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Abstract

Model-driven development (MDD) significantly improves web develop-
ment by generating source code from models at higher abstraction levels,
which enhances productivity and enables shorter, less expensive development
cycles. However, not all aspects of a web application can be captured in a
model, necessitating manual changes to the generated code. To prevent the
loss of manual changes due to subsequent code generation, various strategies
are recommended in the literature: keeping handwritten and generated code
in separate files, utilizing protected regions, or employing a version control
system (VCS) to merge handwritten and generated code. Unfortunately, these
approaches can introduce complexity into web application architecture and
impose an additional burden on developers.

This paper presents SeamlessMDD, our novel open-source framework for
seamless integration that allows us to maintain handwritten and generated
code intertwined without the need to adjust the web application architecture
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or established workflows. The framework provides the following features:
(1) incremental and iterative transformations derived from model versions
comparison ensuring that only code for affected model elements is generated
or modified; (2) integration of generated and handwritten code using API-
based code generators (ABG) that operate on the syntax trees of target
programming languages; (3) case-specific support for change propagation
and conflict resolution, as opposed to VCS-based systems that operate on
a single line. The proposed features were tested in practice within a complex
industrial MDD tool.

This paper is an extended version of a paper presented at the 24th
International Conference on Web Engineering, held in Tampere, Finland.

Keywords: Model-driven developement, code generation, handwritten code
integration.

1 Introduction

Model-driven development (MDD) is a software development methodology
focused on models as primary artifacts [6,25]. It is claimed to achieve higher
developer productivity, shorter and less expensive development cycles, and
smooth portability to other hardware and infrastructure. MDD significantly
improves web development by generating source code from models at higher
abstraction levels, which notably enhances productivity and enables shorter
and less expensive development cycles [4, 8].

However, due to the differences in abstraction levels between source code
and models, not all aspects of a web application can usually be captured
in a model. As a result, manual changes to the generated code are often
necessary. Model-driven tools employ various strategies to preserve manually
written code. Manual changes are often kept in separate files, and language-
dependent mechanisms like inheritance, partial classes, or aspect-oriented
programming can be used to integrate generated and manually written parts
of the code [12]. Unfortunately, this introduces additional complexity in web
application architecture, making it unacceptable or impractical for certain
types of code artifacts, such as HTML or XAML. The use of protected
regions where manual changes can be inserted complicates the development
of code generation tools, reduces the readability of the code, and can lead to
the loss of manual changes if not used properly. Utilizing a version control
system (VCS) to integrate manual and generated code, as discussed in [5],
can place a considerable burden on developers who need to resolve conflicts
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and approve merging in cases where numerous code artifacts are affected by
a single model element change, which is common in web development.

Several causes hinder the adoption of MDD in the industry. Using model-
driven tools often interferes with established ways of thinking, activities,
and roles in the development process [11]. Large-scale enterprise solutions
face additional challenges due to increased complexity, which significantly
affects development [29]. Maintenance becomes difficult when the solution
reaches the maturity phase, and major refactoring is often avoided. Although
the introduction of the MDD methodology could leverage some, if not all,
of these issues, stakeholders are hesitant to implement fundamental changes
in the development workflow and established architecture, fearing that such
changes could disrupt components that are already tested and in use. As
de Lange et al. stated in [8, 9], many MDD approaches enforce top-down
rather than iterative implementation, making them difficult to align with
contemporary agile development. Selic in [24] emphasizes that a prudent and
practical way to introduce a new MDD project into the existing large-scale
environment is to integrate its development workflow with the established
system’s processes and environment. Drastic changes could disrupt existing
functionalities, alter the usual workflow, and induce various social issues
regarding acceptance.

Our work aims to provide a gradual and effortless transition from the
traditional development of web applications to MDD. This paper presents
SeamlessMDD! — our open-source framework for seamless integration that
allows us to maintain handwritten and generated code intertwined without
the need to adjust the web application architecture or the established way of
working. We propose a novel workflow that is based on the following:

(1) Incremental and iterative transformations derived from model versions
comparison so that only code for affected model elements is generated
or modified.

(2) Integration of generated and handwritten code using API-based code
generators that operate on syntax trees of target programming languages.

(3) Case-specific support for change propagation and conflict resolution (as
opposed to VCS-based systems that operate on a single line).

Apart from the Introduction, this paper is organized as follows. In Sec-
tion 2, we summarize the theoretical foundations of the proposed research
along with a survey of the available literature. Section 3 introduces our Seam-
lessMDD framework, detailing a defined set of requirements, an established

"https://github.com/BojanaZ/SeamlessMDD
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solution architecture, and a seamless generation workflow. An illustration
of the SeamlessMDD application for automating the further development
of an existing web application is presented in Section 4. Verification of the
approach is described in Section 5. Finally, conclusions and future work are
presented in Section 6.

