule if
self-transitions should be supported. In terms of lines of
code, however, these rule still have 57+51 lines, whereas
the implementation in NMF Synchronizations re-
quires 24 lines for the synchronization rule plus one
for the synchronization block in the ΦAutomataToNet
synchronization rule. However, the latter also propa-
gates partial changes, while the respective eMoflon
rule would propagate everything at once or not at all11.
Which of these strategies is better depends on the ap-
plication.

11 We believe that a partial propagation is also possible in TGGs
but requires many more rules

Lines 7-9 of Listing 5 create the synchronization
block depicted in Figure 11 and indicate that the re-
maining transitions should be synchronized with the
end states of the state machine. The symmetric corre-
spondence check fails in this case because the synchro-
nization engine will look for a suitable state in the end
states of the machine. If the state is not yet marked as
an end state, the synchronization engine will not find
it. Thus, we have to override this behavior and partic-
ularly look for the state which is corresponding to the
transitions origin.

1 public override void DeclareSynchronization()

2 {

3 SynchronizeLeftToRightOnly(SyncRule<StateToPlace>(),

4 state => state.IsEndState ? state : null,

5 transition => transition.From.FirstOrDefault());

6 }

Listing 7 One way synchronizations

Next, it is necessary to connect or disconnect the
Petri Net transition to the correct place. This only has
to be done in the LHS to RHS direction since this
information is already encoded in the IsEndState at-
tribute in the finite state machine state. We have to
limit the scope of this synchronization job because the
synchronization initialization otherwise raises an excep-
tion since the conditional expression of the LHS is not a
lens (we do not detect that there is a partition of values
for true and false branch). This is depicted in Listing 7.

Line 10 in Listing 5 tells that the identifiers of both
finite state machine and Petri Net should be synchro-
nized. This creates a simple synchronization block as
shown in Figure 12 as the dependent synchronization
rule is simply the identity on strings. In the syntax,
this is expressed by omitting the synchronization rule.
This means that both passed λ-expressions must have
the same result type such that the synchronization en-
gine may use the identity as isomorphism.

In eMoflon, the synchronization of end states and
respective transitions also requires a single TGG rule
which consists of 48 lines where the solution in NMF
Synchronizations requires a synchronization block in
ΦAutomataToNet and a synchronization rule
ΦEndStateToTransition consisting of 21 lines.
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FiniteStateMachine PetriNet

State∗ PN.Transition∗

ΦAutomataToNet

.States

.Where(s => s.IsEndState)

.Transitions

.Where(t => t.To.Count == 0)

ΦEndStateToTransition

Figure 11 Synchronization of the end states of a finite state machine with swallowing transitions of a Petri net

FiniteStateMachine PetriNet

String String

ΦAutomataToNet

.Id .Id

Id

Figure 12 Synchronization of the names of a finite state ma-
chine and a Petri net

The presented synchronization is a bijection, i.e.,
there is no information loss. In case there was, for ex-
ample if we introduced multiple types of places (for ex-
ample queueing places) with no equivalent information
in the finite state machines, the synchronization would
still be exactly the same, similar to the synchroniza-
tion mode of eMoflon. The only difference would be
that the information about the type of a place would
not be transmitted to the state machine. In case the
user adds a state to the state machine, the default
place type would be used12. The information of the
type of existing places is retained, because NMF Syn-
chronizations first tries to reuse an existing place to
create a correspondence. This is decided based on the
ShouldCorrespond method, so in this case based on the
place name. More complex heuristics are possible, but
must be implemented by the transformation developer.

The entire synchronization between finite state ma-
chines and Petri nets in NMF Synchronizations con-
sists of 4 synchronization rules in a single file with 92
lines of code in the usual C# coding style13. A func-
tionally equivalent14 implementation in eMoflon re-
quired 5 TGG rules 217 lines in total15, plus a cor-
respondence definition with 32 lines. The coding style
in both languages is similar to some degree such that
these numbers are roughly comparable. They show that
in this scenario, the specification of a synchronization
in NMF Synchronizations is more concise than the
eMoflon solution in terms of pure lines of code.

12 Perhaps, the type for places is abstract, in that case, the
synchronization would indeed have to be changed to specify a
default place type for this case.
13 This includes 14 blank lines and 28 lines with only braces.
14 up to propagation of partial changes as discussed above
15 This includes 41 blank lines and 47 lines with only braces.

