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Abstract

We present a framework for evaluating language workbenches’ capabilities for co-evolution of graphical modeling languages,
modeling tools and models. As with programming, maintenance tasks such as language refinement and enhancement typically
account for more work than the initial development phase. Modeling languages have the added challenge of keeping tools and
existing models in step with the evolving language. As domain-specific modeling languages and tools have started to be used
widely, thanks to reports of significant productivity improvements, some language workbench users have indeed reported
problems with co-evolution of tools and models. Our tool-agnostic evaluation framework aims to cover changes across the
whole language definition: the abstract syntax, concrete syntax, and constraints. Change impact is assessed for knock-on
effects within the language definition, the modeling tools, semantics via generators, and existing models. We demonstrate the
viability of the framework by evaluating MetaEdit+, EMF/Sirius and Jjodel, providing a detailed evaluation process for others
to repeat with their tools. The results of the evaluation show differences among the tools: from editors not opening correctly
or at all, through highlighting of items requiring manual intervention, to fully automatic updates of languages, models and
editors. We call for industry to evaluate their tool choices with the framework, tool developers to extend their tool support for
co-evolution, and researchers to refine the evaluation framework and evaluations presented.

Keywords Domain-specific modeling - Domain-specific language - Evolution - Maintenance - Metamodel evolution - Model
evolution

1 Introduction more work than the initial development phase. This applies

to domain-specific languages and models too, including

In software and systems development, refinement, enhance-
ment and other maintenance tasks normally account for
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their co-evolution. Compared to general purpose languages,
domain-specific languages (DSLs) and domain-specific mod-
eling (DSM) languages evolve more frequently — following
changes in the domain and in the development needs [1—
3]. A recent DSL practitioner survey [4] found that 86% of
respondents reported language evolution, and recommended
considering evolution as an intrinsic part of DSL creation.
An important characteristic of language evolution is that
changes must be reflected in artifacts already made with the
language: we want to preserve that work and move artifacts
to the new language version. This enables sustainable devel-
opment, both of the applications made by modeling, and of
the language itself. The economic and technical benefits of
DSM co-evolution are clear, but there are also important ben-
efits for other aspects of sustainability [5]. Poor co-evolution
support can lead to language stagnation [2], harming commu-
nication and social sustainability as the distance between the
stagnant language and its evolving domain increases. As the
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gulf widens, the 5—-10 times productivity increase [1] offered
by DSM falls, leading to increased resource usage in devel-
opment [6]. With ‘software engineer’ being one of the largest
job categories these days, and IT equipment a significant con-
sumer of energy, even environmental sustainability is at risk.
Conversely, enabling co-evolution maintains the high sus-
tainability benefits of DSM, from developer productivity to
the ease of targeting new, lower-energy platforms with min-
imal effort through new generators.

The co-evolution of a domain-specific modeling language
has an important characteristic due to its restricted use. If the
language is made to address a narrow domain within a single
company or its team, as reported in over a hundred cases [7],
then it is likely that all language users are known, their spec-
ifications made with the language can be accessed, and data
to assess the impact of language evolution can be inspected
in all the language use contexts. Conversely, the number of
users is significantly smaller than for general purpose lan-
guages, so the effort that can sensibly be spent per language
change is smaller.

Despite the importance of co-evolution, most research
on tools for DSLs and DSM, also called language work-
benches [8, 9], has focused on the initial steps of creating the
language (e.g., [9-11]), rather than the refinement and main-
tenance of languages and models. Research on co-evolution
has focused on changes in certain parts of a language—such
as in its metamodel or transformations—but not covered all
aspects of a language together, as we aim to in this paper.

In the current paper, we propose an evaluation framework
for assessing how graphical modeling tools respond to lan-
guage changes in terms of co-evolution. This paper expands
on previous evaluations conducted within single tools [12-
14] by introducing a tool-agnostic framework designed
to assess the co-evolution capabilities of language work-
benches. The evaluation now covers various changes across
the whole language definition: the abstract syntax, con-
crete syntax, and constraints. Change impact is assessed for
knock-on effects across the whole tool: within the language
definition, the modeling tools, semantics via generators, and
existing models. To ensure applicable results, a series of
realistic change scenarios are provided. The impact assess-
ment produces a score for each impact location for each
scenario, giving a broad and detailed evaluation of tool co-
evolution performance. The evaluation framework addresses
co-evolution on an industrial scale by taking into account
the amount of work needed and the effects of large num-
bers and sizes of models. To show its viability, we apply
the evaluation framework to three graphical language work-
benches: MetaEdit+ [15], EMF/Sirius [16] and Jjodel [17].
The selected tools vary by their technologies, history, con-
ceptual organization of the development process, features
provided, and the characteristics of the modeling environ-
ment.
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Detailed material is provided for others to repeat the eval-
uation process to validate it and to evaluate other modeling
tools. Our work allows industry to evaluate their tool choices
for long term usage, and tool developers to investigate and
extend their tool’s support for co-evolution.

We start by describing previous research on language,
model and tool co-evolution (Sect.2), and try applying an
existing evaluation framework (Sect. 3). This leads us to
suggest the set of aspects to include in our own framework
presented in Sect. 4. Section 5 presents the procedure for
applying our evaluation framework: an example language
and model, along with a set of evolutionary steps to test
all the aspects of co-evolution. Section 6 presents the tools
evaluated and in Sect.7 our framework is then applied by
following its procedure to evaluate the co-evolution support
in the tools. In Sect.8 we discuss the results of tool evalu-
ations and assess the evaluation framework based on these
experiences. In Sect. 9 we conclude with proposed directions
for future extension and verification.

2 Research on co-evolution with tools

Research on co-evolution has focused on metamodels and
models, with less research inspecting co-evolution of tool
support, and mostly only experience reports mentioning both.
Most of the time, the proposed approaches focus only on
a specific kind of artifact, forcing the language engineer
to become fluent with too many different techniques, e.g.,
restoring the validity of models requires techniques that can-
not be used to restore the consistency of transformations and
vice versa. Consequently, the co-evolution of entire modeling
environments is an intrinsically complex task. It might lead
to lock-in scenarios in which the modeler prefers to leave
the metamodel unchanged, to avoid facing the difficulties
of propagating the changes throughout the ecosystem (e.g.,
see [2, 18]).

In the rest of the section, we analyze existing works
on the co-evolution of metamodels and modeling artifacts
dependent upon them, and then consider co-evolution of
metamodels and modeling tools.

2.1 Research on language and model co-evolution

The large body of work on co-evolution has mainly focused
on co-evolution of metamodels and models, and only
partly considering evolution in other parts of the lan-
guage definition, such as its constraints, notation or gener-
ators/transformations. A prevailing approach [19] has been
to create transformations acting upon models (e.g., [20-23])
to enable their co-evolution with metamodel changes. Once
defined, an appropriate transformation would be executed
each time the language evolves. See [3] for a survey of meta-
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model and model co-evolution approaches. Note that while
this survey covers a wide range of approaches, it is based on
a literature survey rather than the co-evolution approaches
applied in current commonly used tools. Moreover, as many
of the surveyed approaches are ongoing work, Hebig [3]
concludes that there is little data for determining their appli-
cability in industrial contexts.

In [3, 19], one class of approaches suggests the use of
transformation languages to co-evolve models each time the
metamodel changes ([24]). The transformations are made for
each case and can be partly automatically produced, e.g.,
starting from metamodel differencing. A second class of
approaches is based on identifying predefined co-evolution
strategies or allowing users to specify them ([25-27]); typi-
cally, the evolution of the metamodel and models progresses
in parallel. A third approach is searching based on model
data, not metamodel, to co-evolve the model to the new meta-
model ([28, 29]). The final approach identified was labeled
as identifying complex metamodel changes.

While these approaches cover co-evolution, they focus on
changes in models—although Hebig [3] recognizes that evo-
lution also requires the co-evolution of other artifacts such as
transformations or constraints. We aim to inspect all aspects
of modeling language change with our evaluation framework.

Co-evolution of transformations and generators has been
a less popular research subject, and only a few works have
been presented in the last decade or so (see, e.g., [30-32]);
similarly for the co-evolution of constraints [33—-35]. Some
likely reasons are that it is considered as a normal language
engineering task and does not have such clear implications
for the work of modelers. Also, the wide variety of changes
that are possible makes it less automatable, although tools
could provide some support.

The evolution of concrete syntax is also recognized as
a language evolution issue, and often involves co-evolution:
how the mapping between the abstract and concrete syntax is
maintained. While it is recognized in evaluation frameworks
like [19], its effect on existing models seems to be strongly
dependent on the particular tooling used.

Interestingly, regardless of the kind of artifact to adapt,
most approaches are deterministic, having either a specific
built-in heuristic or a programmatic definition. However,
there is often more than one possible way to update, and
no way for the language engineer to decide which way to use
in which situations. For instance, when the legal number of
instances of a concept in the metamodel is decreased, exist-
ing models with more instances would require some to be
deleted, with no acceptable way to specify in advance which
to keep and which to delete. In [36], the problem is mitigated
by proposing an interactive approach, whereas in [37] the
related uncertainty problem is addressed by means of a vari-
ability model. A different view on this variability problem
is put forward in [38], in which the modeling ecosystem is

viewed as a megamodel [39] consisting of all artifacts related
to a metamodel, and the consistency restoration is executed
according to an orientation model, that is a way of selecting
exactly one update policy among all potential valid ones.

2.2 Research on language and modeling tool
co-evolution

There is relatively little research on how modeling tool
support co-evolves alongside the language supported [13].
Publications comparing language workbenches tend to focus
on initial language creation phases (e.g., [9-11]) and do not
address language evolution, nor the required co-evolution of
modeling tool support and existing models. This is some-
what surprising: in a study [40] on practitioners’ modeling
challenges, over 60% named evolution of language as a chal-
lenge in tools. This need for co-evolution also exists in fixed
language modeling tools, when either the language changes
or the metamodel of the language is refactored significantly.
For example, after moving from SysML 1.6 to SysML 2.0
one of the key concepts, ‘Block’, no longer exists [41].

Another recent study [42], focusing directly on DSM and
DSL tools, indicated that a tool’s ability to update models
automatically when the metamodel changes is considered
the second most wanted semantic editor feature—the most
important being highlighting model elements and associated
error messages.

Studies directly evaluating tools take a wider view of
languages than just metamodels, as at least the editor func-
tionality is inevitably visible, and support for co-evolution
quickly becomes visible even with just incremental language
definition. In studies evaluating the capabilities of Eclipse-
based editors [12, 13], concrete syntax is also recognized
as a part of the language definition. GMF-based tools are
found to lack co-evolution support in many ways [12], and
Sirius-based editors break or are incomplete in several co-
evolution situations [13] (see Table 1 in Sect. 3 below). Both
studies are performed and reported in a methodologically
rigorous way, allowing others to repeat and validate them.
These studies are however restricted in the sense that they
do not report changes that deal with constraints or genera-
tors/transformations related to the language definitions.