2 Background and Related Work

One of the easiest ways to implement model-to-code transformation is to
transform the entire source model to the target code using batch transforma-
tions based on rendering code templates. The modeler (a person who creates
or maintains a model) focuses on describing the system with the appropriate
modeling language. The transformation specialist develops the infrastructure
for the transformation, including templates and code generators. The tem-
plates contain lower-level details and contextual information that are not
inferable from the model but are required for the functioning solution [7].
The transformation utilizing templates often provides a substantial portion of
the source code for the target application.

Batch transformations are straightforward because they do not require
complex algorithms or computations. However, their main disadvantage is
the lack of efficiency in large-scale systems; even a minor change in the
model requires re-executing the entire transformation [15]. Furthermore, for
features not supported by the modeling language, which must be developed
manually, a carefully planned strategy is essential for preserving handwritten
code during subsequent code generation.

A common approach to prevent loss of manually introduced features in
the next code generation cycle is to separate the generated and handwritten
code into different files and folders. Greifenberg et al., in [12], examined and
contrasted the available techniques for maintaining this separation. Various
language-specific techniques, such as inheritance, dependency injection, and
partial classes, can be used to achieve this. As a result, the application is often
divided into two parts — generated and manually written — leading to changes
in the established architecture. Furthermore, the traditional MDD workflow
expects the generated code to be altered only by a code generator. Code
generated under this assumption often fails to adhere to coding conventions
and guidelines, can be counterintuitive, and, in some cases, may even be
considered incomprehensible for manual analysis [23].

Tools like Acceleo [1] maintain a clear distinction between handwritten
and generated code by utilizing language-agnostic protected areas. They
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employ special tags to indicate where handwritten code should be inserted
after generation, or they also separate code into different files or folders.

Commercial tools such as WebRatio [3] and Mendix [2] allow for the
introduction of tool-specific, non-modeled features through model annota-
tion. However, this approach can be more complex than directly modifying
the target code, as changes must be made through the modeling tool. Conse-
quently, each developer who needs to make code changes must be trained to
use the modeling tool and have access to it. This requirement may impact
efficiency and could lead to licensing and practical issues when multiple
entities own or maintain parts of the solution.

Falzone and Bernaschina [10] and Bernaschina et al. [5] separate hand-
written and generated code using branches of a version control system (VCS).
The code generator behaves as a virtual developer — the generated code is
committed to the VCS branch just as a human developer would produce it,
and later merged into the codebase. The benefits of this approach include
maintaining the same workflow as traditional code-centric development
(since the developer perceives the code generator as just another developer)
and automating code merging and conflict resolution using a modern VCS.
However, VCS performs line-based merging, a variant of textual merging,
which regards a line of code as a unit of change. Although efficient and scal-
able, line-based merging cannot detect two modifications on the same line.
Automatic conflict resolution could also introduce errors in the source code
(when the merging result is not syntactically correct) and register non-critical
conflicts, such as newline insertion or indentation changes. Weaknesses of
this approach may become more evident as the number of artifacts increases.
This issue is especially prominent in web development since a change to one
model element can affect many artifacts in both the front-end and back-end.

Our approach differs in that it does not require handwritten code to be
separated. The developer modifies the code, whether it was manually written
or generated, thus maintaining their usual workflow. Additionally, we aim
to achieve syntactical merging. However, a downside is the need to develop
oft-the-shelf support for merging and conflict resolution.

To achieve efficient transformation, we explored different techniques and
approaches to achieve incremental, efficient, and scalable transformation.

Incremental transformation allows only the relevant parts of the source
code to be changed by the code generator while keeping the rest intact [14,
17]. It detects applied model operations, transforms only the affected ele-
ments of the source model, and precisely alters only the relevant sections of
the target code. Previously existing target code is updated, and in most cases,
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all manually introduced changes are preserved. While incremental transfor-
mation requires more initial effort to compare models and identify performed
modeling operations, it often proves to be more computationally efficient and
time-saving in the long run compared to batch transformation [13].

In the work of Ogunyomi in [21] and Ogunyomi et al. [20], the authors
explored techniques to increase the efficacy of model-to-text transformation,
focusing on achieving scalable transformation. They noted that, ideally, the
transformation should be selective; that is, only changed model elements and
the affected parts of the transformation should be executed. This approach
is known as source-preserving incrementality [7]. Additionally, Ogunyomi
states that the re-execution of a transformation should be limited to the
affected parts of the input model, and the scale of the propagated change
should be proportional to the impact of the change rather than the size of the
model. Although our focus is not solely on scalability, we based our work on
these ideas to reduce the scale of the transformation and, as a result, diminish
the chance of emerging conflicts.