However, having a solution with less lines of code
does not always indicate a better (for example more
understandable) solution and indeed, the NMF Syn-
chronizations solution has many more syntactic boil-
erplate as for example method signatures have to be re-
peated. Therefore, lines of code are not a very accurate
instrument to measure the conciseness of a solution.
Nevertheless, the comparison shows that the specifica-
tion in synchronization blocks can be done in an inter-
nal language in a very compact manner about as declar-
ative as in a TGG implementation such as eMoflon.
Whether or to what degree this finding applies more
generally is not subject of this paper.

Both solutions are also available online16.
Our synchronization language is extensible since trans-

formation developers may easily implement new lenses
as discussed in Section 5.1 and store them anywhere.
eMoflon also allows the developer to extend the trans-
formation framework, but this requires the developer
to switch the language and implement the extension in
pure Java. Here, internal languages such as NMF Syn-
chronizations have the benefit that developers do not
have to switch the language as the integration of host
language code usually can be done much more easily.
In particular, as discussed in Section 5.1, extensions are
simply methods with an annotation. These extensions
can be made directly at the synchronization rule, in
case it is only used in one place, or can be extracted
into a library.

7 Validation and Evaluation

We tested the correctness and evaluated the perfor-
mance of NMF Synchronizations by applying it to the
finite state machines to Petri Nets example that we
already used to explain the approach. In typical ap-
plications of a model synchronization, the LHS side is
edited in subsequent edit operations either performed

16 eMoflon rules: https://github.com/NMFCode/

SynchronizationsBenchmark/tree/master/eMoflon/

FiniteStatesToPetriNets/src/org/moflon/tgg/mosl/rules, NMF
Synchronizations implementation: https://github.com/NMFCode/

SynchronizationsBenchmark/blob/master/Transformations/

SynchronizationsImplementation.cs

https://github.com/NMFCode/SynchronizationsBenchmark/tree/master/eMoflon/FiniteStatesToPetriNets/src/org/moflon/tgg/mosl/rules
https://github.com/NMFCode/SynchronizationsBenchmark/tree/master/eMoflon/FiniteStatesToPetriNets/src/org/moflon/tgg/mosl/rules
https://github.com/NMFCode/SynchronizationsBenchmark/tree/master/eMoflon/FiniteStatesToPetriNets/src/org/moflon/tgg/mosl/rules
https://github.com/NMFCode/SynchronizationsBenchmark/blob/master/Transformations/SynchronizationsImplementation.cs
https://github.com/NMFCode/SynchronizationsBenchmark/blob/master/Transformations/SynchronizationsImplementation.cs
https://github.com/NMFCode/SynchronizationsBenchmark/blob/master/Transformations/SynchronizationsImplementation.cs
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by a user through an editor or programmatically. Then,
the appropriate RHS model is required for analysis pur-
poses or as an alternate view on the modeled reality. For
such subsequent model changes, it is important to min-
imize the response time from changing the LHS model
to having the RHS model updated accordingly (or vice
versa). Often it is also important to get a change noti-
fication to be able to understand what changes in the
RHS model were caused by the changes to the LHS
model but although such change notifications can be
supplied by NMF Synchronizations with change prop-
agation enabled we do not take this feature into ac-
count for the evaluation. Furthermore, the evaluation
only considers changes from the LHS to the RHS.

To analyze the response time from elementary changes
in the finite state machine to the updated Petri Net, we
designed a benchmark where we generate a sequence of
20 elementary model changes to the finite state ma-
chine. After each model change, we ensure that the
Petri Net is changed accordingly, either by performing
change propagation or by regenerating the net fresh
from scratch. To take the different sizes of finite state
machines into account, we performed our experiment
for different sizes ranging from 10 to 50,000 states. The
generated workload on these finite state machines shall
reflect edit operations as done by a user. In particular,
we generate the following elementary changes (percent-
age on the overall change workload in brackets):

– Add a state to the finite state machine (30%)
– Add a transition to the finite state machine with

random start and end state (30%)
– Remove a random state and all of its incoming and

outgoing transitions (10%)
– Remove a random transition from the finite state

machine (10%)
– Toggle end state of a random state (5%)
– Change the target state of a randomly selected tran-

sition to a random other state (5%)
– Rename a state (9%)
– Rename the finite state machine (1%)

The evaluation works as follows: For every run of
our benchmark, we generate a finite state machine of
a given size n representing the number of states with
2n transitions. We then generate a sequence of 20 el-
ementary model changes acting on randomly selected
model elements of the finite state machine. For each of
these actions, the action itself must be performed and
the Petri Net must be updated or newly created appro-
priately.

