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Abstract

WEB enabled mobile devices are becoming more an more ubiquitous in our
lives. Application development for these devices opens newer and newer
challenges. Model Driven Development was proposed as a solution able to

reduce complexity and enhance productivity. This methodology was, and is still, not
broadly adopted due to a proven, or perceived, high costs/advantages ratio making it
difficult to reach a break-even point. The goal of the research presented in this thesis
is to propose tools, semantics and work-flows aimed at reducing the costs of Model
Driven Development, especially in the field of web and mobile applications. We will
focus on tooling, by presenting an agile model transformation framework enabling the
introduction of the Model Driven methodology in existing tools or the bootstrapping
and rapid iterative development of new environments. We present a formal semantics
for the Interaction Flow Modeling Language, focused on web and mobile applications,
having as objective a simple tool independent interpretation of IFML models enabling
tools interoperability. We present an on-line tool for the rapid prototyping of web and
mobile applications, showing how the proposed framework and semantics can be eas-
ily integrated together to produce a production ready Model Driven environment. We
eventually present a Model and Text co-evolution work-flow which facilitates the in-
teraction between code generators and human developers, by treating the application
source code as the central artifact and the code generator as a virtual developer, i.e.,
yet another member of the team. The experimental results show how the proposed
methodology can reduce both the amount of work needed to obtain a production ready
application and the level of expertise required in the process.
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Sommario

I dispositivi mobili con accesso al web stanno diventando sempre piú onnipresenti
nelle nostre vite. Lo sviluppo di applicazioni per questi dispositivi apre sempre
nuove sfide. Lo Sviluppo Model Driven venne proposto come soluzione capace

di ridurre la complessitá e al tempo stesso incrementare la produttivitá. Questa meto-
dologia non venne, e ancora oggi non viene, ampiamente adottata per il comprovato,
o anche solo percepito, elevato rapporto costi/vantaggi che rende difficile raggiungere
un punto di break-even. L’obiettivo della ricerca presentata in questa tesi é di pro-
porre tool, semantica e work-flow focalizzati a ridurre i costi dello Sviluppo Model
Driven, in particolare nel campo web e delle applicazioni mobili. Ci concentreremo
sui tool, presentando un framework agile per lo sviluppo di trasformazioni di modello,
il quale facilita l’introduzione della metodologia Model Driven in tool preesistenti o
la rapida evoluzioni di nuovi ambienti di sviluppo. Presenteremo una semantica for-
male per l’Interaction Flow Modeling Language, focalizzata allo sviluppo web e di
applicazioni mobili, la quale si pone come una interpretazione di IFML indipendente
dagli specifici tool incrementandone la interoperabilitá. Presenteremo un tool on-line
per lo sviluppo rapido di prototipi di applicazioni web e mobili, mostrando come il
framework e la semantica proposta possano facilmente essere integrate per produrre un
ambiente di sviluppo Model Driven professionale. Infine, presenteremo un work-flow
per la co-evoluzioni di modelli e artefatti testuali, il quale facilita l’interazione tra ge-
neratori di codice e sviluppatori umani trattando il codice generato come l’artefatto al
centro dello sviluppo e il generatore di codice come uno sviluppatore virtuale, ossia
come un membro del team. I risultati sperimentali dimostrano come la metodologia
proposta puó ridurre sia la quantitÃ di lavoro richiesto per produrre un’applicazione e
le competenze richieste durante il processo stesso.
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CHAPTER1
Introduction

The proliferation of web enabled mobile devices in the last decade has presented great
opportunities and challenges. In particular we have seen a shift from general purpose
complex desktop applications to specialized web and mobile applications with particu-
lar focus on user experience, development time and cost [138].

The industry addressed the challenge by introducing development tools specifically
targeted at simplifying application development in these use-cases. Particular attention
is devoted to Low Code/No Code Development Tools, which are a valuable, and cost
effective, alternative to classical development techniques [81,133,137]. These tools are
vendor specific and their selection is a critical step in the application development [107].
Projects can be delayed or even fail due to vendor lock-in.

