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Abstract

Low-code development platforms (LCPDs) are software development platforms on the Cloud, pro-
vided through a Platform-as-a-Service model, which allows users to build completely operational ap-
plications by interacting through dynamic graphical user interfaces, visual diagrams and declarative
languages. They address the need of non-programmers to develop personalised software and focus on
their domain expertise instead of implementation requirements.

The availability of model repositories is paramount to reusing already developed low-code artifacts.
Consequently, the availability of efficient and accurate ways to retrieve artifacts is highly relevant.
Thus, relying on sound and well-formed models for discovering and reusing existing artifacts is key to
preserving productivity benefits related to low-code processes.

This deliverable presents a novel repository consisting of core services to store and manage low-
code artifacts. Atop such services, it is possible to develop extensions adding new functionalities to the
system. Furthermore, all the services can be used via Web access and a REST API that permits adopting
the available model management tools as software-as-a-service.



Executive summary

This document presents the low-code engineering repository underpinning the design, analysis and evo-
lution of low-code engineering repository infrastructures. The conceived and developed infrastructures
support scalable and extensible cloud-based model repositories. The architecture of the repository is pre-
sented using an extended “4 + 1” view model. The current repository can manage the persistence and
reuse of heterogeneous modelling artefacts, which can be identified and retrieved employing the proposed
advanced discovery mechanisms.
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1 Introduction

Low-code development platforms (LCDPs) are easy-to-use visual environments that are being increasingly
introduced and promoted by major IT players to permit citizen developers to build their software systems
even if they lack a programming background. Forrester and Gartner document the growth of LCDPs in
their reports [1) 2, 3] that forecast a significant market increase for LCDP companies over the next few
years. Major PaaS players like Google and Microsoft are all integrating LCDPs (Google App Maker and
Microsoft Power Platform, respectively) in their general-purpose solutions. According to a Forrester report
[2], the low-code market is expected to represent $21B in spending by 2022. In a recent Gartner report [3],
18 LCDPs were analyzed out of 200.

The Lowcomote project aims at training a new generation of early-stage researches (ESRs) in the design,
development and operation of new LCDPs, that overcome significant limitations of currently available
platforms including scalability, openness, and heterogeneity.

To this end, Lowcomote is focusing on three main research objectives:
e RO1: Enabling Low-code Engineering of Large-Scale Heterogeneous Systems, by innovative development
environments on the Cloud and precise integration of low-code languages with new domains;
e RO2: Developing a Large-scale Repository and Services for Low-Code Engineering, as a Cloud-based
service able to handle a huge number of low-code artefacts;
e RO3: Producing advancements in Scalable Low-Code Artefact Management, as new algorithms and
reusable components.

This document presents final results related to RO2 developed in the context of WP4 and in particular of
ESR6 - Scalable and Extensible Cloud-based Low-Code Model Repository and ESR8 - Capability Discovery and Reuse
in Low-code System Models. According to the Lowcomote Description of Work (DoW), the expected results of
ESRG6 are related to the development of a “[. . . | community-based model repository able to manage the persistence
and reuse of heterogeneous modelling artefacts (including models, metamodels, and model transformations). The
repository will support advanced query mechanisms and will be extensible in order to add new functionality, e.g.
remote calculation of model metrics, semantic model differencing, validation and composition of model transformations,
and even automated clustering of the stored modeling artefacts. [...]”. Furthermore, the expected outcomes of
ESRS are related “[. . . ] to facilitate model-level component discovery and reuse through automated identification of
relevant low-code system model fragments from other, related system models. [...]".

In this respect, we provide the evolving the Lowcomote low-code model repository. We describe the
architecture, the use cases supported by the repository, and the architectural components that have been
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Figure 1: Overview of the Lowcomote project architecture
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implemented to best support the use cases. Moreover, we outline the technologies that were used to
implement the knowledge base. The system architecture was guided by the IEEE Recommended Practice
for Architectural Description of Software-Intensive Systems [4].

1.1

Structure of the deliverable

This deliverable is structured as follows:

Chapter 1 provides an overview of existing LCDPs with the aim of positioning Lowcomote in such a
context and motivating the need of a dedicated repository.

e Chapter 2 provides an overview of cloud-based modeling open challenges and opportunities
e Chapter 3 presents an overview of existing cloud-based modeling platforms and highlights related

challenges and opportunities;

Chapter 4 presents the architecture of the Lowcomote repository. In particular, the different ar-
chitectural views used in this document are presented, before presenting the architectural view
decomposition of the conceived Lowcomote repository;

e Chapter 5 presents an approach to composing model management services;
e Chapter 6 presents an advanced approach to discovering and reusing modeling artifacts stored in

model repositories;

Chapter 7 presents an approach to reuse modeling artifacts employing a proposed model slicing
approach;

Chapter 8| concludes the document.



2 Low-code development platforms

LCDPs are provided on the Cloud through a Platform-as-a-Service (PaaS) model, and enable the develop-
ment and deployment of fully functional software applications utilizing advanced graphical user interfaces
and visual abstractions requiring minimal or no procedural code [5]. Thus, with the primary goal of deal-
ing with the shortage of highly-skilled professional software developers, LCDPs allow end-users with no
particular programming background (called citizen developers in the LCDP jargon) to contribute to software
development processes, without sacrificing the productivity of professional developers.

By using low-code platforms, citizen developers can build their software application without the help
of several developers that were earlier involved in along the full-stack development of fully operational
applications. Thus, developers can focus on the business logic of the application being specified rather
than dealing with unnecessary details related to setting up of the needed infrastructures, managing data
integrity across different environments, and enhancing the robustness of the system. Bug fixing and
application scalability and extensibility are also made easy, fast and maintainable in these platforms by the
use of high-level abstractions and models [6]. Procedural code can be also specified in these platforms to
achieve further customization of the application on one’s own preferences.

In this chapter, a technical survey is provided to distill the relevant functionalities provided by different
LCDPs and accurately organize them. In particular, eight major LCDPs have been analyzed to provide
potential decision-makers and adopters with objective elements that can be considered when educated
selections and considerations have to be performed. The contributions of the chapter are summarized as
follows:
o Identification and organization of relevant features characterizing different low-code development
platforms;
e Comparison of relevant low-code development platforms based on the identified features;
e Presentation of a short experience report related to the adoption of LCDPs for developing a simple
benchmark application.

To the best of our knowledge, this is the first work aiming at analyzing different low-code platforms and
discuss them according to a set of elicited and organized features.

The remaining sections of this chapter are organized as follows: Section [2.1|presents the background of the
work by showing the main architectural aspects of low-code development platforms. Section[2.2)introduces
the eight LCDPs that have been considered in this work. Sectionpresents the taxonomy, which has been
conceived for comparing LCDPs as discussed in Section[2.4} Section 2.5 presents a short experience report
related to the adoption of LCDPs for developing a simple benchmark application. Section [2.6| concludes
the chapter and discusses some perspective work.

2.1 Background

Low-code development platform are software platforms that sit on the cloud and enable developers
of different domain knowledge and technical expertise to develop fully-fledged applications ready for
production[1]. Such applications are developed through model-driven engineering principles and take
advantage of cloud infrastructures, automatic code generation, declarative and high level and graphical
abstractions to develop entirely functioning applications [3]. These platforms capitalise on recent devel-
opments in cloud computing technologies and models such as Platform-as-a-service (PaaS), and proven
software design patterns and architectures to ensure effective and efficient development, deployment and
maintenance of the wanted application.

At the heart of low-code platforms, there are model-driven engineering (MDE) principles [7] that have
been adopted in several engineering disciplines by relying on the automation, analysis, and abstraction
possibilities enabled by the adoption of modelling and metamodeling [8].

2.1.1 A bird-eye view of low-code platforms

From an architectural point of view, LCDPs consist of four main layers, as shown in Fig. |2 The top layer (see
Application Layer) consists of the graphical environment that users directly interact with to specify their

Hereafter, the terms low-code platforms and low-code development platforms are used interchangeably.
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(e.g., cloud, local infrastructures)

N J
Figure 2: Layered architecture of low-code development platforms

applications. The toolboxes and widgets used to build the user interface of the specified application are
part of this layer. It also defines authentication and authorisation mechanisms to be applied to the specified
artefacts. Through the modelling constructs made available at this layer, users can specify the behaviour
of the application being developed. For instance, users can specify how to retrieve data from external data
sources (e.g., spreadsheets, calendars, sensors, and files stored in cloud services), how to manipulate them
by using platform facilities or utilising external services, how to aggregate such data according to defined
rules, and how to analyse them. To this end, the Service Integration Layer is exploited to connect with
different services by using corresponding APIs and authentication mechanisms.

A dedicated data integration layer permits to operate and homogeneously manipulate data even if hetero-
geneous sources are involved. To this end, the Data Integration Layer is concerned with data integration
with different data sources. Depending on the used LCDP, the developed application can be deployed
on dedicated cloud infrastructures or on-premise environments (Deployment Layer). Note that the con-
tainerization and orchestration of applications are handled at this layer together with other continuous
integration and deployment facilities that collaborate with the Service Integration Layer.

2.1.2 Main components of low-code development platforms

By expanding the layered architecture shown in Fig. [2} the peculiar components building any low-code
development platform are depicted in Fig. [3|and they can be grouped into three tiers. The first tier is made
of the application modeler, the second tier is concerned with the server side and its various functionalities,
and the third tier is concerned with external services that are integrated with the platform. The arrows in
Fig. 3|represent possible interactions that might occur among entities belonging to different tiers. The lines
shown in the middle tier represents the main components building up the platform infrastructure.
As previously mentioned, modelers are provided with an application modeler enabling the specification of
applications through provided modeling constructs and abstractions. Once the application model has been
finalized, it can be sent to the platform back-end for further analysis and manipulations including the
generation of the full-fledged application, which is tested and ready to be deployed on the cloud.
Figure ] shows the application modeler of Mendix [9] at work. The right-hand side of the environment
contains the widgets that modelers can use to define applications, as shown in the central part of the
environment. The left-hand side of the figure shows an overview of the modeled system in terms of, e.g.,
the elements in the domain model, and the navigation model linking all the different specified pages.
The application modeler also permits to run the system locally before deploying it. To this end, as
shown in Fig. (3} the middle tier takes the application model received from the application modeler and
performs model management operations including code generations and optimizations by also considering
the involved services including database systems, micro-services, APIs connectors, model repositories of
reusable artifacts, and collaboration means [10].
Concerning database servers, they can be both SQL and NoSQL. In any case, the application users and
developers are not concerned about the type of employed database or mechanisms ensuring data integrity
or query optimizations. More in general, the developer is not concerned about low-level architecture details
of the developed application. All the needed micro-services are created, orchestrated and managed in the
back-end without user intervention. Although the developer is provided with the environment where
she can interact with external APIs, there are specific connectors in charge of consuming these APIs in the
back-end. Thus, developers are relieved from the responsibility of manually managing technical aspects
like authentication, load balance, business logic consistency, data integrity and security.

9
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Figure 3: Main components of low-code development platforms

Low-code development platforms can also provide developers with repositories that can store reusable
modeling artifacts by taking care of version control tasks. To support collaborative development activities,
LCDPs include facilities supporting development methodologies like agile, kanban, and scrum. Thus,
modelers can easily visualize the application development process, define tasks, sprints and deal with
changes as soon as customers require them and collaborate with other stakeholders.

2.1.3 Development process in LCDPs

The typical phases that are performed when developing applications by means of LCDPs can be summarized
as follows.

1. Data modeling - usually, this is the first step taken; users make us of a visual interfaces to configure
the data schema of the application being developed by creating entities, establishing relationships,
defining constraints and dependencies generally through drag-and-drop facilities. A simple data
model defined in Mendix is shown in Fig. 5|

File Edit View Project Run VersionControl Language Help Runlocally - View X W Signin

-2 x|l Schedule_Overview [TrainingManagement] Course_NewEdit [TrainingManagement] ACO_SetNrOfRegistrations [TrainingManagement] Course_Overview [Tra~ RGN - x

Q_Filter Atlas_Default > Schedule_Overview Widgets Buding blocks

H) = [ page [2 Data view EB Data grid [B Template grid 5 List view | Add widget... Add building block... Show styles | Structure mode | Design mode """ ]
B © & Project Training-benchmark’ ~ 2 Expand Al =) Collapse All
O #% Settings Tl B Datawidgets ~
& security [ Data view
Data grid
O {3} Navigation Course schedule 8 ;
[E Template grid
O £ System texts I Listview
B O @ App Store modules You can schedule your course from here S Common widgets
E O & System 0 Text
O s Domain Model [ image
O & Security Cr= A\ Label
O = DeviceType ] Srippetcal
[ScheduleCourse, from database]
O = EventStatus B ] T poge e
= = Container widgets
O & Images Start date -| [StartDate] End date ~| EndDate] Layoutgrid
0 (&) ShowHomePage Container
0 = -
O = UserType Search | | 4 New | | Edit[defaul] | | X Delete 5 Group bax
o VerifyPassword [ Tab container
© © @ TrainingManagement Sort order: (defaut) [£] Scrol container
£, Domain Mocel e Neme __|Fullname Start date End date & Tate
€ securty ScheduleCourse_Course/Course/Title ScheduleCourse Location/Location/Name] | [ScheduleCourse_Trainer/Trainer/FullN... |[StartDate] EndDate] & Navigation ist
Input widgets
®= Microflows = . E w8 ng s
extbox
® New and Edit pages [ Textarea
B 0 [ RegularExpressions = Drop-donn
®= Root data () Check box
B Schedule ® Radiobuttons
[ Regirstration_NewEdit [] Date picker
& T2 Reference selector

- Refe t selectc
[ ScheduleCourse_NewEdit [7 Reference set selector

[ Home_Web
o IiE Images

52 Input reference set selector
B File widgets
File manager
2 Image uploader
5 Image viewer
= Rutton widasts
< > v Properies  Toolbox  Connector
+ Stories | + Changes (22) | + Emors (0) | + Console

Figure 4: The application modeler of Mendix at work
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2. User interface definition - secondly, the user configures forms and pages (e.g., see Fig. 4) used to define
the application views, and later define and manage user roles and security mechanisms across at least
entities, components, forms, and pages. It is here that drag-and-drop capabilities play a significant
role to speed up development and render the different views quickly.

3. Specification of business logic rules and workflows - Third, the user might need to manage workflows
amongst various forms or pages requiring different operations on the interface components. Such
operations can be implemented in terms of visual-based workflows and to this end, BPMN-like
notations can be employed as, e.g., shown in Fig. [}

4. Integration of external services via third-party APIs - Fourth, LCDPs can provide means to consume
external services via integration of different APIs. Investigating the documentation is necessary to
understand the form and structure of the data that can be consumed by the adopted platform.

5. Application Deployment - In most platforms, it is possible to quickly preview the developed application
and deploy it with few clicks.

2.2 An overview of representative low-code development platforms

This section presents an overview of eight low-code development platforms that have been considered
as leaders in the related markets from recent Gartner [3] and Forrester [2] reports. These eight low-code
platforms are assumed to be representative platforms for the benefit of our analysis that encompasses
diverse feature capabilities mentioned in Table

OutSystem [10] is a low-code development platform that allows developing desktop and mobile applica-
11



tions, which can run in the cloud or in local infrastructures. It provides inbuilt features which enable to
publish an application via a URL with a single button click. OutSystems has two significant components.
First, it has an intermediate Studio for database connection through .NET or Java and secondly, it has a
service studio to specify the behaviour of the application being developed. Some of the supported appli-
cations in this platform are billing systems, CRMs, ERPs, extensions of existing ERP solutions, operational
dashboards and business intelligence.

Mendix [9] is a low-code development platform that does not require any code writing and all features can
be accessed through drag-and-drop capabilities while collaborating in real-time with peers. Thereis a visual
development tool that helps to reuse various components to fasten the development process from the data
model setup to the definition of user interfaces. Users can create some context-aware apps with pre-built
connectors, including those for the IoT, machine learning, and cognitive services. Mendix is compatible
with Docke and Kubernete and it has several application templates that one can use as starting points.
Mendix’s Solution Galleryﬁ is an additional resource that permits users to start from already developed
solutions, and that might be already enough to satisfy the requirements of interest.

Zoho Creator [11] offers drag-and-drop facilities to make the development of forms, pages and dashboards
easy. The provided user interface supports web design where the layout of the page reflects the resolution
of the screen of the user (e.g., in the case of mobile or desktop applications). It also offers integration with
other Zoho apps and other Salesforceﬁ connectors. Customized workflows are essential features of Zoho
Creator.

Microsoft PowerApps [12] supports drag-and-drop facilities and provides users with a collection of tem-
plates which allows reuse of already developed artifacts. A user can follow model-driven or canvas ap-
proaches while building applications. PowerApps integrates with many services in the Microsoft ecosystem
such as Excel, Azure databaseﬁ or similar connectors to legacy systems.

Google App Maker [13] allows organizations to create and publish custom enterprise applications on the
platform powered by G Suit It utilizes a cloud-based development environment with advanced features
such as in-built templates, drag-and-drop user interfaces, database editors, and file management facilities
used while building an application. To build an extensive user experience, it uses standard languages such
as HTML, Javascript, and CSS.

Kissflow [14] is a workflow automation software platform based on the cloud to help users to create and
modify automated enterprise applications. Its main targets are small business applications with complete
functional features which are essential for internal use, and human-centred workflows such as sales enquiry,
purchase request, purchase catalogue, software directory, and sales pipeline. It supports integrations with
third-party APIs, including Zapie Dropboxﬂ IFTT and Office 36

Salesforce App Cloud [15] helps developers to build and publish cloud-based applications which are safe
and scalable without considering the underlying technological stacks. It exhibits out-of-the-box tools and
operations for automation by integrating them with external services. Some of the peculiar features are
the extensive AppExchange marketplac consisting of pre-built applications and components, reusable
objects and elements, drag-and-drop process builder, and inbuilt kanban boards.

Appian [16] is one of the oldest low-code platform, which permits to create mobile and Web applications
through a personalization tool, built-in team collaboration means, task management, and social intranet.
Appian comes with a decision engine which is useful for modeling complex logic.

2ht’rps://www.docker.com/
3https://kubernetes.io/
4https://www.mendix.com/solutions/
9 https://www.salesforce.com/it/
6https://azure.microsoft.com
"https://gsuite.google.com/
®https://zapier.com
9https://www.dropbox.com/
lUhttps://ifttt.corn/

1 https://products.office.com/it-it/home
https://appexchange.salesforce.com/
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Figure 7: Feature diagram representing the top-level areas of variation for LCDPs

Taxonomy

In this section we introduce preparatory terms, which can facilitate the selection and comparison of different
LCDPs. The features are derived by examining the requirements in building an application along with the
capabilities that a low-code platform could offer in achieving the making of an application. In particular,
by analysing the low-code development platforms described in the previous section we identified and
modeled their variabilities and commonalities. Our results are documented using feature diagrams [17],
which are a common notation in domain analysis [18]. Fig[7]shows the top-level feature diagram, where
each subnode represents a major point of variation. Table|l|gives details about the taxonomy described in
the following.

Graphical user interface: This group of features represents the provided functionalities available in the
front-end of the considered platform to support customer interactions. Examples of features included
in such a group are drag-and-drop tools, forms, and advanced reporting means.

Interoperability support with external services and data sources: This group of features is related to the
possibility of interacting with external services such as Dropbox, Zapier, Sharepoint, and Office 365.
Also, connection possibilities with different data sources to build forms and reports are included in
such a group.

Security support: The features in this group are related to the security aspects of the applications that
are developed by means of the employed platform. The features included in such a group include
authentication mechanisms, adopted security protocols, and user access control infrastructures.
Collaborative development support: Such a group is related to the collaboration models (e.g., online
and off-line) that are put in place to support the collaborative specification of applications among
developers that are located in different locations.

Reusability support: 1t is related to the mechanisms employed by each platform to enable the reuse of
already developed artifacts. Examples of reusability mechanisms are pre-defined templates, pre-built
dashboards, and built-in forms or reports.

Scalability support: Such a group of feature permits developers to scale up applications according to
different dimensions like the number of manageable active users, data traffic, and storage capability
that a given application can handle.

Business logic specification mechanisms: It refers to the provided means to specify the business logic of
the application being modeled. The possibilities included in such a group are business rules engine,
graphical workflow editor, and API support that allows one application to communicate with other
application(s). Business logic can be implemented by using one or more API call(s).

Application build mechanisms: It refers to the ways the specified application is built, i.e., by employing
code generation techniques or through models at run-time approaches. In the former, the source
code of the modeled application is generated from the specified models and subsequently deployed.
In the latter, the specified models are interpreted and used to manage the run-time execution of the
application.

Deployment support: The features included in such a group are related to the available mechanisms for
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Table 1: Taxonomy for Low-Code Development Platforms

Feature

Description

Graphical user interface

Drag-and-drop designer

This feature enhances the user experience by permitting to drag all the items involved in making an app including actions, responses,
connections, etc.

Point and click approach

This is similar to the drag-and-drop feature except it involves pointing on the item and clicking on the interface rather
than dragging and dropping the item.

Pre-built forms/reports

This is off-the-shelf and most common reusable editable forms or reports that a user can use when developing an application.

Pre-built dashboards

This is off-the-shelf and most common dashboards that a user can use when developing an application.

Forms

This feature helps in creating a better user interface and user experience when developing applications. A form includes
dashboards, custom forms, surveys, checklists, etc. which could be useful to enhance the usability of the application being developed.

Progress tracking

This features helps collaborators to combine their work and track the development progress of the application.

Advanced Reporting

This features enables the user to obtain a graphical reporting of the application usage. The graphical reporting includes
graphs, tables, charts, etc.

Built-in workflows

This feature helps to concentrate the most common reusable workflows when creating applications.

Configurable workflows

Besides built-in workflows, the user should be able to customize workflows according to their needs.

Interoperability support

Interoperability with external services

This feature is one of the most important features to incorporate different services and platforms including that
of Microsoft, Google, etc. It also includes the interoperability possibilities among different low-code platforms.

Connection with data sources

This features connects the application with data sources such as Microsoft Excel, Access and other relational databases
such as Microsoft SQL, Azure and other non-relational databases such as MongoDB.

Security Support

Application security

This feature enables the security mechanism of an application which involves confidentiality, integrity and availability of an application,
if and when required.

Platform security

The security and roles management is a key part in developing an application so that the confidentiality, integrity and
authentication (CIA) can be ensured at the platform level.

Collaborative development support

Off-line collaboration

Different developers can collaborate on the specification of the same application. They work off-line locally and then they commit to
a remote server their changes, which need to be properly merged.

On-line collaboration

Different developers collaborate concurrently on the specification of the same application. Conflicts are managed at run-time.

Reusability support

Built-in workflows

This feature helps to concentrate the most common reusable workflows in creating an application.

Pre-built forms/reports

This is off-the-shelf and most common reusable editable forms or reports that a user might want to employ when developing
an application.

Pre-built dashboards

This is off-the-shelf and most common dashboards that a user might want to employ when developing an application.

Scalability

Scalability on number of users

This features enables the application to scale-up with respect to the number of active users that are using that application
at the same time.

Scalability on data traffic

This features enables the application to scale-up with respect to the volume of data traffic that are allowed by that application
in a particular time.

Scalability on data storage

This features enables the application to scale-up with respect to the data storage capacity of that application.

Business logic specification mechanisms

Business rules engine

This feature helps in executing one or more business rules that help in managing data according to user’s requirements.
P! g P ging g q

Graphical workflow editor

This feature helps to specify one or more business rules in a graphical manner.

Al enabled business logic

This is an important feature which uses Artificial Intelligence in learning the behaviour of an attributes and replicate those
behaviours according to learning mechanisms.

Application build mechanisms

Code generation

According to this feature, the source code of the modeled application is generated and subsequently deployed before its execution.

Models at run-time

The model of the specified application is interpreted and used at run-time during the execution of the modeled application
without performing any code generation phase.

Deployment support

Deployment on cloud

This features enables an application to be deployed online in a cloud infrastructure when the application is ready to deployed and
used.

Deployment on local infrastructures

This features enables an application to be deployed locally on the user organization’s infrastructure when the application is ready
to be deployed and used.

Kinds of supported applications

Event monitoring

This kind of applications involves the process of collecting data, analyzing the event that can be caused by the data, and signalling
any events occurring on the data to the user.

Process automation

This kind of applications focuses on automating complex processes, such as workflows, which can takes place with minimal
human intervention.

Approval process control

This kind of applications consists of processes of creating and managing work approvals depending on the authorization of the user.
For example, payment tasks should be managed by the approval of authorized personnel only.

Escalation management

This kind of applications are in the domain of customer service and focuses on the management of user viewpoints that filter out aspects
that are not under the user competences.

Inventory management

This kind of applications is for monitoring the inflow and outflow of goods and manages the right amount of goods to be stored.

Quality management

This kind of applications is for managing the quality of software projects, e.g., by focusing on planning, assurance, control and
improvements of quality factors.

Workflow management

This kind of applications is defined as sequences of tasks to be performed and monitored during their execution, e.g., to check
the performance and correctness of the overall workflow.

deploying the modeled application. For instance, once the system has been specified and built, it can

be published in different app stores and deployed in local or cloud infrastructures.

In addition to the top-level features shown in Fig. [/, LCDPs can be classified also with respect to the
Kinds of supported applications. In particular, each LCDP can specifically support the development of one
or more kinds of applications including Web portals, business process automation systems, and quality
management applications.