We compare four implementations of this task. The
first solution is using NMF Synchronizations in batch
mode, i.e. the synchronization is run as a transforma-

tion from its left side to its right side with change prop-
agation switched off. Next, we use the same synchro-
nization code without any modification and use it in
incremental mode, i.e. from left to right with change
propagation mode switched on to OneWay. Third, we
use an implementation for this transformation task in
NTL, basically taken from previous work [29]. This so-
lution works similar to the batch mode version but lacks
some of the overhead implied by the NMF Synchroniza-
tions implementation. NMF Transformations used with
NTL showed good performance results compared with
other (batch mode) model transformation languages at
the TTC 2013 [35, 36] so we think it is a fair com-
parison. Lastly, we compare the NMF solutions with
a solution in eMoflon, which has been discussed in
Section 6.
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Figure 13 Performance results for the initial transformation

We did two runs of the experiment. In the first run,
we check the generated Petri Net after each workload
item in order to test the correctness of NMF Synchro-
nizations. Here, we basically assume the implementa-
tion in NMF Transformations correct. In a second run
of the experiment, we evaluated the execution time to
apply all the elementary model changes in sequence and
updating the Petri Net accordingly after each change
(either by rerunning the transformation or by propagat-
ing changes). The application of 20 elementary model
changes and updating the Petri Net still is a matter of
milliseconds, at least for small models, but this way the
precision gets in a reasonable scale.

To compare with eMoflon, we transformed the
generated changes into delta specifications that can be
understood by eMoflon. We then start a Java process
running the eMoflon solution for the initial trans-
formation. Afterwards, we subsequently load the delta
specifications one after another and integrate them to
the target model. Here, the time for transforming the
changes into the delta specifications, serializing them
in the benchmark driver and deserializing them in the
eMoflon process is not taken into account. Rather,
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we only measure the time for the integration. However,
this also means that we sum up 20 time measurements,
which means that these results are not as accurate.

All time measurements include performing the ac-
tual changes to the models. However, for very large
models, changes such as removing an element become
costly operations. Therefore, we also recorded the time
to perform the generated changes without any propa-
gation to the Petri net.

Figures 13 and 14 show the performance results
achieved on an Intel Core i7-4710MQ processor clocked
at 2.49Ghz in a system with 16GB RAM. The code
for our used benchmark is available as open source on
Github17 so that the interested reader can obtain re-
sults for any other machines as well. The implementa-
tion uses hardware performance counters to maximize
the accuracy of results and we repeated every measure-
ment 20 times. In particular, Figure 13 shows the results
for the initial transformation, Figure 14 shows the time
to run 20 generated changes. The R scripts to gener-
ate these figures are also publicly available in the same
GitHub repository.
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Figure 14 Performance results running 20 randomly generated
changes

For the initial run of the transformation, we can see
that NMF Transformations and NMF Synchronizations
are much faster than the eMoflon solution. The NMF
Synchronizations implementation running in batch mode
is about as fast as the unidirectional implementation us-
ing NMF Transformations, while the incremental mode
adds a slight overhead. This is because the engine has
to create dependency graphs for all lenses, but as these
lenses are rather simple, this overhead is not very large.
All NMF solutions take longer to initialize for the small-
est model size but this is only due to the Just-in-Time-
Compiler.

For incremental change sequences, the results indi-
cate that even for very small models such as a finite
state machine with just 20 states, it is already ben-

17 http://github.com/NMFCode/SynchronizationsBenchmark/

eficial to use the change propagation built into NMF
Synchronizations: Recreating the Petri net after every
change takes more than 18 times as long as propagating
the change. Compared to NMF Synchronizations, the
factor is even at 25. For larger models, the speedup gets
higher and for the largest models with 50,000 states, the
change propagation is factor 2,750 faster than recreat-
ing the Petri net using NTL or factor 3,800 faster than
NMF Synchronizations in batch mode. This is because
the time to propagate a change merely depends on the
size of the change, rather than the overall model size:
The curve for incremental change propagation in blue
is almost flat in a logarithmic plot.