The field of Delta-oriented programming (DOP), explored in [19, 22],
and [18], offers an interesting perspective on the challenge of capturing model
changes and propagating them to software product lines (SPL). DOP focuses
on creating software products by transforming the initial code base (base
artifact) through the incorporation of delta modules as units of transforma-
tion. These delta modules modify existing solutions by inserting, changing,
or removing parts of the code. Special attention is paid to validity and
minimizing conflicts by defining rules that determine whether a delta module
should be included in the product. Our work is inspired by this field, although
it aims for a more general application.

3 SeamlessMDD Framework

In this section, we present our approach that supports the integration of
the handwritten and generated code to provide a smoother adoption of the
MDD to the industry settings by conforming to the already established
workflows and system architecture. The SeamlessMDD framework, a pro-
totype implementation of this approach, is developed in Python3. To allow
domain modeling in a standardized manner, we integrated PyECore? into our
solution. PyECore is implementation of ECore [26] in Python. It provides
an API to handle meta-models and models, which serve as input for code

*https://pyecore.readthedocs.io/en/latest/
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generators. To detect a minimal changeset between models, we used the
DeepDiff> module. Code generation was handled with the Jinja* templating
engine. API-based generators require a parser for each language/file type.

The rest of the section is organized as follows. In Section 3.1, we define
a set of requirements for a tool that should support seamless integration. Sec-
tion 3.2 presents the architecture of the SeamlessMDD framework. Section
3.3 presents the workflow to support integration of handwritten and generated
code.

3.1 Requirements

In our view, the following prerequisites are needed to transition smoothly to
the MDD in industrial settings.

* R1. Generated code must be seamlessly integrated with the hand-
written code. It must follow the same coding conventions as developers
do, as if the code generator was another team member. This enhances
code readability and reduces anxiety levels of team members unfamiliar
with the MDD.

* R2. Simultaneously introducing model changes and manually mod-
ifying the existing code base must be possible. Falzone et al. in [10]
referred to it as model and text co-evolution. Manual changes to the
generated code must be preserved after all subsequent code generation
cycles.

* R3. Manual changes have precedence over automatic ones. Any
manual modification the developer introduces should be preserved,
whether submitted to previously handwritten or generated code.

* R4. The developer should be able to introduce multiple model
changes with the possibility of reverting them effortlessly. Usually,
multiple model changes precede transformation. The framework should
support a workflow where the developer makes a few model changes,
tests their impact on the target code, introduces a few more changes,
reverts others, tests potential transformation results, and starts the gen-
eration process. This requirement helps developers become familiar
with the MDD methodology without fear they will break the existing
functionalities.

3https://zepworks.com/deepdiff/current/
*https://jinja.palletsprojects.com/en/3.1.x/
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* R5. Generated code must not violate existing functionalities. At a
minimum, the generated code should be syntactically correct.

R6. It should be possible to model only a part of the system, rather
than having to model the entire system, while the rest of the solution
can continue to be developed or maintained manually. This way,
efforts can be broken down to a more achievable scale, affecting only
certain subsystems and not the entire solution, enabling gradual adoption
of MDD.

R7. Case-specific conflict resolution support. Version control sys-
tems (VCSs) offer line-based conflict resolution support, which can
be insufficient for large-scale enterprise solutions. The conflict display
should be case-specific, based on the code segment corresponding to
the model element change. Our framework should offer developers
guided support for conflict resolution by displaying affected code frag-
ments, explaining the problem, and offering semantically appropriate
automated resolutions.

R8. Reducing the scale of the transformation. It is essential to reduce
the scale of the transformation to minimize the need for merging and
the possibility of conflicts occurring. The framework should transform
only the parts of the model which have changed, and affect only the
relevant file artifacts. In this way source incrementality and minimality
are preserved. Ogunyomi in [21] states that efficient transformation
requires that the scale of the propagated change be proportional to the
scale of the model change, not the bare size of input models.

R9. Well-kept code. Unnecessary or irrelevant artifacts (corresponding
to the deleted model elements) should be removed. Before executing
such removal, the system must validate that the artifact is unused in the
rest of the solution.

3.2 The SeamlessMDD Architecture

The SeamlessMDD framework comprises Model specification and Code
Generation modules (Figure 1). The model specification module is dedicated
to the production and evolution of the software system model. It requires
a meta-model to conform to, upon which a model is created and validated.
The aim is to provide the modeler with a graphical or form-based modeling
environment. In its current state, the creation of a model is available by
programmatic instancing of meta-classes. All model changes are validated
against the meta-model, making the representation always consistent.
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Figure 1 An overview of the SeamlessMDD architecture.

Model Version Store holds the model change history. With each genera-
tion cycle, the current model is stored as a new version, allowing easier access
and providing a basis for later minimal change-set inference.