2.4 Comparison of relevant LCDPs

In this section, we make use of the taxonomy previously presented to compare the eight low-code devel-
opment platforms overviewed in Sec. Table [11] shows the outcome of the performed comparison by
showing the corresponding supported features for each platform. The data shown in Table|11|are mainly
obtained by considering the official resources of each platform as referenced by [10],[9], [11]], [12], [13], [14],
[15], [16], and by considering the experience we gained during the development of a benchmark application
as discussed in the next section.
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Table 2: Comparison of analysed low-code development platforms

Feature OutSystems Mendix Zoho Creator MS PowerApp Google App Maker Kissflow Salesforce App Cloud Appian

Graphical user interface

Drag-and-drop designer v’ v’

<
q

Point and click approach

M)

v’ v’ v’

Pre-built forms/reports

Pre-built dashboards

Forms

NENR
N
N
N

Progress tracking

Advanced reporting

Built-in workflows

Configurable workflows
Interoperability support

Interoperability with external service

Connection with data sources
Security Support

Application security

Platform security
Collaborative development support

NEAA A EAAEINANANAN

NEAREAN

Off-line collaboration

ANAAEAN
NAEANEANN
N

NAEAAEAN

On-line collaboration
Reusability support

Built-in workflows

<
<

Pre-built forms/reports

Pre-built dashboards
Scalability

<

Scalability on number of users

Scalability on data traffic

Scalability on data storage
Business logic specification mechanisms

NEA AR EARY
NEAR AR

NEARYR

Business rules engine

NAEARHY

Graphical workflow editor

Al enabled business logic
Application build mechanisms

Code generation

<
<

Models at run-time
Deployment support

<

Deployment on cloud

Deployment on local infrastructures
Kinds of supported applications

NEA A A AR A AR A A A AR AR AN ANAN
<

NEAREN

Event monitoring

NAAR AR EANAN

NV RN RN

NN

Process automation

Approval process control

Escalation management

<

Inventory management

Quality management

A AN AN NN N AV AN AN AN R ANAAN R A N NN A AV AN AN R ANAN AN SANA NERANAN

NN
NAMNEM AR

NN
NANAN
NN
NN
AN

Workflow management

2.4.1 Features and capabilities

The essential and distinguishing features and capabilities of the analyzed low-code platforms can be
summarized as follows: OutSystems provides developers with a quick mechanism to publish developed
applications, the capability to connect different services, to develop responsive mobile and web-apps,
security mechanisms and real-time dashboards. Mendix supports collaborative project management and
end-to-end development, pre-built templates with app stores and interactive application analytics. Zoho
Creator has an easy to use form builder, user-friendly and mobile-friendly user interfaces, and the capability
of app-integration among different Zoho CRM apps, Salesforce, etc. It also supports pre-built templates
and customized workflows. Microsoft PowerApp supports integration with Office 365, pre-built templates,
easy mobile and tablet application conversion, and the capability to connect with third-party applications
for basic application development. Google App Maker has a drag-and-drop function similar to most of
the analyzed low-code platforms, app preview, reusable templates, deployment settings, means to specify
access roles, built-in tutorials and google analytic integration. Kissflow supports progress tracking, custom
and pre-built reports, collaborative features, and the possibility to use third-party services such as Google
Doc, and Dropbox documents. Italso supports Zapier to integrate different systems. Salesforce App Cloud has
an extensive app market place for pre-built apps and components, reusable objects and elements, in-built
kanban boards and a drag-and-drop process builder. Appian supports native mobile apps, drag-and-drop
tools, collaborative task management, and a decision engine with Al-enabled complex logic.
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2.4.2 Additional aspects for comparing LCDPs

The taxonomy discussed in the previous section plays an important role when users have to compare can-
didate LCDPs and select one among possible alternatives. Further than the features previously presented,
we identified additional aspects that are orthogonal to the presented taxonomy, and that can be taken into
account when decision-makers have to decide if a low-code development platform has to be adopted and
which one.

Type of solutions to be developed: there are two main types of applications that can be developed employing
LCDPs, namely B2B (Business to Business) and B2C (Business to Customer solution). B2B solutions
provide users with business process management (BPM) functionalities such as creation, optimization, and
automation of business process activities. Examples of B2B solutions include hotel management, inventory
management, and human resource management. Multiple applications can be combined in a B2B solution.
B2C solutions provide more straightforward answers for end customers. B2C solutions are for developing
single applications such as websites and customer relations management applications. The interactivity
aspects of B2C is much more crucial than B2B ones.

Size of the user’s companyforganization: another dimension to be considered when selecting LCDPs, is the
size of the company/organization that is going to adopt the selected LCDP. Organizations fall under three
possible categories: small (with less than 50 employees), medium (if the number of employees is in between
50 to 1000), large (if the number of employees is higher than 1000). Thus, the decision-maker must keep in
mind the organization size to identify the optimal solution according to her needs. Any organization who
wishes to scale their enterprise at an optimum cost need to select an LCDP based on the strength of the
company. LCDPs such as Salesforce app cloud, Mendix, and OutSystems support large enterprises, and
they are used to develop large and scalable applications. Google App Cloud, Appian, Zoho Creator are
instead mainly for supporting small to medium scale enterprises and they are relatively cheaper.

Cost and time spent to learn the platform: the time spent on the development, testing and deployment of an
application may vary from one low-code platform to another. To be proficient in such processes, users
must spend time to learn all the related aspects of that platform. Also, decision-makers have to consider
potential training costs that have to be faced for learning the concepts and processes of that particular
low-code platform.

The price of the low-code platform: it is one of the most critical criteria, especially for small or medium-scale
companies. The price of the platform can be estimated as the price of using the platform for one developer
per month. Moreover, the dimensions that contribute to the definition of the price include i) the number
of applications that need to be deployed, and ii) where data are going to be stored, i.e., in on-premise
databases, in cloud environments, or in hybrid configurations.

Increase in productivity: The adoption possibilities of low-code development platforms have to be assessed
by considering the potential number of developed applications with respect to the time spent to learn the
platform, the price incurred in training and to buy the licenses to use the considered platform.

2.5 Using LCDPs: a short experience report

The making of such platforms capable of giving citizen developers the ability to build fully-fledged appli-
cations faster and efficiently comes on a cost. Critical architectural decisions are made to ensure minimal
coding, speed, flexibility, less upfront investment and out-of-box functionalities that deliver the full ap-
plication faster. However, decisions that are usually taken during the usage of LCDPs can give place to
some issues that might emerge later on. In particular, to get insights into LCDPs, we developed the same
benchmark application by employing different platforms, and in particular Google App Maker, Mendix,
Microsoft PowerApps and OutSystems. The benchmark application is a course management system in-
tended to facilitate trainers and trainees to manage their courses, schedules, registrations and attendance.
Despite the simplicity of the application, it exhibits general user requirements that are common during
the development of typical functionalities such as management of data, their retrieval and visualization.
Moreover, we had the possibility of integrating external services via third-party APIs. We managed to
investigate how reusable code and artefacts developed in one platform can be integrated into other low
code platforms hence smoothing the path toward discovery and reuse of already proven artefacts across
different platforms.
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The first performed activity to develop the benchmark application was the elicitation of the related require-
ments. We came up with the corresponding use cases, and thus with the functional requirements of the
system. According to the performed experience, software applications can be built in LCDPs by following
two main approaches:

e Ul to Data - the developer starts building the application by creating a user interface and then linking
it with the needed data sources. Forms and pages are defined first followed by the specification of
business logic rules and workflows, which then lead to the integration of external services before the
application deployment. LCDPs such as Mendix, Zoho Creator, Microsoft PowerApps, and Kisstflow
can follow this approach.

e Data to Ul - it is a data-driven approach that starts from data modeling and then builds the user
interface of the application followed by the specification of business logic rules and workflows.
Afterwards, it leads to the integration of external services, if needed before the deployment of the
application. LCDPs such as OutSystems, Mendix, Zoho Creator, Microsoft PowerApps, Salesforce
App Cloud and Appian can follow this approach.

Specification of business logic rules, workflows, and the integration of external services can be swapped
according to the developer’s style in both the approaches mentioned above.

By developing the considered benchmark applications with the considered LCDPs, we managed to identify
some challenges that users and developers are likely to face along the course of development in LCDPs
such as interoperability issues among different low-code platforms, extensibility limitations, steep learning
curves, and scalability issues [19] [20][3]. Below we discuss such challenges that transcend most of the
low-code development platforms we surveyed. We will not discuss potential challenges that might also
occur concerning code optimization or security and compliance risks, because we were not able to deeply
assess these features due to the lack or limited visibility of the considered low-code platforms. However,
we acknowledge that such aspects should be investigated in the future to give a more broad perspective
about potential challenges that might affect LCDPs.

Low-code platforms’ interoperability: this characteristic ensures interaction and exchange of information
and artefacts among different low-code platforms, e.g., to share architectural design, implementation or de-
veloped services. Such a feature is also essential to mitigate issues related to vendor lock-ins. Unfortunately,
most low-code platforms are proprietary and closed sources. There is a lack of standards in this domain
by hampering the development and collaboration among different engineers and developers. Thus, they
are unable to learn from one another, and the reuse of already defined architectural designs, artefacts and
implementations are still hampered.

Extensibility: the ability to add new functionalities not offered by the considered platform is hard in such
proprietary platforms or even impossible. Due to lack of standards, some of them require extensive coding
to add new capabilities, which have to adhere to architectural and design constraints of the platform being
extended.

Learning curve: most of the platforms have less intuitive graphical interfaces. For some of them, drag-
and-drop capabilities are limited, and they do not provide enough teaching material, including sample
applications and online tutorials to learn the platform. Consequently, the platform adoption can be affected.
The adoption of some platforms still requires knowledge in software development, thus limiting their
adoption from citizen developers who are supposed to be the main target of these platforms and products.

Scalability: Low code platforms should be preferably based on the cloud and should be able to handle
intensive computations and to manage big data, which get produced at high velocity, variety, and volume
[21]. However, due to lack of open standards for such platforms, it is very challenging to assess, research
and contribute to the scalability of these platforms.

Overall, LCDPs are suitable for organizations that have limited IT resources and budget because they
can deliver fully-featured products in a short time, as in the case of CRM applications. However, the
development possibilities depend on the functionalities provided by the available modules, and users
might need accommodating their initial requirements depending on the options offered by the employed
platform. Third-party integration and the management and maintenance of the developed applications
can be hampered depending on the extensibility capabilities of the employed LCDPs.
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2.6 Conclusion

Over the last years, the interest around LCDPs has significantly increased from both academia and industry.
Understanding and comparing hundreds of low-code platforms [22] can be a strenuous and challenging
task without the availability of an appropriate conceptual framework underpinning their evaluation. In
this section, we analyzed eight low-code platforms that are considered as leaders in the related market, to
identify their commonalities and variability points. An organized set of distinguishing features has been
defined and used to compare the considered platforms. A short experience report has been also presented
to discuss some essentials features of each platform, limitations and challenges we identified during the
course of development of our benchmark application.

As shown in the taxonomy drawn in Fig. [/, LCDPs provide users with modeling functionalities and the
support for reusing already developed artifacts. In the next section, we discuss cloud-based modeling
functionalities provided by existing platforms by focusing on the IoT domain, which is of interest for
the Lowcomote project, particularly for ESR4 - Urban Area Management in Smart Cities. Chapter 4| instead
focuses on the backend of LCDPs, particularly on the proposed Low-Code Engineering Repository Archi-
tecture. The section will emphasize on the architectural view decomposition based on “4 + 1 ” view model
architecture.
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3 Cloud-based modeling: a survey, open challenges and opportunities

Cloud-based modeling is one of the relevant topics in the model-driven engineering community due to
the induced possibilities of designing, developing, analyzing and deploying applications seemingly with
reduced efforts. This has also been recently favored by the increasing adoption of low-code development
platforms (LCDP). Ideally, domain-specific low-code development platforms have to run on cloud infras-
tructures, even though in some industrial settings such as IoT, domain-specific modeling environment
tends to be local-based [23]. Nowadays, industries and companies are trying to migrate their modeling in-
frastructures to the cloud. However, especially in industrial contexts, the existing modeling infrastructures
are implemented in complex environments in which the migration cost can be far more expensive and very
complicated.

The future of modeling will forcefully be cloud-based [24]. Several initiatives, including Visual Studio
Cod Eclipse Ch Thei and others have shown a lot of potential in shifting modeling environments
from local-based and monolithic installations to cloud-based platforms in order to eliminate accidental
complexity and expand the variety of available functionalities [24].

In the IoT domain, modeling and development infrastructures need to consider several heterogeneous
aspects of the system’s data, communication, and implementation layers. This chapter looks at what has
been done so far in the IoT domain to support IoT systems” development through cloud-based modeling
approaches. In particular, we conducted a thorough investigation to see where the IoT community stands
concerning the current trend of moving traditional modeling infrastructures to the cloud. Following an
examination of 625 articles, we identified 22 different cloud-based IoT system development tools and
platforms.

We perform an analysis of the various issues that the IoT community is encountering while implementing
cloud-based modeling tools. As a result, we take a deeper look at a few options and discuss the research
and development opportunities enabled by adopting cloud-based modeling approaches in the IoT domain.

The remainder of this chapter is organized as follows: Section 3.1 provides an overview of cloud-based
modeling approaches and highlights motivations and needs for modeling IoT systems by means of dedi-
cated cloud-based environments. Section [3.2 presents the research methodology we have used to conduct
the survey. Sections discuss the findings of the performed analysis, which has been performed
to answer three dedicated research questions. Section discusses the related work, whereas Section
concludes the section.

3.1 Background

The significant advancements in computing power, data storage and processing are revolutionizing the
development and research of complex systems in several domains, including that of the Internet of Things
(IoT) [25]. IoT systems enable the integration of intelligent features into daily human activities through
the automation of services. In particular, such systems allow automation of low-level services that used to
be error-prone if done by humans. Moreover, they increase efficacy in current engineering solutions and
connect a range of many devices that render our environment smart. Recent reports predict that more than
100 billion devices will be connected by 2025 and 11 trillions dollars of global market capital will be reached
[26]. However, to unleash the full potential of these systems, it is necessary that also citizen developers can
take part in the development of custom IoT applications [23].

The development and consumption of IoT systems are becoming way more complex, and involving end-
users is more challenging due to the heterogeneity of the hardware and required expertise [23]. This
complexity originates from various sources. IoT applications are complex systems that use heterogeneous
devices and data sources. Besides, IoT systems require enormous efforts and investments both in their
implementation and maintenance. Moreover, the systems are implemented using code-centric approaches
that make it challenging to foster the inclusion of IoT domain experts and other stakeholders with less IoT
programming skills [23].

Due to the ever-changing requirements and the shortage of engineering experts that develop these systems

13ht’cps://code.Visuals’tudio.com
14https://www.eclipse.org/che/
Bhttps://theia-ide.org
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robustly and securely [27], the way forward entails the need to pave the way for domain experts and
other stakeholders to integrate IoT capabilities in their daily tasks [23]. Several approaches are being
discussed, while practical solutions are finding a way to facilitate IoT application usage and development
very accessible. Model-driven engineering (MDE) promotes the systematic use of models as the primary
abstraction entities all along the development of complex systems by fostering abstraction and automation
[28]. Models in the context of MDE are not sketches, drawings that serve purpose only in design, but
they prevail until the end of the development cycle of these systems as machine-readable and processable
abstractions [29]. MDE favors collaboration of engineers and stakeholders, as both work together toward
the completion of the conceived products and foster integration of different engineering processes [27].
However, MDE itself has faced challenges that have shifted the focus of the development of such complex
and heterogeneous systems from local environments to the cloud [30]. Modeling-as-a-Service is gaining
momentum as the MDE research community is migrating modeling tools and services to the cloud. This
migration is encouraged by several out-of-box benefits in cloud computing, such as easy discovery and
reuse of services and artifacts [28]. It has enabled efficient self-healing mechanisms to detect, diagnose,
and countermeasure threats and foster collaboration among stakeholders and engineers [31]. Furthermore,
migrating modeling artifacts and services on the cloud can facilitate end-users easy accessibility, hence
supporting sustainable management and disaster recovery of model artifacts and tools [32].

3.2 Study design

This section aims to analyze how the IoT domain is coping with the trend of moving existing modeling and
development infrastructures to the cloud. To this end, we followed the process shown in Fig. [§|according
to the methodology presented in [33].

In particular, the search and selection process was mainly conducted into four main phases. In the first
phase, we formally and explicitly represented the problem to get a head start on the search. Second, we
defined a search string and selected well-known academic search databases. Third, we performed a search
to gather papers to answer properly defined research questions. Fourth, we narrowed down the potential
papers and mapped them based on their similarity and variability. Finally, we analyzed the collected papers
and elaborated some recommendations on the identified difficulties.

Phase 1: Problem formalisation - This phase mainly focused on formalizing the problem we wanted to
solve by looking at the current model-driven engineering tendency. One of the sources of inspiration for
this study was the work in [24] which addresses the topic of “what is the future of modeling?”. Thus, we came
up with the formulation of the following research questions:

e RQ1: How is the IoT community adopting cloud-based modeling approaches?

e RQ2: What challenges do researchers face when developing cloud-based IoT modeling and development infras-
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Figure 8: Search and selection process
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tructures?
o RQ3: What are the main potential opportunities laying ahead for future researchers and developers in the IoT
domain?

Phase 2: Automatic & manual search: In this phase, we applied a search string to different academic
databases, i.e., Scopus (Elsevierﬁ IEEE Xploreiﬁ and ACM library@ by limiting the search on the last 10
years. Additionally, we also performed a manual search, primarily using Google Scholar. The query string
we used for the automatic search was: ("MDE" OR "Model Driven Engineering") AND ("IoT" OR "Internet
of Things") AND ("Cloud" OR "Web").

Table {3{shows the number of papers we managed to collect in this phase.

Table 3: Results table

Database Results
Scopus (Elsevier) 233
IEEE Xplore 263
ACM library 115
Manual search 14
Total 625

Phase 3: Inclusion & exclusion, 1st pass: Table [3[shows that 611 publications were initially discovered
from different sources, in addition to the 14 papers that were manually found and considered relevant for
the study. At this point, we have reviewed the paper’s title, keyword, and abstract to exclude papers that
were not satisfying the following criteria:

e Studies published in a peer-reviewed journal, conference, or workshop.

e Studies written in English.

e Papers that focus explicitly on the Internet of Things (IoT) topic.

e Studies that propose a cloud-based modeling approach, either explicitly or implicitly.
At the end of this step, we had 80 papers to be added to additional 14 documents manually retrieved from
Google Scholar.

Phase 4: Inclusion & exclusion, 2nd pass: In this phase, we read the introduction and the conclusion
of the papers previously collected. We also removed some duplicates. Various documents were rejected
during this phase for a variety of reasons, for instance, because the presented approach is not explicitly
offering an IoT-based cloud-based development environment. At the end of this phase, we ended up with
33 documents.

Phase 5: Reading of the whole paper text: We've gone over the entire articles in this phase, focusing
on the proposed approaches and their evaluation sections. Several documents were discarded because of
different reasons. For instance, papers that presented hybrid solutions (e.g., enabling local modeling with
the possibility of storing models on remote repositories) were discarded. In addition, the approaches that
claim to build web-based IoT data-wrangling platforms by reusing existing IoT data storage platforms were
also discarded. Finally, we selected 22 documents that leverage a cloud-based modeling environment to
design, develop, or deploy IoT applications.

Figure[9|shows the distribution of the selected approaches with respect to their corresponding sources. As
you might notice from Fig. [J} a portion of the selected approach (4 out of 22) was found manually. This is
because of our previous knowledge on this topic in terms of framework and tools.

In the following, the research questions presented in Sec. are answered singularly by analyzing the
research papers that have been collected as previously described.

3.3 Cloud-based modeling approaches (RQ1)

This section goes over different cloud-based modeling approaches that target the IoT domain. We organized
the analysed approaches into three categories according to their main focus of interest i.e., modeling IoT
structural aspects, service-oriented approaches, and deployment orchestrations. The aim is to answer the
research question RQ1: How is the IoT community adopting cloud-based modeling approaches?

16ht’cps://www,elsevier.com/
https://ieeexplore.ieee.org
]Bhttps://dl.acm.org/
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Modeling IoT structural aspects: DSL-4-10T [34] is a cloud-based modeling tool for the IoT domain, which
comprises a JavaScript-based graphical frontend programming language and a runtime “OpenHAB” exe-
cution engine. DSL-4-IoT provides a multistage model-driven approach for the design of IoT applications
that supports all stages of the life cycle of these systems. Automatic model transformations are provided to
refine abstract models elements into concrete ones. Those transformation results formatted as JSON-Arrays
are passed to the OpenHAB runtime engine for execution.

BIoTA [35] offers a cloud-based modeling approach for IoT architectures. A graphical DSL and supporting
tools allow users to perform syntax and semantic analysis. BIoTA renders it possible to computationally
formalize a software architecture suggested by a user according to formal automata techniques. The
component & connectors are created following specific rules to meet IoT-specific scenarios while exporting
the resulting software architecture towards a Docker-based deployment infrastructure.

Node-RED [36] is a popular and extensible model-driven framework for tying together IoT devices, APIs,
and web services in a homogenous manner. It provides users with a Web-based graphical editor with
drag-and-drop facilities. In Node-RED, the user can also create and deploy real-time dashboards.
AutoloT [37] is a Web-based platform with a Graphical User Interface (GUI) that allows programmers to
deploy and configure IoT systems quickly. The final system-generated artifact is a Flask projec (a python
micro-framework) that can be run as is or extended to meet the needs of developers that might require
more complex functionalities. The final system can also connect to an MQTT Broker, storing and querying
data in a database, presenting data to users, and exchanging them with other systems. AutoloT had later
been extended in [38] to allow users to model their IoT systems in terms of JSON files.

In [39], a cloud-based textual language and tool for Event-based Configuration of Smart Environments
(ECSE) had been proposed. The tool enables the end-user, being expert or not, to configure a smart
environment by employing an ontology-based model. In their approach, the authors used the Resource
Description Frameworks (RDF) to define the event-action rules.

AtmosphericloT [40] is a cloud-based domain-specific language and tools for building, connecting, and
managing IoT systems. AtmosphericloT Studio is a free online IDE that lets you create all kinds of device
firmware, mobile apps, and cloud dashboards. It links devices via Wi-Fi, Bluetooth, BLE, Sigfox, LoRa,
ZigBee, NFC, satellite, and cellular networks.

In [41], authors propose a model-based approach for creating responsive and configurable Web of things
user interfaces. Models@Runtime are used to produce runtime interfaces based on a formal model named
Thing Description (TD). TD’s goal is to expose Web Things (WT) attributes, actions, and events to the
outside ecosystem. The modeling language has been developed in JavaScript, using the VueJS framework,
and it is publicly availabl

In [42], the authors presented a model-driven approach to the development of IoT system interfaces. In
their work, they proposed a design pattern and the required components for designing such interfaces.
The authors implemented a platform for the development of IoT mobile and web applications based on
WebRatio a generic cloud-based model-driven development and code generation framework.

FloWare Core [43] is a model-driven open-source toolchain for building and managing IoT systems. FloWare
supports the Software Product Line and Flow-Based Programming paradigms to manage the complexity in
the numerous stages of the IoT application development process. The system configures the IoT application

https://flask.palletsprojects.com
20https://github.com/smar2t/td_interface_builder
21 https://www.webratio.com/.
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following the IoT system model supplied by the IoT developer. A Node-RED engine [36] is integrated in
FloWare.

Vitruvius [44] is an MDD platform that allows users with no programming experience to create and
deploy complex IoT web applications based on real-time data from connected vehicles and sensors. Users
can design their ViWapplications straight from the web using a custom Vitruvius XML domain-specific
language. Furthermore, Vitruvius provides a variety of recommendation and auto-completion features
that aid in creating applications by reducing the amount of XML code to be written.

Service-oriented approaches: This category includes approaches providing users with cloud-based modeling
environments targeting service-oriented architectures. Thus, different services are connected to build the
final IoT systems.

MIDGAR [45] is an IoT platform specifically developed to address the service generation of applications
that interconnect heterogeneous objects. This is achieved by using a graphical DSL in which the user can
interconnect and specify the execution flow of different things. Once the desired model is ready, it gets
processed through the service generation layer, generating a tree-based representation model. The model
is then used to generate a Java application that can be compiled and run on the server.

IADev [46] is a model-driven development framework that orchestrates IoT services and generates software
implementation artifacts for heterogeneous IoT systems while supporting multi-level modeling and trans-
formation. This is accomplished by converting requirements into a solution architecture using attribute-
driven design. In addition, the components of the produced application communicate using RESTful
APIs.

LogicloT [47] offer a textual web-based DSL to ease data access and processing semantics in IoT and Smart
Cities settings. LogicloT is implemented as a set of custom Jakarta Server Pages (]SP in which different
custom JSP tags have been implemented to define the modeling semantics. The language consists of seven
constructs: relations, triggers, endpoints, timers, facts, rules, and modules. Using the custom tags, the user
can define the application’s operations required to enable the communication between process instances
and sensors without being concerned with low-level programming details.

glue.things [48] offers a cloud-based mashup platform for wiring data of Web-enabled IoT devices and Web
services. glue.things take care of both the delivery and maintenance of device data streams, apps, and
their integration. In this regard, glue.things rely on well-established real-time communication networks to
facilitate device integration and data stream management. The glue.things modeling tool combines device
and real-time communication, allowing users to describe element’s triggers and actions and deploy them
in a distributed manner.

In [49], the authors proposed a framework for scalable and real-time modeling of cloud-based IoT services
in large-scale applications, such as smart cities. IoT services are modeled and organized in a hierarchical
manner.

In [50], a portable web-based graphical end-user programming environment for personal apps is proposed.
This tool allows the users to discover smart things in their environment and create personalized applications
that represent their own needs. Each of the defined smart objects can provide various features that can be
published via a well-defined API. The graphical representation of the system is then generated from the
constructed JavaScript objects in which the user can interact with the system on the fly.

E-SODA [51] is a cloud-based DSL under the Cloud-Edge-Beneath (CEB) architecture ecosystem. In E-
SODA, a cloud sensor comprises a set of Event/Condition/Action (ECA) rules that define the sensor service
life-cycle. It allows the user to be abstract and simulate sensor behavior through an events-based fashion.
This is achieved by having the ECA rules listen for the occurrence of a predetermined "event" and respond
by performing the "action" if the rule’s "condition" is met. Finally, the generated cloud sensor application
can be used in any cloud-based application which needs sensor data.

In [52], the authors introduced an integrated graphical programming tool based on a goal-driven approach,
in which end users are only required to specify their purpose in a machine-understandable manner, rather
than designing a service architecture that fulfills their goal. This allows a smart environment’s ultimate
purpose to be graphically represented, but the complexities of the underlying semantics are hidden. A
reasoning component uses the provided goal statement and analyses whether the goal can be achieved
given the set of available services and infers whatever user actions (i.e., requests involving REST resources)
are required to achieve it.

InteroEvery [53] promotes a microservice-based architecture to deal with interoperability issues of the

https://en.wikipedia.org/wiki/Jakarta_Server_Pages
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IoT domain. First, an IoT system is configured through a web-based graphical interface showing each
microservice’s functionalities. A universal broker connects a dedicated interoperability microservice with
various adaption microservices depending on employed choreography patterns.

Model-based deployment orchestration: As IoT system deployment happens at different layers of abstractions,
this section presents the identified approaches, which aim to orchestrate the deployment mechanisms of
IoT systems using cloud-based modeling environments.

DoS-IL [54, 53] is a textual domain scripting language for resource-constrained IoT devices. It allows
changing the system’s behavior after deployment through a lightweight script written with the DoS-IL
language and stored in a gateway at the fog layer. The gateway hosts an interpreter to execute DoS-IL
scripts.

TOSCA (Topology and Orchestration Specification for Cloud Applications) [56] aims at improving the
reusability of service management processes and automate IoT application deployment in heterogeneous
environments. In TOSCA, common IoT components such as gateways and drivers can be modeled. In
addition, the gateway-specific artifacts necessary for application deployment can also be specified to ease
the deployment tasks.

GENESIS (Generation and Deployment of Smart IoT Systems) [57] is a textual cloud-based domain-specific
modeling language that supports continuous orchestration and deployment of Smart IoT systems on edge,
and cloud infrastructures. GENESIS uses component-based approaches to facilitate the separation of
concerns and reusability; therefore, deployment models can be regarded as an assembly of components.
The GENESIS execution engines support three types of deployable artifacts, namely ThingML model [58],
Node-RED container [36] and any black-box deployable artifact (e.g., an executable jar). The created
deployment model is subsequently passed to GENESIS deployment execution engine, which is in charge
of deploying the software components, ensuring communication between them, supplying the required
cloud resources, and monitoring the deployment’s status.