In the academia Model Driven Engineering (MDE), and in particular Model Driven
Development (MDD), has been adopted as a valuable approach able to address this
challenge [52, 120, 128]. Model Driven Engineering [50, 51] is the branch of Soft-
ware Engineering that emphasizes the use of models, i.e., simplified descriptions of
the application that capture its essential aspects at a certain level of abstraction, e.g.,
independently of the platform for which the application will be designed and of the
technologies with which it will be implemented. Model Driven Development is a sub-
set of Model Driven Engineering specifically focused on supporting the development
effort.

Abstraction is the most important aspect of MDE and MDD. It enables developers
to validate high level concepts and introduce details, which accommodate complexity,
at later stages in the process. This distinction gives importance to a proper balancing
between what is considered a high level concepts and an implementation detail [75].

1
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Chapter 1. Introduction

1.1 Problem Statement

Model Driven Development has a limited adoption in the industry due to social and
technical factors making the benefits not outweigh the costs [87, 134], despite expec-
tations and hope by the MDD community [61, 80, 98]. While the majority of research
is focusing on increasing the benefits of Model Driven Development in order to reach
a cost/benefits break even [55, 89], this thesis would like to address the problem by
reducing costs.

Problem Statement: Reduce the costs of Model Driven Development by changing or
relaxing some of its assumptions.

We address the development and evolution of MDD tools, the semantics of modeling
languages and the work-flow enabling the collaboration between developers and MDD
experts. We specifically focus on the use-case of Web and Mobile applications develop-
ment, given its unique set of requirements, i.e. details like styling of the User Interface
(UI) or device sensors support are crucial. Differently from recent approaches, focused
on the overloading of existing languages with newer and newer features [53, 115, 132],
we focus on basic concepts, i.e., the flow of information in an application, and collab-
oration between developers and non MDD experts.

1.2 Research Questions

In this section, we formulate the research question that motivate the work of this thesis;
we list the questions following the logical steps needed to move from a high level
application description to a final product.

Research Question 1. Is it possible to simplify the development of model editors and
model transformation in order to reduce the friction between developers and MDD?

The high specialization required to develop and maintain a Model Driven Environment
is highly perceived as a cost of Model Driven Development. Making it necessary the
introduction of MDD experts in the development team or the interaction with external
vendors. Complexity in the maintenance of these tools increase friction making their
maintenance and evolution perceived as an additional cost of Model Driven Develop-
ment.

Research Question 2. Is it possible to model an application at a high level ensuring a
unique an intuitive interpretation of the model itself?

While various modeling languages have been adapted to or explicitly developed for
the description of user interaction, their general purpose nature can lead to different
interpretations of the very same model. The introduction of newer and newer extensions
to these languages, in order to cover new use-cases and final product requirements, can
lead to an increase of complexity in the models, making them less and less intuitive
from the prospective of a newcomer. Both these effects are perceived as an additional
cost to Model Driven Development.

Research Question 3. Is it possible to integrate MDD into a preexisting development
work-flow? And, in particular, is it possible for non MDD experts to contribute to the
project without the direct involvement of experts?

2
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1.3. Contributions

In its classical instances Model Driven Development follows the Forward Engineering
approach, i.e., MDD based work-flows are model-centric giving no real value to the
final code, which is seen as yet another artifact in a purely automated tool-chain of
transformations which target is the product. Each detail of the final product must be
described via extensions on the high level model and/or via model transformations.
This mindset collides with the code-centric nature of development work-flows, where
various developers work in parallel to achieve a set of small, generally independent,
tasks targeting a common goal. The high level of expertise required and the inability
for non MDD experts to experiment or apply persisting point-wise fixes in the produced
code is perceived as an additional cost of Model Driven Development.

1.3 Contributions

In this thesis we explore the feasibility of reducing the friction between developers and
the Model Driven Development approach, by proposing a set of tools, semantics and
work-flow focused on the development of Web and Mobile applications via the high
level definition and generation of the application front-end and the parallel manual in-
troduction of requirements not captured by the high level definition. The contributions
of this thesis are as follows:

• We present ALMOsT.js, an OpenSource agile model driven transformation frame-
work for JavaScript, which enables non Model Driven Development experts to ex-
periment with the MDD methodology and easily integrate the results in existing
on-line tools.