The Code Generation Module (Figure 2) supports the model-to-code
transformation. The Generator Handler obtains the data about updated model
elements necessary for the code generation, orchestrates the generation pro-
cess, and acquires the output. Firstly, the Generation Handler obtains the
previous model version from the last generation cycle and requests the Model
Differencing Engine to compare it with the current one to produce a minimal
set of changes (deltas). Deltas are used as input to the various code generators.
Each Code Generator adds, updates, and removes code for a single type of
artifact. Artifacts represent various formats of textual files, such as XML,
C# source code, HTML, database scripts, configuration files, etc. In certain
cases, there may be multiple generators for a single target language.

In most cases, code generators utilize parsers to obtain concrete syntax
tree from the artifact. This approach helps in introducing syntactically correct
alterations.

3.2.1 Generation approaches
To achieve efficient model-to-code transformation, code generators select one
of various approaches, which we will illustrate in the following section.
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Figure 2 An overview of the approach to code generation.

* Batch generation based on templates. The simplest and most desirable
option is to generate the entire content solely by evaluating a given tem-
plate with existing model elements. This scenario is typical for the first
generation cycle when the artifact is being newly created. Additionally,
software projects often require files, such as configuration files, that
must be present in the codebase but are not derived from the model.
Consequently, subsequent generation cycles would not affect these files,
making them ideal candidates for batch generation.

* Separation of handwritten code. If the target language supports a
mechanism to separate handwritten and generated code without affect-
ing the established architecture, we would choose that approach. This
scenario is favorable since it does not require additional merging and
reduces the need for conflict resolution. One example is C# generators,
as C# does support partial class creation. In successive generation
cycles, the partial classes containing generated code can simply be
rewritten. However, it should be noted that even with this approach,
human error cannot be completely eliminated. Therefore, it is advisable
for a tool implementing this approach to include at least a simple check
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to determine if files containing partial classes have been modified since
the last generation cycle.

* API-based generation with segment generation from a template. In
this scenario, the artifact is available, and it is necessary to insert a syntax
tree segment. The segment is obtained by template evaluation and parsed
to become a syntax tree segment that can be merged with the existing,
already parsed artifact’s syntax tree. Navigation and syntax tree merging
are achieved using API-based generators.

* API-based generation. In the most complex cases, it is necessary to
manipulate syntax tree elements directly through ParsingAPI. This is
the least desirable scenario due to the need to apply fine-grained syntax
tree transformations, which can become complicated. In addition, it
increases the possibility of later conflicts and merging issues.

To summarize, code generators use templates to generate code fragments
corresponding to model elements. If the artifact does not exist, the code gen-
erator employs one or more templates to produce it in a batch transformation.
Otherwise, the artifact’s content is parsed and transformed into a syntax tree
with additional context, which we refer to as Internal Artifact Representation
(IAR). Generators, provided with a set of model deltas and generated code
fragments, propagate appropriate changes to the IAR by creating, removing,
or altering the nodes of the syntax tree.

3.3 The Seamless Workflow

Figure 3 shows the steps of the seamless workflow. This subsection will
provide more details regarding the SeamlessMDD framework functioning in

i .
Model 0}"‘0"9' set of
Modeler \@ deltas @ _) E
new m(ﬁzl o 4,—)

o Model Validation Transformation Display Results
Differencing Store IAR
- q' to artefacts
)
E-@

Modeler Changed
model

Figure 3 Seamless workflow from the developer’s perspective.
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Figure 4 Classes participating in the code generation process — a simplified UML class
diagram.

each step. A simplified class diagram upon which the workflow is based is
given in Figure 4.

Model change. The modeler starts the development process by creating
a model. The created model must be correct, i.e., according to the underlying
meta-model. The modeler is encouraged to experiment, knowing that every
model change is easily reversible. When they become satisfied with the
created model, they can choose to see what impact their changes would have
on the target code (“Preview”) or to initiate code generation (”Generate™).
“Generate” and “Preview” modes share a significant number of workflow
steps, as will be explained in the following.

Model differencing. Model differencing aims to compare two model
versions to detect introduced changes and model elements affected by those
changes. Most generators do not require entire model comparison since they
operate on a specific part. For example, the database schema generator uses
only database-related model elements such as columns and tables.

The Generator Handler sends comparison requests for selected model
elements to the Model Differencing Engine. The result is instantly delivered if
the Model Differencing Engine has already calculated the needed difference
information for the sake of some previously invoked code generator. Oth-
erwise, the model differencing engine performs model element comparison
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resulting in a set of Deltas, each comprising old model element, new model
element, and list of changed attributes. This is used to detect which operation
from the predefined set occurred by the following simple algorithm:

if [old_model_element is empty A
new_model_element is not empty] create ()
else if [old_model_element is not empty A
new_model_element is empty] delete ()

else modify ()

Validation. The validation phase aims to detect inconsistencies between
the current source model and target artifacts. It plays a crucial role in the
framework’s usability by significantly reducing the probability of conflicts
occurring by considering the syntax and semantics of possible issues. The
syntax validation relies on the API-based generators that interact with the
IAR established on the artifact’s syntax tree. Direct manipulation of the target
code syntax tree guarantees the output is syntactically correct. Each generator
performs independent validation, meaning the generation process could finish
valid for some while with errors for others.