Discussion: As previously presented, several approaches are available to support cloud-based modeling in
the IoT domain. Table ] shows an overview of the analyzed approaches; half of them are concerned with
structural issues, whereas only a few deal with deployment concerns. The current state of the art suggests
that there is no predominant common language, although graphical syntax is preferred.

Most of the analyzed approaches are supported by tools, which are not open source. This goes hand in hand
with the public availability of the methodologies. We can observe that all the tools that are not open-source
are also not publicly accessible. When looking at industrial settings, this is especially true when it comes to
internal proprietary tools.

While analyzing each approach, we also looked at the supporting infrastructures and their ability to
generate deployable artifacts. In this regard, we have discovered that JavaScript-based environments like
Node.js and Angural.js are widely used for tool development. This might be due to the fact they are among
the modern languages for front-end technology implementation. On the other hand, it appears that the
majority of techniques generate artifacts, even though few of them are standalone deployable components.
It is also worth noting that the generated deployable artifacts can only be deployed within the same original
environment in most of the cases. To ensure interoperability, scalability, and reusability of the tools, the
generated artifacts should generally be deployed anywhere.

3.4 Open challenges (RQ2)

Multiple issues have arisen as a result of the expansion of connected smart and sensor devices, as well
as the increased usage of cloud-based models [31]]. As a typical IoT system consists of multiple complex
sub-systems, having an all-in cloud-based environment can become even more complicated. On the other
hand, overcoming these barriers is worth the effort because it opens up more opportunities. This section
elaborates on the current challenges IoT systems face while developing and integrating such tools in a
cloud-based environment. Essentially, we are answering the research question RQ2: What challenges do
researchers face when developing cloud-based IoT modeling and development infrastructures?

Extensibility mechanisms: Extensible platforms allow the addition of new capabilities without having to
restructure the entire ecosystem. Because IoT systems are distributed, a typically recommended architecture
would be to use the micro-service architecture throughout the development process [25]. Aside from that,
IoT systems may require additional interactions with third-party technologies. As a result of the previous
scenario, developing tools to design and develop such distributed applications on the cloud need efficient
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Table 4: Analyzed approaches

Tool name Category Language syntax | Open- | Tool Underlying Generated artifact
source | availability infrastructure

DSL-4-IoT Structure Graphical no no js, OpenHAB JSON config

""" BIoTA | Structure | Graphical | no | no | ApacheTech. |  YAMLfile
GraphQL
""" IADev. | Service | Textual | no | no | ASRRESTATL |  RESTapp
~ Node-RED | Structure | Graphical | yes | yes | Nodejs | Node-RED app
~ AutoloT | Structure | Graphical & | no | no | Python,js | Flaskapp
textual
""" 9] | Structure | Textual | no | mno |  SmartM3 | -
‘AtmosphereloT | Structure | Graphical | no | yes | Multi-platform | Multi-platform
apps
""" [41] | Structure |  Textual | yes | yes |  jsVueJS |  Ulcode
""" [42] | Structure | Graphical | no | no | WebRatio,IFML | Ulcode
~ FloWare Core | Structure | Graphical | yes | yes | JavaScript | Node-RED Config file
 Vitruvius | Structure |  Textual | yes | no | XMLHTMLjs | HTML5 with
JavaScrit app
- MIDGAR | Service | Graphical | no | no | Rubyjs, HTML, Java | | Javaapp
~ LogicloT | Service |  Textual | 1 no | no | s -
 gluethings | Service | Graphical | yes | no | . AngularJS,Meshblu | NodeRED service
PubNub
""" [49] | Service | Textual | no | no | Firebase&Nodejs | -
- TOSCA | Deployment | Textual | yes | yes | Multi-platform | Config files
""" [50] | Service | Graphical | no | mno | - | -
- ESODA | Service |  Textual | yes | no | OSGlcloud | OSGl java bundles
- B2 | Service |  Textual | yes | yes | ClickScript, AJAX | REST services
- InteroEvery | Service | Graphical | no | no | Spring BootRest | -
RabbitMQ,Angular

""" DoS-IL | Deployment | Textual | no | no | jsSHIMLDOM |  Configfiles
~ GENESIS | Deployment | Textual | | no | no | multi-platform | Genesis dep. agents

tools that traditional domain specialists may not have. Accessibility mechanisms are presented through
tools like [36} 43], but there is still a lot to be done. Currently, domain experts must provide cloud-based
automation mechanisms and tools to allow citizen developers to add new features without requiring

sophisticated knowledge or changing existing architectures.

Heterogeneity: It is an important challenge of the IoT domain, which involves different players develop-
ing various applications running at different layers, namely the edge, fog, and cloud [25]. In addition,
deployments and data consumption methods are very diverse, increasing the complexity of traditional
code-centric approaches [59]. Cloud-based modeling in IoT brings even more sophistication regarding
the environment in which the system should be designed and developed. The typical cloud-based mod-
eling platform should foster the integration of heterogeneous technological implementations, promoting
reusability and developing solutions close to the problem domain. Approaches such as [45, 146, 156] have

presented different strategies to tackle such issues, but much more have to be investigated.

Scalability: 10T systems are expected to handle a wide range of users, perform demanding computations, and
share enormous amounts of data among nodes. Therefore, supporting cloud-based modeling approaches
must be implemented in such a way that scalability concerns are mitigated. One of the approaches to tackle
such challenges is to adopt container-based orchestration tools such as Kubernetes. The use of such tools can
offer out-of-box features such as self-healing, fault-tolerance, and elasticity of containerized resources [26].
This will also help automate cognitive processes that can detect scalability needs and adjust autonomously

without human intervention.

Interoperability: The interoperability of various tools, services, and resources is critical in the IoT domain. The
interoperability of cloud-based modeling platforms, particularly in the IoT area, is currently limited since
different tools run in different environments and have different natures. A tool like [53] promotes the micro-
service architecture by allowing all parts of the system to communicate with each other. Several regulations,
such as standardization, will need to be implemented to achieve interoperability among different cloud-
based modeling environments. To address interoperability concerns, technologies like [36, 34, 137, 143
promote a common format based on JSON to encode models. It is worth noting that adopting Model-as-a-

Service (MaaS) architectures could also promote the interoperability of services and artifacts.
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Learning curve: It is not easy to find professionals who can master and combine the different sophisticated
technologies involved in developing and managing IoT systems. IoT domain experts may lack modern
programming expertise, whereas experienced software programmers may lack modeling domain expertise.
For instance, conceiving a cloud-based code generator requires understanding different model transforma-
tion techniques and particular programming abilities; Implementing a visual mashup tool will necessitate
knowledge of modern languages such as JavaScript, HTML, and CSS.

Security concerns: Current IoT systems suffer from security concerns as data are collected from a wide
distribution of private and public nodes. Furthermore, the data is transferred using remote IoT gateways,
which might get exposed in the process. This heterogeneity of secured and unsecured data might favor
attackers to target devices and compromise the integrity of data and operations [60]. Therefore, proper
abstractions and automation techniques are needed to help target users that might not necessarily have the
required knowledge of the security practices to be employed.

3.5 Research and development opportunities (RQ3)

In this section, we examine several opportunities that we think researchers and developers can leverage to
improve the cloud-based development and management of IoT systems. Therefore, we aim at answering
the research question RQ3: What are the main potential opportunities laying ahead for future researchers and
developers in the IoT domain?.

3.5.1 Tools and platforms

Numerous tools and platforms are being built to tackle cloud-based modeling concerns. Thus, now is the
right moment to suggest powerful and extensible tools that the IoT community may harness to solve their
domain-specific issues. In this section, we look at various open-source and highly extensible platforms that
are popular among the modeling community and that we would recommend for the IoT domain.
Cloud-based development tools based on Eclipse: We believe that a significant part of the MDE community, or
at least for research purposes, uses Eclipse-based technologies. This is because most Eclipse projects and
technologies are open-source, making them more accessible and encouraging individuals to participate. As
of March 2021, the Eclipse Foundation hosts over 400 open source projects, 1,675 committers, and over 260
million lines of code have been contributed to Eclipse project repositories [61]. Through the Eclipse Cloud
Development (ECD effort, the Eclipse community has demonstrated its willingness to transit a part of
its ecosystem to the web. Eclipse’s ECD Tools working group strives to define and construct a community
of best-in-class, vendor-neutral open-source cloud-based development tools and promote and accelerate
their adoption. Some of the best cloud-based technologies that the IoT community can benefit from are the
following;:

— EMF.cloud, GLSP, Theia - Independently from the Eclipse modeling framework (EMF), the EMF.cloud
community recently expressed a strong desire to migrate the Eclipse-based modeling infrastructure
to the cloud. This project aims to develop a web-based environment for creating modeling tools
that can support the editing mechanisms of EMF-based models. EMF.cloud allows users to interact
with models through the EMFE.cloud model server, which coordinates the use of GLSP for graphical
modeling, and LSP for textual modeling. Code generation infrastructures based on Eclipse Xtend are
also included, while Eclipse Theia provides a web-based code editing and debugging infrastructure.
Several resources are available in the community for extending those tools, and we believe that IoT
developers may use such technologies to construct cloud-based IoT DSLs.

— Sirius We - It is an Eclipse Sirius-based modeling tool that provides a powerful and extensible
graphical modeling platform for users to design and deliver modeling tools on the web. In Sirius
Web, the ability to create your modeling workbench in a configuration file is supported. In this case,
no code generation is required because everything is interpreted at run-time [62]. Furthermore, being
open-source, Sirus Web provides greater accessibility and customizability than the desktop version,
making it easier for the IoT community to get started with their cloud-based solutions.

Another alternative, such as Eclipse Ch makes Kubernetes development accessible for developer teams.

Bhttps://ecdtools.eclipse.org/
Hhttps://www.eclipse.org/sirius/sirius-web.html
Bhttps://www.eclipse.org/che/
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Che is an in-browser IDE that allows you to develop, build, test, and deploy applications from any machine.
Finally, Epsilon playground@ has been recently launched to offer cloud-based tools for run-time modeling,
meta-modeling, and automated model management.

Low-code development platforms: Looking at the LCDPs, the only powerful cloud-based open-source platform
for IoT we would recommend is Node-RED [36]. Due to its high extensibility and accessibility, Node-RED
offers an excellent IoT system mashup environment in which IoT systems can be designed, developed,
and deployed on the fly. The Node-RED platform is open, and IoT system developers can build their
custom nodes, compile, test, and deploy them in the Node-RED ecosystem. Several extensions have
been made, such as [63] tackling the reusability issues in cloud-based modeled components, [64] to tackle
the heterogeneity and complexity challenges found in the Fog based development. Finally, in [65], the
authors presented SHEN to enable self-healing capabilities of applications based on Node-RED. In terms of
interoperability, Node-RED models are represented as JSON objects, which any third-party tools can easily
consume. Some of the tools in this domain, such as FloWare [43] and GENESIS [57] already support the
Node-RED models, which shows a great sign of its high impact. Table[5|outlines the essential characteristics
of the recommended platforms.

Table 5: Recommended technologies

EME.cloud GLSP Theia Che Node-RED
Opensource | v | V| oo ool v
 Extensible | oo oo Voo v
_Scalable | ool ool Voo v
loT-specific | - i R P P B v
Application Web-based Graphical Web-based Kubernetes- Flow-based

EMF modeling language- code editor native IDE programming

tools server- for DSL

editor deployment

3.5.2 Benefits of cloud-based modeling

Although there are difficulties in adopting a cloud-based modeling approach in the IoT domain, various
opportunities will emerge, making the investment worth it. This section outlines various opportunities
that will emerge once cloud-based modeling is widely adopted in the IoT domain.

o User communities: Adopting cloud-based modeling in the IoT domain will have the potential of
attracting more citizen developers, and it will unravel a lot of modeling opportunities on different
devices such as tablets and mobile devices [66} 50, 67].

o Collaborative modeling: Once IoT modeling infrastructures are moved to the cloud, it can be nec-
essary to introduce collaborative modeling features to simplify the interaction of both developers
and stakeholders. Unfortunately, none of the discussed approaches provide collaborative modeling
functionalities. However, collaborative modeling can harness the power of real-time information,
artifacts, and service exchange.

e Productivity: Empowering users to develop their applications by embracing cloud-based modeling is
a head-start toward high production and reducing time to market [23]. Users can create applications
that cater to their problems, and engineers focus on developing features that facilitate the user for
a smooth development at an appropriate abstraction level. In addition, the participants will focus
on problem-solving in their particular domain and avoid wasting time and resources on solving
problems that are outside their competencies.

e Maintenance: Traditional code-centric methodologies necessitate a significant investment in the ongo-
ing maintenance of developed systems. In addition, systems require regular upgrades and installa-
tions, which can be error-prone and time-consuming. During upgrades or troubleshoots times of the
system, sometimes system downtime is necessary, impacting production. Furthermore, the growing
need for software systems in our daily lives and constantly changing user requirements required
an agile approach for addressing these issues quickly without compromising system availability or
user access. In many cases, such challenges are handled by cloud providers, leaving developers and
engineers to focus on developing applications that directly impact customer demands [68].

Bhttps://www.eclipse.org/epsilon/live/
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e Monitoring and debugging: Cloud-based modeling enables monitoring of activities and their archive
through its cloud providers. This is a head-start when debugging distributed applications because
developers can track down the micro-services, which are the root of the detected problems. Without
appropriate cloud infrastructures, it would be challenging to solve these issues, even with features
such as self-healing and repair strategies. Current cloud-based solutions come bundled with moni-
toring tools that assist in problem diagnosis and monitor the usage of the applications.

3.6 Related work

We identified several surveys papers on MDE and DSL in the IoT domain throughout our paper selection
process. Still, very few of them focuses explicitly on cloud-based MDE approaches ([69, 23| 70, 71]] to
mention a few). In this work, we are interested in examining the possible approaches helping in migrating
the classical local-based MDE in IoT technologies to the cloud and its adoption.

Our previous study [72] looked at the current state of low-code engineering (LCE) adoption in the IoT
domain. LCE combines LCDPs, MDE, machine learning, and cloud computing to facilitate the application
development life-cycle, namely from design, development, deployment, and monitoring stages for IoT
applications. A comparable set of features has been identified by examining sixteen platforms to represent
the functionalities and services that each of the investigated platforms could support. We discovered that
just 7 of the 16 could be deployed on the cloud, with the majority of them being LCDPs, whereas classical
MDE approaches rely on a local-based design paradigm.

In [73], the authors conducted a comprehensive assessment of model-based visual programming languages
in general before narrowing their focus to 13 IoT-specific visual programming languages. The research was
carried out based on their characteristics, such as programming environment, licensing, project repository,
and platform support. According to a comparison of such features, 72% of open-source projects are cloud-
based, whereas only 17% percent of closed-source platforms are cloud-based, which confirms a strong
uptrend of cloud-based systems in open-source IoT projects.

In [74], the authors discussed tools and methods for creating Web of Things services, in particular, mashup
tools as well as model-driven engineering approaches. The techniques regarding expressiveness, suitability
for the IoT domain, and ease of use and scalability have been analysed. Although this study is related to
this document, it solely focuses on mashup tools and only includes a few approaches. We can observe from
the preceding discussion that only a few techniques attempted to explore cloud-based MDE approaches
implicitly. According to this, and to the best of our knowledge, this is the first study analyzing the status of
cloud-based modeling in the IoT domain.

3.7 Conclusion

To develop IoT applications, developers must overcome several challenges, including heterogeneity, com-
plexity, and scalability. Moving development infrastructure to the cloud opens up a host of new opportu-
nities in terms of accessibility, productivity, maintenance, and monitoring. In this chapter, we presented
the conducted systematic study to assess the current state of the art in cloud-based modeling approaches
in the IoT domain. We looked at 22 papers proposing cloud-based modeling environments in the IoT
domain. The approaches considered were analyzed to assess their strengths and weaknesses with respect
to many characteristics, including their modeling focus, accessibility, openness, and artifact generation. We
discussed many challenges that IoT developers face when adopting such tools. We also discussed several
generic technologies and tools that can be used in the IoT domain.
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4 The Low-Code Engineering Repository Architecture

The development of the Lowcomote platform draws on techniques and tools that have emerged from recent
research in MDE (Model-Driven Engineering). MDE is characterized by the systematic use of models as
primary units of abstraction throughout the software development lifecycle to promote both abstraction
and automation [8]. To this end, domain-specific languages are used to shift the emphasis from third-
generation programming languages to the use of models that are close to the problem domain. The models
are then analyzed and manipulated to produce the source code of the modeled systems. Despite the benefits
associated with the adoption of MDE, there are still some limiting factors that hinder the wider adoption
of MDE, including the following:

e Support for discovery and reuse of existing modeling artifacts is very limited. As a result, similar
transformations and other model management tools must often be developed from scratch, increasing
upfront investment and compromising the productivity benefits of model-based processes.

e Modeling and model management tools are typically distributed as software packages that must be
downloaded and installed on client machines, often in addition to complex software development
IDEs (e.g., Eclipse).

e Integration mechanisms that allow developers to build applications, manage new artifacts, and add
additional functionality.

To overcome these issues, we present the work related to the development of a cloud-based low-code
engineering repository. This repository provides its model management capabilities as a service to sup-
port remote access, manipulation, and storage of various types of modeling artifacts. The repository
supports various third-party extensions and services, especially from research colleagues involved in this
project.The architecture of this community-based model repository enables the reuse of heterogeneous
modeling artifacts. It also supports advanced discovery mechanisms and is open to adding new features
while maintaining robustness and scalability.

4.1 Related work

In this section, we discuss modern approaches to providing repositories for modeling artifacts. We will
primarily outline outstanding research challenges related to proper management of model artifacts. We
also discuss the discovery, reuse, and deployment of model management tools and artifacts.

AMOR - Adaptable Model Versioning [75]]: It is an attempt to leverage version control systems in the field of
MDE. AMOR supports model conflict detection and focuses on intelligent conflict resolution by providing
techniques for representing conflicting changes and suggesting appropriate resolution strategies.

Bizycle [76]: This is a project to support the automated integration of software components by means of
model-driven techniques and tools. Among the various components of the project is a metadata repository
that manages and stores all artifacts required for and generated during integration processes, i.e., external
and internal documentation, models and metamodels, transformation rules, generated code, users and
roles.

CD it is a pure Java model repository for EMF models and metamodels. CDO can also serve as a
persistence and distribution framework for EMF -based application systems. CDO supports different types
of deployments such as embedded repositories, offline clones, and replicated clusters. However, the typical
deployment scenario consists of a server that manages the persistence of models by leveraging all types of
database backends (such as large relational databases or NoSQL databases) and a EMF client application.

EMFStore [77]: is a software configuration management system tailored to the specific requirements of
versioning models. It is based on the Eclipse Modeling Framework and is an implementation of a generic
operations-based version control system. EMFStore implements in the modeling domain the typical oper-
ations of SVN, CVS and Git for text-based artifacts, i.e. change tracking, conflict detection, merging and
versioning. It consists of a server component and a client component. The server runs standalone and pro-
vides a repository for models including versioning, persistence and access control. The client component
is typically integrated into an application and is responsible for tracking changes to the model as well as
committing, updating, and merging.

GME - Generic Modeling Environment [78]: It is a set of tools that support the creation of domain-specific
modeling languages and code generation environments. It also provides a repository layer for storing the
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Managed Artefact Main purpose Typical deployment scenario
AMOR [75] Model Model versioning Desktop application
Bizycle [76] Model Integration of software | Desktop application
components
CDO Model Storage Client-Server application
EMFStore [77] Model Model versioning Client-Server application
GME [78] Model Storage Client-Server application
ModelBus [79] | Model Model versioning Client-Server application
Morse [80] Model Model versioning Software-as-a-service
ReMoDD [81] Any Documentation Web-based interaction
MDEForge [7] Model, Metamodel, | Storage, Added value ser- | Web-based interaction,
Transformation vices Software-as-a-service

Table 6: Overview of existing MDE tools providing storage features

developed models. Currently, MS repository (an object-oriented layer via MS SQL server or MS access) and
a proprietary binary file format are supported.

ModelBus [79]]: It consists of a central bus-like communication infrastructure, a set of core services, and a
set of additional management tools. Depending on the usage scenario, various development tools can be
connected to the bus via tool adapters. Once a tool is successfully connected, its functionality is immediately
available to others as a service. Alternatively, it can also make use of the services already available on the
ModelBus. Available services include a built-in model repository that can version models, support partial
checkout of models, and coordinate the merging of model versions and model fragments;

Morse - Model-Aware Repository and Service Environment [80]]: Itis a service-based environment for storing and
retrieving models and model instances at both design and execution time. Models and model elements are
identified by Universally Unique Identifiers (UUID) and are stored and managed in the Morse repository.
The Morse repository provides versioning capabilities so that models can be manipulated at runtime and
new and old versions of models can be maintained in parallel;

ReMoDD - Repository for Model-Driven Development [81]]: It is a repository of artifacts designed to improve
the productivity of MDE research and industry and the learning experience of MDE students. By means
of a Drupal web application, users can contribute MDE case studies, model examples, metamodels, model
transformations, descriptions of modeling practices and experiences, and modeling exercises and problems
that can be used to develop class assignments and projects. Searching and browsing capabilities are enabled
by a web-based user interface that also provides community-oriented features such as discussion groups
and a forum.

MDEForge - MDEForge: an Extensible Web-Based Modeling Platform [7]: Itis an extensible modeling framework
consisting of a set of core services that allow to store and manage typical modeling artifacts and tools. Based
on these services, it is possible to develop extensions that add new functionality to the platform. All services
can be used through web access and a REST API that allows to adopt the available model management
tools through the software-as-a-service paradigm.

According to Table 6} the majority of existing approaches only provide support for persistence of models.
Only ReMoDD supports other kinds of modeling artefacts, like transformations, and metamodels. How-
ever, the main goal of ReMoDD is to support learning activities by providing documentation for each stored
artefact. Consequently, ReMoDD cannot be used to programmatically retrieve artefacts from the repos-
itory or more generally cannot be adopted as software-as-a-service to search and reuse already existing
modeling artefacts. Most of the discussed approaches require local installation and configuration. Only
ReMoDD and Morse do not require to be installed locally. In particular, the modeling artefacts stored in
ReMoDD can be searched and browsed through a Web-based application. Morse provides developers with
the possibility to use it as a service. Interestingly, MDEForge provides the means to store different kinds
of artifacts including, models, metamodels, and transformations. Moreover, it can be used by means of a
Web-based interface, and it permits also to exploit the provided functionalities in a programmatic way. In
fact, the provided added value services, like automated classification of metamodels, remote execution of
transformations, etc. can be used by means of the provided APIs. The main drawbacks of MDEForge are
the lack of support for storing and managing relevant artifacts that are of interest in the Lowcomote context
including DevOps workflows, quality assurance artifacts, and advanced mechanisms for providing users
with relevant recommendations.
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4.2 System views

This section presents the architecture of the Lowcomote repository. Its development follows an iterative
and incremental approach, where activities consist of multiple sprints and functional deliveries, as shown
in Fig. [10} Iterations included analysis, design and implementation, testing, and deployments organized in
sprints and based on well-defined functions. To manage the development, we used various methodologies
such as Scrum, Kanban, and Extreme Programming. Scrum helped us organize our workflow into sprints
to ensure independent, fully functional features, and Kanban helped us visualize the workflow and better
organize the backlogs. To improve responsiveness and rapid updates of changes and requirements, we
used extreme programming.

—
ih.

Burndown charts

Feature Deployment

_.

Sprint backlogs
Figure 10: Scrum iterative sprints

To describe the architecture of the proposed system, we used a modified version of the "4+1” View model,
which is a model for “describing the architecture of software-intensive systems based on the use of multiple,
concurrent views” [4]. The modification to this model is the addition of a sixth view, namely the data view
(see Fig. [T1). Since the repository is intended to store and manipulate modeling artifacts, we decided that
adding such an additional view is appropriate to also show the structure of the data to be managed by the
repository. Thus, the six views used to describe the repository architecture are as follows:

e Use case view: This view is at the center of "4 + 1" architectural view model because the remaining
views revolve around it. Use case view presents user requirements that captures system functionality
and thus illustrate the envisioned user’s interaction with the rest of the system stakeholders.

e Data view: This view describes the organization and type that the system will utilize to exchange or
transfer data during task executions.

e Logical view: The logical architecture view of the system describes the system based on the functional
requirements the system shall support to satisty user requirements and stakeholder needs. The
system is divided into key abstraction sections that better describe the design elements and common
mechanisms that tackle the problem domain.

e Development view: The development view supports the static view and organization of the system.
The system is presented in terms of components, which are properly integrated to deliver that wanted

: N

Logical view

Development view

Use case view

Process view Physical view

\ A

Data view

Figure 11: The extended “4+1" views of the Lowcomote repository architecture
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Figure 12: High level architecture view

functionalities. It is essential to bear in mind that the complete development architecture view can be
identified only when the system is complete, hence making the current version provisional.

e Process view: The process architectural view of the system aims at describing the dynamic aspects in
relation with some functionalities of the repository. System processes may be described on different
levels of abstraction in order to depict explanatory and peculiar processes.

e Physical view: In this view, we primarily elaborate the non-functional requirements such as reliability,
scalability, performance, availability. System components are mapped to corresponding processing
nodes.

The presented views address concerns that pertain to the different stakeholders (i.e., system administra-
tor, citizen developer, and software engineering) that are involved in the management and adoption of the
presented Low-Code repository. Figure [12] shows a high-level view of the system interacting with the
different stakeholders. All of them interact with a client tier (mainly Web-based), which exposes only the
functionalities that are relevant for the corresponding user. A security layer takes care of authorization and
authentication aspects. All the functionalities provided by the repository are provided by a service tier,
which properly interacts with the persistence layer depending on the requested services. It is important to
remark that the services that are not the focus of this deliverable are marked with the identifier of the cor-
responding deliverables, presenting them with details. For instance, the recommender engine is presented
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in the deliverable D4.2. Therefore, the reader can refer to that document to get details about such a service.
The high-level view of the system is described in detail in the next subsections according to the extended
4+1 model mentioned earlier.

4.2.1 Use case view

On the user perspective, this view presents the functionalities provided by the Low-Code repository. As
previously mentioned, we envision three different stakeholders of the repository as shown in Fig. [12} i.e.,
the software engineer, the system administrator, and the citizen developer. In the following, the presentation of
the repository functionalities is organized with respect to these three kinds of envisioned users.

4.2.1.1 Software engineer Software engineers are supposed to be experts in model-driven engineering
and in the development of low-code development platforms. They can extend the system by integrating
new functionalities. In this respect, Figure [13|shows the two main use cases involving software engineers
as described below:

API integration

API standardization

Software engineer

Figure 13: Software engineer use case diagram

e API integration: The software engineer can programmatically integrate new APIs or extensions in
the repository. Dedicated policies and guidelines will be defined so that additional functionalities can
be added by extending an integration service that will be purposely conceived.

e API standardization: The system will provide software engineers with dedicated extension points
to add the specification of new APIs by using services like OpenAPI || for API documentation and
further testing.