Evaluations [12, 13, 23] also vary in their classification of
change impact:

1. Non-breaking: the editor can open [13] or models con-
form to the metamodel [23];

2. Complete: all metamodel elements have graphical coun-
terparts in the editor [13];

3. Valid: the editor exposes correct behavior, e.g., one can
create a model conforming to the new metamodel [13])

4. Resolvable: an automatic procedure can restore validity
and completeness after a breaking change [13, 23]; ‘3
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sound’ in [12] is similar, but others there do not map
well.

Less research seems to have evaluated commercial tools
on an industrial scale. What is industry-scale may of course
vary, but we expect models to be large (>10,000 elements),
have many language users (several, dozens or hundreds rather
than one or a few), and languages to evolve and be used over a
long period of time (over a decade). Over the years, the tools
applied also evolve with new versions, sometimes leading to
users losing work [6].

Reports on industrial use provide another source for
inspecting co-evolution—often related to a specific tool. At
Philips, language engineers updated instances manually each
time the grammar in Xtext changed [43]. This was recognized
as a limitation, but was considered feasible for their case as
the number and size of models was small. Since manual pro-
cesses become tedious, error-prone and costly with larger
models, automated solutions are considered mandatory. At
the opposite end of the size range, a study at ASML [44] with
over 5000 models based on 22 different metamodels claims
that 20% of time was spent on maintenance effort, calling for
automated support.

In [25], a GMF language had 214 changes from ver-
sion 1.0 to 2.0; a hand-written migrator was provided for
language definitions, but not for models made from them
nor for the significant amounts of custom code commonly
added to build a GMF-based editor. Another Xtext case,
([45] p. 263) implemented a generator to automate trans-
formations that could run over many models in a batch. The
actual mappings between two metamodels were made manu-
ally. A transformation-based approach was also applied with
Microsoft DSL tools, for which Avanade presented a map-
ping language as a basis for generating model converters [46].
A report [47] by Siemens indicated that migration scripts
were needed to keep existing models working with MPS.
Applying them was challenging because users also had their
own branches of models. When the language and generators
changed, it became hard to maintain tool support, so finally
they hosted custom RCP instances of MPS, one per language
version, matching each model release branch.

3 Exploratory evaluation and pilot

Before proposing a new framework, one should look at exist-
ing frameworks. Particular value is to be found in going
beyond a simple mention as part of related research, and actu-
ally applying an existing framework in an evaluation. This
helps to build on existing work, recognizing its strengths and
identifying areas where it could be extended.

@ Springer

Table 1 Summary of metamodel change impact in tools (color figure
online)

\ | GMF [12] [ Sirius [13] | MetaEdit+

1. add concrete class X X o
2. add abstract class X o o
3. insert superclass o X o
4. delete class X o
5. rename class X X o
6. add property X X0 [¢)
7. delete property X X o
8. rename property X X o
9. move property X o
10. pull up property X o o
11. change property type b'q X0 o

3.1 Exploratory evaluation with existing framework

Di Ruscio et al. [12] applied a set of criteria to language and
tool co-evolution in GMF, and Pierantonio et al. [13] used
this existing set to evaluate Sirius. Parts of the framework
there are also used in other research mentioned earlier. Use
of a common benchmark in this way is a good example of
increasing maturity—even if we also want to continue and
improve the benchmark, e.g., to cover co-evolution of models
and generators as well as tools.

As an exploratory step, we thus took the 11 criteria tested
on both GMF and Sirius in the evaluations above, and applied
them to evaluate MetaEdit+ (5.5 Build 47). The results are
shown in Table 1. The coloring is green and o for full suc-
cess, red and x otherwise, and where Sirius and MetaEdit+
property tests were performed for both simple attributes and
more complex references, orange and xo for full success only
on attributes. (Full success is defined here as success on all
individual columns in the results tables of the original papers,
which focused on editor behavior.)

The 11 criteria of the existing framework were relatively
easy to interpret in the context of a different tool and different
metametamodel. MetaEdit+ modeling tools handled all the
changes well, with no errors or omissions in tool behavior.
Although the successful co-evolution results were encour-
aging, they revealed the need for more in-depth evaluation
to identify cases, in MetaEdit+ and other tools, where co-
evolution support needs more work.

3.2 New framework and pilot

From the exploratory evaluation, three possible areas of
extension could be seen:

e Location of change: The existing framework only tested
changes to the abstract syntax of the language, and this
should be extended to cover changes made to other parts
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of the language, such as its concrete syntax, and rules or
constraints.

e Nature of change: The existing framework only consid-
ered certain kinds of change operations, so other kinds of
operations should be examined to see if they might raise
their own questions of co-evolution.

e Location impacted by change: The existing framework
only tested the impact of changes on the tooling, and
this should be extended to test the impact on other parts
of the language definition (partly covered in [13]), the
generators and transformations, and existing models.

These three areas were addressed in a new framework, the
initial version of which was applied to evaluate MetaEdit+ as
apilot case [14]. In the rest of this paper, we will describe the
new framework in its current state, and how it was applied to
evaluate a broader set of tools.

4 Framework for evaluating co-evolution
support

We separate the co-evolution of languages, models and tools
into four aspects. The first aspect is the location of the
change, i.e., the part of the modeling language being changed:
its abstract syntax, constraints, or concrete syntax. These
commonly accepted parts of languages are recognized as
evolving by others too (e.g., [19]). Our framework thus takes
a wider perspective on co-evolution than addressing purely
metamodel-driven co-evolution.

The second aspect is the nature of the change: adding,
renaming, removing or changing parts of the language defi-
nition. These first two aspects thus concern the change that is
made; the remaining two aspects cover the possible (adverse)
impact of each change.

The third aspect is the location impacted by the change,
i.e., which artifacts are adversely affected by the change:
other parts of the language definition, the tool support for
modeling, generators, or existing models. As not all changes
can be automated without adverse effects, we can also look
at the capabilities offered by the tool to support the language
designer and/or user through the evolution scenarios.

The fourth aspect is the resulting severity of impact on
artifacts, ranging from not opening at all to fully co-evolving.
We focus particularly on the user’s ability to interact with
artifacts via the tools. While tooling too is considered as an
artifact in its own right, a tool may work properly but be
unable to open a certain model that has become adversely
impacted by language evolution; in that case we consider the
problem to be in the model artifact rather than the tool as an
artifact itself.

4.1 Location of change in language definition

Abstract syntax is typically defined via a metamodel. The
metamodel may also express the rules and constraints, or
they may be expressed in additional constraint or transfor-
mation languages. Using language definitions by OMG as
examples, a metamodel in MOF specifies the concepts of
the language and the basics of how they are connected, with
extra constraints being defined with OCL.! In our evaluation
framework, we separate these parts accordingly.

Constraints and rules may be strictly enforced or then
shown as warnings when violated, e.g., with a red icon in
a diagram symbol, or a warning in an error list pane of the
editor [48]. If the rule is made as part of the concrete syntax,
we will consider it there rather than as a constraint. Similarly
if the rule is written as a generator to produce an error list, we
will consider it as part of the generator. The deciding factor
is thus where a particular tool or language engineer chooses
to implement it, rather than whether it is semantically like a
constraint.

Concrete syntax defines the notation, making models vis-
ible for humans and accessible via the user interface of the
tool. Depending on the representation style, a model can be a
diagram, matrix, table, tree, text etc. or any of their com-
binations. Often a concrete syntax is defined for the key
metamodel concepts, with the details of models accessible
via generic user interfaces such as property sheets.

The semantics of alanguage may also be subject to change,
just like other parts of the language definition. How the
semantics is defined varies, depending on factors like the
purpose of the language. For example, if used for produc-
ing code, the semantics is typically defined via a mapping
to a programming language (translational semantics via gen-
eration), or models are executed at runtime (interpretative
semantics). If the language is mainly targeting communi-
cation, sketching or documentation, then the semantics is
typically defined in a prose definition of the language and its
elements (e.g., as with modeling languages like ArchiMate?
and SysML?).

In any of these three approaches to semantics, a change to
the semantics is unlikely to break other parts of the language
definition or models—in the same sense of tool errors and
omissions as used for other language changes. We thus do
not test changes made to the semantics, but we will exam-
ine whether changes made elsewhere can have an impact on
the parts of the language definition concerned with seman-
tics, e.g., a generator breaking after a language concept is
renamed.

1 https://www.omg.org/spec/OCL/2.4/ About-OCL.
2 https://publications.opengroup.org/standards/archimate.

3 https://www.omg.org/spec/SysML/1.6.
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4.2 Nature of change: add, rename, remove, change

Evolution can happen for example by adding, renaming,
removing or changing part of the language definition [23].
Looking more closely we can identify:

e Create + Add Reference (e.g., new kind of object in lan-
guage)

Change simple content (e.g., number in constraint)
Rename

Remove Reference

Change Reference (e.g., A—B becomes A—C)

Delete (full deletion)

Change in hierarchy (e.g., pull up property)

Change of metatype (e.g., relationship becomes object)
Change simple datatype (e.g., string becomes int)

We use the word Reference here specifically to mean a
link to another first-class concept in the metamodel: e.g., that
Use Case diagrams can include Actor objects. The reference
can either be direct or by name, with the latter generally
being brittle with respect to rename operations, but offering
indirection and modularization needed in some cases.

Some of the changes listed are so simple that they should
cause no problems in tools or models (e.g., creating a new
object type). Others are known to be hard, but familiar from
many other branches of software engineering (e.g., a string
becomes an int). We will focus on the four changes in bold,
which in our experience are the key changes encountered in
language evolution [49].

We decided not to include changes that are more in
the solution domain of metamodeling (e.g., refactorings of
the metamodel, particularly its inheritance hierarchy) rather
than its problem domain (what is desired in the language).
As seen in the exploratory evaluation, the definition and
details of metamodel refactorings are more dependent on
the language workbench and metametamodel, and harder to
interpret consistently across different tools: not all tools even
allow inheritance within a metamodel. Our experience is that
refactorings of this kind tend to occur more often at an early
stage, before there are enough models to make co-evolution a
question. The same results in the language can also normally
be achieved by other means, e.g., rather than pulling up a
property to a superclass, it can be added to sibling classes:
less ideal, but not as serious an issue as not being able to add,
rename, remove or change parts of the language itself.