Regarding semantics, the validation process checks if the target code is
compatible with the model, i.e., previously generated content was not signif-
icantly manually changed (more details can be found in [27]). Developers
can manually change the code base, such as deleting certain parts of the
code, modifying some code corresponding to the model element attributes,
and inserting new attributes.

Upon conflict detection, each code generator explains the emerging issue
(Question) and proposes a semantically appropriate set of possible resolutions
(Answers). Each Answer provides a textual description of the offered solution
and a sample action (Task) that should be performed if the Answer is to
be chosen. The question-and-answer mechanism gives the developers better
insight into the nature of the conflict and mitigates case-specific resolution.
Numerous questions are the same for all code generators and are reused from
the parent generator class. New questions can be created to cover some cases
specific to the particular artifact.

Examples of conflicts requiring resolution using questions and answers
are the following. The code must be updated due to a change in the modeling
element, but the corresponding file artifact (or a code fragment) does not
exist. The options are to recreate a file (or code fragment) and then perform
the change or to skip the code generation. Or a code fragment corresponding
to a newly added model element already exists in the source code but in
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Figure 5 Question with answers.

a slightly different form. The options are to add a new code, replace the
existing one with a new one, leave the code as it is, or perform their semantic
merge by collecting appropriate nodes from both. Figure 5 displays a preview
window with a sample Question and two available Answers. By choosing the
answer, the effect of the action is shown in the preview, enabling developers
to experiment with different possibilities.

Along with these responsibilities, the validation phase examines the avail-
able context, obtaining information for the next phase, such as the path to the
correct template, XML path to the parent node, etc.

Transformation. After completing validation, the transformation phase
is rather straightforward. All Tasks obtained from the validation phase are
added to TaskCollection and executed one at a time upon internal artefact
representation. The standard operations (insertion, modification, and deletion
of modeling elements) are performed as follows.

Insertion: The generator responsible for the Task accesses the template
(determined in the validation phase) and evaluates it, obtaining code segment,
then converts it to a set of target syntax nodes. Usually, nodes form a simple
tree structure. The top-level segment node is inserted into the already loaded
syntax tree of Internal Artefact Representation on a pre-calculated position.

Modification: The generator accesses the predefined part of the loaded
syntax tree of Internal Artefact Representation and performs modification.
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Figure 6 Code preview example for model element addition.

Deletion: The generator accesses the node in the predefined part of the
loaded syntax tree of Internal Artefact Representation and deletes it.

All changes are propagated to internal artefact representation at the end
of this phase. Currently, the task orchestration mechanism is rather simple
since it bases the execution order on the priority programmatically assigned
to each created task.

Preview or generate? SeamlessMDD framework operates in two modes:
Preview and Generate. Preview mode allows displaying the transformation
results without affecting the codebase. The central focus is to display changes
that would be introduced if the generation process has been initiated. This
allows the development team to detect possible modeling or coding mistakes
and alter them.

Generate mode directly propagates the transformation results to the arti-
facts, making the transformation irreversible and permanent. The only way to
revert the changes in the model and code in this phase is by using the VCS.

Display results. The resulting display contains a list of affected target
files. When one file from the list is chosen, old and new file versions are
shown with differences clearly marked (diff). Figures 6 and 7 show two exam-
ples of result displays one when the new model element is inserted and the
other when a model element gets deleted. If inconsistencies are encountered,
the developer can resolve them through the question-and-answer mechanism
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Figure 7 Code preview example for model element deletion.

(Figure 5). The given answers are saved, so the developer does not have
to spend more time answering when the actual generation process starts.
However, if needed, the given answers can be annulled.

4 An Example of SeamlessMDD Framework Usage

To demonstrate the applicability and usability of the SeamlessMDD frame-
work, this section provides an example of its use by automating the extension
of a part of an existing web application developed by a different team.
The sample we used is a server-side application that supports a Rent-a-Car
service. The company has branches, each offering a different set of vehicles.
Users can search for vehicles based on their location, model, make, and
availability. After finding a suitable car, a user can rent it and return it to
the same or a different location.

The application was developed manually, with the model presented in
Figure 9 serving only as a specification document. The development team
utilized a simple UML profile (Figure 8) to enrich a UML class diagram
and precisely specify the behavior of the web application. The Resource
stereotype extends the UML metaclass Class with a set of tagged values that
describe implemented operations (Create, GetOne, GetAll, Remove, Edit),
providing semantics for typical Web API operations. The stereotype Identifier
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«stereotype»
«stereotype» e S ource
Identifier [Gass]
[Property] -Create : Boolean = false
-GetOne : boolean = false

-GetAll : Boolean = false
-Remove : Boolean = false
-Edit : Boolean = false
-ResourceName : String

«stereotype» «stereotype»
Parent Child
[Property] [Property]

Figure 8 A simple UML profile for enhancing class diagrams with the semantics of web
applications.