4.2.1.2 System administrator System administrators will manage the repository infrastructure and the
users that are allowed to exploit the repository functionalities. As shown in Fig. [14|the use cases that will
be provided by the repository to system administrators are the following:

Manage project access

Admin Manage CRUD operations of the repository

Figure 14: System administrator use case diagram

e Manage users: The system administrator will have the availability of typically user management
functionalities, like addition and removal of users, password changes, and temporal suspension of
user accounts.

e Manage project access: The administrator ensures the authorization aspects that permit or forbid
users to have access to the items stored in the repository;

e Manage CRUD operations of the repository: The administrator have superior access over the projects
and tools managed by the repository, hence she can perform CRUD operations on projects and tools
when needed. For instance, the administrator may deactivate a certain service or other operations
that she only has access and permission to perform.

Bhttps://swagger.io/specification/
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4.2.1.3 Citizen developer Citizen developers are the main target of the system and all the provided
functionalities have been defined by considering the potential needs that inexpert developers expect from
a Low-Code repository. As shown in Fig. (15} the functionalities provided by the Low-Code repository are
grouped under four main categories, i.e., Model Repository, DevOps Model Framework, Model Recommendations,
Model Mining and Model testing framework, which are described in detail below.

X Workflow DSL
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— Service discovery
— Transform
Model management <<extends>> — Search engine
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BRI — Microsyntax specification
— Compare |— Artifact quality-based discovery
— Merge Discovery based on transformation
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Model Recommendations Model / Service Discovery — Model slicing
——> - A
Mechanims
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Model mining ——>{ Extensible functionality Modular API
Microservice-oriented architecture
Model testing Clustered distributed microservices
framework

i <<extends>>
) Scalable architecture and

infrastructures Containerization

Orchestration

Figure 15: Use case diagram

Model Repository use cases: They represent the functionalities pertaining to the management of any kinds
of modeling artifacts to be stored and searched in the repository. Thus, the user has the availability of the
model management use cases discussed below.

e Model Manipulation Operations: The system implements several functionalities that enables ma-
nipulations of modeling artefacts in the repository. The basic manipulation functionalities are:

— The citizen developer can upload model artifacts to the repository.

— The citizen developer can edit/update model artifacts stored in the repository via provided user

interfaces.

— The citizen developer can explore and view selected modeling artifacts using the tree view.

— A citizen developer can delete modeling artifacts from the repository.
These operations are modular and represent the smallest logically isolated functionality. Therefore,
the operations can be used to extend the repository by reusing them in further higher level abstraction
activities that can build on these operations.

e Model / Service Discovery Mechanisms: This repository feature allows the user to find relevant
domain models and model management services. It is intended to allow developers to reuse existing
domain models and thus avoid having to reinvent the wheel and start modeling processes from
scratch.

The discovery mechanisms on the repository include discovery that target model artifacts but also
we enable the discovery of services available at the repository:
— Service Discovery: This feature allows the user to discover model management services in the
repository. A dedicated Service registry is responsible of recording available services, their status
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and logs.

— Search Engine: This is an integrated, industry-grade engine that indexes a variety of information
from uploaded artifacts. This engine enables the retrieval and reuse of artifacts in the repository
in the shortest possible time.

— Microsyntax query specification: This is a domain-specific query specification built upon the repos-
itory to enable extended and comprehensive queries of artifacts. The query specification is
capable of filtering artifacts based on multiple criteria in a query string including their quality
metrics and attributes.

— Artifact quality-based discovery: A quality assessment service has been integrated in the discovery
mechanisms at the repository to allow the user to retrieve artifacts based on their quality metrics
and attributes.

— Discovery based on transformation chain: The user can discover artifacts based on the transformation
chain in which the artifact of interest can be consumed.

— Model slicing: It enables the discovery and reuse of different domain model classes and their
related UI components as well as their related DSL code. All these cross-related artifacts are
provided as a model slice.

o Extensible functionality: The architecture and design of functionalities at the repository strive to
facilitate the extensibility, reuse and integration of services built upon the repository.

— API Specification: The APIs of the repository are provided externally as services. Thus, they
are executed and consumed on demand. To enable remote reuse and integration, notable API
specifications are used to facilitate this endeavor through the use of SWAGGER 2.0 OpenAP
and Grath API specifications.

— Modular API: Modularity is a technique of breaking down a system into smaller, self-contained
components. With a modular API, we have developed an API that consists of self-contained
components that are loosely coupled but highly cohesive. This practice promotes the reuse and
scalability of the codebase.

— Microservice oriented architecture: A microservice is a highly cohesive, single-purpose, decentral-
ized service. It should have only one purpose and be self-sufficient. This type of architecture can
easily track down and fix bugs in an isolated service. Furthermore, we can run the API remotely
via execution on-demand as needed. This makes managing and maintaining the code base and
adding new functionality much more straightforward. Plus, there is the advantage of holistic
resource management.

e Scalable architecture and infrastructures: The repository is built on an architecture that provides
automatic scalability and resource management. The infrastructures are cloud-based to facilitate
remote service access management and reusability.

— Clustered distributed microservices: By having microservices in a cluster, we can maintain the
services in a pool of services and benefit from several advantages. By clustering distributed
microservices, we enabled load balancing and strategic monitoring of resources and traffic across
multiple microservices. We can also manage workloads by reserving nodes for some intensive
workloads that have special requirements. In short, clustering services improve the scalability
of services and ensure they can handle the desired traffic.

— Containerization: By containerizing services using Docker technology, we isolated the model
management services from the deployed environments. This ensures an improvement in the
efficiency and security of our repository. In addition, this feature simplifies the management of
the services.

— Orchestration: By using Kubernetes, we have orchestrated the services in our cluster. By orches-
tration, we mean organizing multiple clusters to function as a single unit. This allows resources
to be used more efficiently, and tasks are scheduled on the most appropriate machines based on
the available load. High availability and load balancing are also enabled by cluster orchestration.

e Model management services: We transformed model management operations that query, validate,
transform, compare, and merge model artifacts into services. This allowed remote access to these
services and their execution on demand. Based on these services, we developed a task workflow
domain-specific language that enables the discovery and assembly of model management services. This

29https://swagger.io/speciﬁcation/vZ/
3https://graphql.org/
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allows the services to be executed in workflows.

Continuous Software Engineering use cases: DevOpsis “[...] a development methodology aimed at bridging the
gap between Development and Operations, emphasizing communication and collaboration, continuous integration,
quality assurance and delivery with automated deployment utilizing a set of development practices.” [82]. In this
context, Continuous Software Engineering (CSE) is a software engineering approach in which the target
system, or at least some of its components, is designed, developed and deployed in short, regular, iterative
and often (partially-)automated cycles. It is used as a comprehensive term to refer to many continuous-*
activities like Continuous Development, Continuous Integration, Continuous Deployment and Continuous
Delivery to form complete DevOps processes [83]. The Low-Code repository supports model-driven
CSE approaches by providing specific CRUD functionalities for DevOps process and platform models as
discussed below. In addition, it aims at supporting the current, and future extension of the DevOpsML
conceptual framework presented in [84]. For more information, please refer to deliverable D4.6.

Model Recommendations use cases: During the construction of new models, relevant model artifacts that
are stored in the repository can be reused to facilitate the modeling process or to improve the state of an
underdeveloped model. The possible reuses of modeling artifacts are offered to the citizen developer in
terms of recommendations. For more information, please refer to deliverable D4.2.

Quality Assurance use cases: In any Low-Code development platforms, citizen developers should be in-
volved in all the phases of the application development process, including testing. Therefore, the envisioned
platform provides specific functionalities to test the Low-Code system under development. Testing opera-
tions are specified in terms of models as detailed in the deliverable D4.6.

4.2.2 Logical view

In the Logical View, the Lowcomote repository is decomposed into a set of collaborating components. The
main focus of this view is on the functional architecture of the repository. A component diagram, which
shows the aforementioned decomposition is illustrated in Fig. [[6|and described in the following.

o Artefact view control: This component pertains to the client layer. This component is responsible for
the repository’s basic functionality, especially showing repository contents such as available model
artefacts, tools and services. It also presents several model manipulations such as upload, delete, and
update of models in the repository.

e Business logic controller: This component is responsible for the main server application logic and
APIs, thus ensuring the system’s load balance. In addition, it uses a security manager component.
Finally, this component is the base where we expose public APIs using openAPI 3.0. and thus, any
external communications will first go through this component.

e Security manager: This component ensures authentication and authorization of users to services or
services to services. It will contain the logic necessary to shield our repository contents against attacks
and malware, thus acting as an API guard and ensuring access control. It also includes a component
for managing sessions and access tokens.

e User manager: This component stores user data to ensure authentication and manage user sessions.

e Service integration: This component is responsible for integrating components together and exposing
their APIs to the business logic controller components.

e CRUD manager: This component is responsible for uploading, deleting, updating, editing, and
displaying model artefacts. It constantly synchronises with the persistence layer to ensure data
integrity and information update.

e Search engine: This component is responsible for searching model artefacts and tools on the repos-
itory. It is implemented using advanced search mechanisms techniques to ensure a swift search of
model artefacts and tools regardless of the number of artefacts present in the repository.

e Indexer: This component uses indexing tools to underpin the search component and machine learning
operations that require massive data processing.

o Persistence: This component combines several database APIs that store data from the various com-
ponents and ensures a single output of the data from the repository. In addition, we implemented
security guards that ensure data is secure and that any request of data from the repository’s databases
is authenticated and authorized with updated tokens.

e Repository DB: This component uses the database to store data and metadata from the repositories
components. It implements the MapReduce programming model at this level to better process and
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Figure 16: Logical view

store big data.

e Model artifact recommender: This component is responsible for providing recommendations to
the user during the modeling process. The recommendations can be triggered proactively (by the
system) or re-actively (by the user). For example, the recommendations can suggest to the user the
next modeling step, how to name a new model artifact, and what kind of relationship can be set
between newly created model artifacts. The recommendations can also provide useful suggestions
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Figure 17: Development view

for improving the current state of an underdeveloped model just uploaded to the repository.

e Query engine: For a given underdeveloped or under-construction model, recommendations will be
realized through the query engine, which gets as input the model details and queries the repository
to get the same or similar models. The retrieved models from the query result will be compared with
the model under construction. For more information, please refer to deliverable D4.2.

e Model transformer: After the query engine gets similar models, and the corresponding recommen-
dations have been provided to the user, the model transformer component is involved in applying
the selected recommendation to the model under construction.

e Continuous Software Engineering (DevOps): This component acts as a top-level container of CSE-
related services, acting as a facade for i) citizen developers, directly interacting with the Low-Code
Engineering Repository, and ii) external tools that can be integrated into a dedicated Low-Code
platform configuration (see platform modeling in [84]) supporting given DevOps process(es) (e.g.,
continuous deliverty [84] or testing functionalities (see Deliverable D4.3 [85]]). In particular, a DevOps
Process and Platform Configurator is in charge of two main activities: i) supporting configuration
of DevOps processes and platforms [84] based on available libraries of tools (with their interfaces),
according to given requirements (e.g., required capabilities to address given concerns [84]), ii) collect-
ing tool descriptions and their supported processes in shared libraries (e.g., tool descriptions created
by tool providers [84]). Furthermore, to perform its functionalities, the DevOps Process and Platform
Configurator is supported by dedicated manager components (Tool and Interface Manager, Capa-
bility and Concern Manager) with dedicated functionalities for existing libraries (see Fig[I5) (e.g.,
collection of predefined queries and recommendation for process and platform models). For more
information, please refer to deliverable D4.6.

o Testing: This service provides facilities for quality assurance of low-code systems developed by the
Low-Code Development Platforms (LCDP). Several components are considered to support different
phases of testing (including test design, test generation, test execution, and test evaluation) for various
LCDPs. The Test Execution Engine component is a dedicated and configurable engine that conforms to
Test Description Language (TDL); it is a standardized language for abstract test case definitions [86].
Citizen developers can design test cases using the TDL language (i.e., creating TDL models). TDLis not
executable, but the engine makes TDL models executable. It also performs automatic configuration,
execution, and evaluation of functional tests at the model level. The engine can be configured for
various Domain-Specific Languages (DSLs) through the "Test Engine Configurator’ component so
that the testing service can be customized and reused by different LCDPs. For more information,
please refer to deliverable D4.6.

4.2.3 Development view

The development view focuses on the actual software design of the Lowcomote repository. The static
structure of the system is illustrated in Fig. [I7, and the main elements are described in Table 7}
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Table 7: Description of the main Lowcomote repository static structure elements

Element Type

Name

Description

Class

RepositoryMainController

This class is the main controller of the system, thus it is the point of
consumption for external APIs and exposure of internal functionalities.
It coordinates all internal components of the repository. Internal func-
tionalities will be hidden to the external entities of the system.

Interface

ServiceProvider

To extend the functionalities of the system it will be necessary to imple-
ment this interface.

Class

ServiceAdapter

This class will implement the adapter pattern to facilitate interoperability
between interfaces without modifying the source code.

Class

SecurityHandler

This class will manage security features of the repository. Security APIs
will be accessed from this class and thus internal features of internal se-
curity components will be hidden, and only chosen APIs will be exposed
from this class.

Interface

Ilogger

This interface will be implemented by logging classes in different com-
ponents of the system.

Class

User

It implements user management operations. Itis used by SecurityHandler
as parent class.

Class

SessionManager

This class will manage creation and deletion of tokens and their validity
along a given period of time. All security techniques such as refreshed
tokens, OTP or two factor authentication will be managed starting from
this class.

Class

PasswordManager

This class will manage the passwords of the users, hashing, and other
password strengthening techniques will be implemented in this class.

Class

ServiceManager

This class will manage internal services. All load balancing, logging,
and performance metrics will be calculated in this class. Services will be
organized and better defined security wise for a better consumption at
this point. It is inherited from the ServiceProvider abstract class.

Class

ProjectController

This class will manage projects that are stored in the repository. A project
is related with different artifacts and users having different roles. It will
use the SecurityHandler class.

Class

Artefact

This is the main entity class that manages the artefacts of the repository.
It captures the overall data context of incoming and stored artefacts.

Class

CRUDManager

This class will manage the CRUD operations of the different kinds of
artifacts stored or to be stored in the repository.

Class

ArtefactStorageManager

Implementation of CRUD operations will be done in this class.

Class

StorageAdapter

This class will expose the CRUD operations to the external world, in-
cluding ServiceManager class. Several other external classes shall be able
to use this facility without modifying their internal structure.

Class

DataProcessor

Inherited from the CRUD manager, this class will extract needed meta-
data and organize data into a predefined data structure for later con-
sumption by data analytics and machine learning tasks.

Class

SearchManager

This class coordinates the searching of artefacts and tools managed by
the repository. This class will have several utility classes that prepare
the query strings to be used for searching processes. Search texts will
be sliced into chunk of single words to facilitate filtering. The resulted
words will be matched to related clusters and indices before retrieval.

Interface

IndexProvider

This interface will expose indices of artefacts stored in the repository
to services such as search and recommendations that use them. Thus,
anyone who wants to use indices will implement this interface.

Class

IndexStorage

This class will save the indices in a predefined data structure and manage
them.

4.2.4 Process view

The process view deals with the dynamic aspects of the Lowcomote repository. It shows at a high level
of abstraction how the main functionalities of the repository are executed. This section will present rep-
resentative processes concerning provided model management, continuous software engineering, model

recommendation, and quality assurance services.

4241 Model management services

As explanatory services, we show the sequences of steps that are
performed when searching modeling artifacts and when uploading new ones. We selected two main use
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cases below for a demonstration:

Search modeling artefacts: This use case retrieves modeling artifacts according to user requests. Files will
be indexed to ensure search speed. For any use case, the process will start with authentication. Then,
authorisation will be performed for each service against another service to validate sessions and tokens.
As seen in Fig (18] the service integration will be the access component because internal components will
not be accessed from the service integration component. A single point of access will help us ensure and
evaluate service performance and data integrity. The persistence component will manage the storage of
modeling artefacts.

<<Service>> <<Service>> <<Component>> <<Component>> <<Component>> <<Service>>
Access controller Service integration Search engine Indexer Persist

Gitizen developer

Login (credentials)
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jenerateToken()

Search artefact / tool
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>

Response
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Response
oo Response
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| fetrioveArefact)

| Response
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Figure 18: Search model artefact process view

Upload of modeling artefacts: The upload of modeling artefacts is one of the basic functionalities provided
by the repository. Similarly to all the other use cases of the repository, the first step is related to the user’s
authentication. We will save the artefacts in a database and organize them accordingly, as shown in Fig[I9
Metadata from the data transfer object will be saved in the persistence component, which captures the
context of a given use case.

4.2.4.2 Continuous Software Engineering services The Low-Code Engineering Repository provides
the means for CRUD functionalities for the model-driven artifacts of the DevOpsML framework presented
in [84], and a prototypical implementation of the DevOpsML framework is available [87]. In [84] an
informal activity-like workflow is presented that shows its main four activities, namely, i) process modeling,
ii) platform modeling, iii) library modeling (to collect reusable model elements for Platform Modeling), and iv)
process and platform weaving.

Figures 20|and 21| provide a high-level view of possible interactions among the Low-Code repository and
external tools dealing with process and platform models, respectively. In both interaction scenarios, the
citizen developer is performing modeling activities via external tools, which, in turn, communicates with
the Low-Code Engineering repository via the dedicated Continuous Software Engineering (CSE) service to
support CRUD operations for models.

In DevOpsML [84], the process modeling activity is expected to be mostly supported by existing DSL and
functionalities provided by LCPDs [88]. In [84], the OMG SPEM language and compliant modeling tools
(e.g., SPEM plugin for MagicDraw UM have been used. A Platform Model artifact is obtained at the
end of the interaction depicted in Figure 20} which is editable by the citizen developer and stored in the
repository. Library and platform modeling activities are as well intended to be supported by external
modeling tools. In [84], preliminary dedicated metamodels have been presented for specifying platform
elements, i.e., i) tools with their interfaces, and ii) capabilities and concerns that allow their collection in
separate libraries.

3https://www.nomagic.com/product-addons/no-cost-add-ons/spem-plugin
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Figure 20: Creating a Process Model from an external Tool and storing it in the Low-Code Engineering
Repository through the CSE service.

Figure21|depicts a high-level interaction scenario with a citizen developer that creates a library of platform
elements. According to the DevOpsML framework [84], D4.3 [85] shows how the citizen developer can
play different roles depending on her backgrounds. In particular,
e as requirement engineers, she can express requirements by creating libraries of required tools, interfaces,
capabilities and concerns.
e as tool provider, she can store the model of her preferred/available tools as a collection of provided
interfaces and capabilities addressing given concern
The Tool&Interface and Capability&Concern Manager components (as shown in Figure[I6) are in charge
of providing repository-specific functionalities to support the DevOps Platform Configuration use case
(Figure [15), like collecting statistics and suggesting recommendations of candidate platform elements for
suitable configurations with respect to given requirements. For this purpose, if applicable, data and process

32 Peature models of LCDPs [88] and existing classification of DevOps tools [89] can be used for this task.
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Figure 21: Creating a Platform Model from an external Tool via reusable libraries.

mining techniques will be invoked on available MDE artifacts (i.e., the data) and CSE processes.

4.2.4.3 Model discovery and reuse services As shown in Fig.[22} after a citizen developer logs into the
repository, she can discover relevant domain models to reuse these models or at least not start modeling
from scratch. The discovery process will is done by using an advanced query facility from the repository.
If the developer decides to reuse any given model, then this model will be loaded to the UI, and the user
can customize it.

If the user starts modeling either from scratch or by customizing any uploaded model, recommendations
will be triggered by the repository to the user. For example, suppose the user selects to use any given
recommendation. In that case, the selected options will be transformed into the model under construction
format and merged with the model in the respective context.

4.2.4.4 Quality Assurance services Concerning the quality assurance services, we show the processes
that are related to the creation of links between test and SUT models (see Fig.[23) and to get notifications in
case of changes occurring in the model of the SUT (see Fig.[24). In both cases, we focus on the interactions
between an Actor (that is a citizen developer), a Test modeler tool (which acts as a user interface for the actor
to model test cases), a Testing service (that is described in Sec.[4.2.2), and the Low-Code repository (hereafter
named LowCodeER for convenience).

Make links between test and SUT models: When the citizen developer requests to link a specific test model to
its related SUT model (i.e., the system model being tested by that test model), through the Test modeler
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Figure 22: Model discovery and reuse

tool, the tool asks the testing service for the path of the SUT Model. The path should be retrieved from
LowCodeER since all SUT Models are persisted there. After returning the path to the modeler tool, it
then requests the testing service to set the reference to the SUT model in the intended test model, which
consequently resulted in an update request from the testing service to LowCodeER to make sure that the
reference is saved and can be used later on.

i . «Service» «Component»
Test Modeler:Tool :Testing :LowCodER

Citizen Developer

= link test model to SUT [

getSUTModelpath(SUTModel) .
> getArtifactPath(SUTModel) N
path e bPAth
(_ ..............................
SetSUTReference(path)
SetTestModelRefToSUT(path)
updateAtrtifact(testModel) N
} return
return
return D SR Rl

L =

Figure 23: Setting the links between test models and their related system models (SUT models)

Get notification of SUT model changes: The LowCodeER component notifies the testing service of updates
in the SUT Model. This notification triggers an operation in the testing service which repeats the related
test cases to avoid inconsistency between them and the updated SUT model (this is identical to automatic
regression testing). To this end, the testing service requests the repository to retrieve related test models
and then executes them. After running tests, two states could happen:

1. all tests passed, meaning no updates in the test models is required.

2. at least one of the test models is failed, meaning that the citizen developer has to update failed test

models.

In both cases, appropriate notifications will be sent to the citizen developer through the modeler tool.
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Figure 24: Getting notification of system model changes along with the related failed test models

4.2.5 Data view

The data view captures the essentials of the data transfers that are exchanged between system processes.
We implemented services on the repository as remote services, which implies numerous round-trip calls
between the client and the server that underlying processes shall perform.

Figure [25] shows the data transfer object (DTO) that aggregates the data repeatedly transferred between
processes by multiple calls into a single object. This object is stored, retrieved, serialized for transfer,
and deserialized for consumption. Manipulation of the DTO occurs in the persistence component, which
coordinates the persistence layer of the system. The response consists of two concepts: the message and its
content. A message is a JSON object with metadata included, and the content can take any form depending
on the service involved.

4.2.6 Physical view

The physical view describes the multi-tier architecture of the Lowcomote repository as shown in Fig.
According to the high-level architecture shown in Fig[12} the system includes different physical components.
The client exploits the functionalities developed by the different project partners, especially those involved
in Work Package 4. The services are made available in the Client Layer and include model management
services, recommendations, model testing workbench and continuous integration services. Such services
communicate with the Logic Layer by using the Service Integration API that plays the gateway role for all the
other services, which in turn can access the data layer providing storage facilities.

4.3 Conclusion

This chapter presented the architecture of the repository developed in the project to store and mine different
low-code artifacts. In particular, the developed repository provides model management capabilities made
available as a service to support remote access, manipulation, and storage of various modeling artifacts. In
the following chapters, we detail the components of the repositories that have been the focus of ESR6 and
ESRS.
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5 MDEForgeWL: cloud-based discovery and composition of model man-
agement services

The Modeling as a Service (Maa$) initiative [90] fostered the adoption of model management operations as
services over the Internet. To this end, as presented in the previous chapters, over the last years, several
repositories have been proposed by academia and industry to enable the reuse of modeling artefacts and
their remote execution as services [91]. Thus, by employing the MaaS paradigm, the development of
complex systems requires the composition of several atomic services, which must be properly discovered,
and orchestrated. However, currently available model persistence services do not facilitate such operations
mainly because they do not expose remote APIs [92] and do not provide the means to register and discover
the services to be composed. Moreover, the current main challenges that make the composition of model
management operations a strenuous activity are the following:

— Current composition tools mainly deal with locally available resources;

— Composition mechanisms like ANT tasks are specific for the particular ecosystem at hand (e.g.,
Epsilo ;

— The development of complex engineering processes require technical expertise that citizen developers
(i.e., domain experts with limited programming skills) might not necessarily have, though deemed
to be aware of involved services.

In this chapter, we propose the adoption of a low-code development platform (LCDP) to develop complex
model management processes. In particular, LCDPs provide intuitive visual environments to citizen
developers to build fully operational applications, which do not require a strong programming background
[93]. The considered context is characterized by atomic model management operations provided as services
by (potentially) different providers. The envisioned LCDP supports the discovery and the orchestration
of the services needed to develop the wanted composed process. The objective is to develop an event-
driven approach based on trigger-action programming as done by LCDPs like IFTTT and Zapier among
popular services [94]. In such platforms, users can connect various independent services, organize and
customize them in a specific flow to achieve their goal [95]. Similarly to such services, the proposed platform
will support high-level abstraction and automation to compose model management services provided by
different repositories.
This chapter presents the MDEForgeWL that enables efficient composition and discovery of model manage-
ment services and modeling artefacts by means of a dedicated low-code development platform. Moreover,
by using a dedicated DSL, the user can specify complex workflows to orchestrate underneath model
management services. The language is based on a trigger-action paradigm where services can trigger the
execution of other ones. Users can plan, organize, customize and execute an arbitrary model-driven task
workflow by involving independent model management services in a specific flow to achieve their defined
goals [92].
The MDEForgeWL engine is implemented using a microservice-oriented architecture by exploiting the
Kubernetes technology>!| Kubernetes offers out-of-box benefits such as auto-scalability, extensibility, and
dynamic selection of services based on the load [92]. Moreover, Kubernetes permits the discovery of model
management services, and their usage via remote APIs. The code repository of MDEForgeWL is available
online Thus, the main contributions of this chapter are the following:

— Support service and model artefacts” discovery through the MDEForgeWL platform;

— Empower the user with a DSL to define custom workflows involving model management services;

— Enable orchestration, abstraction and automation of model management services;

— Facilitate extensibility and scalability of model management services on a cloud-based model reposi-

tory

The chapter is organized as follows: Section discusses the background, and Section makes an
overview of related works and a comparison of existing approaches to compose model management oper-
ations. Section |5.3|introduces the architecture of MDEForgeWL and presents the MDEForgeWL language
at work by means of an illustrative example, whereas Section [5.4] concludes the chapter.

33https://www.eclipse.org/epsilon/doc/workﬂow/
$https://kubernetes.io
*https://github.com/Indamutsa/model-management-services.git

46


https://www.eclipse.org/epsilon/doc/workflow/

5.1 Background

In this section we discuss the background of this work by focusing on aspects related to service-oriented
architectures and to the development of domain-specific languages.

Service-oriented architecture The current uptrend in service-oriented computing is transforming tradi-
tional software systems and infrastructures. This digital transformation involves a shift from a central-
ized architecture into dynamic and distributed systems that support cloud-based services [96]. This new
paradigm uses cloud computing to encapsulate heterogeneous and autonomous services into a service pool
that exhibits various functional and non-functional features [97]. Cloud computing is defined by the Na-
tional Institute of Standards and Technology (NIST) as "a model for enabling ubiquitous, convenient, on-demand
network access to a shared pool of configurable computing resources (e.g., networks servers, storage, applications, and
services) that can be rapidly provisioned and released with minimal management effort or service provider interaction."
[97]

Migrating to the cloud facilitates affordable access to reliable and high-performance hardware and software
resources and cuts expenses related to system maintenance, and security [97]. Moreover, such migration
is a pillar in supporting features such as collaboration, remote reuse, high availability, extensibility of
model artefacts, and their management services [98]. In addition, cloud computing offers many benefits
such as on-demand self-service, broad network access, resource pooling, rapid elasticity, measured service,
multi-tenacity and auditability, and certifiability [97]. Besides, it fosters inter-organizational interaction by
enabling service discovery, composition, and execution of their business logic [97]. Hence, to achieve a
fully operational complex service, atomic services are combined to process data to achieve the user goal,
often referred to as composition [99].