However, there are some operations such as the model
change operations themselves, that have a linear com-
plexity18, which is why the speedup does not grow lin-
early with the size of the model. As a consequence,
the distance between the blue and the purple curve
in Figure 14 becomes smaller the change propagation
overhead becomes smaller in relation to actual model
changes: While for 20 states, the actual model changes
only take about 8% of the time for incremental change
propagation, this share is at 28% for 20,000 states.
Given that the incremental change propagation includes
a roughly similar model manipulation in the RHS, this
means that the overhead for change propagation be-
comes very small.

Comparing the results with eMoflon, we can see
that eMoflon is slower than the incremental NMF
Synchronizations implementation and for most model
sizes also slower than the implementations in NTL or
in batch mode. The eMoflon solution also does not
scale well with an increasing model size: While the curve
for the incremental NMF Synchronizations solution is
almost flat for up to 5,000 states, indicating a fully in-
cremental solution, the curve for eMoflon is steeper
already for smaller model sizes, indicating a worse scal-
ability.

However, the performance of the synchronization
depends on many factors. Indeed, even in the very small
example of the synchronization between finite state ma-
chines and Petri nets, some types of changes such as
name changes are much faster to propagate than oth-
ers such as adding or removing states. As a reason,
the propagation for the latter includes the execution
of a transformation rule meanwhile the propagation of
a name change simply means to copy the new name
over to the target model. Therefore, the speedups re-
ported in the paper are specific to the given mix of
model changes and cannot be generalized to an arbi-
trary change sequence in the case of the example syn-

18 For example, deleting an element from an ordered list is a
O(n) operation.

http://github.com/NMFCode/SynchronizationsBenchmark/
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chronization or any other model synchronization with
potentially more complex patterns.

Nevertheless, the evaluation shows that the over-
head for change propagation stays approximately at a
constant level, indicating that NMF Synchronizations is
fully incremental in the terminology of Giese and Wag-
ner [23]. Especially for large models, the overhead is
small. We see this as a consequence of the fact that
changes to the RHS can be directly constructed from
the model changes: The definition of the repair opera-
tors in Definitions 22 and 23 are straight and explicit.

The correctness tests are turned to automated unit
tests and are therefore guaranteed to pass for every new
release of NMF Synchronizations.

8 Limitations of the language

Currently, we assume in our implementation that a cor-
respondence between model elements once established
will not change during the lifecycle of both objects. This
has an impact mainly on synchronization rule instanti-
ation in the presence of filter conditions.

Consider for instance two metamodels of family rela-
tions where the gender is realized as IsFemale attribute
(the Persons metamodel on the left hand of Figure 15)
and using an inheritance relation (the FamilyRelations
metamodel on the right hand of Figure 15).

An instance of the Person class of the Persons meta-
model with gender male clearly corresponds to an in-
stance of the Male class on the FamilyRelations meta-
model. Likewise, instances with gender female should
correspond to Female instances. In many cases, one would
like to generalize these two correspondences into a gen-
eralized correspondence between Person instances in the
Persons metamodel and Person instances of the Fami-
lyRelations metamodel. However, because it is only an
attribute, the gender of a Person instance of the Persons
metamodel may change. In that case, the correspond-
ing model element has to change (since the type of an
object must not change) and all references have to be
updated accordingly. Thus, the identity of one of the
model elements of a correspondence relation changes.

The implementation actually does allow filters to be
set on synchronization rule instantiations, but the cur-
rent engine implementation throws an exception as soon
as any change would cause the correspondence relation
to break. This issue can of course be worked around
by simply creating separate synchronization rules but
the lack of a generalized isomorphism may hamper the
conciseness in other parts of the model synchronization.

Though the implementation currently does not sup-
port these cases, this is only a technical problem. The

formalization is fine with this: The synchronization blocks
of the broken correspondence have to stop pushing in-
cremental updates and the new correspondence link has
to be created.

9 Related Work

Our approach is not the first model transformation lan-
guage implemented as an internal DSL and neither is
the first to provide a language for bidirectional lan-
guages or languages with change propagation, yet we
think we are the first to combine these concepts. The
remainder of this section details on each of these aspects
of model transformation languages.