1
J7 «Resource»
Element Vehicle
«Identifier»-id : Integer | TypeOfVehicle | 1 0.+ {Create, .
—> -deleted : Boolean —————-name : String = = GetAll, 5
GetOne}
-model : String
" , |-manufacturer : String
creator 0.. -year : Integer
-description : String
-pricePerHour : double
-unavailable : boolean
-Images : String
Rent 0.." rentedVehicle 0..1
cuslomer -start : Date
0.+ |-end:Date returnBranch
0. «Resource»
1 Branch
7 0.1
-logo : String —
-address : String
0.1]0.1 -lattitude : double
«Resource» -longitude : double
AppUser
{Create, «Child» | 0..”
Edit,
GeI‘AII «Parent» | 0..1
GetOne} «Resource»
-fullName : String Service
-email : String -name : String
-birthday |:C‘I(Z))ale s 6.4 0. -logo : String
-personalDocument : String | O.. SEES st - | -email : String
activated : Boolean -description : String
-activated : Boolean
J

Figure 9 A part of the data model for the Rent-a-Car web application. Review is a new
resource that needs to be added to the codebase by the SeamlessMDD tool.

marks the identifying property, while the Parent and Child stereotypes define
the parent-child relationship between classes.

The sample application implements a typical range of functionalities,
such as data management and persistence, handling HTTP requests, and
adhering to common validation and security practices. It was developed using
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Controller H Service ’ % Persi ‘ ’

Database

Figure 10  Architecture of the Rent-a-Car web application.

C# and the ASP.NET framework, with the Entity Framework serving as the
object-relational mapper and Unity for dependency injection.

Given that the sample architecture consists of several layers (as displayed
in Figure 10), including Persistence, Service, and Controller, any model
changes must be propagated across these layers, impacting multiple files
in each layer. Furthermore, model changes may also affect migrations and
database scripts, necessitating distinct approaches to code generation for
different layers.

To use SeamlessMDD for automating the further development of the
Rent-a-Car application, the first step was to create a meta-model based on
the PyECore meta-metamodel. This meta-model needed to provide concepts
presented in a UML class diagram, incorporating applied stereotypes from
the UML profile shown in Figure 8.

The second step was to create a portion of the Rent-a-Car model based
on this meta-model. In our example, we aimed to add a new resource named
Review, which would allow customers to express their satisfaction or dissatis-
faction with a vehicle rental by leaving comments and a numeric rating from
1toS.

We needed to specify only the affected model elements: the existing
resource Rent, the new resource Review, and an association between them.
The model was created using the SeamlessMDD form-based modeling
interface.

When we initiated the first code generation cycle, the changes made in
the codebase are shown in Table 1.

Since the model element Review did not exist previously, the first genera-
tion cycle is mostly straightforward for creation of its artifacts. The majority
of updates in the codebase are introduced simply by evaluating developed
templates in batch mode. To generate C# classes for the first time, we exploit
the partial class concept to keep handwritten and generated code separate.
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Table 1 Updates to the codebase after the first generation cycle

Type of
Code
Layer Change Generation | File
Model Create a Review model class Batch Review.cs
Model Create a partial class for Review Batch Review.generated.cs
model class
Model Insert a new Review property in ABG Rent.cs
the class Rent
Persistence Add DBSet to DBContext ABG DBContext.cs
Persistence Create C# migration for Review Batch AddReviewTable.cs
DB table creation
Persistence Create a .designer migration Batch AddReviewTable.designer.cs
descriptor
Persistence Create a Review repository Batch IReviewRepository.cs
interface
Persistence Create a Review repository class Batch ReviewRepository.cs
Configuration | Add a Review repository to ABG IUnitOfWork.cs
dependency injection
configuration
Service Create a Review service class Batch ReviewService.cs
Controller Create a Review controller class Batch ReviewController.cs
Configuration | Add new classes to .csproj ABG RentApplication.csproj

However, updates to existing code in the first generation cycle are more
complex. When adding a new resource Review to the model, it is necessary to
introduce the references to the other model elements; hence, a new property
named Review needs to be added to the existing class Rent, referencing the
newly added Review resource. First, the tool checks if the class Rent exists. If
it does not, the tool raises an issue. In the next step, the tool examines whether
the Rent.generated.cs partial class has already been created. If not, the tool
creates it using the template. Next, the tool uses ABG to navigate the class’s
syntax tree and position itself on the relevant node. After that, new nodes are
created to represent the Review property using ABG.

Some time after the code has been generated, a developer manually
introduces the Create operation into the source code of the Review resource
to support an HTTP POST request. Without being informed, the modeler also
extends the model with the Create operation by setting the Create attribute
of the Review resource to true, which leads to a conflict. Table 2 displays the
updates that are introduced to the codebase following this modification.