Generally, a service is defined as an invokable network, independent high-abstracted and self-contained
remote operation that executes low-level functionalities and might return some data [100]. In the MDE
context, amodel management service is a containerized model management operation (e.g., transformation)
along with its engine and auxiliary operations that manipulate input modeling artefacts and ensure the
return of output data. Service discovery is finding and querying from a registry of services that exhibit given
functional and non-functional features. In this aspect, composition stands for the operation of discovery,
selecting, combining, and executing cloud-based services to achieve the user’s goal [101]. To enable these
features, service preconditions, effects, inputs, and outputs are encoded in a computer-interpretable form
such as a DSL [96].

DSLs used in service composition are designed to support the specification of composite processes, facilitate
interoperability between service users and providers, and enable flexible and dynamic invocation of ad-hoc
external services [102]. The resulting complex composite services from the complex invocation chain must
scale with the number of composing services. Service composition offers two significant benefits to the
developer and the user. For the developer, it advances service and artefacts reusability, and from the user’s
perspective, she has seamless access to a variety of complex services [103].

Domain-specific languages DSLs pave the way for domain experts to leverage their knowledge in de-
veloping otherwise complex functionalities using intuitive text encoded with instructions for machines
to execute [104]. They are preferred for two main reasons: firstly, they unclog a challenging bottleneck
in software development: communications among stakeholders and engineers; secondly, they increase
productivity among developers [105]. Due to the arduous effort involved in developing a domain-specific
language (DSL), MDE techniques are wielded during their design, and implementation [106].

In this context, MDE techniques express solutions at the same problem domain level. Developing a DSL
comprises several phases that result in a compiler capable of reading the text, parsing it, and generating
executable code. To realize a DSL, developers take advantage of frameworks such as JetBrains MPS and
Xtext [104]. The former offers projectional editing that facilitates parsing the text, thus overcoming the
limits of developing DSL editors [102]. As for Xtex@ it requires a grammar specification and generates
the complete customizable infrastructure needed to build a fully-fledged domain-specific language. Xtext
provides an out-of-box lexical analyzer, parser, and abstract syntax tree using the EMF model, type checker,
compiler, and editing support for the Eclipse modeling framework (EMF). Moreover, it supports the
Language Server Protocol (LSP) for client-server communications [106].

$https://www.eclipse.org/Xtext/
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5.2 Composition of model management tools

In this section, we make an overview of existing approaches to compose model management tools (see Sec.
5.2.1). Different criteria are also presented to elaborate a comparative table of the analyzed approaches (see

Sec.[5.2.2).

5.2.1 Overview of related work

Languages such as BPMN, which are general purposes business process languages, tend to be complex
due to the vast number of related specifications and notations. Consequently, they sometimes lead to
incorrect interpretations of its elements and semantics [107,[108]. Moreover, although graphical specification
languages such as BPMN present a solid boundary to achieve defined operations, they tend to score down
on flexibility, especially when implementing complex ideas that step out of the fixed boundaries [109]
Build tools such as Gradle require an adequate understanding of their documentation to get started.
Moreover, they are not specifically conceived to run model management workflows, requiring extension
mechanisms to support MDE artefacts and tools [110]. As a result, they can lead to tedious work that is
abstracted by our DSL. If a task fails in Gradle, subsequent tasks that depend on the failed one are not
executed [110]. We intend to implement self-healing mechanisms within our DSL that do not necessarily
halt the program’s execution but report on the encountered problem to facilitate troubleshooting adequately.
Gradle is a very mature build tool, and we intend to use it to implement a part of our workflow engine to
facilitate the task execution process.

Alvarez et al. developed MTC Flow[111]], a graphical DSL intended to design, develop, and deploy model
transformation chains. However, their tools are limited to the Eclipse platform and support only model
transformations and validations. In addition, their implementation does not address cloud-based solutions
and service discovery features.

Modelflow [112] is a more advanced language towards reactive model management workflows. Their
implementation depends on events that can trigger a given workflow. Their execution engine can react to
the modification of resources, and a graph-based execution plan strategy is provided to enable alternative
execution paths. However, Modelflow does not involve advanced query mechanisms, service discovery,
and other features such as model persistence to remote repositories or cloud deployment. Furthermore,
Modelflow is based on the Epsilon language family, and features related to cloud-based solutions were out
of scope.

MoScript [113] is based on the Eclipse platform, and the supported model management operations are not
cloud-based. It does not support service discovery. Although it can perform model queries within the DSL,
they are limited to OCL and directly tied to inner model properties.

Wires [114] is a graphical Eclipse-based tool supporting the orchestration of ATL model transformations.
However, it does not support the cloud-based orchestration of model management services and their
discovery as for the previously mentioned tools.

MMINT [115] is a tool assisting model management operations employing a graphical editor. It provides
an interactive user interface, and the user can choose input models and feed them into a transformation,
and the output can be used as input for subsequent transformations.

Moola[110] is a Groovy-based model operation orchestration language. It exhibits several features even
though it does not support cloud-based solutions, such as cloud-based orchestration of services and ad-
vanced query mechanisms.

5.2.2 Comparison of model management composition approaches

This section compares the most recent tools addressing the problem of composing model management
operations. None of the existing approaches implements the model-as-a-service (MaaS) [27] paradigm.
Moreover, as shown in Table [§] existing approaches can be analyzed concerning the features described in
the following.
o Concrete syntax: It refers to the language used to specify the composition of the considered model
management tools. The language syntax can be textual or graphical.
o Target platform: It concerns the platform providing the functionalities of the considered approaches.
With cloud-based deployment, the tool can be used on the web or through RESTful APIs. How-
ever, most analyzed tools are based on the Eclipse Modeling Framework (EMF). EMF is the leading
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Table 8: Comparison of service composition tools for model management operations

Feature MDEForgeWL | Moola | MTC Flow | Modelflow | MoScript | Wires | MMINT
Concrete Syntax
Graphical v’ v’ N
v’ v’ v’

Textual

Target platform

Cloud-based (Web integration)
Local infrastructures (Eclipse,...)
Security Support

In-built security patterns

Security pattern
Collaborative development support

Artefact sharing capabilities

Sharing configuration
Reusability

Code reuse

AN
q
N
ANAN

artefacts’ reuse
Scalability support
Number of users
Data traffic

Data storage
Language features
Data holder
Condition

ANAN

NN
NN
<

Iteration
Syntactical & semantic features
Auto-completion

Syntax highlighting

Warning & Error markers
Service heterogeneity

Model management

Non MMSs

Service features

Service-oriented (Maa$, Saas, ...)

Service discovery

Service composition

Cloud-based orchestration

Third party service integration
Program execution

Sequential

Parallel

Alternative service execution
Knowledge base

Documentation

Query mechanisms
Advanced features

Advanced query mechanisms

Workflow pipelines’ specification
Persistence support
Cloud-based model repository

Local file system v’ v’ v’ v’ v’ v’
Traceability

S TS S S SIS SIS SIS S S ISS IS SS TS
<
<
<
<
<
<

Debugging means

NN

Service call logs

open-source modeling framework, and it is no surprise that most of the tools make use of it. Sev-
eral initiatives have been migrating that infrastructure to the clou and enable features such as
collaborative modeling.

o Security support: With this feature, we are interested in understanding how the analyzed tool manages
the security layer, e.g., employing security patterns like OAuth2.0.

o Collaborative development support: It concerns features that share developed artefacts or enable collab-
oration between different stakeholders.

o Reusability: It concerns available means to reuse already specified artefacts.

e Scalability: This feature is related to the architecture used during tool implementation. We evaluate

https://www.eclipse.org/emfcloud/
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if the system under analysis has some scalability support, e.g., concerning concurrently connected
users, data traffic, and data storage.

e Syntactical & semantic features: These are features provided by the language server. Although there
are several features in this context, we check if their DSLs support auto-completion, syntax/semantic
highlighting, and warning and error markers.

o Language features: We refer to the availability of language features such as data holders, iterations,
and conditional statements. These features are essential in controlling workflow specifications.

e Service heterogeneity: We aim to check if the analyzed approach can support services developed and
available from different technologies.

e Service features: We want to check if the analyzed approach implements the MaaS paradigm. In
particular, investigate if related operations are supported, such as service discovery, cloud-based
orchestration, and third-party service integration.

o Program execution: We check if there is optional execution of the program using sequential or execution
means. We also check if the user can specify the service to execute the wanted model management
operations. For instance, she might prefer performing model transformations using ATL}°| rather
than ETIPat run-time based on some service outcome.

o Information point: This feature concerns service and information discovery. Although one can query
services based on their types to determine which one to use, the user can still discover services using
the documentation with illustrative and straightforward demos.

o Advanced features: These are features facilitating the development of complex workflows, such as
advanced query mechanisms and workflow pipelines specification.

o Persistence support: It concerns the technology employed to store developed specifications, which
might be locally saved or pushed to a cloud-based repository.

o Traceability: Tracing events and problems that occur during the execution of a composite service is
an essential feature. We check the availability of debugging means such as console view and the
capability to gather the logs of the service calls.

Table |8 shows the result of the analysis we performed on the existing tools. In the next section, we present
the proposed MDEForgeWL approach to support all the previously presented features.

5.3 The proposed MDEForgeWL platform

Figure 27| shows an overview of the proposed MDEForgeWL architecture, which has been designed to
support the definition and execution of scalable workflows consisting of cloud-based compositions of
model management services. The architecture relies upon and extends MDEForge [91] by adding discovery
mechanisms to identify available services involved in the workflows being executed. The architecture is
organized into four tiers: the front-end, the execution engine, the cluster of model management services, and the
persistence layer. In the following, the four tiers of the proposed architecture are singularly described.

5.3.1 The MDEForgeWL front-end: low-code development environment

Figure 28] shows a mock-up of the proposed environment providing users with the ability to create and
automate workflows on cloud-based repositories using graphical environments with drag and drop capa-
bilities, and custom scripting by the use of a domain specific language as referred to in figure[30} The custom
scripting is enabled by an editor where the user can programmatically express complex expressions of the
workflow. The services and extensions on the repositories are organized in decoupled and distributed mi-
croservices to emphasize the separation of concerns and foster individual service maintainability, scalability,
and extensibility [116].

According to the explanatory workflow shown in Fig. the citizen developer might want to upload a
Performance Model Interchange Format (PIMF) model [117] and generate a corresponding SySML model
out of it. Then, she can validate the model, calculate dedicated metrics, extract some metadata, and once
done, merge the obtained information into another SySML model. The obtained model can be stored in
the repository, and the user can be notified together with the complete execution logs. The services used in
the above scenario are remotely accessed as services through APIs, and the storage systems are distributed
services consisting of several network nodes.

Bhttps://www.eclipse.org/atl/
¥https://www.eclipse.org/epsilon/doc/etl/
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Figure 28: Example mock-up of graphical task workflow environment

Developing and execute model management workflows like the one shown in Fig. [2§ without proper
support can be time and resource consuming, laborious, hard to maintain and error-prone. The proposed
approach aims at enabling citizen developers to create and automate workflows based on selected model
management services using a graphical environment with drag and drop capabilities. The proposed
environment is based on the metamodel shown in Fig. 29} According to the shown metamodel fragment,
workflows consists of nodes, which are an abstract representation of activities referred to as actions and
decisions. Several events can trigger activities, and the node can receive different types of inputs, such as
modeling artefacts and variables. Events of interest and their sources are defined as seen in Fig 28, and
they result from different providers that trigger specific actions as instructed. Nodes represent decoupled,
and independent micro-services orchestrated when the specified workflow is executed.

Figure 30| shows a logical view of the graphical front-end and the corresponding stakeholders, notably
two prominent actors involved, i.e., citizen developers and software engineers. The former can specify task
workflows through the provided environment, whereas the latter can extend the repository services by
adding new functionalities. The typical user (citizen developer) can access the repository, select services to
automate, configure triggers and actions, and authorize task workflows. Interestingly, advanced support
is provided to recommend modeling elements while editing workflows, and analyse, test, and deploy
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Figure 29: Fragment of the proposed workflow metamodel

models by means of a dedicated DevOps support. Such support is provided by the workflow definition
and analysis component. The service integration component ensures seamless integration of external and
internal services. Once the modeled workflow is ready, the incoming model (task workflow) is transformed
and executed by the engine as presented in the next sections.

5.3.2 The MDEForgeWL front-end: DSL

The MDEForgeWL DSL can perform the necessary low-level functionalities in a program but also achieve
complex functionalities with reduced effort for the user. To achieve this objective, the language is declarative:
you specify what you want, and we deliver the results according to the given specification. As previously
mentioned, MDEForgeWL has been developed in Xtext, and a fragment of the corresponding metamodel
is shown in Fig Each specification has WorkflowProgramModel as root model element. Each workflow
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consists of several elements, e.g., statements, workflow blocks, methods, or functions. A statement contains
features such as variables or other callable statements, including method invocations. Within statements,
we can have expressions and conditional and loop statements that assist the control flow during the
execution of the specification composition. A workflow block is made up of steps that contain statements.
The statement can also be a service, i.e., one of the model management services managed by the cluster.
Furthermore, a statement can be a query to identify artifacts of interest.

Within our language, services are an abstraction of model management operations (e.g., model transfor-
mations, validations, model query, and model comparison operations). These are the functionalities that
are containerized and deployed individually in the cluster. Executing model management operations like
model transformations via traditional techniques could be complex, time-consuming, and error-prone, and
it usually requires specific frameworks that need to be installed locally. Instead, our approach permits
calling specific services with corresponding arguments, as shown below.

1// We perform the transformation, the etl script is retrieved by id
2call service _transfoModel(sourceModel, sourceMetamodel, targetMetamodel, id: 4)

Listing 1: Service call example

The argument can be a variable or the identifier of the artifact stored in the repository. As shown in
Listing 2} you can use advanced query mechanisms to search and find a metamodel based on several
criteria, including parameters and properties set at the repository level. This feature is convenient because
it permits users to specify query predicates to find the artifacts satisfying given properties. In particular, as
shown in line 2 of Listing 2 2] the language permits the declaration of variables evaluated and used later
in the script. For instance, the variable sourceModel can be queried using its id, type, and extension type.
This is a query that returns a single result if successful. The returned results also carry other information,
such as the execution status. The user can check if an executed query succeeded before carrying on with
subsequent commands.

1//Create variables : This part is improved by advanced query mechanisms. You can query the type of models u want based

< on your defined criterias

2var sourceModel = query artefact(id: 1, type: model, ext: xmi)

3var sourceMetamodel = query artefact(

4 type: metamodel, ext: ecore, hasModel: sourceModel)

5
6var targetMetamodel = query artefact(

7 user: "john", period: (03,2020 - 2021), hasAttribute: "person",
8 size: <500kb) -> retrieve( startsWith: "catalogue",

9 contains: "class book").first

10

11var modell = query artefact( name: "catalogue.xmi", conformsTo: "catalogues.ecore",

12

13var emlscript = query artefact(id: "23")

sharedUsername: ["john"], sharedUserNumber: < 3 )
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14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

var eclscript = query artefact(id: "44")
var eolscript = query artefact(id: "12")

Workflow workflow type:sequence{
step "Validate"{
// Let’s validate our model with the retrieved ecl script
global var eventValid = call service _validateModel(
sourceModel, sourceMetamodel, evlscript)
}
}
step "Compare Transform Merge Persist"{
// We will proceed if the validation passed
if (eventValid){
// We perform the transformation, the etl script is retrieved by id
var targetModel = call service _transfoModel(
sourceModel, sourceMetamodel, targetMetamodel, id: 4)
//If there is a matched trace, we can merge some model aspects
var matchedTrace = call service _compareModel(
modell, targetModel, eclscript)
if(matchedTrace) {
// We merge the models, and persist the merged model and target model
var mergedModel = call service _mergeModels (
modell, model2, eclscript, emlscript)
call persistArtifact(targetModel, mergedModel)
}
}
}
Post{ // We can notify the user of the outcome of the workflow
call notify(email: "johndoe@email.net", message: "message")

}

Execute workflow()

Listing 2: An illustrative MDEForgeWL specification

The query at line 3 concerns a metamodel with the exact model to which the previous query retrieved the
model. The query in lines 6-9 is more complex and is used to search for an artifact with a specific user
and persisted on the repository in the specified period. We query the model’s content to find if it has a
certain attribute and if its size is larger than 500kb. Let us suppose the query returns more than one result
that meets the criteria specified. We can pipe the returned results and specify additional criteria, such as
the artifact name starting with a given text or the artifact containing a given text literally. On the returned
collection, we can retrieve the first result. It is possible to retrieve models according to their name, the
metamodel they conform to, the shared username, and the number of shared users (see line 11). Such
properties and parameters are set on the repository level, and our DSL is aware of information regarding
the retrieved artifacts. In addition, the user can query the services and choose which one to use based on
its functionality, such as a transformation to be executed.

The information about service executions is displayed in a dedicated console. Control flow statements
such as conditions and loops are also supported. However, these functionalities are deemed low-level;
hence their use is discouraged since the user can still achieve the same results by piping results for further
query processing. We currently support basic data types such as booleans, numbers, strings, conditional
statements, loop constructs, and functions. We intend to support also data structures such as objects and
arrays.

MDEForgeWL specifications can have a single workflow code block. You can specify the execution pattern,
sequential or parallel (see the workflow definition on line 17). The user can declare dependencies within
steps and among different steps. Step blocks enable pipeline and batch execution of code. For instance, the
user might have a step where she wants to validate the model (see lines 18-23) before performing a model
transformation or perform some model testing before the subsequent operations (see the step defined in
lines 24-39).

In the second step of the explanatory workflow, we use conditional statements (see line 33) to match the
traces from the model comparison operation before merging the models (see line 35). The resulting model
from the model merging operation is persisted using one line of code (see line 37). The user can specify
the models to be persisted by delimiting them with a comma. Underneath, the engine saves models and
ensures their relationships with other artifacts, such as the metamodels they conform to. The user can
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specify pre and post code blocks for workflows (e.g., see line 41). In this instance, we chose to perform a
non-model service regarding notifying the user about the results. Notifying the user using emails or other
notification services is not the only way to reflect the progress status of the considered workflow; we can
also use the console view to reflect exception logs captured by the platform. In addition, we intend to
embed visualization capabilities to reflect logs about the program execution progress and eventual results
in real-time to the user.

When the user cancels the workflow execution, the program preemptively forestalls the subsequent execu-
tions of the workflow and returns the current status. Although it is out of the scope of the present work,
we plan to integrate abilities to pause and resume the execution of the workflows by persisting the current
state in the context object and passing it to the interpreter to resume the paused execution. The execution
of the specified workflow has to be triggered by the Execute statement as in line 45.

5.3.3 The MDEForgeWL engine

Our engine comprises a compiler, a workflow execution engine, an API integration component, and the
language server-side that supports the language editor. Our compiler, a sub-process, consumes the text
from the code editor. Next, the lexer lexically analyzes the text, and the extracted tokens conform to the
building blocks of our language, such as keywords and statements. Finally, the parser takes the list of
incoming tokens and generates the abstract syntax tree (AST). The AST generated by Xtext is an EMF
model, and the model is traversed using the EMF API. Once the AST is available from the incoming DSL
text, a code generation process is triggered. Technically, code generation in Xtext traverses the AST and
translates the tree into executable code that conforms to the language of your choice, in our case, JavaScript.
Our language is statically typed, and the data structures we intend to support are arrays and nested objects.
At last, the compiler returns a valid executable code that the execution engine can run. The execution
engine runs the provided executable code and uses the API integration component to leverage services
provided by the MDEForgeWL cluster. For instance, when a user-defined workflow requires the definition
of some available model management services, the engine triggers the orchestration of the involved services
at the cluster. They get executed asynchronously (in parallel) or in sequence based on user preferences.
Another sub-process, the language server, is also running in the engine behind the scene to provide server-
side functionalities to the client code editor. It is important to remark that each service (e.g., a service
exposing model transformation functionalities) can have several engines (e.g., ATL, and ETL), and the
user can choose which one should be used. With our discovery mechanism, the user can find out which
engines are available. The system selects the right engine based on different criteria determined by the
container orchestrator and API gateway. Moreover, the workflow engine is entangled with logging and
monitoring mechanisms that keep track of the execution of workflows. For example, we keep track and
visualize API calls using services such as Prometheuﬂ Grafan and Zipki We have also implemented
distributed logging mechanisms within the workflow engine to monitor the workflow executions’ progress
and facilitate troubleshooting.

5.3.4 The MDEForgeWL cluster

This DSL can be used as a plugin in Eclipse platform, but our endeavours aim to migrate model-driven
development infrastructures from the environment to the cloud. In this aspect, we can ensure our mod-
eling infrastructures are more scalable and extensible than in the traditional fashion of modeling. The
cluster is built using Kubernetes, an open-source container-orchestration platform [118]. We use it to au-
tomate deployment, scale, and manage our containerized model management services into logical units
that facilitate their discovery. The Kubernetes cluster offers several features: service discovery and load
balancing, self-healing, horizontal scaling, automatic bin packing, storage orchestration, secret and config-
uration management, and batch execution. In addition, the Kubernetes cluster is designed to be extensible
and loose-coupled to facilitate feature updates without hardcore changes to mainstream code-base and
architecture [118]. We rely on the Kubernetes ingress controller to accept and load balance the traffic to
the microservices. It also manages egress traffic, representing communications from internal to external

©https://prometheus.io
#https://grafana.com
Zhttps://zipkin.io
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services out of the cluster. In addition, the ingress controller monitors running pods within the cluster and
automatically updates load-balancing rules regarding removed or added services.

The adoption of containerization technology to build cloud-native microservices accelerates the develop-
ment process. Containers are inherently portable and are built to ensure adequate isolation and efficiency
of resources [118]. Furthermore, self-healing mechanisms enable containers to be advertised when they
are ready to serve and can be killed, restarted, replaced or rescheduled to conform to the health check
defined by the user. Containers are scaled based on CPU usage to balance the application workload.
This is enabled by assigning a single DNS name for a set of pods, which is referred to as a service, thus
all communication are made through the service and the service load-balance the workload among the
bootstrapped pods [118]. Since the MDEForgeWL cluster is deployed using Google Kubernetes Engin
the system administrator is allowed to set any resource limits, e.g., on storage, CPU, and memory usage.
Kubernetes auto-scales resources based on available maximum and minimum ones or replicas set by the
administrator. It has built-in vertical, horizontal, and cluster auto scalers. Based on current usage, desired
target, and user demands, auto scalers scale up or down the number of running pods or replicas, perform
dynamic management of CPU/memory utilization of machines inside the cluster and increase or decrease
the number of nodes where pods are running [119]].

Self-contained, fully-fledged model management services are organized in a distributed microservice ar-
chitecture that ensures their resilience, security, loose coupling, flexibility, fault tolerance, extensibility,
and scalability. These microservices are referred to as a resource server. Moreover, other services such as
automated clustering of model artifacts, search engine integration, and model metrics calculator are inte-
grated at this level. We use the Nginx ingress controller to access our cluster to interact with underneath
microservices.

Our orchestration and discovery approach uses current trending containerization and orchestration tech-
nologies that automate the manual work related to service discovery activities. Existing discovery ap-
proaches mainly rely on WSDL documents [120]. In particular, typically, clients are expected to read and
process WSDL files to determine the services exposed by the server of interest. Then, to call the services
listed in the analyzed WSDL file, the user employs SOAP over transfer protocols like HTTP [121].

The proposed microservice architecture also includes a service registry, a service API gateway, authorization
& authentication server (it implements the OAuth2.0 protoco and a resource server as shown in Fig
When a user accesses the web browser via a service endpoint published by the Nginx ingress controller to
request the resource server, it goes through the service API gateway. The service API gateway cross-checks
the credentials to validate the user authentication. If the user is not authenticated, the service API gateway
redirects her to the authorization & authentication server. The server asks the user to authenticate and
issues an access token which enables her to access the resource server. The resource server ensures the
access token is valid from the authorization server, and then it is set to execute the request. All resource
servers implement a client discovery feature to publish their service. The service registry server keeps an
open connection to discover and register all self-published services from the resource servers. The service
API gateway fetches all available services from the service registry and acts as a proxy server to the resource
server. Briefly, registering new services with MDEForgeWL is done by implementing a client discovery
that publishes the implemented service. Our engine, by using the service registry server, will discover and
register it in our registry. Once the service is registered, it can be used by our API gateway as MDEForgeWL
services. Extending services in this manner do not require modifications of the grammar of the DSL.

5.3.5 The MDEForgeWL persistence Layer

The persistence layer of the proposed system is divided into three categories. The first category stores
structured data using SQL databases such as user management services or other sensitive data. The
second part stores in NoSQL databases unstructured data (such as logs or data mined by data mining
services from the MDEForgeWL cluster). The last part persists artefacts such as models, metamodels, and
transformations. MDEForge, our cloud-based model repository, consists of model management services
that allow persistence and management of typical modeling artifacts and tools. Services are accessed and
used through RESTful Web APIs [91]. Our repository is built to handle big data with features such as high
velocity, volume, and variety and perform analytics and predictions on stored data. A Hadoop cluster is
the most pragmatic way to manage big data, break down big problems into smaller elements and enable

#Bhttps://cloud.google.com/kubernetes-engine
#https://oauth.net/2/
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practical analysis and predictions on the stored data. As in the case of Kubernetes, the Hadoop cluster is
self-healing and supports dynamic addition and removal of servers from the cluster [122].

5.4 Conclusion

In this chapter, we presented MDEForgeWL, a novel approach to support the development of complex
model management operations. In particular, a low-code development platform is presented, resembling
the functionalities offered by currently available LCDPs like IFTTT and Zapier. Such platforms permit the
development of complex processes by integrating and executing different services. The proposed approach
proposes adopting a microservice-based architecture to integrate and execute model management services,
which are orchestrated on the cloud according to specifications given by the user employing a BPMN-like
modeling language.

The proposed approach aims to overcome current challenges faced by traditional modelling environments
that heavily rely on locally downloaded resources. Such environments are limited in their scalability and
extensibility, and their services exhibit high coupling with the local environment. In the next chapter, we
show advanced query mechanisms that are provided by the proposed repository.
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6 Enabling service-oriented discovery mechanisms in model repositories

In recent decades, MDE has become increasingly popular due to its advocacy for abstraction, automation,
and reuse of artifacts, which significantly impact productivity and quality [27, 123, 124} [125]. Several
initiatives in MDE have proposed a variety of technologies and facilities to simplify and automate MDE
processes [98, 126]. Model management activities in particular (e.g. model transformation, validation,
merging, model object queries) have made MDE a practical reality in the Software Development LifeCycle
(SDLC) [127, 92] (c.f. Figure [33). These activities consist of operations that turn models into programs
rather than mere sketches that are relevant only in the design and planning phases [128]. SDLC outlines
each task to reduce waste and increase efficiency during the development process [129, [130]. In addition,
SDLC ensures that projects stay on track and maintain a viable investment [129].