Before moving on from the aspects about the change itself
to the aspects covering the possible (adverse) impact of each
change, we should consider our practical philosophy for co-
evolution. Where a language change reduces the set of valid
models, it is rarely a good idea to adopt a strict formalist
approach: e.g., deleting parts of models that no longer corre-
spond to the language definition. The deleted parts would
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contain information and earlier choices that the modeler
will often want to see as part of model co-evolution. Since
the models have been legal with respect to the earlier lan-
guage definition, and valid for generation, a more palatable
approach is deprecation: allow the old style, but show warn-
ings and guidance on the new style. This can be accompanied
by information on how the deprecation will proceed, e.g., ini-
tially allowing both old and new, then not allowing creation of
further instances of the old style, then showing warnings for
the old style, then making the old style fail integrity checks.
Particular cases may need more detailed conditions, e.g., only
allow generation targeting products that are themselves sun-
set or in maintenance mode, or change an old property to be
read-only or hidden. In most cases the overall aim should be
to guide users toward migrating their behavior and existing
models to follow the new approach, but there can also be
good reasons to allow the old style to remain, e.g., in models
that are no longer actively updated, but still in use. When
there is a separate reason to update one of those models, it
can be updated to the new style first. The use of deprecation
for managing co-evolution is well known from programming
languages, but also suggested in the specific case of meta-
models and models [50, 51].

4.3 Location impacted by change

While we focus here mainly on co-evolution impact on mod-
els and modeling tools, a change in one part of the language
definition may have an impact on other parts of the language
definition. For example, in a typical language engineering
task adding a new kind of object to a diagram type generally
leads to giving it a graphical symbol as its concrete syntax,
adding some rules for it, and updating generators to produce
code from it. Similarly removing it from the diagram type
may leave no longer needed rules and parts of the generator.
In both kinds of cases, we will not consider it a problem if
the editors work without errors.

Co-evolution within the language definition is not as sig-
nificant as co-evolution with models, since it only affects the
work of a few language engineers. Also, the size of specifi-
cations is smaller in language definitions than in system or
software specifications in models. It is nevertheless an impor-
tant aspect, as limited tool support for language evolution can
hinder ongoing refinement, leading to language stagnation.

The most-studied locations impacted by changes in a lan-
guage definition are the modeling tools and models. As we
have discussed these in-depth earlier, there is little to add
here. We will just note that by models we refer to the actual
model data, not the ability to view or edit it; that will be
considered as part of the modeling tool functionality. A hard
dividing line may of course be difficult to set.

Finally, the semantics of the language may be adversely
impacted by changes elsewhere in the language definition.
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Table2 Location of change versus nature of change

Location of change |, Nature of change

Add Rename Remove Change
Metamodel #1 #4 #7 #10
Constraints #2 #5 #3 #11
Notation #3 #6 #9 #12

As mentioned earlier, we will ignore changes that are simply
not made yet: e.g., when adding a new language concept,
there will generally be no generation for it, but this is not
considered as an error. However, if existing generators now
break because of the language change, that is a clear adverse
impact.

4.4 Scenarios of co-evolution

Table 2 shows every possible combination of location and
nature of change: the scenarios we want to test. While
these could be evaluated individually, a coherent sequence
of changes gives a more realistic test. We thus order them
to form 12 steps or scenarios, in a sequence similar to what
we might see in practice. For example, scenario 1 refers to
adding an element to the metamodel, and scenario 2 adds a
constraint related to the new element.

For each such scenario we evaluate the impact of the
change on other parts of the language definition, on the tool’s
modeling functionality, on generators, and on existing mod-
els. We also evaluate how the tool supports the language
developer and language user in the change.

4.5 Assessing change impact

Since our focus is on tools’ capabilities, the framework is
made primarily to evaluate how a given tool can cope with
the changes. Tool evaluations [12, 13, 23] characterize tool
functionality in a variety of ways, as mentioned earlier. Some
of the semantics of those categories seem somewhat unclear,
and indeed they seem to be applied somewhat differently in
different papers. We will try to follow similar ideas and order-
ing, but give more concrete descriptions distinguishing the
capabilities of editor functionality. Rather than limiting the
framework to models, we will use the term ‘artifact’ to cover
the various parts of the language definition or models—either
existing artifacts made earlier, or creation of a new artifact
of that type in the context of this language. Similarly the
term ‘editor’ covers the parts of the tool used for editing that
artifact: a Diagram Editor for a model artifact, a Generator
Editor for the generator artifacts, etc. The scoring is:

1 When creating a new artifact, the editor does not open,
or gives tool errors or warnings.

2 Editor opens for creating a new artifact but does not pro-
vide the expected functionality.

3 Editor allows creating a new artifact but support for view-
ing and editing earlier artifacts is incomplete.

3" Editor opens with complete functionality for new and
earlier artifacts but without useful messages on necessary
or advisable actions.

4 Editor opens and asks for any necessary human interven-
tion to finalize co-evolution of earlier artifacts.

4, Editor opens, existing models behave and generate cor-
rectly, and deprecation guidance is provided as needed.

5 Editor opens with fully co-evolved earlier artifacts.

Our main focus will be on model artifacts and model-
ing tool behavior, but we will evaluate for impact on other
artifacts too. We will evaluate each of the 12 co-evolution
scenarios (nature and location of change), and in each we
will give a subscore for each of the six possible locations of
impact of change. For example, we will perform a scenario
of renaming a language concept, and look whether that had
an adverse impact elsewhere in the metamodel, constraints,
notation, tooling, generators or models, giving a subscore for
each. (More specific descriptions of each score for different
kinds of artifacts are available in the Supplementary Material
(521

Having six subscores for each of 12 scenarios gives 72
data points for each tool. To give a more immediately visible
single score for each scenario, a simplified overall score for
a scenario will also be shown. The choice of how to calculate
the overall score is motivated by four factors. Firstly, our ini-
tial investigation showed that in many cases, a tool would lose
points on only one subscore in a given scenario. Secondly,
the scoring is not necessarily an evenly spaced metric: the
difference between a score of 2 and a score of 3 may be dif-
ferent from that between 3 and 4. Taking the mean is thus not
strictly speaking statistically appropriate (this is an ordinal
scale, so better than a nominal scale, but still not an interval
or ratio scale). Thirdly, the overall minimal work needed to
repair a poor set of scores in a scenario is, in our experi-
ence, generally determined by the worst subscore. Fourthly,
the use of the lowest subscore in evaluations of multiple fac-
tors is well-attested, particularly in cases where there is a
clearly desirable default result of the maximum score—e.g.,
Euro NCAP car safety testing. We thus choose to show a
scenario’s overall score as the lowest of its subscores.

The use of scores with halves, such as 3, is to improve
forward and backward compatibility. When a need for a new
score value is identified, inserting a new half-value between
existing values avoids changing the semantics of existing
values. This allows us to maintain better compatibility with
the scores from earlier evaluations such as [14].

The scores are given based on the state after perform-
ing the operations on the metamodel, constraints or notation:
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they measure how well the tool automatically performed any
necessary co-evolution. Where further manual operations are
needed to complete co-evolution, e.g., to update models, the
time for these is included in the effort measurement in the
following subsection.

4.6 Effort to perform co-evolution

Research on industrial use [6, 44, 47] and academic studies
[25, 26, 51, 53, 54] both find effort and various scalability
topics to be relevant in co-evolution. We suggest measuring
how much time is spent on the initial change and co-evolution
tasks in the language, generators, models and tooling. Time
is in many cases directly the variable of interest for work
on a language and its models [55]. It is also directly com-
prehensible by readers without knowledge of the workbench
in question. We measure the time for each co-evolution sce-
nario separately (described in Sect. 7.6). Particular attention
is paid to times that will increase as model size increases,
i.e., co-evolution of models.

We will measure the time from the start of the scenario’s
changes to the language up to the end of any corrections
needed to proceed effectively with modeling work and subse-
quent scenarios. A single time will be given for each scenario.

5 An example language and model

To make the evaluation concrete and repeatable we use an
example from [8]: a state machine for Gothic Security, mod-
eling the secret doors and revolving bookcases of spy films.
Figure 1 shows (a) the metamodel as a class diagram, and
(b) an example model. These are small enough to be easily
implemented in any DSM language workbench, yet large
enough to enable conducting all 12 scenarios. The language
is a dialect of state machines: states may have commands,
and transitions between states have a triggering event. In [8]
both commands and events have a name and a code. There
are also constraints, evident only from the generated code,
e.g., state name is mandatory and unique within the current
state machine.

The model shown in Fig. 1b defines the functionality of a
system made for a customer called Miss Grant for opening
a hidden panel [8]. It also illustrates the concrete syntax of
the language. From a model in this language, code can be
generated for various targets; when assessing generator co-
evolution, we will consider the Java generators.

Following the co-evolution framework presented in Sect. 4
and its Table 2, we have 12 different scenarios to inspect
whether making a given change to the language has adverse
impacts on other parts of the language, modeling tools, gen-
erators or models. For our example language we choose these
concrete scenarios:
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#1 Add concept to metamodel: Add a new Reset element to
State machine. A Reset has a set of events that trigger it.
#2 Add constraint: Only one Reset can be defined in a State
machine, and it can have only one Transition to a State
there.
#3 Add notation: The symbol for Reset is created and asso-
ciated with Reset.
#4 Rename element in metamodel: State is renamed to Sit-
uation.
#5 Rename constraint: Only one Reset can be defined in a
State machine.
#6 Rename notation: The symbol used for Situation is
renamed.
#7 Remove element from metamodel: The Reset element is
removed from State machine.
#8 Remove constraint: Reset is not allowed to have a Tran-
sition to Situation.
#9 Remove notation: Reset’s symbol is removed.
#10 Change metamodel: The Transition’s Trigger is moved
to be specified in the Source end of the relationship.
Change constraint: Add Start, then update old Reset con-
straints to apply to Start instead, and allow Start to be the
Source of a Transition to a Situation.
#12 Change notation: Make the Situation symbol refer to a
different symbol.

#11

These scenarios are generic to state machines and any lan-
guage workbench should have functionality to define these.
Other concrete scenarios would be possible, but these 12
steps are defined so that they can be implemented following
each other. In this sense there are 12 sequential versions. All
the suggested changes are also evolutionary and not revolu-
tionary: If the language were to change completely, it would
be more the case that language engineers would create a new
language.

The example model in Fig. 1b is small: one diagram with
5 states, 6 transitions and 21 property values like state names,
command codes etc. To address the industrial concerns and
to estimate the effort of co-evolution, we make a larger model
set by duplication. First we extend this small model by repli-
cating its contents within the same diagram to be 8 times
larger: 40 states, 48 transitions and 168 properties. This larger
single diagram is then replicated again to 72 diagrams, giving
amodel set that contains in total 2880 states, 3456 transitions
and 12096 properties values.