• We define a Web and Mobile centric formal semantics for the Interaction Flow
Modeling Language (IFML). Instead of focusing on its extension, required to de-
scribe all the details involved in Web and Mobile development, we focus just on
high level core concepts in order to give a unique and precise interpretation to
each valid model.

• We present IFMLEdit.org, an OpenSource IFML based Model Driven Develop-
ment Environment which serves as a use-case for ALMOsT.js, as a reference im-
plementation for the proposed IFML semantics and proposes the usage of IFML
for the rapid prototyping of Web and Mobile applications. The focus of the tool is
not the full generation of the final application, but instead easy experimentation of
user critical journeys via rapid model iterations and configuration less evaluation,
following the Agile methodology. The generated application can be easily cus-
tomized to satisfy requirements not directly addressed by the IFML model, i.e.,
styling, data access layer and business logic.

• We define a conceptual work-flow for model and code co-evolution in which the
code-generator is considered as yet another developer in the team. This work-flow
enables seamless collaboration between MDD experts and the other developers of
the team, by preserving manual contributions on the generated code without the
need of MDD expertise. We present ALMOsT-Git a reference implementation
of the proposed work-flow based on the Git version control system and evaluate
its effects on the application development effort on a reference IFML-based tool
from the industry and the proposed IFMLEdit.org.

3
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Chapter 1. Introduction

While these contributions focus as a whole in reducing development costs, they can
also be applied separately and mixed with other languages and tools. As an exam-
ple, in Chapter 6 the defined conceptual work-flow for model and code co-evolution
will be evaluated with both IFMLEdit.org and a tool which is not built upon neither
the presented agile model driven transformation framework nor the proposed IFML
semantics.

1.4 Thesis organization

The structure of the thesis follows the same logical flow presented in Section 1.2:

Chapter 2 discusses the background of the work contained in this thesis, focusing on
the concepts common to the remaining chapters, i.e., the development of Web and Mo-
bile application, the proposed MDD based solutions and the Interaction Flow Modeling
Language (IFML). Each one of the remaining chapters may introduce additional spe-
cific background.

Chapter 3 discuss the relation between Model Driven Development an the Agile move-
ment and present the ALMOsT.js framework.

Chapter 4 presents the proposed Web and Mobile centric semantics for the Interac-
tion Flow Modeling Language (IFML). Showing a set of small examples in which the
proposed semantics is able to give a unique and well defined interpretation.

Chapter 5 presents IFMLEdit.org a tool developed with the proposed methodology and
framework presented in Chapter 3, which was key in the development and validation of
the semantics proposed in Chapter 4 and provides different code-generators compliant
with the proposed semantics which are used as starting points for the approach proposed
in Chapter 6.

Chapter 6 introduces a novel work-flow for the seamless collaboration between MDD
tool-chains and manual development and evaluates its impact on the development effort
of two use-case applications.

Finally Chapter 7 concludes the thesis, discusses the current challenges and proposes
the future direction of the research in this area.

This thesis includes the material from the following publications, co-authored by the
candidate:

• Carlo Bernaschina, Sara Comai, Piero Fraternali. “Formal Semantics of OMG’s
Interaction Flow Modeling Language (IFML) for Mobile and Rich-Client Appli-
cation Model Driven Development” [46]

• Carlo Bernaschina, Sara Comai, Piero Fraternali. “Online Model Editing, Simu-
lation and Code Generation for Web and Mobile Applications.” [45]

• Carlo Bernaschina. “ALMOsT.js: An Agile Model to Model and Model to Text
Transformation Framework.” [43]
Also presented in the Tutorial:
Carlo Bernaschina. “How to cook an Agile Web Based Model Driven Environment
in a night”
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• Rocio Nahime Torres, Carlo Bernaschina. “ALMOsT-Trace: A Web Based Em-
beddable Tracing Tool for ALMOsT.js.” [125]

• Emanuele Falzone, Carlo Bernaschina. “Model Based Rapid Prototyping and
Evolution of Web Application” [71]
Extended in:
Carlo Bernaschina, Emanuele Falzone, Piero Fraternali, Sergio Luis Herrera Gon-
zalez. “The Virtual Developer: Integrating Code Generation and Manual Devel-
opment with Conflict Resolution” [Under evaluation at the time of submission of
this work]