As shown in Figure[33] the stage 1 in software development is made of planning and performing requirement
engineering over a software product. Right after this stage, stage 2 involves technical tasks involving MDE
practices in part or whole. The stage 2 follows agile methodologies and consists of design and prototyping,
software development, testing, deployment and maintenance phases. Stage 3 and 4 ensure the discovery
and reuse of persisted artifacts respectively. Therefore, models are employed in whole or part to create a
full-fledged application as concrete executable software artifacts throughout the SDLC [27, [128].
Empirical studies have shown that barriers to broader adoption of MDE practices need to be overcome,
particularly regarding the discovery and reuse of MDE artifacts and tools [131]. Limited efficient discovery
and reuse of existing modeling artifacts and tools often result in reinventing the wheel [132]. As a result,
model artifacts and tools are re-developed from scratch, inflicting unnecessary upfront investment and
compromising the productivity benefits of MDE-based processes [132, 133]. However, discovering and
reusing artifacts require efficient mechanisms at different granular dimensions of model artifacts. In
addition, the need for efficient persistence and retrieval of artifacts is primal in this quest [91]. In this context,
model repositories have been conceived to tackle the issues related to the discovery and reuse of modeling
artifacts and tools [134]. Because MDE can be used at various stages of SDLC, developed artifacts can be
reused and maintained during development employing a model repository. Hence, Model repositories
preserve the artifacts and enable their discovery, retrieval and reuse (c.f. Figure [33). Furthermore, MDE
relies on model repositories to enable collaborative modeling activities [98), 125]].
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Despite significant efforts in artifact discovery and reuse, there is still a lack of efficient advanced discov-

ery mechanisms to support model discovery, accessibility, and retrieval [124} 91]. Platform dependency

of discovery tools in MDE does not provide generic and contextual MDE mechanisms for searching and

discovering MDE artifacts without compromising core modeling principles. Ideally, discovery techniques
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should be able to start from basic queries and gradually get complex to filter out the exact artifacts persisted
in a distributed environment [135]. In addition, filters should not be restricted to modeling artifact character-
istics, such as structural features or other internal aspects that make up the artifacts. It should also consider
mega-models, their contextual relationships and the persistence environment of the model [136}[137]. Dis-
covery facilities should facilitate reuse by availing model management operations (MMOs). In this manner,
retrieved artifacts can immediately participate in model management activities without setting up new
environments.

This chapter presents a novel approach to discovering and reusing model artifacts stored in cloud-based
model repositories. Users can exploit pre-defined operators to specify different requirements of the wanted
artifacts. The query specifications range from simply retrieving data based on metadata to more detailed
and complex information, including quality attributes and relationships within the ecosystem under con-
sideration [127]. For instance, the user can ask the system to search models i) that conform to a specific
metamodel, ii) which can be transformed towards a given target metamodel through direct or transforma-
tion chains available in the repository, iii) and with a complexity lower than a given threshold. The user
will be provided with efficient discovery mechanisms that are (i) generic, (ii) sensitive to model structure
and relationship with other artifacts, (iii) based on a dedicated query formulation process, (iv) independent
from the underlying technologies and data models, and (v) able to rank and return the collections of most
relevant artifacts that meet specified predicate. In addition, retrieved artifacts can be reused on the same
platform along with the deployed MMOs.

The provided approach is built upon a cloud-based and distributed infrastructure using cutting-edge
technologies [138| [139]. They play a vital role in developing and managing micro-services and their
orchestrations in cloud-based distributed systems [138, (139, 127].

The main contributions of this chapter are the following:

Provide an overview of existing mechanisms to discover modeling artifacts in model repositories;
Identify significant challenges to achieving the practical discovery of modeling artifacts;

Design key features that enhance discovery in cloud-based model repositories;

Present a novel approach to perform advanced search queries using a micro-syntax for query specifi-
cations over cloud infrastructures.

6.1 Background and Motivation

Modern modeling techniques in data-intensive applications require the discovery and reuse of relevant
model artifacts [135]. In this context, there are two phases in the reuse process of modeling artifacts (c.f.
Figure[34). The first phase operates on the high-level of the model repository and involves the discovery of
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relevant artifacts based on a megamodel-aware predicate-oriented approach [140]. MDE offers the concept
of a megamodel as a building block for large-scale modeling [141), 140, 142]. A megamodel is used to
create and leverage global relationships and metadata on basic macroscopic entities as models and meta-
models [141} 140, 142} [143]]. A megamodel conceals fine-grained details that impede comprehension of the
system in its global perspective [141}143]. The global picture includes consideration of system architecture,
interactions between model artifacts, relationships between artifacts, results of model transformations,
etc [143].
By taking into account the megamodel-structure in the predicate constructs, predicates are used to perform
an exhaustive look-up of stored data to retrieve model artifacts based on internal element composition [144].
Implementing such discovery mechanisms can be error-prone and time-consuming if not adequately sup-
ported by a cloud-based distributed environment [144]. However, these mechanisms enable flexible and
fast retrieval of relevant artifacts using a combination of various criteria such as megamodel structure, tag
mechanisms, search keywords, logical operators, search by-example and browsing [134}98]]. The returned
data at the end of the first phase (discovery) are model artifacts, not model artifact composition elements(c.f.
Figure[34). Retrieved artifacts are then reused in the reuse phase, where they can be manipulated, merged,
compared, queried and transformed using MMOs before they are used to generate code that directly
participates in SDLC (c.f. Figure 33} [34).
Modern model repositories exhibit the following features:
e Huge number of large inter-related heterogeneous model artifacts of models, transformations, data
files, source code, file descriptors
e Stakeholders, developers, and business analysts who contribute to the development of the system
and hence to the evolution of produced artifacts on the repository
e Heterogeneous model management tools that carry out MMOs such as model transformation, model
object query, model validation, model merging, and model comparing
When the user is at repositories” premises, the discovery processes should facilitate her, for instance, to
explore internal structure of the artifacts, such as metamodels containing elements of specific types. Also,
the user can compute a certain number of elements with a certain size greater than a given size. In addition,
the user should be able to specify queries specifying the artifacts’ relations with other elements in the ecosystem.
Retrieved artifacts can be reused immediately on the same platform. For instance, the user can specify
queries like (in natural language):

I would like to get all the models that:
1. conform to metamodel MM,;
2. contains elements named name;, ..., name,
3. can be transformed to target models conforming to metamodel MM; by means of single or chained
transformations
4. its quality attribute qa is valued greater than ¢

Existing technologies permit the specification of queries that predicate the content of the wanted artifacts (2).
However, they do not support the specification in a homogeneous manner of direct relationships (1), indirect
relationships (3), or quality characteristics that should be satisfied by the wanted elements (4). Moreover,
queries like this should be technological agnostic. Unfortunately, most of the current solutions in this
area are still platform-dependent [145| [146]. Furthermore, query mechanisms should be easy-to-use and
intuitive but with powerful features such as supporting search tags, keywords and conditional statements.
Unfortunately, most existing technologies provide mechanisms that allow query specification at low-level
granularity, requiring a high learning curve and technological expertise [146, 145].

6.2 Overview of existing approaches

In this section, we discuss the investigation that has been performed to identify currently available discovery
and reuse tools in the field of MDE practices. We have highlighted salient features that advanced discovery
tools can provide to support the efficient discovery of model artifacts (c.f. Section [6.2.3). We will also
discuss existing tools and approaches in light of the selected features (c.f. Section[6.2.2).
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6.2.1 Methodology and scope

This study aims to understand the current state of discovery tools in the MDE environment. We identify
the rationale behind their mechanisms and characteristics. The following research questions guided this
investigation:
e RQ1: Given the current digital revolution, what features should be supported by existing tools compared to
those provided by traditional discovery and reuse mechanisms?
e RQ2: What are the gaps/challenges in discovery tools that hinder efficient discovery and reuse of modelling
artefacts?
We performed a systematic investigation to identify the main challenges of artifact discovery on model
repositories. Following accepted guidelines [147, [148], we conducted a search, selection, and mapping
process. We screened and identified relevant published literature as shown in Figure [35/and Table 9]

Table 9: Database results” table

Database Results
Scopus (Elsevier) 60
IEEE Xplore 57
ACM library 107
Web of Science 40
Snowballing 2
Total 266

Phase 1. Initial quest: We formulated a query string executed on Scopus [*°, Web of Science [*°, the
ACM Digital Library [*|and IEEE Xplore [*°| (c.f. Table @) Although each database has its query string
specifications and search fields, we tried to find publications that contained keywords from each column
of Table[I0} These keywords should be found directly in the title, abstract, or keywords.

We managed to retrieve 264 documents: Scopus (Elsevier2 provided 22.6% of the total documents. ACM
Digital Library#Z responded to the query with the highest number of 40.2% of the total documents retrieved,
as shown in Figure|36, The query of IEEE Xplore@ and Web of Scienced yielded 21.4% and 15% of the total
retrieved documents, respectively.

Phase 2. Cleaning phase: In the cleanup phase, we removed documents that were not in English or were
not directly related to model-driven engineering. In this phase, we also merged and removed duplicates
from all the documents we found. After the cleaning phase, we got 63 papers.

4 https://www.scopus.com/home.uri
46ht’cps://clarivate.c0m/web0fsciencegroup/solutions/web—of—science/
47https://dl.acm.org/

Bhttps://ieeexplore.ieee.org/Xplore/home.jsp
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Selected papers' distribution

Snowballin

ACM Digital

Figure 36: Distribution of queried papers.

Phase 3. Screening phase: In this phase, we looked for papers that directly incorporated discovery, query,
retrieval, and search techniques in their abstracts. We also excluded articles that were either beyond the
scope or irrelevant to this study. Finally, we carefully read the papers in their entirety and only considered
documents that could show an implementation of their discovery tool. In the end, 13 articles were selected.
The tools are further analyzed and compared in Table[1T|and Table[12]

Phase 4. Snowballing: We performed a manual search using ad-hoc methods to find articles that were not
found by our query. As a result, we found two articles that were not covered by the formulated queries.
We ended up with the following 15 papers: [149], [150], [135], [151], [32], [152], [144], [153], [154], [155],
[156], [157], [158], [159], [160]. In the next section we reviewed the approaches proposed in the selected

papers.

Table 10: Terms used in the formal search query. Selected articles must contain at least one term from each
column in the title, abstract, or keywords.

Modelling / MDE Search / Query / Discovery
model-driven search mechanism(s)
model-driven engineering search technique(s)
model-based software engineering query technique(s)
model-driven development query mechanism(s)
model-driven architecture advanced search
collaborative modeling advanced query
cloud-based model repository model finding
model repository model discovery

model search

query by example

artifact discovery

6.2.2 Results

MAR provides a generic search engine for heterogeneous model artifacts. Their approach considers the
model’s structure to enable query-by-examples. They also support keyword-based search (c.f. Section[6.2.3).
It uses HBaseEl to create an index that is later used to enable fast query response. Recent updates have
integrated the Lucene search enginé® to support indexing and keyword-based search [150]. In MAR,
natural language processing filters out irrelevant paths between model elements. The paths encode the
model structure and are stored in the inverted index. Indexed artifacts include ecore metamodels, UML
and BPMN diagrams that conform to the EMF metamodel. The results are ranked using a custom scorer
algorithm. MAR can be accessed through REST API via a web interface and as an Eclipse plugin.

IncQuery [135, is a proprietary distributed query framework that enables scalable model queries. It is
deployed on cloud infrastructures to ensure its scalability and uses incremental graph search techniques.

“https://hbase.apache.org/
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In addition to handling large models and model queries, it has a dedicated indexer and query processor
responsible for retrieving model artifacts. The reason for its development was the lack of SQL-like queries,
which are not supported by NoSQL databases. Queries are based on a domain-specific language (DSL)
called the Viatra query DSL [32]. However, since IncQuery is proprietary, it is not easy to compare its
features with current solutions. Moreover, understanding the DSL used when performing queries requires
a significant learning curve. It depends on the Eclipse Modeling Framework (EMF) ecosystem, and the
reuse capabilities within the framework are not mentioned. Currently, the framework supports scalable
queries over collaborative model repositories using the VIATRA query engine [32].

EFinder [152] is an Eclipse plugin developed to support model search in EMF ecosystem. It is designed
to implement scenarios such as model consistency, example generation, partial solution and scrolling.
Model artifacts are filtered based on Object Constraint Language (OCL) constraints. However, the tool
has technological dependencies that could hamper model discovery of heterogeneous model artifacts from
environments other than the EMF ecosystem. The syntax used in model discovery is complex and presents
a significant learning curve, precluding citizen developers. Scalability and extensibility are not considered.

Basciani et al. [144] presents a cloud model search with search tags that enables automatic exploration
of model repositories. The tags allow modellers to find relevant artifacts without needing low-level detail
expertise. This facilitates the management and reuse of related modeling artifacts and eliminates error-
prone and time-consuming previously necessary processes. Their platform-agnostic approach remains
uncluttered even as searches become more complex. It integrates a search engine based on Lucene.
However, it could not formulate advanced search mechanisms to enable complex searches. As a result,
reusability and exploration are limited, but it was enough to trigger our current research. The tool was
used with a dataset of 2,422 metamodels, 350 models, and 115 transformations.

Moogle [153] is a model search engine that uses metamodeling information to build richer search indexes
and enable complex queries over model artifacts. Moogle improves the general-purpose search engine that
performs artifact queries based on a text-based search, ignoring the internal structure of the model. It also
presents results in a human-readable format. It is based on Apache Sol It has EMF parsers that read
and parse EMF model artifacts and index them later. Moogle can index different model artefacts as long as
a metamodel is provided. Within Moogle, the user can use logical operators to filter results. The indexing
processes are much slower, but the evaluation looks promising if a good set of model artifacts is available.
Moogle does not support the reusability of retrieved artifacts on the same platform. Moreover, the model
artifacts are automatically indexed and kept on local storage, which could be extended to cloud storage.

Moscript [154] is a query DSL designed to handle platform-dependent ad-hoc approaches. It supports
complex queries based on internal structures and relationships to other artifacts. It also allows the manip-
ulation of retrieved results. Services can be invoked for model artifacts and written back to the repository.
Moscript aims to provide a homogeneous model-based interface to heterogeneous models, considering the
concept of mega-modeling. Moscript queries are based on OCL, introducing a significant learning curve
for citizen developers, and environments are deployed locally. Since it is a workflow automation tool, it
supports the reuse of model artifacts.

Hawk [155] is a modular and scalable model indexing framework designed to enable efficient queries over
extensive collections of model artifacts. Model artifacts are fragmented to facilitate their transmission over
the network. Hawk is primarily designed to perform global queries on artifacts stored in file-based version
control systems. It has component parsers that take input model artifacts (e.g. Ecore) and generate EMF
resources. The tool takes the EMF resource and file version number as input and persists them into the
index. They have a query API that connects the Hawk index and model management tools that query the
index. Although Hawk handles large model artifacts better, it is not designed to facilitate the discovery
and reuse of model artifacts. Therefore, it does not directly integrate model management operations that
reuse retrieved artifacts. Moreover, the query DSL requires expertise to explore the tool efficiently [124].

In [156]], the authors use a keyword-based ontology called WordNe tosearch and retrieve relevant artifacts
using cognitive approaches. The proposed environment enables the retrieval of UML models by combining
WordNet and Case-Based Reasoning. The search relies on similarity metrics to ensure that relationships
between UML elements are considered. The use of ontology in their approach allows for simple matching
using synonyms. However, the tool may not scale well when faced with large modeling artifacts.

https://solr.apache.org/
51 https://wordnet.princeton.edu/
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Bislimovska et al. proposed MultiModGraph [157], an approach for indexing and searching model repos-
itories. MultiModGraph uses graphs to obtain metamodel information and model structure. The efficient
model search is enabled by the approximate mapping of model graph vertices to points in space. The
points are used to build and search the index, restricting the search to similar vertices that correspond
to the queried vertices. In addition, their approach allows for pruning, which makes the search efficient.
However, their methods lack reuse capabilities and are not scalable for large model artifacts.

MORSE [158] is an environment that manages model-driven development (MDD) projects and artifacts in
a repository and a model-aware services that enable queries on persisted model artifacts. It is designed
to facilitate reflective artifact lookup in a service-oriented application. It dynamically uses information
generated from models at runtime to reflect models after they have been created and deployed. These
models are then persisted in the repository using Universal Unique Identifier (UUID) to facilitate model
identification. Their query is based on a Java implementation for which they are developing an APL
However, their implementation does not support efficient search because the artifacts are not indexed and
using Java for search is error-prone and requires programming knowledge. The approach’s scalability and
extensibility are other drawbacks of their implementation.

Bislimovska et al.[159] proposed a content-based query approach (query-by-example) that retrieves model
artifacts or model fragments from UML repositories. Their approach involves analyzing and indexing the
textual content of the artifacts. They used segmentation granularities and an indexing strategy to allow
different configurations of the search engine. The former divides the model into parts that are searched
and returned in response to a user query. The latter indexes the content in a search engine index. Their
implementation relies on the SMILA framework for content analysis and Apache Solr as the search engine.
Their approach lacks reusability and is deployed locally, which poses problems regarding its scalability
and extensibility.

Kotopoulos at al.[160] developed QML, a metamodel query language that uses OCL to query UML model
repositories. QML is used to formulate fuzzy queries using a Boolean model approach. QML aims to
provide efficient mechanisms for accessing metamodels available in the four layers of OMG’s Meta Object
Facility architecture. The query mechanisms provide generic access to all types of knowledge (e.g. models,
metamodels). This tool is designed to consider semantic information that relational databases cannot
handle.

6.2.3 Designed features for productive discovery mechanisms

To answer the research question RQ1, we analyzed the collected papers previously overviewed and iden-
tified important features that meet current needs related to the discovery and reuse of model artifacts and
tools. Each feature is explained in the following, along with the respective roles in a discovery facility. The
overall features are used to compare the selected tools as shown in Table|11)and Table

Management of megamodel relations

Megamodeling [161] provides a way to define different types of relationships between modeling artifacts.
The model elements of a megamodel are artifacts such as models, metamodels, and transformations. A
megamodel also contains (typed) relationships between artifacts, for example, conformance and transfor-
mation. Thus, megamodeling offers the possibility to specify relationships between artifacts and to navigate
between them. We expect the below features to come into play in discovering relevant artifacts.

>Model conformance: Model conformance is the relationship between the model and the metamodel with
which it conforms. This relationship allows the metamodel to be reused in creating subsequent models.
Since metamodels can be extended while maintaining the original conformance, this enables the metamodel
to be extended and, thus, new models to be created based on the same metamodel. Most of the tools
examined exhibit this feature as shown in Table[1T]and Table

> Transformation conformance: This feature allows logging mechanisms on the repository to record traces
of the execution of transformations, allowing discovery based on the logs of MMO operations. The
involved artifacts are recorded along with other metadata about execution status, executors, timestamps,
etc. Recording such traces is essential for creating a transformation dependency graph that can later be
used to draw inferences about transformation chain discovery. Unfortunately, the literature found does not
support this feature.
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> User relationships: To facilitate search, the data store can be designed to support a user-centric architec-
ture. This architecture seamlessly engages users and allows them to configure access permissions and
collaboration settings. Some tools built on repositories exhibit this feature, such as MDEForge [91} 127].

Model-as-a-service (MaaS)

This cloud computing model enables the provision of model management operations in the form of services
[162]. These services can be invoked on persisted artifacts and executed on demand. MaaS is very
important to make model management services scalable and reusable within the ecosystem and externally.
Furthermore, enabling Maa$S on a discovery platform is essential to populate the index with heterogeneous
artifacts from different sources and improve reusability factors.

> Model Management Services (MMS): This feature is intended for tools that use a data store and MMSs. This
scheme facilitates the reuse of artifacts managed on the same platform as the discovery mechanisms. In
addition, some of the MMS can help populate the index by extracting derived knowledge, such as quality
metrics from artifacts.

> CRUD operations: This feature allows users to populate the data store and, thus, the index. Therefore, this
feature enables persistence mechanisms that allow users to create, modify, remove, or review artifacts.

> Service execution traces: Services such as MMS leave traces that should be logged along with the parties
involved, such as model artifacts and tools. These logs can be used to retrieve artifacts based on the
activities they were involved in.

Model heterogeneity support

This feature group reflects the discovery mechanisms’ support of different model artifacts and tools. In
addition, the discovery tool should support model artifacts developed using different technologies.

> Technological independence: This feature is intended for tools that have a generic discovery approach. Such
approaches allow users to retrieve artifacts independent of the underlying technology or data models.
For example, model crawlers and extractors may be domain-specific, but generic metadata should be
generalized across persisted model artifacts.

> Artifact type: MDE frameworks such as EMF have different types of model artifacts. Therefore, filtering
these artifacts by their type, e.g., models, metamodels, or scripts, is essential for discovery mechanisms.
Moreover, their relationships are the basis of the megamodel, which is also important for the discovery
mechanisms of model artifacts.

Access interface

This group of features refers to the access options that allow interaction between the system and users.
These interfaces frame the manner and policy of data access.

> Cloud-based facility: This refers to tools with a user interface for cloud access, such as a web, desktop, or
mobile interface that retrieves data in the form of a remote API. While the developer chooses the user of
their tool, it is essential to opt for facilities (e.g., web facilities) that involve citizen developers in discovery
processes.

> Local-based facility: This feature refers to model discovery tools used in a local environment. Typically,
such tools must be set up in a dedicated environment. Discovery in this environment is limited to the
memory capacity of the local computers. Moreover, the services associated with this discovery mechanism
require intensive resources, making using such environments difficult.

> API-based facility: The discovery tool provides an API that allows you to search and discover model
artifacts. Typically, these are RESTful or GraphQL APIs that enable remote search of model artifacts.

Quality assessment support
This features group refer to means facilitating quality-aware searching for artifacts. In particular, search
tools should be able to retrieve artifacts based on their quality score to filter out low-quality elements.

> Automatic quality assessment: This refers to tools that have quality assessment mechanisms. These services
derive quality metrics from the persistence artifacts and can be used in search or discovery.

> Quality persistence: To enable real-time discovery of quality metrics and attributes, this feature allows tools
to trigger the calculation of metrics based on events, which are, in turn, triggered when a specific artifact is
created or updated. The derived metrics are kept along with the metadata of the artifact.

Indexing support
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Features in such group allow quick retrieval of discovered artifacts.

> Automatic Indexing: In a cloud-based architecture where discovery (search) mechanisms are enabled, the
artifact metadata, data file, file descriptors, and index are separated and managed in their self-contained
environments. Typically, a live pipeline is established between the data store and the index. The live
pipeline automatically indexes newly created artifacts or when they are updated or deleted. This way, we
can outsource reading, lookup, and other analysis to the search engine and keep the main data store as
the single source of truth. This way;, files are automatically indexed when they persist without manually
managing or performing indexing of specific artifacts.

> Full-text search support: This feature ensures that the artifact can be retrieved based on its entire content
and contextual information, such as megamodel-related data.

> Integrated search engine: To enable fast look-up and retrieval of relevant artifacts by discovery mechanisms,
it is advisable to set up a search engine. Integrated search engines can be a general-purpose search engine
such as Lucen [144] or a custom-developed search engine such as MAR[149].

Tool interoperability

Features in this aspect allow integration with other tools and facilitate reuse in third-party applications.

> Generated REST API: This feature allows developers to convert queries made from the front end to REST
AP The generated API can be used directly in the developer application.

> Public standardized API specifications This feature allows APl reuse and extensibility using API specifications
such as OpenAPI 3.0 or GraphQL specifications. It is essential to develop modular APIs to facilitate the
extensibility of the search/retrieval mechanisms.

Query mechanism

Discovery mechanisms support several types of queries. We have investigated and identified tools and
related mechanisms, as shown in Table[T1]and Table[12] Below are some of the key instruments used in the
search/discovery of modeling artifacts in these tools:

> Keyword-based query: This is the basic mechanism in the search and discovery tools. Typically, the user
enters a series of words separated by a space. These are extracted into tokens and entered into the search
engine for look-up. If the search is successful and matches the indexed keywords, the search engine returns
the documents that contain the keywords of the query. In addition, the retrieved collections are usually
ranked based on a relevance score.

> Tag-based query: The tag-based search mechanism is an advanced feature that allows the user to find a
specific element in the artifact. Tags can be used to explore megamodel features such as artifact size, name,
persistence time frame, etc. In addition, artifact can be retrieved based on their internal features, such as
class names or attributes.

> Query by-example query: This feature allows users to search for and discover artifacts using examples and
a simple template. The user specifies an example model for artifacts describing the expected results in the
template.

> DSL-based: Tools that use domain-specific query languages or extensions of existing languages.

> Conditional expressions: This feature allows the user to use conditional operators suchas AND, NOT, OR to
filter out the artifacts. In addition, the query can also support grouping clauses to condition the statement
in the query.

> Advanced search: Advanced search allows the combinatorial use of several query mechanisms to filter out
artifacts.

> Advanced filters: Framing queries to return results that match the query is an added benefit. Filters can
also include phrase matches, wildcards, and fuzzy searches.

> API: Tools that have an established API that you can use to filter out artifacts programmatically.

> Browsing: Browsing is another feature where the user can browse model artifacts through a list of artifacts
organized by categories. For some users, this is very convenient because it visually displays the available
artifacts. Usually, this feature is supported by CRUD, where the user can view, edit, update or delete the
selected artifacts.

Scalability support

52https://lucene.apache.org/
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Table 11: Comparison table of various discovery tools (1/2)

Feature MAR [149](IncQuery [135]|EFinder [152] MDEForge [144]|Bislimovska et al. [159]|Gomes et al. [156]
Management of megamodel relations
Model conformance v’ v’ v’ v’
Transformation conformance
User relationships
Model-as-a-service

Model transformation execution
Service execution traces

Model heterogeneity support
Technology Independence
Different kind of artifacts

User interface

Cloud-based v’ v’ v’
Local-based v’ v’ v’
Quality assessment support
Automatic quality assessment
Quality persistence

Indexing support

Automatic indexing

NN
ANAN

Full-text search support

NN
NAN
ANAN

Integrated search engine
Tools interoperability
Generated REST API
Public standardized API specs v’
REST/Graphical API support v’ v’ v’
Query mechanism
Keyword-based v’
Tag-based v’
Logical expressions
Advanced filters
API v’
DSL-based
Browsing
Query-by example v’ v’
Scalability support

NN
<
<

Service orchestration

Service containerization
Cloud-based deployment v’
Reusability
Artifact reusability v’

NANAN

The services involved in the discovery mechanisms must be scalable and extensible to support the workload
of a potentially large community of users.

> Service orchestration: This feature allows the deployed services involved in advanced discovery mecha-
nisms to be managed according to the system load. Furthermore, their execution is done seamlessly, so
unused resources can be put to sleep and activated only when needed.

> Service containerization: This feature allows services to be fully packaged with all necessary resources
and dependencies to perform their task independently. Advanced discovery mechanisms include many
services that need to be strongly decoupled to facilitate their reusability.