6 Tools evaluated

In this section, a brief description is given of the graphical lan-
guage workbench tools evaluated: MetaEdit+, EMF/Sirius
and Jjodel. The tools had to support the areas present in
the framework (e.g. graphical notation, constraints, genera-
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Fig.1 Metamodel of State machine and a model based on this state machine (color figure online)

tors), ruling out text-based language workbenches like Xtext*
or purely graphical drawing tools like Visio®, which would
both be inherently different in terms of their language defini-
tions and co-evolution challenges. The selected tools cover a
broad range in many respects, including user-visible factors
such as features provided, language editing facilities, and
the characteristics of the generated modeling environment;
technical factors such as adopted technologies, architecture
and persistence formats; and broader factors such as history,
funding, the conceptual organization of the development pro-
cess, maturity and adoption.

e MetaEdit+ is a commercial tool introduced in 1995, with
thousands of developers using it world-wide in industry
—and academia, as the most commonly used commercial
tool in research articles.

e Sirius is an open-source tool released in 2013 based on
the Eclipse Modeling Framework (EMF), with both being
part of the Eclipse ecosystem, and widely used in many
academic and industrial projects.

e Jjodel is a recent academic project (2021) with the intent
to overcome certain difficulties, including the accidental

4 https://eclipse.dev/Xtext/.

> https://microsoft.com/visio/.

complexity of the current open-source tools; moreover, it
is a reflective tool that adopts a modern technology stack
aligned with the most up-to-date standards.

The comparison could have considered other tools; three
seemed a sensible number after an initial pilot with one
tool, and the selected tools assure reasonable coverage and
diversity within the framework’s focus on tools devoted to
graphical modeling languages. We invite the many other lan-
guage workbenches that support graphical languages to try
out their tools against the evaluation framework and report
their results.

6.1 MetaEdit+

MetaEdit+ [15, 56] is a mature language workbench that sup-
ports graphical diagram, matrix and table representations. It
enables collaborative work on both language engineering and
language use: Multiple people can edit the same language
definition and multiple people can use the language at the
same time. MetaEdit+ can be used as local installations or
remotely in the cloud [57]. MetaEdit+ is commercially suc-
cessful, used by customers in both industry and academia [58]
and is available to download at metacase.com. Support for
co-evolution was one requirement for developing MetaEdit+
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[59] and over the years, MetaEdit+ tool version updates have
upgraded any languages, generators and models since the first
release of version 2.0 in 1995, with fully automatic upgrades
since version 3.0 in 1999—covering many tool releases and
significant updates of its GOPPRR metametamodel [56].

Language development and maintenance can be carried
out in MetaEdit+ in three different ways. The primary way,
used here (see Fig.2), is to use the integrated metamodel-
ing tools in MetaEdit+ Workbench, covering abstract syntax
(D, constraints (2), concrete syntax (3) and semantics of mod-
eling languages (defined with generator as @). The second
way is graphical metamodeling, where a normal MetaEdit+
model automatically produces and processes the input for the
third way, an XML import/export format for metamodels.
The graphical way covers the abstract syntax and constraints
of the language; the other ways cover all parts. The right side
of Fig.2 shows the resulting modeling tool: (5) a model cre-
ated in a modeling editor of MetaEdit+ and ) a sample of
the code generated from this model.

6.2 EMF/Sirius

Sirius [16] is an Eclipse project that enables the devel-
opment of graphical modeling environments by leveraging
well-established technologies. Sirius is the natural evolution
of GMF® and, despite the existence of other frameworks,
including Eugenia,” and Graphiti,? it can be considered the
most advanced meta-editor for the EMF ecosystem. Starting
from a metamodel defined in Ecore (called domain model
in Sirius), it allows a model-based specification of visual
concrete syntax organized in viewpoints, i.e., models can be
authored by means of different notations that suit the needs
of various stakeholders. Sirius allows the conceptual sep-
aration between the abstract syntax and the corresponding
representation(s) by means of Viewpoint Specification Mod-
els (VSMs), also referred to as mapping models. A mapping
model consistently specifies the structure, appearance, and
behavior of an editor according to the domain model and is
stored in the . odesign format.

Because the EMF ecosystem is essentially a component-
based, community-driven open-source endeavor, it consists
of a large number of frameworks, tools, and languages that
are typically developed as individual projects with little coor-
dination among them. Thus, the ecosystem lacks a common
infrastructure for natively managing artifact dependencies
and traceability, making co-evolution management some-
what troublesome. Over the years, a corpus of research has
been proposed for the co-evolution of metamodels and mod-
els (e.g., [3, 20, 23, 25-27, 60]), transformations (e.g., [30,

6 https://eclipse.dev/modeling/gmf/.

7 https://eclipse.dev/epsilon/doc/eugenia/.
8 https://eclipse.dev/graphiti/.
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32, 61]), constraints (e.g., [62]), editors (e.g., [12, 13]), and
syntaxes (e.g., [63]) in the EMF ecosystem. What emerges
from these studies is that (i) each approach focuses on
a specific category of artifact, requiring the modelers to
become familiar with very diverse techniques, and (ii) such
techniques cannot rely on integrated management of the
dependencies, as found in MetaEdit+ and Jjodel. Therefore,
while addressing the scenarios presented in the previous sec-
tion, most of the artifact migrations have been done manually.
Figure 3 illustrates the components implementing the
example outlined in Sect.5. The metamodel is edited using
the default tree-based editor (1), alongside a model instance
). The odesign models (3) are instrumental in defining the
graphical notation and the workbench tools. These tools facil-
itate the representation of state machine models @).
Regarding generators, they are implemented using template-
based languages (5. This category includes Acceleo”, EGL [64],
and Xpand [65]. Each of these languages is mature and
has proven to be effective in practice. Acceleo, in partic-
ular, stands out as one of the most widely adopted tools,
making it an exemplary representative for this category of
generators in our scenarios. For simplicity, our discussion
will primarily refer to the approach as EMF/Sirius, though
it implicitly includes Acceleo. The results of applying the
developed Acceleo template to the model are shown in (6.

6.3 Jjodel

Jjodel [17] is an Ecore compatible cloud-based, reflective
modeling tool that tries to minimize accidental complex-
ity and improve usability. Jjodel does not require expensive
installation or maintenance, making modeling frameworks
more approachable for new users and trainees. Jjodel is
reflective and can reason about its structure and behavior,
reducing costly operations like generation, compilation, and
deployment of artifacts. It comes in an integrated environ-
ment with project management, where metamodels can be
developed as a collection of viewpoints defining the abstract
syntax, and multiple concrete syntaxes with associated edi-
tors. To reduce the cognitive load for the users, default
syntaxes (and workbenches) for both metamodels and mod-
els are provided as topological notations, similar to UML
class and object diagrams respectively.

Jjodel does not show the technical maturity of MetaEdit+
and EMF/Sirius as it is an academic effort. A major dif-
ference from the other two tools is its lack of support for
metamodel invariants or constraints; Jjodel does however
support multiplicity constraints on all kinds of relationships
between metamodel elements. As to the generators, they are
supported as a special kind of viewpoint via the templating
mechanism supported by the tool.

9 https://eclipse.org/acceleoy.
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Fig.2 The State Machine metamodel edited in MetaEdit+ (color figure online)

Figure 4 depicts an instance of the various components  viewed using the default tree-based editor (2), and once the
involved in developing the example outlined in Sect.5 with  graphical notation is defined (3) also in the resulting graphical
Jjodel. Reading from the bottom, the topological metamodel  editor @). Template-based generators (similar to (3)) can be
editor (D edits the metamodel. The model instances can be made to produce code and textual reports 3.
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Fig.3 The State Machine metamodel edited in EMF/Sirius (color figure online)

7 Evaluation execution

The evaluations were performed by users already experi-
enced on each tool, using the normal tool functions available
for all users. The co-evolution scenarios were performed by
three people, one per tool, and results checked by another
person. The results of each scenario and tool were presented
and discussed among all authors and scores were given based
on mutual decision. For the sake of reproducibility and ease
of reference, the detailed results of the evaluation have been
made available online, with language definitions and models
versioned before and after each co-evolution scenario: see
Sect.8.1.4.

In the rest of this section, we go through the evolution
scenarios presented in Sect.4 in detail, discussing the co-
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evolution impact of the language changes. We will take the
four scenarios of each ’Nature of change’ in turn: adding,
renaming, removing then changing, and within each will look
at each tool, performing the three scenarios with that tool.

7.1 Adding new language elements: scenarios 1-3

Adding a new optional element to a language is typically easy
from a model co-evolution point of view, as existing models
remain valid after the change. However, depending on the
tool there may be an impact on the other kinds of artifacts as
described below.
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MetaEdit+

To add a new metamodel element (scenario #1), the Graph
Tool is used to add a new object type ‘Reset’ with a new prop-
erty type containing a collection of Events (‘Event’ already
exists in the metamodel). MetaEdit+ provides the editing
functionality automatically, along with a simple default nota-
tion that the language engineer may change as desired.

Constraints set well-formedness rules to the language. In
MetaEdit+, constraints include 1) bindings that say a rela-
tionship type can connect certain types of objects in certain
types of roles, possibly via certain types of ports on the object,
and 2) constraints on object occurrence, connectivity, ports
and property uniqueness.

New constraints (#2) are added in the Graph Tool: an
occurrence constraint that allows only one ‘Reset’ in a graph,
and a connectivity constraint that allows a Reset to only be in
one Transition. When a constraint is added, its influence on
the existing models may need to be checked, as there may be
models that do not satisfy the new constraint, e.g., by already
having multiple Resets. In MetaEdit+ both models and meta-
models are stored in the same repository, allowing language
engineers to view and inspect the impact of their changes
on models, before committing the changes and making them
available for language users. This helps the language engi-
neer to experiment, see the results of changes, and think what
might be best from a modeler’s point of view.

The new constraints restrict the set of valid models, so
models with two or more Resets or Transitions from Resets
are now invalid. There is no way to automatically make the
models correct: deleting the extra Resets or Transitions would
lose information. To assist modelers in updating after lan-
guage evolution, all models calling for a modeler’s decision
can be listed or annotated. In MetaEdit+ this can be accom-
plished by adding a conditional graphical annotation in the
Symbol Editor, or by a generator listing model elements that
do not meet the constraints. An example of this is shown at
the bottom of the editor in Fig. 5a. In this case, MetaEdit+
would report on models having Resets that do not meet the
constraints. This fulfills the most highly demanded tool fea-
ture in [42]: to highlight invalid model elements and show
associated error messages.

To add the new notation (#3), the symbol for ‘Reset’ is
created in the Symbol Editor by drawing it as vector graphics;
it could also be imported from an SVG or bitmap file.

After adding these three language elements, all editors
have full functionality, and all existing models open and
update automatically. In the case of the new constraint, mod-
elers are guided to update model elements that violate the
constraint.
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EMF/Sirius

To add a metaclass (#1) in Ecore, the tree-based editor is used
to instantiate the corresponding EClass. To allow the new
metaclass to be instantiated, Ecore typically requires that it
is part of a containment, i.e., Reset is contained by the root
metaclass StateMachine. No adaptation is required on the
existing constraints and notation, i.e., the Reset element is not
yet represented at this stage and Sirius does not feature any
default syntax. Generators are still valid; however they will
not yet generate anything specifically for Reset instances. As
for the default syntax, Sirius does not create a default entry
in the tooling palette for the created element. No changes are
needed for models because the Reset metaclass is optional,
i.e., the lower bound of its containment cardinality is zero.