The PostReview method is manually added in the ReviewController by the
developer, and adding it again by the code generator would create ambiguity.
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Table 2 Updates to the codebase after adding the Create operation

Type of
Code
Layer Change Generation | File
Service Update the Review service class ABG ReviewService.cs
with a new operation
Controller | Update the Review controller class ABG ReviewController.cs
with a new operation

The validation phase of the second generation cycle detects these inconsis-
tencies and raises an issue through a question-and-answer mechanism. The
question informs the modeler that a method named PostReview already exists,
with possible solutions being to skip this particular generation step, generate
another method with a different name, or replace the existing method with
the generated implementation.

The ASP.NET framework supports several methods for creating Web
API routes, one of which is convention-based. The core idea is to use
predefined rules to map URLs to controller actions. This approach requires
that controller methods adhere to a predefined naming convention. Since
the development team followed this convention, it has been built into code
generators so that potential conflicts could be detected.

5 Experiences and Validation

SeamlessMDD was developed in the context of providing customization for a
large-scale software solution. In this section, we aim to reflect on the benefits
and constraints observed during the development of this project.

5.1 Internal Evaluation

The SeamlessMDD approach is particularly effective and convenient for
developers in terms of increased productivity, improved code quality, ease
of use, and scalability.

Productivity evaluation. Adopting the seamless approach significantly
decreased the time required to develop and deploy the software system.
Once the code generators are developed and tested, there is minimal need to
implement boilerplate code, which notably reduces manual, time-consuming
tasks. Although there is an initial cost associated with creating meta-models,
models, implementing generators, and performing training, the benefits are
quickly realized when applied across several projects.
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Increased code quality. Generated code provides consistency throughout
the entire solution. This consistency can enhance the readability of the source
code, but the main advantage is that the behavior of the implementation
remains consistent as well. A downside is that if an error exists in the
generated code, it will appear in multiple locations. However, once the error
is fixed in the code generator, that fix will also be applied consistently
throughout.

Importance of style. To maintain a consistent style across the entire code-
base, it was necessary for the generated code to adhere to the same coding
standards as handwritten code. This improves readability and facilitates code
analysis. The significance of this practice is even greater when the generated
code is intertwined with manually written code, as is the case in our approach.
From our experience, we have learned that this recommendation can be
extended even further by stating that it is not only necessary to follow general
coding standards in the generated code, but that the generated code should
sometimes adapt to the style of a particular existing artifact when integrated
into it.

We encountered an example of this while developing the commercial
version of our tool, described in 5.2. One of the artifacts that needed to
be generated required inserting lines into an existing class. While the code
generated by our tool compiled and executed correctly, developers quickly
reported that the result was unreadable and unmaintainable. The reason
for this was that the class had very specific formatting for both code and
comments, which the generated code misaligned. After some analysis, we
determined that the original formatting style of the class was reasonable
and not subject to change. The solution was to modify the generated code.
However, implementation was not as simple as changing a template. Actual
formatting varied across different parts of the class, as well as across various
versions of the class in several existing projects that needed to be maintained.
To match it, the surroundings of the line where the generated code needed
to be inserted had to be analyzed first. An additional challenge was that most
existing parsers for languages in which white spaces are not part of the syntax
simply ignore them. To address this concern, we developed a library named
RoseLib to simplify the use of Microsoft’s Roslyn parser for C#. Further
details on this implementation can be found in [28].

From this example, we may conclude that adapting the style of generated
code to the style of each artifact where it is to be inserted is a problem
that may not have a general solution. Still, we maintain that it is worth
considering, at least in special cases.
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Ease of use. Great attention was paid to intuitive and comprehensible use.

* Visual, form-based model creation and customization renders familiar
the developers, saving them from the need to master complex modeling
tools.

* Like other MDD tools, we support thorough validation to reduce possi-
ble errors from model creation to code generation. In addition, our tool
offers mechanisms for conflict resolution.

* The ability to easily revert an entire generation cycle and annul intro-
duced changes gives the developers the necessary confidence to exper-
iment and become familiar with our tool. Furthermore, the preview
screen allows developers to easily notice mistakes introduced in the
modeling phase.

Scalability. Large-scale software solutions can benefit significantly from
MDD but the introduction of this approach must be feasible and straightfor-
ward. To achieve this:

* We allow defining the model for only the relevant parts of the potentially
large system. The model can then be gradually expanded to cover
additional components as needed.

* In the model differencing phase, we extract a minimal set of iden-
tified changes. This impacts the subsequent phases, the scale of the
transformation, and ultimately the number of modified artifacts.

5.2 External Evaluation

The principles implemented by the SeamlessMDD framework were tested
in practice within the complex MDD tool custom-made for and in coop-
eration with the Schneider Electric (SE) development center in Novi Sad.
SeamlessMDD is an open-source re-implementation of its core.