Model transformation languages as internal languages
Some experiences exist with creating model transfor-
mation languages as internal languages like RubyTL
[12], ScalaMTL [20], FunnyQT [41] or SDMLib19. The
goals to use an existing language as host language are
diverse and range from an easier implementation [4],
reuse of the static type system [20], inherited tool sup-
port [29], reusing the expression evaluation, easier inte-
gration into the host language up to mitigated language
adoption [37]. A detailed analysis on how an internal
model transformation language should be designed to
inherit tool support is discussed in previous work [34].
The degree in which these goals can be met depends
very much on the selected host language, as e.g. tool
support can only be inherited if some tool support ex-
ists but a concise syntax can usually only be achieved
with host languages having a rather flexible syntax.

An example of the latter is SDMLib [64], which pro-
vides an internal DSL embedded in Java and uses the
Fujaba [53] tool internally. Transformations are speci-
fied in a fluent method chaining syntax operating on
generated code for each metamodel. As the language
essentially builds up a model for Fujaba, it could in-
herit change propagation support from Fujaba. Here,
we think that our solution is more easy to use since we
are working directly on the abstract syntax tree, which
is transparent for the developer.

An example of an internal language that is capable
of change propagation is VIATRA Query [61], which is
implemented as an internal DSL in Xtend. More pre-
cisely, VIATRA Query is a tool for incremental graph
pattern matching. However, transformations written in
this way cannot be inversed. Furthermore, Xtend is not
as popular as for example C# such that the language
adoption problem remains.

19 http://sdmlib.org/

http://sdmlib.org/
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Figure 15 Metamodels of the changing correspondences

Model transformation languages with change propaga-
tion Some external model transformations languages
support incremental change propagation. Triple Graph
Grammars, for example, have been implemented in an
incremental manner [21, 22, 24] and with support for
concurrent model changes and semi-automatic conflict
resolution [26]. Lauder et al. provided an incremental
synchronization algorithm that statically analyzes rules
to determine the influence range while retaining formal
properties [48]. The runtime complexity of this algo-
rithm depends on the change rather than the model.
An overview of incremental TGG tools was provided
by Leblebici et al. [50].

Jouault and Tisi [44] introduced Reactive ATL, an
approach for incremental model synchronization based
on the ATL language that works online (the model ele-
ments must be kept in memory when changes are made
to them). To accomplish this, they only support a sub-
set of the ATL language and make changes to the ATL
compiler. In contrast to our approach, ATL only sup-
ports unidirectional model transformations.

Bidirectional Model transformation languages A good
overview on bidirectional model transformation languages,
including a classification scheme, was created by Steven
[59] or Hidaka et al. [27]. In this classification of the
latter, our approach operates on the technical space of
models (MDE) and consists of both forward- and back-
ward-functional correspondences with a Turing-complete
(through extensions), bidirectional specification. It re-
acts on live delta-based changes20 and all operations are
supported through change translation, though the en-
forcement of these translated changes are only checked
dynamically. The explicit trace is only available in mem-
ory and we leave it to the user to persist it, if necessary.
20 Although our formalization uses state-based lenses for sim-
plicity, the implementation actually works delta-based, which is
important for multi-valued synchronization blocks.

Among the existing bidirectional model transforma-
tion languages is the standardized QVT Relations lan-
guage [55], though Stevens has identified some semantic
issues with it [60]. To the best of our knowledge, there is
also no approach that executes QVT-R transformations
incrementally.

The most prominent incremental and bidirectional
transformation languages may be Triple Graph Gram-
mars, originally introduced by Schürr [56]. Multiple tools
implemented this paradigm [28], some of them incre-
mentally [3, 22]. Triple Graph Grammars are usually
specified graphically or through external languages. As
we have shown, we can express some TGG rules in a
single line of code, which we believe is not easily possi-
ble for TGGs. Furthermore, our approach is extensible
with user-supplied lenses.

Kramer has presented a series of languages for con-
sistency preservation [46] in the context of the Vit-
ruvius framework. From these, the mapping language
is closest to our approach as it also defines correspon-
dences between elements that can be enforced auto-
matically in both directions. Similar to our approach, it
specifies how the properties of model elements should be
synchronized based on isomorphisms. These rules may
relate to base isomorphisms. However, the synchroniza-
tion properties of this approach are not formally proven
and it is not clear how this formalism can be imple-
mented in an internal language.