Because the constraints to be added related to Reset cor-
respond to multiplicity constraints in Ecore, adding a new
constraint (#2) means to change the cardinality of the Reset
containment from 0-fo-many to 0-to-1. Such a modification
does not have any impact on the metamodel, constraints,
and notation. However, the Acceleo template for generation
must be updated because the existing iteration over the Reset
instances throws an exception. The tooling palette still does
not feature Reset, although it keeps working for the earlier
metaclasses.

The language change may affect the conformance of mod-
els depending on the number of the existing Reset instances,
1.e., if more than one instance exists, then the model does
not conform to the new version of the metamodel and adap-
tation steps are needed. When multiple Reset instances are
present, the model should undergo adaptation. The modeler
has to choose the Reset instance to be preserved in the evolved
model while discarding the remaining ones. If the operation
is automated, some evolution heuristic is typically defined to
identify the Reset instance to be kept in the model, e.g., the
first added Reset instance.

A notation for Reset can next be added (#3) by modi-
fying the odesign specification that includes the graphical
representation and the corresponding palette entry. All other
definitions remain unaffected.

Jjodel

The Jjodel metamodel notation is essentially based on Ecore.
However, it does not require that metaclasses are contained
in a root element. Such a slight difference and its inherently
reflective nature make Jjodel more similar to MetaEdit+ than
to EMF/Sirius.

When adding a new metaclass Reset (#1), Jjodel’s default
graphical syntax and editor will be used. Because no contain-
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Fig.5 Tools after 12 co-evolution scenarios (color figure online)

ment is required, the rest of the metamodel remains entirely
unaffected by the change. Jjodel does not yet support con-
straints, so there is no impact there either. Existing notations
are also unaffected. The generator keeps working, although
Reset instances are ignored. The tooling is unaffected as the
Jjodel palette and creation tools are automatically config-
ured; and, finally, models are still valid because Reset is an
optional element.

Scenario #2 cannot be performed because of Jjodel’s lack
of support for constraints. To allow the subsequent scenarios,
Reset is extended with a reference to State called transition.
This has no repercussions on the rest of the metamodel. The
notation for the StateMachine must however be extended
with code to display Reset Transitions, as they are stored
differently from other Transitions. Similarly, the generator
must be modified to cover Transitions contained in Resets.
As for the previous scenario, the tooling and the models are
unaffected.

Adding the notation for Reset (#3) is accomplished by
adding a View for Reset and specifying the desired graphical
and textual elements in a short Template containing the React
JSX'9 combination of HTML and JavaScript. This has no
impact on other areas of the language or models.

7.2 Renaming language elements: scenarios 4-6
In language workbenches in general, renaming an element

in the metamodel may influence concrete syntax, constraints
on the element, and often how semantics is defined. It may

10" https://www.w3schools.com/react/react_jsx.asp.
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(b) EMF/Sirius

(c) Jjodel

also influence existing models, if their metamodel references
are based on names rather than more opaque IDs.

MetaEdit+

In MetaEdit+ renaming ‘State’ to ‘Situation’ (#4) in the meta-
modeling tool automatically updates the definitions of related
constraints. If there are related generators, they need to be
updated with find and replace. If there are several languages
with different ‘State’ concepts the search can be limited to a
given language. Updating generators is not needed if the gen-
erator is not bound explicitly to the name of the metamodel
element. After renaming an element in the metamodel, the
constraints, notation, tools and models update automatically.

Renaming a constraint (#5) does not occur in MetaEdit+,
as constraints do not have names.

Renaming notation (#6) is also not normally encountered,
as symbols used for the notation in MetaEdit+ are directly
related to language elements and do not have names. For more
complex cases, a symbol can however also be stored by name
in a library, and another symbol can incorporate it from the
symbol library by referencing it by name in a template. By
renaming a ‘Rectangle’ symbol to ‘BlackRectangle’ in the
place where it is referenced, both the rename and reference
update are accomplished in one operation. The new notation
is automatically reflected to models and modeling tools, with
no adverse effects elsewhere.

To summarize: after the renaming scenarios, all tools
of MetaEdit+ have full functionality and models are fully
updated automatically. In scenario #4, generators required
simple updates.
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EMF/Sirius

In contrast with MetaEdit+, any renaming (#4, #5, #6) in
Ecore has repercussions throughout the ecosystems. In par-
ticular, the notation defined in the odesign must be adapted
otherwise the editor does not visualize the old State instances
as Situation ones. Moreover, also the generator navigational
expressions must be renamed accordingly as well as the tool-
ing and the models. In scenario 4, involving the renaming of
State to Situation, the validity of the existing models must
be restored by adapting them. Only models that have been
consistently modified can be accessed and edited with both
the default EMF tree-based editor and the adapted Sirius
workbench. Specifically, models that fail to rename exist-
ing State instances to Situation are incompatible with the
modified metamodel and the revised Sirius workbench and,
consequently, cannot be opened. In the supporting repository,
scenarios 4—6 have been committed at once due to the sim-
plicity of the modifications, e.g., no constraint and notation
renamings occurred.

Jjodel

The metaclass renaming (#4) impacts the ecosystem differ-
ently depending on the identification method used. In Jjodel,
notation and generators can reference elements in one of two

ways: either by IDs such as ‘Pointer1706784131828_USER_140’

and ‘Pointer1706784131827_USER_138’ or names such as
‘State’” and ‘Situation.” While names make views and gener-
ators more readable and intuitive, using IDs can insulate the
system from the potential disruptions that renaming opera-
tions might cause. For clarity, we have used names in the
notation and references in generators, respectively, leading
to different scores as summarized in Table 5. Jjodel does not
support the other renamings (#5, #6) as it does not support
named constraints, and renaming syntax view in notation
does not impact the ecosystem.

7.3 Removing language elements: scenarios 7-9

Removing an element from the metamodel (#7), like ‘Reset’,
typically has a significant impact on other parts of the lan-
guage and models. Language engineers can first consider if
it is better just to hide the metamodel element or make it no
longer instantiable, rather than delete it and all its instances
permanently. The gentler approach allows existing model
data to be used for example when generating code—after
all, the generator support for them already exists and works.
One bonus here is that if it is later found that removal was not
a good idea it is possible to bring the removed parts back—
and with good tool support this will also fully restore their
instances.
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This approach of deprecating rather than hard deletion
is popular with language users, allowing them to see and
update design data created earlier, while guiding them not to
use the old language concept anymore. The downside of this
approach is that models will not fully conform to the current
metamodel: anathema to more theoretical worldviews and
requiring extra work in tools to be able to cope.

MetaEdit+

Removing Reset from the metamodel (#7) is done in the
Graph Tool by removing ‘Reset’ from the list of State
Machine language elements. Reset itself remains defined.
On the model level, instances are still visible and the lan-
guage engineer or modeler can remove them from models,
or they can be removed by using model transformation with
the MetaEdit+ API [56]. If the removal involves decisions
dependent on the model context, the language engineer can
implement model check functionality similarly to that made
earlier when adding new constraints (#2). In this case, the
existing warning for two or more Resets was changed to
warn for any Resets. Removal rarely calls for changes to
code generators, and none was needed here.

Removing a constraint or binding (#8), e.g., that ‘Reset’ is
allowed to be connected to ‘Situation’, is done in MetaEdit+
by removing it from the list of bindings in Graph Tool.
Removing a constraint generally broadens the set of pos-
sible models, and so does not require additional actions from
the language engineer nor from language users, but remov-
ing a binding narrows the set of possible models, so it may
be useful to provide deprecation guidance as in scenarios #2
and #7.

Removing an element from the metamodel normally
removes its notation automatically too. If only the notation is
removed, as with Reset’s symbol in scenario #9, the default
notation will be used in its place.

Removing language elements in scenarios #7-9 calls for
normal language engineering tasks. Since deprecation guid-
ance is provided for scenarios #7 and #8, and models, tools
and generators continue to work, language users do not nec-
essarily need to take any actions in these cases.

EMF/Sirius

Removing a metaclass in Ecore (#7) requires generators,
tooling, and models to be manually updated to restore their
consistency. In more detail, once the Reset metaclass is
deleted, the StateMachine containment must be removed,
and the generator template fragments containing navigational
expressions referring to the Reset metaclass must be deleted.
After removing the Reset metaclass in scenario #7, removing
a cardinality constraint (#8) in Ecore does not occur as the
constraints are automatically removed in the previous step.
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Removing the notation corresponding to the Reset metaclass
(#9) has a similar impact as the previous two scenarios. In
addition, the tooling palette should be adapted as the Reset
metaclass can no longer be instantiated.

While the removals in scenarios 7-9 have an impact on
many different artifacts, as reported in Table 4, the con-
sequent adaptations are rather straightforward as they are
relatively small and do not demand any specialized knowl-
edge.

Similarly to scenarios 4-6, scenarios 7-9 have been com-
mitted simultaneously since, for each scenario, only simple
atomic changes are performed.

Jjodel

Removing Reset from the metamodel (#7) does not automati-
cally delete its instances; they become untyped (“shapeless”)
and remain available for later use, including explicit deletion,
somewhat similarly to MetaEdit+. Constraints are unaf-
fected; notation definitions are unaffected, but although the
notation definition for Reset remains present it is not applied
to any previous instances of Reset, as they are now untyped
and thus not seen as Reset instances.

Similarly to previous cases involving constraints, scenario
#8 cannot be executed because of the lack of supportin Jjodel.

Removing the graphical representation for Reset in the
notation (#9) in Jjodel corresponds to disassociating it from
the notation viewpoint, i.e., the representation is still present
but no longer associated with the current notation. Such a
modification does not affect the metamodel and the other
components.

7.4 Changing reference on existing language
elements: scenarios 10-12

The last three scenarios are the most complex modifications
covered in this paper, because they are composite changes
that, depending on the tools, may involve moving concepts,
adding subclasses, and more complex graphical notations.

MetaEdit+

Changing a reference to an existing element in the meta-
model, like in #10 moving the ‘Trigger’ Event property from
the ‘Transition’ relationship to the ‘Source’ role, is more
challenging than a simple removal and addition. In this case
the model co-evolution could in theory be automated, as each
Transition has exactly one Source role (see Sect.7.6.1 for
details). Deprecation can still be used to good effect: we can
allow the Trigger Event property to remain in the Transition,
as well as adding it to Source. In that case, it seems most
sensible to make the new property (when provided) override

the old, and to flag as errors or at least warnings cases where
both are provided—at least if they specify different Events.

After this change the ‘Transition’ relationship still also
has the “Trigger’ information, and generators use that infor-
mation. Keeping ‘Trigger’ in ‘Transition’ is useful for the
transition phase, so that current Trigger information can be
moved to ‘Source’ role. This can be done manually by cutting
and pasting the existing Trigger Event from the Transition to
the Source role, or by using model transformation with the
MetaEdit+ API [56]. Language engineers can also prevent
creating new “Triggers’ in ‘Transitions’ by making the prop-
erty type read-only there. They can also give deprecation
guidance with an annotation or report as in #2.