The development of the SE MDD tool aimed to increase the speed of
customization of one of SE’s large-scale software products to different SE
clients’ needs, reduce costs, and minimize the number of introduced errors
caused by manual implementation. Automating the development process was
very suitable, due to the complex architecture of the solution in question,
where any change of even minute details of a requirement could result in
changes spread across many layers and parts of the implementation. As an
example, adding a single field to a form could in some cases yield changes
or addition of dozens of artifacts in different languages. The product at stake
was a mission critical system, where the state of such fields could affect many
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aspects of the operation, including control of physical devices. Errors in such
a system can result in severe consequences, including the loss of life.

However, changing the architecture of the system or the development
process just to enable classic MDD techniques such as code separation was
impossible, given the large number of software projects in various stages of
the life cycle that the tool had to support and the large number of developers
and software teams working on those projects. Most of the requirements
presented in 3.1 were specified during the analysis of what SE MDD tool
should support to enable automation in such an environment, as well as its
subsequent use in development. The rest of the requirements emerged while
developing and verifying the tool core.

During the two years of gradual, incremental development, the SE MDD
tool was used on 10 customization projects and accepted by five teams
specialized in different technologies. The basic tool core and the first set
of 12 API-based generators for developing a part of the desktop application
chosen for a pilot project were implemented in three months. The rest of the
time was spent enriching the core and developing API-based code generators
that worked on several hundreds of file artifacts within two SE complex
software products. The tool has been in use all along; only the amount of
handwritten code has gradually decreased over time as the scope of supported
parts has grown. A requirement that previously took an average of three
weeks per team for manual development could now be completed within
two to three days when using the tool, assuming optimal organization. The
most productive team consisted of specialists who covered all the necessary
technologies, ranging from database experts to web front-end developers.
On the other hand, separate teams organized based on technology expertise
(database, web, desktop) and working on the same feature required more time
due to increased cooperation needs.

In addition to optimizing the development process, the tool was used dur-
ing the requirement specification phase of project customization for clients.
By virtue of the tool, within hours, it was possible to provide clients with a
prototype of the needed customization, running inside the actual software in
a test environment.

The SE MDD tool was developed in C# using the .NET compiler plat-
form® extended by our RoseLib® library [28] and four parsers for HTML,
XML, XAML, and T-SQL.

>https://learn. microsoft.com/en-us/dotnet/csharp/roslyn-sdk
®https://github.com/nenadTod/RoseLib
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6 Conclusion and Future Work

This paper presented a novel approach to developing MDD tools aimed at
providing a gradual and effortless transition from traditional development to
MDD. It is based on the premise that the developers could better accept the
MDD approach by allowing them to maintain the current workflow, system
architecture, and the existing level of code readability, along with the freedom
to experiment and revert introduced changes. All of the above is supported by
the SeamlessMDD framework by implementing: (1) incremental and iterative
transformations derived from model versions comparison; (2) integration of
generated and handwritten code using API-based code generators; (3) case-
specific support for change propagation and conflict resolution.

The SeamlessMDD framework is an open-source re-implementation of
the core of an MDD tool developed inside Schneider Electric, which was
successfully used in software projects in different life cycle stages. Seam-
lessMDD was developed in Python3, using PyECore7 for meta-models
specification. The original tool was developed in C#.

However, this approach has some drawbacks. While it may be convenient
for the developers (MDD tool users), implementing the MDD solution in
this way is more demanding for the team creating it. On average, it took
20 person-hours to develop an API-based code generator for a specific file
artifact. In contrast, developing a code generator for the same artifact using
templates and batch transformation only took an average of two hours. The
implementation of API-based code generators requires significant effort due
to the need to specify every detail of code manipulation at the syntax tree
level.

Another challenge arises when previously developed API-based genera-
tors need to be modified to accommodate changes in the architecture of the
solutions for which the tool generates code. Some developers who use the
SE MDD tool took on the responsibility of maintaining the API-based code
generators for their respective parts of the solution, while others required
assistance from the tool developers. Finding an efficient way to simplify the
development of API-based generators became necessary.

The first step in facilitating the development of API-based generators
for C# was to create our RoseLib library [16, 28, 30] on top of the .NET
Compiler platform, which allows for the manipulation of coarse-grained
code fragments. The second step was to automate the creation of API-based
generators using machine learning (in progress).

Besides optimizing the development of API-based generators, we plan
to enhance the SeamlessMDD framework by incorporating a graphical
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modeling environment for languages specified by PyECore7. The SE MDD
tool features a complex form-based user interface that is customized for spec-
ifying the concrete SE solutions. The form-based model specification was
used to enable different kinds of experts to use or experiment with the tool,
including SMEs (subject matter experts). In addition, SeamlessMDD should
support modeling in a generic way for all PyECore7-based meta-models
provided.
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