• Carlo Bernaschina, Sara Comai, Piero Fraternali. “IFMLEdit.org: Model Driven
Rapid Prototyping of Mobile Apps.” [44]
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CHAPTER2
Background

Methodologies and tools involved in application development have always evolved in
order to increase productivity and reduce costs. The introduction of high level lan-
guages (e.g. Fortran, C, . . . ), which enable the ability to support multiple hardware
architectures, highly increased software re-usability and reduced development costs.
The introduction of the so-called cross-platform development tools, which enable the
creation and distribution of applications to multiple platforms/operating systems, in-
creased software re-usability and reduced costs even further. Examples of frameworks
following this approach are GTK [17], which focuses on User Interface, and QT [24],
which provides abstractions for OS dependent primitives.

Similarly, in the mobile environment, specific solutions exploit web development
skills and support cross-platform coding in languages such as JavaScript/Java/C#/Dart,
CSS and HTML5. Examples of such tools include Appcelerator Titanium [5], IBM Mo-
bileFirst Platform Foundation [18], PhoneGap [2], RhoMobile [26], Salesforce [27],
Telerik AppBuilder [29], Xamarin [33], Flutter [15] and many others: the developer
writes code only once and the tool derives the implementation for different target plat-
forms, including native applications, standard web applications (typically based on
HTML5, JavaScript and CSS), and hybrid applications (e.g., embedding HTML5 ap-
plications inside native containers that provide access to native platform features).

Industry standard Low Code/No Code development tools [81, 133, 137] and Model
Driven Development can be considered as the next step, as they enable even higher
productivity, avoiding highly repetitive tasks.

The chapter is structured as follows: Section 2.1 presents the usage of Model Driven
Development for application front-ends, Section 2.2 presents a set of Low Code/No
Code industrial tool, some of which based on MDD and Section 2.3 will give a back-
ground in the Interaction Flow Modeling Language (IFML) [114], a standard modeling

7
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Chapter 2. Background

language focused on front-end description, which is the use-case modeling language
used in Chapter 3, the focus of the semantics proposed in Chapter 4, the chosen lan-
guage for the tool presented in Chapter 5 and the use-case modeling language for the
evaluation of the work-flow proposed in Chapter 6.

2.1 Model-driven development of application front-ends

Several model-driven development approaches have been proposed in the literature to
address the generation of code for web and rich clients applications [73], and, more
recently, for mobile applications [40]. The use of MDD techniques is reported to pro-
mote early detection of software defects, decrease the effort needed for development
and maintenance, increase portability to new platforms [110], and, possibly combined
with agile techniques, increment productivity and quality [50, 124, 140].

2.1.1 MDD approaches based on MDA and UML

The OMG Interaction Flow Modeling Language (IFML) [114] applies the MDA stan-
dards to the specification of interactive application front-ends, including mobile and
rich client interfaces; model-driven development based on IFML is implemented by the
commercial tool WebRatio [32], which supports IFML diagram editing and full code
generation of ready-to-publish web and mobile applications.

Other MDA approaches adopt the UML standard diagrams for modeling the front-
end of mobile and web applications: [115] employs UML class diagrams and sequence
diagrams to represent mobile applications and to generate code for the Android and
Windows Phone platforms; Arctis [103] adopts a small UML profile and UML activity
diagrams and translates such inputs into a state machine to obtain an executable An-
droid application; The application can be specified using a UML editor for activities
with state machines as their external contracts; layout files are created with the An-
droid SDK and linked to the blocks, which encapsulate their behavior. [72] employs
UML state machine diagrams to specify GUIs, transitions, and data-flows among ap-
plication screens, but the internal application logic needs to be coded in JavaScript.
Also the work in [119] models and generates graphical interfaces for mobile cross-
platforms applications using UML; it expresses the transformation rules in ATL (Atlas
Transformation Language).

The above-mentioned approaches show the feasibility of adopting the MDA stan-
dards and model transformations to generate the code of the user interface for mobile
and rich client applications; our work proceeds in the same line, but starts from an MDA
standard expressly designed for modeling the front-end and focuses on the formal spec-
ification of the modeling language semantics, as a principled basis for the simulation of
models and the generation of code.