Changing an existing constraint calls for changing a ref-
erence to an existing element. To conduct scenario #11, the
language engineer must first add a new object type (‘Start’),
in a similar way to scenario #1. Next in the Graph Tool the
‘Start’ is added to the existing binding constraint by includ-
ing it in the ‘Source’ role alongside ‘Situation.” To finalize
the scenario, the existing constraints set in step #2 for ‘Reset’
are updated by changing them to ‘Start.’

Finally, changing a notation reference (#12) means choos-
ing another symbol for the notation or its parts. In MetaEdit+
the template subsymbol can be replaced by opening the Sym-
bol Editor for ‘Situation’, opening the template element and
changing it to use another subsymbol from the library. (The
symbol deliberately uses a template so we can demonstrate
the more complex case.)

During the evolution through these changes, editors con-
tinue to work without errors or omissions, and old models
open normally. For scenario #10, modelers correctly can no
longer add Trigger information to Transitions, and they see
notifications to update existing Triggers. If model transfor-
mation is used for #10 existing models can also be updated
automatically, moving Trigger information to the Source
role.

EMF/Sirius

In Ecore, moving the Transition’s Trigger to the Source end
of the relationship (#10) is not directly possible, as there
is no explicit concept for the Source end of the relation-
ship. The closest corresponding action found was to move
the Transition from being contained by the StateMachine to
being contained by its source Situation. This requires several
modifications affecting the metamodel structure. Because
the cardinalities remain unchanged, the constraints are not
affected. Also, the notation, the generator, and the tooling
must be adapted as broken references must be fixed. Finally,
the models do not conform to the new version of the meta-
model and, therefore, must be migrated.

The constraint change (#11) does not occur in Ecore. How-
ever, we added a new metaclass Start, as a specialization of
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Situation, to achieve the same result. This impacts all com-
ponents except the models, where no change is necessarily
required because Start is an optional element. This is because
we limited the constraints’ expressiveness to cardinality and
typing requirements, leaving more expressive notations like
OCL out of the experiment. In this respect, Start inheriting
from Situation can be regarded as a typing requirement.

The adjustment of the notation (#12) must take into
account all the previous changes (#10 and #11), namely the
relocation of Transition within Situation and the establish-
ment of a subtype. Consequently, it affects the notation and
tooling by necessitating the inclusion of a graphical repre-
sentation for the Start element, the ability of the tooling to
create instances of Start, and the editor’s awareness that the
Transition is now located within the Situation rather than the
StateMachine.

Jjodel

In Jjodel, relocating the Trigger of the Transition to the
Source end of the relationship (#10) is not directly possi-
ble. This is similar to EMF/Sirius, so the same replacement
task is used: transferring the containment of the Transition
to the Situation. The change does not impact on the rest of
the ecosystem.

To perform scenario #11 we add a new metaclass Start
extending Situation. This is analogous to the Start-Situation
case in the previous section, i.e., the necessary typing require-
ment is obtained by specializing State with Start. In addition,
the shapeless objects originating from the deletion of Reset
(#7) are given the Start typing. The metamodel is affected by
the modification, whereas the notation remains unchanged.
The generator must be adapted to support Start in place of
Reset. The tooling remains unchanged, and the models do
not need to be adapted because Start is an optional element.

To customize the notation for Start (#12), we reused
the Reset representation disabled in #9 and provided it the
requested visual representation. As usual with the notation in
Jjodel, such a modification leaves the rest of the components
unaffected.

7.5 Tools’ co-evolution scores

Figure 5 illustrates the co-evolved language and model in
tools after the 12 scenarios. In the following subsections,
Tables 3, 4 and 5 summarize the results of the evaluation
for each tool, respectively. As depicted in Fig.6, the over-
all score for each scenario is given first in bold, followed
by the subscores for individual impact locations. All scores
are in the range of 1-5, with 5 being best. The first three
subscores state the impact of change on any part of the meta-
model, constraints and notation respectively. The next three
subscores cover the impact on generators, tooling and mod-
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Table3 MetaEdit+ co-evolution evaluation scores: overall in bold, then
subscores for metamodel, constraints, notation—generator, tool, model
(color figure online)

Location of Nature of change
change | Add Rename Remove Change
5 2 4, 4,
Metamodel 555555 555—255 | 555-—554% | 555—554%
Constraints & — G 2
555—554Y5 55555415 555—555
. 5 5 5 5
Notation 555555 555555 555555 555555

Table 4 Sirius co-evolution evaluation scores: overall in bold, then
subscores for metamodel, constraints, notation—generator, tool, model
(color figure online)

Location of Nature of change

change | Add Rename Remove Change
Metamodel | ¢oo® 0 | tios | sss1s1 | ss221
Constraints 555i221 - 555i131 3523325
Notation 555i555 - 555i555 555i555

Table 5 Jjodel co-evolution evaluation scores: overall in bold, then
subscores for metamodel, constraints, notation—generator, tool, model
(color figure online)

Location of Nature of change
change | Add Rename Remove Change
5 2 3 5
Metamodel | yqy oy 552555 | 555—31433% | 555555
Constraint X X X 2
onstraints KXXX—XXX XXX—XXX XXX—XXX 355—255
. 5 5 5
Notation 555555 o 555555 555555
ey
i
| O b Q@A
- _I
I e e e
:M::C::N :-:G::T:;m:
A S S B S O
metamodel| <« “-» model
Constraints P TR [— tooling
notation « > generator

Fig. 6 Key to the scores in a scenario cell: subscores by location of
impact, minimum as overall score (color figure online)

els. With industrial-scale modeling in mind, it is worth noting
that losing points in the last subscore possibly requires work
by many modelers on many models, whereas the five earlier
subscores only require work by the language engineer(s) on
the language artifacts.
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The table cells are colored light green for fully automated
(5), lightish green for automation as full as seems desirable
(4'2), and mid-green for cases in which the only adverse
impact is in generator or model co-evolution, where human
interaction is needed (4). A mid yellow is used for (3'%2),
a deeper yellow for (3), orange for (2) and red for (1). In
grayscale the colors run from (5) lightest to (1) darkest.

We also found three different kinds of situation where a
tool was unable to complete a scenario. In the first, a similar
task elsewhere in the language could be found, and that was
scored as normal. In the second, only applicable for Rename
scenarios, the elements for that location of change in that tool
did not have names, so no problems from renaming were
possible: for these we marked a dash ‘-~ on a light gray
background. In the third, the tool did not support the specified
functionality, and no clearly parallel similar functionality: for
these we marked an ‘X’ on a dark gray background.

7.5.1 MetaEdit+ scores

In none of the cases does the functionality of editors or other
tools in MetaEdit+ break or show incorrect or non-working
Ul elements. In the case of multiple people using the language
the result would be the same: they all automatically get the
updated language version and same co-evolution success.

In no scenario is there an adverse impact on the meta-
model, constraints or notation, nor on the tool functionality,
so the co-evolution score for these is always the highest, 5.
In most cases the models too update automatically when the
language is changed. In no cases are the models damaged,
but in three cases the change is such that a fully automatic
model update would not be desirable, and in one case not
even possible, so deprecation advice is provided for models
using the old style, and both new and old style can coex-
ist and generate code correctly. Since existing models and
generated code remain valid and deprecation guidance is pro-
vided, these cases have a co-evolution score of 4% in Table 3.
In scenario 4, the renaming of an element in the metamodel
requires a manual find and replace to update the generators,
giving a co-evolution score of 2.

Where deprecation with manual update advice was pro-
vided, an alternative would be to automate model transfor-
mations with the MetaEdit+ API. The API was not used in
the co-evolution cases described here, but if used it would
change the score to 5 in scenarios 7, 8, and 10, where automa-
tion without additional modeler input may be acceptable (see
Sect.7.6.1 below for details).

7.5.2 EMF/Sirius scores
In a previous work [13], we have already explored the

resilience capabilities of Sirius. This paper confirms that
certain limitations make complex evolution patterns chal-

lenging, as summarized in Table 4. In particular, in no
scenarios are the constraints adversely affected, whereas a
moderate adverse impact on the metamodel is present only
in scenario 11, where we add the Start metaclass as a special-
ization of Situation, which contains a list of (references to)
Action(s). It is worth noting that by constraint we mean usual
requirements about relation cardinality and typing, which
means we are not considering any predicate expressed, e.g.,
in OCL. The metamodel and the constraints represent the
least impacted artifacts in our co-evolution scenario-based
analysis.

The notation is negatively affected in scenarios 4, 10, and
11 as the changes performed require adaptations to restore
the correct functionalities of the environment. Please note
that in certain scenarios the adaptation needed is required in
a subsequent scenario, e.g., Reset is added in scenario 1 and
its notation is added in scenario 3. In such cases, adapting
the notation as a response to a change is not reported as an
adverse impact.

Because maintaining consistency among the EMF com-
ponents is the responsibility of the language engineer, the
Acceleo-based generator and the tooling have been adversely
impacted in most of the scenarios. There is no automated
mechanism that keeps things aligned: only in scenarios 1, 3,
9, and 12 do they remain unaffected. In addition, the tooling
remained unaffected by scenario 9. In particular, the genera-
tor keeps working but fully ignores the meta-elements added
in the various scenarios, e.g., in scenario 1 Reset is added in
the metamodel and the generator is still working but com-
pletely ignores its instances.

Finally, the model is the artifact that requires considerable
adaptations in scenarios 2, 7, 8, and 10 because of the most
adverse impact due to the operated refactorings in which they
scored only 1. Such an impact is explained by the fact that
models and metamodels are managed by almost completely
independent editors, and these do not exploit the dependen-
cies due to the conformance relation, used to good effect in
the more integrated environments of MetaEdit+ and Jjodel.

7.5.3 Jjodel scores

Similarly to MetaEdit+, Jjodel is an integrated environment
with better management of the artifact dependencies to lever-
age some automated tasks. This enhances its capability to
handle evolving scenarios. In particular, only in scenario 11
does it drop points on the metamodel subscore: there the
metamodel must be rearranged since it is not enough to add
the Start metaclass, it also has to be a specialization of Sit-
uation. Constraints are not supported and are thus also not
affected in any of the scenarios. The notation is affected only
in scenario 4, where the JavaScript code is not automatically
adapted when the metaclass name is changed.
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Scenarios 2, 7, and 11 have an adverse impact on the gen-
erator: in scenarios 2 and 11, the generator does not provide
all the functionalities; in scenario 7, we remove the Reset
metaclass, and the generator ignores its instances. However,
such instances are denoted as untyped, and the generator fails
to notify the existence of such instances and the fact that the
rule for generating code out of the Reset instances is still
present, although not used. The tooling is almost unaffected
by the changes, losing points only in scenario 7 as it does
not provide support to already existing artifacts. Finally, the
model must be adapted in scenarios 2 and 11.