Lastly, Wider has created a bidirectional model trans-
formation language as an internal DSL in Scala [63] that
is based on lenses, similar to our approach. However, the
approach uses pure lenses that are conceptually limited
to tree-based structures.

Other approaches to bidirectional transformation in-
clude putback-based systems such as BiGUL [45]. Here,
the forward transformation is automatically reconstructed
from the backward transformation with the rationale
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that the latter may require more attention. In compar-
ison to these approaches, our approach is completely
symmetric and therefore also supports the synchroniza-
tion of heterogeneous models. BiGUL is also imple-
mented as an internal language in Agda and Haskell.
However, these languages are no mainstream languages
and therefore, the language adoption problem cannot
be tackled by these languages.

Lenses Based on the original approach by Foster et al.
[17], a multitude of lens variants have been proposed
such as delta-lenses [14], symmetric lenses [15] or edit-
lenses [40]. An overview and a great comparison can be
found by Johnson and Rosebrugh [42].

The main difference from these approaches to our
notion of lenses is the different scope of application.
While to the best of our knowledge, all other applica-
tions of lenses so far have applied them on a model space
where an object is an entire model, we apply lenses at a
mutable object space where an object is a set of object
identities that share a common global state. Essentially,
we apply lenses not between models but within mod-
els. They are used as a form of model navigation that
remembers where it came from such that changes can
be persisted.

Because of the different application area, the prob-
lems we face are different. The objects we are work-
ing with are much simpler (model element identities
instead of models), but the shared global state causes
us some problems which is why we have to suitably re-
strict the formalism and weaken the PutGet law. As a
consequence, the compositionality of lenses breaks. To
solve this problem, we do not strive to see an entire
model synchronization as a big lens but rather use sev-
eral small lenses and combine them to obtain a model
synchronization.

We believe that the idea we employed in this pa-
per, to use lenses as a generalization of model refer-
ences, may also be beneficial for other bidirectional
approaches such as TGGs. In essence, synchronization
blocks are simply very simple TGG rules and the com-
plexity comes in with more sophisticated lenses. The
same lenses could also be made available to generalize
the definition of TGG rules in that direction. However,
we leave a detailed analysis up to future work.

From an implementation point of view, the lens

framework by Edward Kmett21 provides a comparable
lens implementation as we use integrated into the NMF
framework, but in Haskell. However, to the best of our
knowledge, there is no model synchronization language
built on top of it, particularly since Haskell only sup-
ports immutable objects.

21 https://github.com/ekmett/lens, accessed 19/06/2017

Incremental computation Incremental computation refers
to the idea that systems use a dynamic dependency
graph to track how to change their outputs when the
input changes rather than recomputing the whole pro-
gram output. This is usually achieved either by adding
explicit new language primitives [1, 8]. However, Chen
et al. [10] presented an approach to infer these newly
added primitives from type annotations so that effec-
tively self-adjusting programs may be written in Stan-
dardML, which is close to NMF Expressions, a founda-
tion of our approach. However, the approach of Chen is
based on a general-purpose language that is not suitable
for the specification of model transformations or syn-
chronizations. Since the language primitives in NMF
Synchronizations are fitted to the concepts of model
transformation, we have more insights on how to exe-
cute the transformations incrementally.

Rather specialized on a particular class of computa-
tion, VIATRA Query [61] supports incremental pattern
matching. Through a translation of OCL to graph pat-
terns [6], this partially can be applied to textual model
transformations as well. Incremental pattern matches
can be used for change-driven transformations [7]. How-
ever, this approach is different to our approach because
synchronization blocks specify a consistency relation,
while change-driven transformations usually rather spec-
ify a concrete reaction to a given change.

10 Conclusion

In this paper, we have presented NMF Synchroniza-
tions, an internal DSL for bidirectional model transfor-
mation and synchronization with optional change prop-
agation. Although it is only a proof-of-concept and there-
fore has some limitations, the approach encourages the
development of model transformation languages as in-
ternal DSLs: It shows that one of the key challenges,
supporting declarative model transformations, can be
overcome. In particular, NMF Synchronizations sup-
ports in total 18 different operation modes from a sin-
gle specification. For a synthetic example, the optional
change propagation has shown speedups of up to multi-
ple orders of magnitude, whereas the classic batch mode
execution is still available with low overhead.
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