> Cloud deployment: Tools that can be deployed in the cloud, enabling execution over the Internet.

6.24 Comparing model search approaches

We selected works with supporting tools from the existing approaches identified in Section and as
shown in Table[11]and Table

A search tool in a model-driven environment is expected to have features that allow the user to find
relevant artifacts based on complex criteria. For example, the search should be megamodel-aware and
locate artifacts based on their relationships to other artifacts in the system. For example, the approach
presented by Basciani et al. [144] is one of the tools that can retrieve data based on model conformance.
However, other relationships, such as user relationships or transformation conformance, are not considered.
Search tools such as MAR [149], MDEForge [144], Hawk [155], Moogle [153], and Bislimovska at al. [159]
have managed to integrate a search engine into their mechanisms. Using a search engine is important to

67



Table 12: Comparison table of various discovery tools (2/2)

Feature Moscript [154]|Hawk [155]| MultiModGraph [157]| MORSE [158]|Kotopoulos et al. [160] | Moogle [153]
Management of megamodel relations
Model conformance v’ v’ v’ v’ v’ v’
Transformation conformance
User relationships
Model-as-a-service

Model transformation execution
Service execution traces

Model heterogeneity support
Technology Independence
Different kind of artifacts v’ v’ v’ v’ v’
User interface
Cloud-based v’
Local-based v’ v’ v’ v’ v’
Quality assessment support
Automatic quality assessment
Quality persistence

Indexing support

Automatic indexing

NN

Full-text search support

NAN
NN

Integrated search engine v’
Tools interoperability
Generated REST API

Public standardized API specs
REST/Graphical API support v’ v’ v’
Query mechanism

N

Keyword-based
Tag-based
Logical expressions v’
Advanced filters
API

DSL-based v’ v’
Browsing v’

NN

Query-by example v’
Scalability support

Service orchestration
Service containerization
Cloud-based deployment
Reusability

Artifact reusability v’

ensure fast retrieval of relevant artifacts. Thanks to this feature, they implemented tag-based, keyword-
based, and query-by-example mechanisms.

Table 11| and Table [12| show that search/discovery tools have not yet attempted to integrate third-party
services that can enrich their index, for example, to compute derived data such as quality metrics. In
addition, we have not found tools that enable search based on collaborative features, which are very
important in current modeling environments where other users share artifacts. Search tools such as
Moscript [154], IncQuery [135], Hawk [155], Kotopoulos et al. [160], and EFinder [152] use external domain-
specific languages (DSLs) to search for modeling artifacts. Although these DSLs have high granularity,
they tend to be somewhat complex and require a high learning curve. We also found that the indexing
mechanisms are not dynamic and do not allow for programmed automatic indexing of model artifacts.
Some of the tools that use a search engine in their discovery mechanisms do not consider the internal
structure of the models. Therefore, they perform only a text search, which is sometimes limited. In most
cases, tools that use MDE DSLs for their search/query take into account the model structure. Although
DSL-based queries are complex and pose a high learning curve, they allow artifact exploration with low
granularity.

According to the features mentioned in the previous section, Table [11] and Table (12| also show model
heterogeneity, extensibility, and interoperability of tools as some of the desirable features of a model search
tool. These features help ensure that various external and internal services can use various models (e.g.,
model transformation and validation in different languages). Moreover, they ensure artifact reuse by using
REST or other API interfaces. Search tools such as MDEForge [144], MAR [149], MORSE [158], Moogle
[153], and IncQuery [135] have an API to interact with the external world.

Finally, in a modern cloud-based environment, the operations used in a search tool for MDE artifacts
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should be service-oriented and executed on demand. Therefore, to support the scalability and extensibility
of these services, they should be packaged in containers and orchestrated across multiple nodes. This cloud
computing layer, where model management operations are treated as services, facilitates the reusability
of artifacts and tools in a distributed and decentralized environment. For example, search tools such as
MAR([149] and IncQuery[135] are among the most popular tools that can be used as cloud-based services.
These tools have implemented service mechanisms that enable on-demand execution to assist users during
model search and discovery sessions.

6.2.5 Limitations of current discovery mechanisms in MDE domain

In this subsection, we answer RQ2 and provide an overview of the main challenges identified in the tools
analyzed in the previous section. Since search/discovery mechanisms are at the heart of model artifact
and tool reuse, addressing these challenges could influence the adoption of MDE practices in software
development and enhance collaboration.

> The Big Data Wave: The advent of cloud computing and Big Data has led to a revolutionary shift in
how data is collected, processed, and consumed [163, 164]. Due to the amount of data that both systems
and users generate regularly, traditional data processing methods have proven inadequate for the tasks
expected [165,1166]. In addition to the amount of data currently being received, data is coming in different
varieties from different sources at an unprecedented rate. This data needs to be stored, retrieved, and
processed for further use cases [167, 168]. Given the adoption of MDE practices in the industry, the
MDE community should consider Big Data (big models) in its discovery mechanisms to consolidate its
adoption. However, the tools and their architectures studied indicate that discovery-based architectures
and techniques for large modeling artifacts are either rarely considered or not considered at all.

> Local Infrastructures: The era of Big Data mentioned above requires a scalable and extensible infrastructure
to handle the data stream being processed [146]. The volume of data received from systems and users
is too large for traditional computing paradigms [169]. Local infrastructures are not designed for Big
Data, so cloud computing is chosen [170]. Although many MDE infrastructures are local-based, the MDE
community is looking to move their infrastructures to the cloud to meet requirements such as collaborative
modeling, scalability, and extensibility of their infrastructure. It is challenging to persist, process, index,
and query large models with local resources. Although Mar [149], Moogle [153], MDEFoge [144] and
IncQuery [135] are deployed online, the reusability of discovered artifacts is neglected, forcing the user to
download retrieved artifacts for their further use.

> Platform-dependent approaches: Current MDE discovery tools generally lack efficient generic and technology-
independent techniques for finding relevant artifacts. Most of the tools shown in Table|11|and Table[12|are
dependent on the Eclipse Modeling Framework (EMF). This is not surprising since EMF is a predominant
framework in the modeling community. Nevertheless, the need for agnostic and technology-independent
tools and platforms is very important to democratize MDE practices for citizen developers and ensure
collaboration among stakeholders.

> Limited Query Mechanisms: Using query mechanisms such as keywords or object query DSLs is no longer
sufficient to find relevant artifacts in today’s complex modeling environment. Therefore, discovery tools
need to adapt and provide the user with query mechanisms that can be used to filter relevant artifacts.
Furthermore, such mechanisms could aim to combine a large portion of these mechanisms in a more scalable
and efficient query. The mechanisms include using keywords, tags, logical operators, advanced filters, AP]I,
DSL, browsing, or query by example, as shown in Table[IT|and Table

> Expressiveness of query mechanisms: Current solutions are either too simple or too complex to retrieve
relevant artifacts in complex and large data stores. Typically, query tools use DSLs to enable artifact dis-
covery. Unfortunately, these query DSLs require a significant learning curve, modeling, and programming
expertise.

> Reusability: The goal of the discovery phase is to reuse discovered artifacts. Unfortunately, current
discovery tools focus only on discovery and ignore the reuse phase. As a result, users download artifacts
locally and upload them somewhere to reuse them, as shown in Fig. Therefore, we lack a platform
that enables the discovery of relevant model artifacts and the reuse of the discovered artifacts in model
management operations on the same platform.

> Third party integration: We also found that there is a lack of integration of third-party services that can
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evaluate models and compute derived metadata that improve the discovery of relevant artifacts. For
example, such services could enrich the index with metadata such as quality metrics of artifacts or other
criteria that help users find relevant artifacts.

6.3 Proposed approach

This section presents MDEForge-Search, an approach able to address the limitations presented in Section
MDEForge-Search is designed to support discovery and reuse of model artifacts and tools. In the
following, we present architectural design and logical layers of the approach.

6.3.1 Architectural design

In this section, we describe the MDEForge-Search high-level architecture. MDEForge-Search is an exten-
sion of the MDEForge infrastructure [91} [127]. Figure [37| shows a high-level view of the building blocks
of the proposed platform. They are deployed using a distributed micro-service architecture based on Ku-
bernetes™|[127]. In the remainder of this section, we dive deeper into its architectural design as shown in

Figure

6.3.1.1 Storage infrastructure MDEForge-Search facilitates discovery and reuse phases by relying on
a storage infrastructure consisting of a domain-agnostic repository and on a set of integrated services as
presented below.

Domain-agnostic repository This component deals directly with data acquisition and indexing. It is
designed to be domain agnostic; hence, it can persist and index data from any modeling domain. Artifacts
are stored with metadata such as name, size, type, and so on. An asynchronous extraction module extracts
these metadata. This module is also responsible for extracting artifact structure to facilitate structural-based
search. In this fashion, the user can easily explore the internal elements of the artifact and retrieve artifacts
based on internal elements, cardinalities and relationships such as model conformance. The metadata are
stored using a cluster of MongoDB databaseﬂ For a durable data store that can handle highly intensive
computational jobs and transactions, it is advantageous to have MongoDﬁE as the single primary source
of truth for writing operations, rapid data ingestion, and ultimately index data in Elasticsearc [171]. We
thus offload search and analytics’ activities to Elasticsearch®. Elasticsearch®™ is a distributed, open-source,
and highly scalable search and analytics engine. It is built on Apache Lucen and facilitates simplified
data management, reliability, and horizontal scalability. It offers a more powerful full-text search engine
and distributed multitenant capabilities than its competitors[172]. We establish a live data pipeline between
MongoDB and Elasticsearch clusters. MongoDB is maintained as the source of truth, guaranteeing data
integrity, enabling transactions, and facilitating data backup [173] and Elasticsearch as our integrated search
and analytics engine. It is important to note that the document file of the artifacts is persisted in a separate
cloud storage server. Only links to actual files are persisted in the metadata data store.

Integrated services This is a wrapper that integrates the repository core domain agnostic block with external
services. In particular, it integrates the persistence API (c.f. Figure[39), and model management services as
shown in Figure We have also integrated services that can derive additional metadata from persisted
artifacts, such as quality metrics or transformation chains.

MDEForge-Search follows the model-as-a-service (MaaS) paradigm [127]. MaaS enables developers to
design and maintain modelling resources and tools that are subsequently made available to end-users as
software as a service (SaaS) templates [174]. In this cloud computing tier, web services are the foundation
for building distributed applications (c.f. Figure [39). Business logic and underlying technology are ab-
stracted into packages, and high-level on-demand capabilities are outsourced via the Internet [174,[134]. Its
usage enables on-demand execution of services across the network [134, 162, [175]. Moreover, it facilitates
collaboration among stakeholders, resource optimization and interoperability regardless of underlying
technologies [134]. With Maa$, local configuration and infrastructure setup are replaced with cloud-based

53https://kubernetes.io/
54https://www.mongodb.com/
55 https://www.elastic.co/
https://lucene.apache.org/
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Figure 37: MDEForge-Search high level architecture

infrastructure, thus drastically lowering time-to-market [98]]. Following this model, our services are con-
tainerized and deployed as services. They also are orchestrated in a distributed micro-service environment
using Kubernetes on the Google cloud platform [127].

6.3.1.2 Search facility The search facility comprises components enabling the discovery and reuse of the
repository. It is made of a query engine and its interface as discussed below.

Query engine: This is the backbone of the search facility. It mainly consists of a search module, a query
processor module and the returned results” object. However, it has other low-level components that are
discussed in the logical layers of the system in Section [6.3.2]

The Search module is comprised of a wrapper API that exposes the engine capabilities to the search facility
building block. The module is essentially responsible for receiving and firing translated sub-queries from
the query processor module to the search engine. It also collates the search results and can handle errors in
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‘ DZB3 /store/artifact/metamodel/{id} Delete a metamodel by id

Figure 38: MDEForge-Search Persistence API

case the microsyntax query specification has syntax errors.

The Query processor module is responsible of parsing microsyntax query specifications and render its equiv-
alent DSL format to the search engine (c.f. Section[6.4.2.1). If the query specification exhibits a syntax error,
the parser communicates the error to the search module, and the search module renders the error. The
query processor module is implemented to retrieve data derived from third-party services such as quality
assessment services (c.f. Section [6.4.4).

The Search results component manages the output of the search module in the JSON format and can be
consumed via REST /GraphQL APIs. The returned data is annotated to facilitate its use in, for example,
machine learning frameworks, as in the case of the DROID framework [176] (c.f. Section . In case of an
error, the system renders its equivalent object with the appropriate HTTP status to facilitate debugging.

Interface: This component comprises facilities that facilitate searches from citizen and MDE developers.
They usually reuse or consume services or data using the application programming interface as RESTful
APIL. We have deployed OpenAPI 3.0 specification and GraphQL specification to enable exploration of
the search facility API. The citizen developer (regular user) can search and discover artifact using the
microsyntax query specification via a web interface. The retrieved artifacts can be reused directly in model
management services deployed on the same platform. She can also perform CRUD operations on the
retrieved artifacts.

6.3.2 Logical layers

Figure[39|presents a detailed view of MDEForge-Search logical layers, i.e., Data layer, Service layer, Processing
layer, and Access layer. In the remainder of this section, we present in greater details each of them.

6.3.2.1 Data layer The journey of data persistence in a cloud-based model repository begins with an
API built on the repository warehouse. It is the part of the repository that houses structured data pulled
and pre-processed from the data lake. The data lake is not organized, and data is collected in their varied
sets of raw data in their native format. Before further processing, unprocessed data are dumped in the
data lake. Heterogeneous artifacts are persisted according to a user-oriented scheme. We gather all the
necessary information from the user to ensure she can control access to her resources within workspaces.
The workspace is made up of projects created by the user. The user can share access to her projects. The
user can share access, thus granting permissions to the shared user based on her preferences. The projects
are made of artifacts. Collected heterogeneous modelling artifacts are organized as models, meta-models,
or DSL scripts. The actual files, however, are stored at Google cloud storage, as shown in Fig. The link
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to the file is accessible from artifact’s metadata and is kept within our database cluster. All metadata is
automatically in sync with data indexed in Elasticsearch in real-time.

6.3.2.2 Service layer Itisa cluster that provides a pool of model management services deployed natively
in the cloud-based environment [127]. Each service wraps a corresponding engine responsible for carrying
out model operations previously deployed on local infrastructure, as shown in Figure Following the
MaaS paradigm, these model operations are exposed externally and can be executed on-demand over
the Internet [177]. Their remote execution promotes the reusability of model artifacts in the repository
without further configurations necessary before this deployment model. Currently, this cloud-based model
repository integrates model management services that carry out model transformations, model object
queries, model validations, model comparisons, and model merging operations. In addition, new services
were incorporated into the ecosystem to support the proposed advanced search and query mechanism
approach. These services are a quality metrics calculator, a chain transformation discovery service, and a
query engine.

6.3.2.3 Processing layer It processes the query from the application layer (c.f. Figure[39). The layer
is made up of a query engine and an automatic indexer. The query engine comprises three components:
a Microsyntax query module, an artifact crawler and a service integrator. The service integrator enables
external service consumption in MDEForge-Search via APIs. The automatic indexer ensures a live pipeline
between MongoDB sharded cluster with Elasticsearch. The query engine integrates together the search
engine, a model artifact crawler, a service integrator, and the microsyntax query module).

6.3.2.4 Access layer It consists of graphical interfaces and APIs that are used to explore the repository
via the query engine (c.f. Figure[37and Figure[39). The APIs are modular functionality that can be further
extended in a given application to deliver the full capability the query engine offers. The graphical interface
provides a Web interface to enable the visual exploration of the repository. The user can easily navigate
the repository content in the search box with an easy-to-use microsyntax query specification. The search
results are displayed based on the relevancy score respectively [172]. By relevancy score, the user searches
and queries are analyzed further to return data that reflect the search or query context.

6.4 Enabling advanced reuse-driven discovery

In this section, we explain how we enabled advanced reuse-driven discovery mechanisms on a cloud-
based model repository using MDEForge-Search. MDEForge-Search supports the data collection and
preprocessing, discovery, and reuse mechanisms as described in the following subsections.
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6.4.1 Data ingestion and processing

In a cloud-based model repository with heterogeneous artifacts, ingesting and processing data is critical.
As shown in Fig. [0} this is the first step toward enabling the discovery and reuse of persisted artifacts.
The ingestion process must be reliable and efficient to support a large user community and subsequent
operations. As shown in Figure[#0} (1) data is ingested into the repository using APIs or a web user interface.
Our repository is designed to handle a variety of data formats used by different modeling tools. Therefore,
incoming data are heterogeneous model artifacts from different sources and technologies. Once data are
uploaded to the repository, there are several challenges to overcome to support their discovery and reuse in
later phases. First, adopted mechanisms should extract metadata and properly format incoming data input
before it is ingested into the repository. Second, modeling processes are diverse and encompass a variety
of technologies and data formats. Therefore, extraction approaches at this stage should be extensible to
handle each incoming artifact according to its domain (2). In our case, we managed to introduce an EMF
data extractor. This extractor crawls the file and extracts data of interest, such as class names, attributes,
and references. The implementation of this phase is extensible and allows adding more domain-specific
extractors from other technologies such as Simulink, UML, and Stateflow model artifacts. This phase is
asynchronous to allow tasks and processes to overlap and complete their execution in the background
rather than waiting for one task to finish before starting the next. Phase (3) involves organizing the
extracted data into structured data that facilitates discovery and reuse. The extracted data are organized
into megamodel-related data, including output generated by services such as quality assessment or chain
transformation discoverer, logs, or metadata itself, such as artifact size and name. The final phase (i4) (c.f
Figure [f0) involves indexing structured data for rapid discovery and exploration.

Data in Elasticsearch is indexed in a cluster of nodes that are replicated and sharded [178]. Internally,
Elasticsearch employs Apache Lucené™ to index data using an inverted index. An inverted index is a data
structure to enable fast retrieval of matched terms [179,178].

Elasticsearch employs the boolean model to find matching documents. It also uses function called practical
scoring function to retrieve relevant artifacts [178].

Practical scoring function [179]

score(q,d) =

.queryNorm(q)
.coord(q,d)
X

tf(t in d)

. idf(t)?

. t.getBoost()

. norm(t,d)

1
2
3
5
6
7
8
9
) (t in q) 4

— e e — ——
e et o el o bl o b e

The above function [1] score(q,d) returns the relevance score of a document d for query g. [2] queryNorm(q) is the
query normalization factor [179] represented mathematically as such:

queryNorm = ! (1)

VEL A fT(n =)

where Ti,... Tn are query terms and id fT#,..., id f Tn* are the squares of inverse-document-frequencies of the terms or squared
weights. Following query normalization, the results of one query can be compared to the results of another query.
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[3] coord(q,d) is coordination factor responsible of rewarding the document with a higher percentage of the query
terms. It is represented using this equation [179]:

let P = the number of matching terms from query q in document d and
k = total number of terms in query q

)
coord(q,d) = (LI [idfT(n — i)]*) x (%)

[4] sums the weight for each term t in query q [5] for document d. [6] tf(t in d) assesses term frequency for term t in
document d. [7] idf(t) calculates the inverse document frequency for term t. It responsible of punished repetitive
terms such as like, or, and, so,... thus a lower weight is assigned to such terms making less frequency terms relevant
to zoom in the relevant document. [8] t.getBoost() The boost applied to the query to make one query clause more
important than the other. [9] norm(t,d) is the field-length norm. The shorter the field, the higher the weight is assigned
because if a term appears in short field such as the title, it is likely that the content is about the term. However, if it
appears in the body field, it might not be very relevant [179}[178].

6.4.2 Discovery mechanisms

Our cloud-based model repository supports three discovery mechanisms i.e., a microsyntax query specification, advanced
searches, and browsing facilities integrated in a web-based search facility.
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Figure 41: Microsyntax query-specification information flow

6.4.2.1 Microsyntax query specifications In computing environments, a domain-specific language (DSL) is a
computer language that has been tailored to a particular domain for a specific purpose [180]. In contrast, a general-
purpose language (GPL) strives to be suitable for writing programs in any domain. The main objective behind DSLs
is to simplify complex tasks and problems in a specific domain [181]]. In this regard, our domain-specific microsyntax
query specification is designed to facilitate the discovery and exploration of the repository using an advanced query
mechanism. Figure 41|shows the flow of information inside the infrastructures that underpin the microsyntax-based
query specification mechanism.

As shown in Fig. |41} (i) the user formulates a query in the form of one query line of text. Next, the text is consumed
by (ii) a lexical analyzer that breaks down the text into tokens. This process involves scanning the input for defined
patterns and dividing it into meaningful units used by the parser later on [180]. (iii) Once the input has been tokenized,
it is used to build an abstract syntax tree (AST). The AST is a tree-like structure that represents the code in a way
that is easier for the machine to digest [180]. (iv) After the AST is constructed, the AST is traversed and converted
into machine code that is executed to produce the desired results. In this way, the computer interprets the query text
to generate an executable artifact. As shown in Fig. the (iv) phase of this process considers essential constructs
that compose the microsyntax query specification. These constructs include tags, conditional statements, keywords

75



H Query [ Transformable B Qualitycalculator
< Operator 1d: EStri
[0.1] 0..1] FullTextSearch )
R [o-1] © name: EString
- oR
- EXACT

[0..4] advancedFilters |

[ ContextualSearch H FullTextSearch

“ comparisonOperator,

[0.1]

= gte
- lte
- gt
=1

[0.4] services [0.1]

[0..4] keywords

[0..4] logExps

[0..*] keywords [0..*] qualityCalculator |

B LogicalExpression E Keyword H Tag H service

£ AdvancedFilter

= value: EString

[0.#] tags

[0.*] tags

[0..1] dsl [0..1] user

[0..4] logExps

[0..1] workspace

[0..1] model

[0..1] metamodel

£ Metamodel

[0.4] tags

£ Workspace £ Project

[0..1] project

= dslid: ElntegerObject =) + EintegerObject

= workspaceName : EString

= workspaceld: ElntegerObject = userld: ElntegerObject

= workspaceName: EString

= dsName : EString © userName: EString

= metamodelld: ElntegerObject
© metamodelName : EString

£ Expression

= modelld: EintegerObject
= modelName : EString

[0.4] tags

[0..1]

‘ £ QualityAtribute |  QualityMetric

£ Clause £ Conformance £ TransfoConformance

[0.#] clauses

= modelConformance: Estring

= sourceModel : EString
= sour +EString

& isonOperator: EString

* [0..1] transfoce
% Operator: EString

© targetMetamodel : EString
© transfoScript: EString

Figure 42: Simplified metamodel of the query specification

and advanced filters, discussed in the next paragraph. The final phase (v) is the document look-up in the repository
index, which we explained earlier in the previous section[6.4.1]

The query metamodel

As shown in the simplified metamodel in Figure 42 at the top of this microsyntax query specification, we have two
entities: Full-text search and Contextual search. Full-text search performs an exhaustive lookup using predicates across
the persisted artifacts, related logs and metadata. Contextual search provides search in a precise search space such
as artifact content, creation timestamp, name, type and so on. The full-Text search consists of search keywords, tags,
and logical expressions, which are conditional statements that can be expressed into nested clauses. The conditional
statements are made of logical and comparison operators, as shown in Figure[42| The boolean logic allows the user
to combine terms with AND, OR, and NOT operators to efficiently narrow and filter relevant documents containing
the desired information. Search keywords are words that are uniquely tokenized to facilitate indexing in an inverted
index data structure.

Tags are critical in our query specification because they can direct you to the relevant artifact. Tags are composed
of repository data organizational structure, which is user-oriented and hierarchical to support users, workspace
and projects along with related access permissions. They target artifacts by properties or metadata fields. Tags
consist of conformance features, where the user can retrieve models that conform to a given metamodel. We also
support transformation conformance, where the user can retrieve artifacts that participated in a given transformation
operation. Contextual search uses the microsyntax query specification to a given field of an artifact (c.f. Figure[44).
Figure[d3| provides a use case where a user can enter keywords into the search box to find relevant models. The user
can also specify a microsyntax query specification to refine the search results. The results are displayed in a list. The
user can click on each result to view the details of the model. The details include information (c.f Fig (iv)) related
to megamodel data, data generated by the service, logs and artifact extracted metadata such as artifact name, author,
date, description, and a link to download the artifact. As an example, in Figure 43| we are looking for artifacts with
a size greater than five kilo-bytes that do not have the XMI extension. Or the quality metric number of concrete
classes (CMC) is equal to 2, and its average attributes in a class are greater or equal to 2. We can check if it contains
keyword1 and conforms to the metamodel specified by unique name or has an attribute name and can be transformed to
the metamodel specified by the ID.

The microsyntax query can get quite complex when nesting conditional statements, search tags or search keywords.
Conditional clauses can be nested by wrapping the statement into parenthesis. This approach is generic to the
technological format of the artifact. Conditional statements can accept logical operators such as great than, greater or
equal than, less than and less or equal than (c.f. Figure[#2). In this manner, the user can query artifacts by specifying
thresholds of a given quality metric or attribute. Although the microsyntax query specification can be used to perform
an exhaustive search, it can get quite complex when nesting many statements. Hence, at this point, it might be easier
to use the advanced search (Contextual search) in these circumstances. More tips are provided on the web interface on
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retrieving exact matches, special characters and how to escape them. We also instruct how to perform fuzzy searches
or the usage of wildcards.

Search results

( (size < 5000) NOT (ext="xmi") OR (CMC == 2 AND AVGATTR <= 2) keyword1 AND conformsTo="unique_name" hasAttribute="name" AND isTransformabIe="ID'1 p )
Total: 556 Advanced Search
http://178.238.238.209:3201/file/metamodels/Simple OOP-1651518206305-59.ecore Name:SimpleOOP.ecore Size: 3k Jul 17th 2021

Description: The model is typically represented as a database or object model, and the various aspects of the system are
represented by relationships between objects in the model. MDA has been used extensively in the software engineering commun...

(2%

http://178.238.238.209:3201/file/metamodels/Person-1651518310371-43.ecore Name:Person.ecore Size: 1.2k Jun 19th 20

Description: This approach has several benefits, including improved clarity and consistency of the code, reduced complexity and
cost, and improved maintainability.

i

http://178.238.238.209:3201/file/metamodels/ControllerUmL-1651518314958-25.ecore  Name:ControllerUML.ecore  Size: 2.3k

Description: The models are used to create a context for testing and validation, and to generate the code necessary to implement
the system. MDA separates the specification of the system from its implementation, using models as a basis for desig...

Figure 43: Search results

6.4.2.2 Advanced searches Figure 44| depicts our advanced search integration in MDEForge-Search to enable
the user to perform exhaustive searches of documents based on a variety of factors. This allows users to tailor their
search contextually and find what they want without having to wade through irrelevant results. The advanced search
integration employs a combination of the microsyntax query specification, the quality assessment service, and the
optimal transformation chain of a given metamodel to find relevant artifacts. The microsyntax query specification can
be used against an artifact field as well. This allows users to target specific fields that make up an artifact to retrieve
documents based on metadata such as model type, size, and complexity. In addition, documents can be retrieved

based on their quality attributes and metrics or whether they participated in a given chain transformation (c.f. Figure
).