7.6 Effort to perform co-evolution

We evaluated the effort of co-evolution by measuring the
time needed to conduct each scenario. They are summarized
in Table 6 and detailed for each tool in the following sections.

7.6.1 Effort with MetaEdit+

Completing the evaluation framework’s scenarios was straight-
forward in MetaEdit+, both for implementing the language
changes and assessing their impact. The evaluation was not
time-consuming, taking 32 minutes to implement the 12
scenarios. The times were very similar over three separate
repetitions. Each scenario was completed before the next,
including any necessary manual updates to models or gener-
ators, and writing a version comment. This time thus includes
the language engineer’s work to add co-evolution guidance
and update any generators impacted, and the language user’s
work to update the model according to the co-evolution guid-
ance. In our case the same person performed both roles of
language engineer and language user.

The detailed figures of the effort were taken from the ver-
sion timestamps of GitHub and are summarized in Table 6.
Individual scenarios took just some minutes and the steps that
took the most time also included the most modeling work,
like adding several Reset events in scenario 1 or manually
moving Triggers from six transition relationships to equiva-
lent source roles in scenario 10.

We deliberately chose to follow a deprecation approach,
and to provide the best possible deprecation guidance to
modelers—even though this increased the times significantly.
This choice is based on our experience with industrial use,
where forcibly losing information or requiring everybody’s
models to be updated at the same time are often not possible
or desired. The effort to update models manually naturally
increases when models are larger. However, if the depre-
cated structures are allowed to remain, the cost of updating
isremoved. Where that is not the case, automating the updates
can be preferred at the point where the size of models makes
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the overall cost of automation smaller than the overall cost
of manual updates.

For the scenarios in which updates were performed man-
ually, it is also possible to use model transformations in
scenarios 7, 8 and 10. For such purposes MetaEdit+ provides
an API [56] with operations that can handle model changes on
both conceptual data and representations. The API provides
co-evolution operations that can be called from virtually any
language. The time taken to write a transformation can eas-
ily be recouped when running it on models of any size. For
example, manual model updates for scenario 10 took around
a minute on a small model, but with the API the necessary
changes can be specified in under 10 lines. Running the API
code on the 3456 transitions of the larger example model set
completes the updates in 17 sec!!. The effort to make the
same changes manually on that larger model set would vary
depending on the person and experience, but for scenario 10
we estimate around 6% hours. As mentioned earlier, the use
of the API would raise scenarios 7, 8 and 10’s scores from
4% 10 5.

MetaEdit+ thus supports automatic updates (handled
entirely by the tool), deprecation without model updates, dep-
recation with manual updates on a timetable decided by the
organization, and automated updates (automation created by
the language designer). Even with the largest models, per-
formance in all metamodeling and modeling tasks remains
excellent.

7.6.2 Effort with EMF/Sirius

While EMF/Sirius is very efficient in producing a pro-
totypical environment with little effort, maintaining and
consolidating such tools can be troublesome as evolution
stages must consider dependencies that, in EMF/Sirius, are
not leveraged to a first-class status [13]. As a consequence,
it does not come as a surprise that the twelve scenarios to be
executed required 56 min as summarized in Table 6. This time
somewhat compares to the effort to design the model editor
with Sirius from scratch for the state machine metamodel.
The table also includes the time needed for the adapta-
tion of models. As long as the models are relatively small,
migrations can be obtained manually in a cost-effective way.
However, when we consider much larger models (e.g., 2880
states, 3456 transitions and 12096 property values), manual
adaptations are not always feasible and such procedures must
be designed ad hoc, e.g., in terms of model transformations.
Nevertheless, we evolved large models by strategically mod-
ifying XMI representations by finding and replacing terms.
This approach was chosen because the changes required were
straightforward enough to handle manually and efficiently,

I The model transformations were performed with a PC running Win-
dows 10 with a 3.20 GHz i7-8700 CPU and 16 GB RAM.
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Table 6 Time in minutes for

each scenario, one small Tool Location of change |, Nature of change
diagram as the model Add Rename Remove Change
MetaEdit+ Metamodel 5 2 2 8
Constraints 2 3 4
Notation 2 1 2 1
EMF/Sirius Metamodel 2 2 1 10
Constraints 5 1 4
Notation 15 1 15
Jjodel Metamodel 1 1 1 1
Constraints 1
Notation 1 1 2

ensuring the evolution of each model without the need for co-
evolving transformation tools or processes. As a rule, Sirius
does not expose any scalability issue in storing and loading
large models.

7.6.3 Effort with Jjodel

The Jjodel performance in executing the evolution scenarios
compares to the performance of MetaEdit+. This is because
Jjodel is an integrated environment with some native depen-
dency management, in contrast with EMF/Sirius, which
consists of several relatively sparse and uncoordinated com-
ponents. As illustrated in Table 6, the overall time for
executing the twelve scenarios is less than 10 min, which is
considerably less than with EMF/Sirius and somewhat less
than with MetaEdit+. This is due to (i) the efficient integration
between the metamodel definition, the model editor, and the
model being edited, (ii) to the usability of the concrete syntax
notation, which is based on well-known front-end languages,
including React JSX, and finally (iii) the fact that only eight
scenarios were executed as three could not be managed by
the current state of Jjodel, and one was unnecessary.

As to larger models, Jjodel fails in loading and storing
models efficiently. In fact, models in Jjodel are serialized as
edit scripts, i.e., sequences of atomic operations that manip-
ulate models and execute the evolution scenarios. However,
because of the size of the models, the amount of atomic oper-
ations to be executed requires considerable computational
load.

Consequently, for large models that require complex trans-
formations or extensive testing with mutants, the current
version of Jjodel may not be the optimal tool. Instead, users
of Jjodel must rely on its co-evolution support for smaller
or less complex models, where manual updates remain man-
ageable and the system’s interactive tools can still provide
value.

8 Discussion

The previous section described the execution of the evalu-
ation per tool. In this section we bring the results together
to discuss across tools, seeing what is common between
them, where they differ, and what this motivates. We then
return to the framework itself, discussing and reflecting on
its application, and seeing what worked and where it might
be improved.

8.1 Tool results discussion

With three tools, twelve scenarios for each tool, and six sub-
scores and a time for each scenario for each tool, there is a
total of 252 data points to present and compare. The times
and the scores per tool are already presented in the tables in
the previous section, with each scenario’s six subscores also
summarized by a single overall score. The tables allow us
to see each tool’s performance on its own, but are not ideal
for comparing across tools. We tried several ways to com-
bine the data, and found the most insight and visibility were
given by radar charts. Other visualizations are available in
the Supplementary Material [52].

Practice varies as to whether an ordinal variable, such as
the subscores here, can be summed or averaged. A strictly
theoretical approach would rule out anything other than mini-
mum, maximum, mode or median. However, with many data
points, the minimum and the maximum will be dominated
by outliers, effectively throwing away most of the data. The
mode or median also often fails to account for all values. In
this case, taking the mode or median will, like the maximum,
give a value of 5 for all scenarios across all tools. We found
that the arithmetic mean gave the most useful visualization,
and the uncertainty of the precise statistical nature of the
scale was less of a problem in a radar chart, which presents
more of an intuitive impression rather than a precise numeric
score.

@ Springer
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Robustness of co-evolution, by location & nature of change
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Fig.7 Robustness of co-evolution, by location of change and nature of
change (color figure online)

8.1.1 Location and nature of change

The first two aspects, location of change and nature of change,
could usefully be displayed in the same radar chart. The top
half shows the location of change: was the change made to the
metamodel, constraints or notation. The bottom half shows
the nature of change: did the scenario add, rename, remove
or change an element. The three tools each have their own
line, showing the pattern of their scores. The score is taken
as the arithmetic mean of all the location of impact subscores
for that location or nature of change. Each score in the top
half thus combines 24 subscores, and in the bottom half 18
subscores.

As can be seen from Fig.7, MetaEdit+ has the highest
scores overall, with Jjodel close behind. Sirius is significantly
further behind, but even its scores are all above the mid-point
of the scale.

All of the tools have perfect scores on changes to the nota-
tion: none of the assessed locations of impact appears to be
dependent on the notation. For the nature of change, all tools
coped best with Add: adding new things to the language is
indeed often the most common operation in practice, so good
support there will be welcomed by users.

8.1.2 Location of impact

The third aspect, location of impact, has six subscores and
was thus well-suited to having its own radar chart. The top
half of the chart shows the locations most seen by the meta-
modeler, and the bottom half those most seen by the modeler.
Once again, the score for each tool is taken as the arithmetic
mean of the subscores, in this case that location of impact
subscore from each of the 12 scenarios.

As can be seen from Fig. 8, MetaEdit+ again has the high-
est scores overall, with Jjodel slightly closer behind. Sirius is
again significantly further behind, more so on the bottom half.
All of the tools have perfect scores on the constraints, but in
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Fig.9 Subscore distribution by tool (color figure online)

reality Jjodel was unable to complete three of the four scenar-
ios, as it lacks most constraint functionality. The metamodel
(abstract syntax) is rarely damaged by changes: while many
other artifacts depend on the metamodel, the metamodel itself
does not depend on other artifacts, and interdependencies
within the metamodel seem to be handled relatively well.

8.1.3 Scoring distribution

As we saw above, the radar chart cannot sensibly include
scores for scenarios that a tool was unable to complete. A his-
togram can help to give a better overall comparison, showing
how often each tool was able to obtain the maximum sub-
score of 5 (and other values). The histogram is also strictly
legal for ordinal variables.

Figure 9 thus shows some information that is not visible
in the radar charts above. MetaEdit+ obtains the maximum
score of 5 about 50% more often than Sirius or Jjodel. Jjodel
misses out where it is unable to accomplish the constraint task
(the gray X’ column), and Sirius where it can accomplish
a task but leaves significant co-evolution problems (orange
columns 1-3).
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8.1.4 Reproducibility and replicability of the Evaluation

To facilitate the reproducibility and replicability of our study,
and to provide a clear trace of the application of our co-
evolution framework, we have organized our evaluation
results into three distinct repositories. These repositories not
only store the relevant data but also illustrate the evolution of
each modeling tool under study through structured commits
and project organization.

One GitHub repository'? is dedicated to MetaEdit+. It is
structured such that each commit corresponds to a specific
evolution scenario as outlined in our paper. This chrono-
logical arrangement allows researchers and practitioners
to follow the sequence of changes applied during the co-
evolution process, providing a clear view of how each
scenario impacts the tool and the models.

Similarly, we have published the initial implementation
of Gothic with EMF/Sirius in a single GitHub repository.'3
For EMF/Sirius, the structure mirrors that of the MetaEdit+
repository, with each commit representing a distinct step in
the co-evolution scenarios.

Since Jjodel does not support versioning natively, we pub-
lished the implementation of the Gothic versions to a public
installation.'* There too, each scenario is captured as a sep-
arate project where the evaluators have manually performed
and documented the changes, allowing for a clear comparison
and analysis despite the absence of built-in version control.

In addition to the three version repositories, we have also
published the initial version of each state machine imple-
mentation to Zenodo [52], along with the Supplementary
Material. While this Zenodo entry provides a snapshot of
the repository at a specific point in time, it does not allow
the interested reader to inspect the complete commit history,
which is a crucial element in fully understanding the scope
and depth of our contributions. Therefore, while the Zenodo
entry serves as a valuable static reference, the GitHub repos-
itories are recommended for those interested in a dynamic
and detailed examination of the evolutionary changes.

By presenting the evolution of these tools in this struc-
tured fashion, we aim to provide a comprehensive resource
for understanding and analyzing the co-evolutionary capa-
bilities of different modeling tools. We encourage other
researchers to utilize these repositories not only to validate
our findings but also to conduct further investigations into
the co-evolution of modeling languages and tools.

12 https://github.com/mecjpt/Gothic.
13 https://github.com/MDEGroup/coevolution-impact-analysis.

14 https://mdegroup.github.io/coevolution-impact-analysis/.

8.2 Applicability of the tool evaluation framework

Applying the evaluation framework successfully to assess
three significantly different tools indicates that it is viable.
It is also functional as it shows clear differences among
the tools’ capabilities to cope with co-evolution. The tools’
scores covered the whole spectrum of evaluation, ranging
from 1 to 5. Although not every possible score was present
in the final results, all were present at some point, before
cross-checking produced the final scenario implementations
and scores.

The scenario for renaming constraints was not relevant in
MetaEdit+ and Sirius here, as the constraints used in these
scenarios do not have names, nor for Jjodel, which currently
does not support that kind of constraint. Some constraint
implementations in these tools would have had names, and
other tools are known to have named constraints, e.g., in
constraint languages. This may be a good indication of the
benefits of deriving the scenarios from first principles, rather
than tailoring them to selected tools.

The task for scenario 10 was hard to implement in Sirius
and Jjodel, as they use the EMF metametamodel, which does
not directly support the concept of a role (one end of a rela-
tionship). A replacement task was found, albeit somewhat
different: more of a refactoring on the technical level than a
change in the language, and requiring no model co-evolution
rather than the intensive model co-evolution of the original
task.

All tools evaluated performed perfectly when the location
of change was the notation. This seems to fit with the fact
that notation generally depends on the metamodel, rather than
vice versa. Another reason for this could be the rather simple
visualization used by the Gothic Security language. More
complicated visualizations that reuse notation elements could
see a change in one notation element result in a problem in
another notation element.

Clearly, the evaluation framework is significantly more
stringent than earlier frameworks, covering more aspects and
over the whole extent of the language, tools, generators and
models. This allowed us to find cases with room for improve-
ment in tools like MetaEdit+, as opposed to its full marks on
earlier evaluation frameworks in Table 1.

The effort to perform the co-evolution scenarios with each
tool was rather modest: even in the slowest case it took under
an hour. This indicates that the cost to evaluate other tools is
likely to be modest too, enabling others to relatively easily
repeat this evaluation.

8.3 Threats to validity
When analyzing and comparing the three tools, there are

potential threats to validity represented by unconscious bias
because the authors are involved in designing two of the tools.
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We might unintentionally favor our tools in terms of how
we present their features, how we interpret results, or in the
comparison methodology. This risk has been mitigated by
having the results checked by a different person from the one
who executed the experiment, and by all authors checking
and agreeing the resulting scores.

The main threats to validity of a new evaluation frame-
work are whether it can be applied to give consistent results
for a given tool and whether it offers a valuable comparison
across different tools. Our comparison is based on a specific
set of scenarios, and the results might not apply to other con-
texts. Having to change a scenario for specific tools makes
scores and times less comparable. However, as we built on an
earlier framework, a more comprehensive application could
also improve and verify our framework. We thus invite oth-
ers to repeat the evaluation described here and to apply it to
evaluate other tools. More extensive cases are also welcome,
along with others’ experience of industrial-scale use.

Assigning scores based on descriptions may be affected
by interpretation or subjective factors. This was mitigated by
using scores based on observable facts rather than opinions,
and by producing subscore-specific versions of the generic
scoring criteria (see Supplementary Material [52]). The tim-
ings will depend to some extent on the skill and speed of the
person performing the evaluation. This is mitigated to some
extent by choosing people experienced with each tool. Exe-
cuting the scenarios with MetaEdit+ obtained similar times
on each of three repetitions. Even for the same person and
tool, however, significant differences in times would be seen
for different priorities: e.g. better deprecation guidance for
modelers or faster execution time.

8.4 Final remarks

From our analysis, several key insights have emerged regard-
ing the tools utilized in model-driven engineering, mainly
focusing on automating co-evolution tasks. Firstly, the tools
can be broadly categorized into integrated environments
like MetaEdit+ and Jjodel and component-based systems
like EMF/Sirius. Integrated environments offer a signifi-
cant advantage in automating co-evolution tasks, especially
when coupled with reflectiveness [66], i.e., the ability to
self-reflect and adapt to changes in the environment. Such
capabilities can typically provide native support for con-
sistency management by fully exploiting the dependencies
underlying the meta-architecture in model-driven tools. This
cohesive integration enables a more seamless adaptation
process than component-based systems, where each co-
evolution task requires bespoke design and implementation
to manage dependencies effectively. Additionally, solutions
developed with EMF/Sirius often rely on components created
by various organizations or individual developers, potentially
leading to less efficient integration due to the disparate nature
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of these contributions. Secondly, our findings highlight that
the effectiveness of automated methods for co-evolution sig-
nificantly increases when the artifacts adapted in response
to a metamodel change are models themselves or when the
artifact, such as a code generation template, employs a model
that abstracts from irrelevant details and provides an inter-
mediate representation. This use of models facilitates a more
precise representation of the dependencies between the meta-
model and the artifacts under study, thereby enhancing the
adaptability and consistency of the co-evolution process.

Moreover, the manner in which tools such as Jjodel are
used, particularly the choice of identification methods, signif-
icantly influences co-evolution activities. Within Jjodel, we
referenced metamodel elements by internal ID in generators,
but by name in graphical notation definitions. The choice of
which approach to use dramatically affects the resilience and
adaptability of its ecosystem during co-evolution processes.
These identification methods, alongside other operational
settings and referencing styles, play a crucial role in deter-
mining the outcome of co-evolutionary activities. For a
comprehensive discussion on how these factors interact and
impact co-evolution within the Jjodel environment, please
see Sect.7.2.

As mentioned earlier, our experience suggests that where
language changes such as removals reduce the set of valid
models, organizations prefer an approach based on depreca-
tion rather than strictly formalist attempts to automatically or
semi-automatically migrate models wholesale. Conversely,
where a change like adding a new language element can
indeed be applied automatically with no danger, a completely
automatic and largely invisible approach is preferred.

Using deprecation like this follows experience with other
languages such as those for programming. Deprecation is
also often seen in libraries and APIs, where, as with lan-
guages, there are few definers and many users. It is also
analogous to a familiar process in natural language: the lin-
guistic concept of a grammatical construct ceasing to be
productive, i.e. no longer being used to form new material.
When a construct is no longer productive, existing mate-
rial does not disappear but remains without changing. For
instance, the old plural ending -en in English is no longer
used to form new plurals, but old forms like children and
oxen are still in use.

Making co-evolution fully automatic in cases where it is
always known to work, based on the location and nature of
the change, is clearly a positive factor in maintaining sus-
tainability with language evolution. For the remaining cases,
deprecation seems to be the strategy favored in industrial
use—even where automation facilities are provided. As such
facilities will be needed relatively rarely, it seems best to
offer them in a familiar programming language, rather than
require learning a new more domain-specific language.
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9 Conclusions

We presented a framework to evaluate tool support for co-
evolution of languages and models made with them. The
framework builds on and combines previous work, and makes
it more stringent. It covers changes in language constraints
and concrete syntax as well as in the abstract syntax, and the
impact on all parts of the language and generators, as well as
modeling tools and models. Its scoring offers a more nuanced
scale, and hopefully one which is easier to apply consistently
across different parts of the modeling ecosystem and different
tools.

The evaluation shows that in MetaEdit+ and Jjodel, editors
do not break and existing models continue to work, largely
avoiding the need to create transformations to co-evolve
models. The majority of updates are achieved through auto-
matic, built-in co-evolution of models and modeling tools.
In contrast, all changes to the metamodel or constraints in
EMF/Sirius resulted in significant problems, with tool errors
and often complicated manual intervention needed to con-
tinue working. In over half of those cases, the errors also
required manual work in models.

These differences do not seem to be explained by tradi-
tional distinctions between tools: industry/academic, open
source/closed source, mature/research, commercial/free. As
both MetaEdit+ and Jjodel have had strong co-evolution
support from the start, and EMF/Sirius has not improved
significantly despite problems being noticed early on, it
seems that the cause may be architectural, and thus hard
to change via new versions. One hypothesis is the more
integrated nature of MetaEdit+ and Jjodel tools and develop-
ment teams, compared with the more separate components
and teams of EMF/Sirius. Another hypothesis is the persis-
tence formats, with MetaEdit+ and Jjodel staying closer to
the in-memory structure of objects and keeping all artifacts
integrated, whereas Sirius splits metamodels and models into
several different types of loosely linked XML files.

MetaEdit+ made the modeler’s life simpler by following
the established practice of deprecation rather than deletion.
Although the choice to provide detailed deprecation guidance
required some work, the overall time indicates that the work is
a manageable burden. Jjodel and EMF/Sirius do not provide
any means for managing deprecation; the problem is partly
mitigated in Jjodel by the possibility of untyping and retyping
model elements.

In Jjodel, the overall time of 10 min shows the benefits
of its automated model adaptation and general resilience,
although it was unable to accomplish three of the 12 sce-
narios, with another one unnecessary. Including deprecation
guidance, MetaEdit+ had an overall time of 32 min (one sce-
nario unnecessary). EMF/Sirius required an overall time of
56 min (two scenarios unnecessary), and with the lowest pos-
sible score for model co-evolution on four scenarios, the time

on larger models would grow much faster than in the other
tools.

While our evaluation framework addresses a wider range
of co-evolution than previous research, there is still plenty
of room for future work. The evaluation of tool capabil-
ities could be expanded from the current single language
and model to encompass multiple integrated languages and
models. Changes in one language may necessitate corre-
sponding changes in other languages and their associated
tools or toolchains. Another direction for future research
is extending the evaluation framework to consider collab-
oration: multiple language engineers making changes while
multiple modelers work on models. A third direction would
be addressing longer term use on an industrial scale, where
language workbenches themselves have new versions, pos-
sibly with evolution of their metametamodel and language
definition capabilities.
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