Advanced Search
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All fields v iel
All dates

Specific date
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Possible Transformation

From: [ es-17-2e22 1:e1 PM |

Metamodel Operatar v
i | |
Etl script Operatar A AN 1 iel To: | 85-17-2822 1:81 PM |

Figure 44: Advanced search

6.4.2.3 Browsing facilities Another discovery mechanism provided by our repository is a listing directory that
contains all artifacts found in our repository. These artifacts can be browsed alphabetically and filtered by date or
type (c.f Figure[5). The user can click on each artifact to view its dedicated detail page. The selected artifact page
contains information such as name, description, access control, and download URL (c.f. Figure. For each selected
artifact, the user can explore and edit the content with a built-in editor or EMF.cloud before their reuse (c.f. Figure[d7).
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Figure 45: Browsing page
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Access control: PUBLIC
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Last modifiedAt: TimeStamp

© MDEForge. All right reserved
Figure 46: View page of artifact and its metadata

The integrated editor allows the user to edit selected artifacts. The editor displays EMF artifacts as document trees as
shown inFigure [47}
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Name: SimpleOOPecore

This XML file does not appear to have any style information associated with it. The document tree is shown below.

v<ecore:EPackage xmlns:xmi="http://www.omg.org/XMI" xmlns:xsi="http://www.w3.0rg/2001/XMLSchema-instance” xmlns:ecore="http://www.eclipse.org/emf/2002/Ecore”
v<eClassifiers xsi:type="ecore:EClass” name="Program">
<eStructuralFeatures xsi:type="ecore:EAttribute” name="pName" eType="ecore:EDataType http://www.eclipse.org/emf/2002/Ecore#//EString"/>
v<eStructuralFeatures xsi:type="ecore:EReference” name="classes" ordered="false" lowerBound="1" upperBound="-1" eType="#//Klass" containment="true*s
v<eAnnotations source="http://www.eclipse.org/0CL/Collection">
=<details key="nullFree" value="false"/>
</eAnnotations>
</eStructuralFeatures>
</eClassifiers>
<eClassifiers xsi:type="ecore:EClass" name="Statement" abstract="true"/>
v<eClassifiers xsi:type="ecore:EClass” name="MethodInvocation" eSuperTypes="#//Statement">
<eStructuralFeatures xsi:type="ecore:EReference” name="source" eType="#//0bjekt" containment="true"/>
<eStructuralFeatures xsi:type="ecore:EReference” name="target" eType="#//MethodDeclaration®/>
</eClassifiers>
<eClassifiers xsi:type="ecore:EClass" name="Assignment" eSuperTypes="#//Statement"/>
<eClassifiers xsi:type="ecore:EClass” oop”" eSuperTypes="#//Statement" />
v<eClassifiers xsi:type="ecore:EClass" name="0Objekt">
<eStructuralFeatures xsi:type="ecore:EAttribute” name="name" eType="ecore:EDataType http://www.eclipse.org/emf/2002/Ecore#//EString"/>
<eStructuralFeatures xsi:type="ecore:EReference” name="type" eType="#//Klass"/>
</eClassifierss
v<eClassifiers xsi:type="ecore:EClass" name="Parameter"s
<eStructuralFeatures xsi:type="ecore:EAttribute” name="name" lowerBound="1" eType="ecore:EDataType http://www.eclipse.org/emf/2002/Ecore#//EString" />

<eStructuralFeatures xsi:type="ecore:EAttribute” name="type" lowerBound="1" eType="ecore:EDataType http://www.eclipse.org/emf/2002/Ecore#//EString"/>
</eClassifiers>

</ecore:EPackage>

© MDEForge. All right reserved

Figure 47: Artifact editor

6.4.3 Platform reuse mechanisms

MDEForge-Search incorporates model management operations (MMO) as services. Hence as shown in Figure
We have deployed these MMO engines to facilitate the reuse of artifacts persisted in the repository [127]. These
operations include but are not limited to model editing, consistency checking, object query, validation, comparison,
and transformation. Retrieved artifacts can be further explored and navigated using model object query languages
or participating in other MMO at the repository. These services consume artifacts by their specific identifiers from the
repository. Besides, the user can upload the file directly from her local machine. We have put at the user’s disposal a
console to log the execution results of these services (c.f. Figure 48).

Advanced management services

Choose a service... v
Source model Input type W | Enter selected fiel Target Ente 1¢
P s metamodel Input type ¥ ¢ - o
Source _ . :
metamodel Input type W | Enter sel fiele Script Input type ¥ @ E 1 iel
Console

Figure 48: Model management services available on the platform
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6.4.4 Integrated services in discovery mechanisms

In this subsection, we present two integrated services we have added atop of the core services of the platform and
that have been successfully applied to include quality attributes (c.f. Section [6.4.4.1) and megamodels relationships
(c.f. Section|[6.4.4.2) in the proposed query mechanism.

6.4.4.1 Quality assessmentservice Software Quality Engineering [182] is a discipline that focuses on improving
the approach to software quality. In MDE, quality artifacts are beneficial to identifying quality attributes of interest for
specific stakeholders. To enhance the proposed query mechanism with the support of quality measures, we proposed
artifact-tailored micro-services to compute the quality measurements defined by Basciani et al. in [183]. In particular,
the authors proposed a generic approach to define and compute quality scores. It includes a DSL to define how
quality attributes and metrics may be aggregated. In addition, they implemented an operative environment to apply
the defined quality attributes on actual modelling artifacts enabling automated quality assessment. In our work, a
quality assessment service for each supported artefact is provided that takes in a modelling artifact and returns the
list of quality scores supported in the underlining quality model specification as output. It is worth noting that once
a new quality model has been updated on the quality service, the quality measurements have to be recomputed to be
indexed from the query engine.

6.4.4.2 Transformation chain service There are a number of sub-tasks that can be engaged with the model
transformation composition. The first task is to identify the possible model transformation chains (available in the
repository/folder) between the source and the target model. Leading to the identification of possible chains, the best
transformation chain is estimated based on multiple criteria such as transformation coverage, information loss, and
the number of transformation hops [184]. Also, one of the main objectives of the model transformation composition
service is to optimize the execution of the best-selected chain [185]. This work is done by rewriting the transformation
query and estimating the dependency between the meta-class and the structural features of the involved meta-model
in the model transformation followed by chaining them up.

6.5 Integration of MDEForge with the Droid recommender framework

This section shows the integration of MDEForge into the Droip [176] framework. Droip is a textual DSL that
automates the configuration, evaluation and synthesis of RS for particular modelling languages.

RSs are information filtering systems that guides users in selecting items among a potentially large set [186]]. Droip
allows the configuration of every aspect of an RS, such as the definition of target and items, their corresponding
identifiers, pre-processing techniques, recommendation methods, splitting techniques and evaluation protocol.

To create a Droip project, the system requires a set of information to be defined. First, the RS developer needs to
specify the recommender’s name and the technology that the RS will serve. It has support to create RSs for meta-
modelling (e.g. Ecore) and modelling (e.g. UML, XMI). Furthermore, the RS developer can also select the default
recommendation setting option to create a pre-filled template with a set of recommendation settings. Additionally,
the data for training and testing the RSs needs to be provided. This new project will finally require the definition
of the target and items to be the subject of the recommendations, in addition to identifiers for each element. The
configuration related to the pre-processing techniques, splitting settings, recommendation methods and evaluation
protocol can be left with the default configuration or can be modified as desired. With this, all the RSs specified in
the recommendation methods can be trained, evaluated and compared simultaneously to be thereupon deployed on
a REST service.

Droip allows via extension point to extend the data collection sources. For this integration, we extended Droip

with the advanced query mechanisms exposed here. Figure[9shows a scheme of this integration. The RS developer
can create a Dro1p project 1 providing the name and the technology for the new RS. For the integration, the data
collection sources 2 were extended to query the MDEForge APIL The RS developer queries the Rest API 3 via a JSON
POST request that sends in return a list of artifacts. With this information, a Droip project is created and the DSL 4
with the basic configuration is provided. It includes a textual editor with code compilation, a validator and a code
generator that synthesizes Java code 5 from the project specification. Ultimately, Droip can train, test and compare
the RSs defined 6.
Figure 50| shows an example of data collection using the advanced query mechanism engine of MDEForge. In the
example, the RS developer is creating an RS for Ecore meta-modelling. The micro-syntax to query the search engine
can be specified using keywords, boolean operators (e.g. AND, OR and NOT), meta-models size and quality metrics
to constrict or expand the search. By pressing the search button, a JSON request is sent to the MDEForge API. The
returning lists of artifacts are shown in the table viewer. The table presents each artefact’s name, extension, and size
and the total hits. In this example, the query is automatically constrained to Ecore meta-models extensions as the user
specified this information on the main page of the wizard. Afterwards, the user can select the desired meta-models
and import them into the project by pressing the import button. Finally, the RS developer can finish the wizard, and
a Droip project is created with the collected data.
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6.6 Conclusion
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Figure 49: Architecture of Droip with MDEForge
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Figure 50: Droip wizard page for the advanced query mechanism.
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This chapter presented a service-oriented megamodel-aware approach to discovering and reusing modeling artifacts
stored in a cloud-based model repository. The approach is generic to support the heterogeneous nature of the
repository and artifacts. The platform introduces a service-oriented discovery mechanism in the quest for relevant
artifacts. This way, the user can retrieve artifacts that meet quality thresholds or participate in a given optimal model
transformation chain. The user has at her disposal several query mechanisms to sift through vast information and
find exactly what she is looking for using intuitive and easy-to-use methods. With our domain-specific microsyntax
query specification, the user can retrieve artifacts by search tags, search keywords, and conditional statements. Other
discovery mechanisms, such as advanced search and browsing, are also in place to aid in effective model artifact




lookup and filtering.

Our approach supports full-text search of the artifacts that are automatically indexed and persisted across multiple
nodes to ensure high data availability, query speed, large data load resilience, and query flexibility. We have provided
a modular API that can be accessed using OpenAPI 3.0 and GraphQL specifications to reuse or extend current
functionality in developers” applications. For example, a model-driven recommender system is already using the
platform API to train and evaluate machine learning models.
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7 Model slicing on low-code engineering platforms

This chapter presents an approach for model reuse through model slicing on Low-code platforms (LCP). To get
the information on heterogeneous models, our approach converts all the heterogeneous models to a homogeneous
graph which will serve as a knowledge graph (KG). And to cope with the different levels of models, we created two
repositories, one for data models (DMs) and another for the Form models. The two repositories persist the KG for the
DM and the Forms, respectively. The model slicing approach gets a DM class as input and queries both repositories
to get related entities to it. The required entities within the DM repository, like base class, composition, etc., will
constitute the horizontal slice since they belong to the same model level (i.e., DM) as the input class. And the related
entities from the Form repository will constitute the vertical slice since they belong to a different level than the input
class. Finally, both slices will be merged as a single model slice and provided to the developeﬂ in a JSON format.
As a proof of concept, we have tested our approach on the zAppDe LCP by using 5 different zAppDev DM
(represented in XML) with a total of 27 different domain classes, and 47 different Form models related to these
domain models. The evaluation revealed that 77.78% of the given DM classes had any kind of cross-model relation
i.e. we could extract successfully 21 distinct cross-language and cross-level model slices from these zAppDev models.
The approach has been developed on Spring boot and is provided as a REST APL.

7.1 Related Work on Model Slicing

Although to the best of our knowledge this is the first approach towards model ruse through slicing on cross-level
and cross-language LCP models, inspired by program slicing approaches [187,[188], we will show some related work
to model slicing.

Salay et al. [189] present an algorithm for megamodels slicing. The algorithm gets as input the megamodel and by
using the traceability relation among the entities of the models that construct the megamodel it extracts the model
slice. Our approach is search-based and not static based, i.e., it doesn’t iterate through the cross-level model entities
of a megamodel, it queries different repositories to find relevant matches to the input class.

Taenzer et al. [190] present a formal framework for creating model slicers capable of incrementally changing a model
slice after performing any change on it. Our approach is search-based and generates model slices from a single input
class to support the LCP users during the modeling process. Furthermore, we are not required to implement the
model slicing update since it can be updated directly by the LCP users based on their needs after being integrated.
Compared to the approaches that enable model slicing for a specific model type [191} 192} 193] [194} [195} [196] our
approach checks for related entities among different models of different types and extract them as a model slice.

In [192] Sagar et al. present a UML metamodel pruning algorithm. The algorithm takes as input a large metamodel
and some required properties and classes that shall not be removed; it prunes the large input metamodel by removing
its unnecessary entities based on a given criterion and thus extracts a smaller running metamodel that will serve as
a smaller instance of the large metamodel. This approach aims to compute the smallest functional version of a large
UML model, while our approach tends to get cross-model related entities.

Bergmayr et al. [193] presents a metamodel shrinking approach that uses refactoring techniques to detect noised
metamodel classifiers and features and then package the remaining ones as a type-safe metamodel itself. While this
approach tends to shrink metamodel elements, it differs from our approach, which tends to get related entities among
different models.

In [194], Kagdi et al. present a UML slicing concept that explains how to compute model slices from a given UML
class model. The concept explains that a model slice can be computed by starting from a given class and extracting
related classes to it based on a set of given predicates. This approach is different from ours since it extracts UML
model slices, and our approach extracts model slices from different and cross-level models.

Kelsen et al. [195] explain how a model based on lattice theory can be decomposed into several smaller models that
are easier to understand. It splits a model into several smaller models considered model slices, whereas our approach
extracts model slices from different models.

Blouin et al. [196] presents Kompren, a model slicer modeling language. The concepts and relations of this language
are defined in an internal metamodel which will be instantiated by an internal model slicer model based on the input
metamodel information. A mode slicer function will be generated when compiling the model slicer. Although, it
differs from our approach in that our approach extracts related cross-model entities.

Burgueno et al. [197] use model slicing to provide recommendations during the modeling process. Their approach
will slice only the relevant entities for the recommendations to avoid computing the whole model.

Our work is also inspired by cross-language program slicing approaches [187], where Nguyen et al. present a web-
slicing technique for dynamic Web applications. It extracts code slices from different coding languages at hand by
tracing the data flow through the program’s execution. On the other hand, it checks if any function of any coding
language affects this data.

Weiser in [188]] presents an algorithm for program slicing based on criteria defined by a data-flow analysis on specific
variables expressed on specific statements.

To clarify the concepts used throughout this chapter, we will initially provide some background information.

In this chapter, we use the terms developer interchangeably for citizen developer
SBhttps://zappdev.io/
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Figure 52: Model reuse through model slicing - running example

7.2 Background Information about the zAppDev LCDP

zAppDev is a web-based, model-driven development environment, allowing developers of any technology and
proficiency level to easily create, edit and reuse models of software artifacts (e.g. database models, business logic
models, user interface models, and more), covering the complete application development lifecycle while having
total control of the process. As explained in [88], an LCDP typically consists of 4 different layers, which are included
as well on zAppDev and are comprised of: (1) The Form models represent the application layer; (2) The service
integration layer by API adapters; (3) The data integration layer is represented by data models, the service models,
API Adapters; and finally (4) The Cloud represents the deployment layer.

The layers of interest for us are the application and data integration layers and their corresponding models since
these are the only models the developers have direct contact with. Concretely, in this work, we will work with
zAppDev data models a.k.a business object models (BOs), and Form models a.k.a UI-Form models. The BO and
UI-Form models belong to the zZAppDev L1 level of the 3-level meta-modeling architecture as depicted in Fig. 51}
Both, the BOs and the Ul-Form models are in-
stances of the Business Object metamodel and
Web Form Ul metamodel respectively (L2 level).
Whereas both metamodels conform to the zAp-
pDev metalanguage written in the C# program-
ming language (L3 level). The metamodels and

zAppDev
L3 metalanguage
(C#)

conforms to conforms to

Business Object
metamodel

L2

Web Form Ul
metamodel

the metalanguage are embedded on zAppDev and
the developers have no access to them, they start
the work directly by creating BO models as in-

conforms o stances of the BO metamodel and auto-generate

""""" the UI-Form models from the BO models or they

can initially design the UI-Form model and con-

v m nect it afterwards to the relevant BO model. Lastly,
BO Model Ul Form Model

Figure 51: Metamodeling layers on the zAppDev LCDP

this approach can extract model slices from LCDP models.

7.2.1 Running example

the developers define the business logic of any Ul
component within the UI-Form model by using the
Mamba language.

By explaining a running example we clarify how

Assume that in an LCDP there is an Invoice software containing a BO, a UI-Form model named "Invoice Form" auto-
generated from the BO classes or manually constructed by the developer, and the business logic functions related to
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the BO classes. The architecture of the Invoice software is depicted in Fig. In the zAppDev LCDP, the BOs are
presented in XML format, the Ul-Forms as JSON files and the DSL functions are written in the Mamb language.
As we can see in Fig. 52| on the left part, the BO is constructed from the classes Invoice, Client, and Company. We
aim to get only the related cross-level and cross-language artifacts to the Client BO class. As depicted in Fig.[52] the
Client BO class is related to the Invoice Form with a label with the text Client on it and a combo box. Further, we
can see that the Client class has an Edit function related to it. To emphasize the connection of all the Client related
cross-level and cross-language entities we rounded and connected them with a blue cycle and blue lines.

The idea of a model slicer approach on an LCDP, as shown in Fig.[52] would be to provide only the Client BO class
as input to the approach. It would be capable of computing and extracting all the cross-related entities to the Client
BO class and integrating those on an LCDP. As shown on the right side of Fig.[52} the extracted model slice from the
approach is a model that contains only the Client relevant entities across the LCDP models.

The model slicer finds connected entities to the BO input classes on cross-level and cross-language models. Then, it
presents these as a model slice to the developers so everything connected within the entire production line on any
LCDP can be reused and integrated automatically on an LCDP. Inspired by this running example, we have created a
model-slicing approach that is explained in more detail in Section [7.3.3}

These below Sections will be presenting in more detail how the model slicer extracts model slices from cross-level
models. The overview of the model slicer is presented in Fig.

7.3 Repositories

The first step toward model slicing is persisting the models in a repository so they can be reused for different business
needs afterwards. Since all models in zAppDev are graph-based, the repository of our approach is also graph-based.
We selected the Resource Description Framework (RDF) [198] as our model format since it is a graph-based model
and the standard format of W3 this is relevant to LCPs which are cloud-based. Thus, various models will be
converted and merged into a single RDF graph. We will use and refer to this RDF graph as our approach’s knowledge
graph (KG).

Since developing any software on an LCP ones needs to create its” DM, its” Ul in a Form model, and the business
logic which is persisted in any of these two (especially in zAppDev), we have created two different repositories for
the model slicer, one which persists the knowledge graph for the DM, and another for the Form models. Thus, as
explained in Fig.[53] step 1 of our approach creates the repositories that persist the knowledge graph for the DM and
Form models by converting them to RDF and merging them to their respective knowledge graphs.

BOs Forms

ul 00O
[
| convert to [ convert to

Knowledge graph Repositories Knowledge
of BOs graph of Forms

P <
| |

Query the BO KG Query the Forms
for finding input KG for finding input
class constraint class related Ul
classes components and
DSL code
O . {}
input combine results and

50 Slice generate the slice Model

class service slice

Figure 53: Model slicing approach overview

¥https://docs.zappdev.com/MambaLanguage/About/
Ohttps://www.w3.0rg/TR/2004/REC-rdf-concepts-20040210
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7.3.1 Input Class

Step 2 of our approach is getting the input class. The input class is the core entity of any model slice because any other
entity of the model slice has to be related in a specific form to it. Hence, the input class defines the slicing criterion
for our approach. After having the input class, the slice service - responsible for the business logic part of the model
slicer - will query the repositories to find relevant connections between the existing entities within the repositories
and the input class.

Ul -Form

‘ Comp. 3 E

Comp.3 &

Comp. 1 E‘ ‘ Comp.2 E‘

Business Object models

/ Class 3
“+...| classn Q—>
Generates
Class 2

Func. 2 Func. n
Slice 1

Func. 1 Func. 3

Class 1 Class 3 —| Class 2

Func. 3

Func. 1 {

DSL Code

Figure 54: Model reuse through model slicing

7.3.2 Horizontal Slice

The first check the input class will go through is if it has any constraints class that has to be integrated with the
input class. For instance, if the input class inherits a class within the BO classes or has a composition class, then
the base/composition class has to be integrated into the LCP to avoid model validation errors. Thus in step 3, our
approach checks in the DT (BO) repository if there is any such constraints class related to the input class. If any such
class can be found, it will be provided to the developers with the input class. Since the input and constraint classes
are on the same level (within the business object), we call this kind of relation horizontal slicing. However, since we
are slicing only zAppDev models so far, the horizontal slice is defined only by checking if the input class has any base
class within the BO repository.

7.3.3 Vertical Slice

Next, the model slicer service will check if any related entity is within the Form KG to the input class. In step 4,
the model slicer will return all the relevant information about the related entities to the input class. In our case, we
query the information about Ul components, i.e., the Ul component name, the Ul component data source - which
shows to which specific attribute of the input class the UI component is related, and the type of the Ul component,
e.g. TextBoxControll, CheckBox, etc. Although a lot of other relevant information can be retrieved, e.g. the cascade
style sheet (CSS) information about the UI components, Ul components layout information, etc. Since in zAppDey,
the DSL functions, a.k.a. Mamba functions, are persisted within the Form models, in step 4, the model slicer also
queries related Mamba functions to the input class. Hence the UI components and DSL functions are not in the same
model level as the input class; we call this relation of connected cross-level models a vertical slice.

Finally, the extracted horizontal and vertical slices will be merged as a single model slice and integrated into the LCP.
An example of model slicing is presented in Fig. 54, We see that the meta-class Class 1 is connected to the UI
components Comp. 1land Comp. 2and also to the DSL functions Func. 1 and Func. 2; thus, the connection of all these
entities would give a single slice (Slice 1). Further in Fig.[54] we can see that the meta-class Class 3 has a constraint
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Model slices on zAppDev models

BO models BO classes UI-Form models | Horizontal Slices Vertical Slices
1 CoreBO 10 0 9

2 DTOs 2 0 2

3 Expenses 5 47 0 4

4 ProjectBO 3 0 3

5 TaskBO 17 1 8

Total 48 (27 Distinct) 47 1 26 (21 Distinct)

Table 13: Model slices on zAppDev models

class Class 2 within the BO, it is also related to the component Comp 3 on the UI - Form model, and it has also a related
DSL function Func. 3. The connection of these related entities to Class 2 would produce another modeling slice (Slice
2).

7.3.4 The model slicing approach at work

This section demonstrates how the model slicer extracts model slices on real LCDP models. As a proof of concept,
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Figure 55: Model slicing in zZAppDev
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we got five different BOs and 47 different UI-Form models generated by these business objects. We have created two
knowledge graphs containing all the information about the BOs and the Form models, respectively. Then we selected
each class iteratively from the BOs, gave this as an input class to the model slicer, and checked the extracted model
slices. For example, in Fig.[55] we have presented the information that the model slicer will extract. The model slicer
will try to extract a model slice related to the Client class.

Initially, the model slicer will check within the BOs at the baseClass element to find any base class so it can create
the horizontal slice (a)). This check is presented with the red dashed arrow. In this demo, the Client class hasn’t
any base class and since, at the time of writing this deliverable, this is the only checked constraint for BO classes,
the model slicer will not define any horizontal slice. Next, the model slicer will check for extracting the relevant
Mamba functions from the zAppDev Form models (b). The model slicer will check within the Code notation to find
any related function to the Client class. The found functions will be returned as part of the vertical slice.

Next in (c), the model slicer will extract the required information about the relevant Ul components to the Client
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class. First, the model slicer will check if there is any Datasource notation that is related to the Client class, if there is
any, then it gets the information about that Datasource related Name and $type notation. These three notations: Narme,
Datasource and $type will be returned also as part of the vertical slice. Finally, the model slicer checks for any related
dataset to the Client class (d)). It checks the notation Class within the Dataset notation if it is Client. If there is a match,
then will the model slicer get the respective Name, Operation, and Filter information. All this information will also be
returned as part of the vertical slice.

In the end, all the information about the horizontal and vertical slices will be merged in a single JSON file and
integrated into the zAppDev LCDP. This model slice is extracted after selecting the Client BO class and clicking the
"Create forms from Slice" button located in the menu bar as shown in Fig. The model slice is integrated on the
zAppDev LCDP as a Ul-Form model including the extracted information for the Client BO class. A snapshot of the
integrated model slice on zAppDev is depicted in Fig.

In Table [13) we have outlined the results of how many model slices could be extracted from the zAppDev models.
For the study, we have used 5 different business object models and 47 different UI-Form models. We listed all the
BO classes from all the 5 BO models and counted 27 distinct classes. We iterated through each of these BO classes
and set each of them successively as an input class to the model slicer. Of all these BO classes only one class had a
base class (PMOUser had as base class ApplicationUser) i.e., a horizontal slice. Also from the set of 27 distinct BO
classes, the model slicer could extract 21 vertical slices which means that 21 BO classes have at least one related entity
on the UI-Form models. From this amount of data we got from zAppDev, we could conclude that 77.78% of the BO
classes are related at least to a base class or at least to one UI-Form model entity. This fact reveals the emerging need
for a cross-language and cross-level model reuse approach on LCDP that can be facilitated through the model slicer
provided in this work.

The model slicer has been developed using Spring boot and is provided as a REST API for use in the zZAppDev LCDP.
The source and the repositories containing the KG used for the evaluation are available on GitHu

7.4 Conclusion

In this chapter, we have presented an approach that enables the reuse of cross-related models on an LCP through
model slicing. The model slicing approach gets as input a data model class and queries the data model for any
constraint-related class and the Form model repositories to get Ul components and DSL functions. The current
approach enables model slicing of zZAppDev models, but conceptually it can be used for any LCP. We plan to fine-
grain the model slicer by providing Ul component layout information, slicing the class attributes, etc. We also aim
to integrate the model slicer on a model recommendation approach so that all its cross-related model entities will be
integrated automatically after selecting a suggested data model class.

Thttps://github.com/iliriani/Model-slicer
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8 Conclusion

This document presents the work done to conceive and develop a scalable and extensible cloud-based low-code model
repository. First, we discussed the contextual background of Low-code development platforms. Then, we compared
the prominent LCDPs along with their taxonomy. We also shared the challenges and user experience of these
platforms as they seek mainstream adoption as new software development platforms. Then, we discussed the open
challenges and opportunities of migrating modeling platforms to the cloud. More than 600 papers were analyzed,
and we shared our insights and the built-in benefits of modeling on the cloud. The conceived Cloud-based Low-Code
Model Repository system architecture was presented. We also presented its detailed system views along with the
related work done by the research community in MDE. Subsequently, we discussed the milestones achieved toward a
scalable and extensible Low-Code Model Repository. The repository has been extended from a storage facility to a hub
of modeling tools and services that remove the need for local installations and configurations. The artifacts are stored
in scalable facilities to ensure their integrity and discovery. Utilities that enable service orchestration and composition
were developed to allow the execution of model management workflows. The last chapter presented the discovery
and reuse capabilities developed atop the repository. The repository houses advanced discovery mechanisms that
ensure the discovery and reuse of the artifacts on a single platform. We also conceived an approach that slices model
artifacts toward their reuse.
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