[99] and [112] propose metamodels for specific mobile platforms such as Android
and Windows Phone 7, respectively.

[49] describes a UML2 Profile for the platform-independent specification, where
GUI layout and the transition between screens are described by a Class and a Statechart
Diagram, while [99] reports a UML metamodel based approach for the development of
Android applications.
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In [129] a model-driven approach is used to generate mobile applications for mul-
tiple platforms, based on a subset of UML: namely, real use-cases for requirement
gathering, class diagram for structural modeling, state machine for behavioral model-
ing. They also propose a UML profile for modeling mobile domain specific concepts
and use Action Language for Foundational Subset of UML (ALF) to specify actions
in the state machines. This allows the automatic generation of business logic code for
multiple platforms.

2.1.2 MDD approaches based on Domain Specific Languages

Other MDD solutions exploit Domain Specific Languages (DSL). The authors of [74]
survey model driven approaches specifically targeted at the development of cross-platform
mobile applications: they show that proposals are mainly based on textual DSLs, most
works are in a prototypical status and adopt a hybrid between coding and modeling,
where MDD is used for simple applications and is extended with coding for the more
complex functions. For example, mD2 [84] is a prototypical framework where models
are specified with a textual DSL, comprising two kinds of view elements: individual
content and container; the former include abstract interaction widgets such as labels,
form fields, and buttons, grouped inside containers, which can be organized in a hierar-
chy; to manage complex navigation scenarios, a workflow can be defined to specify the
switch between view containers, possibly guarded with conditions to be fulfilled before
the user is allowed to proceed with the navigation. AXIOM [92] is another textual DSL
for the mobile application domain: it is based on it own abstract model, specifying at
the one side the composition of the application’s screen and of its logical UI controls,
and at the other side the application’s behavior in response to user and system events.
Each view is seen as a state; transitions between states are defined by means of at-
tributes on UI controls. Transitions may be optionally associated with guard conditions
and actions. AXIOM is completely generative and for each native platform it produces
complete implementations, without the need of programmers’ intervention. Among the
on-line model-driven environments, the system in [67] supports GUI design of mobile
applications, but only simple behaviors can be specified; the RAPPT tool [40] generates
only the scaffolding of a mobile application based on a high level description specified
with a textual DSL, and requires the insertion of manually written code to express the
application logic. MDD of native applications in Android and iOS is shown in [132].

2.2 Industrial tools for multi-platform application front-ends

In the industrial sector, trends described in Forrester [81] and Gartner [133, 137] re-
search reports show an orientation towards "low-code" development platforms, with
Mendix [19] and Outsystems [21] leading this segment of the software tool market.
Mendix [19] adopts proprietary graphical models to build complex applications, re-
lying on model interpretation; its applications exploit a hybrid web and mobile code,
but can also leverage device functions, thus achieving a near-native user experience.
Outsystems [19] supports visual modeling and generates standard Java or .NET appli-
cations, connected with a variety of back-end systems: specifications are built using
the entity-relationship model for data and a flow-chart notation for the business logic;
instead, a WYSIWYG approach is used for the user interface. Finally, the already men-
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Chapter 2. Background

tioned WebRatio platform [32] adopts IFML as a modeling language, augmented with
an own language for describing back-end business actions, and supports full code gen-
eration for web and cross platform mobile applications. Advanced GUI features can
be manually programmed and incorporated into the IFML model, exploiting the exten-
sion mechanisms of IFML, and then integrated in the template-based rules of the code
generator.

Some of these tools are effectively MDD based, showing that the approach has found
traction in the industry, but the Model Driven Development methodology is a mere
implementation detail and not a key aspect of the development work-flow.

Although not comparable in robustness with industrial strength products, our on-
line implementation offers an open source, lightweight MDD environment, grounded
on a formally specified and verifiable semantics, which can be used as-is for producing
a reference implementation of IFML models, for prototyping and developing rich web
and mobile cross-platform applications, and for supporting hands-on MDD education;
the tool can be easily extended, in the input modeling language, in the semantic map-
ping rules, and in the code generation rules, to enable a generative approach to GUI
development for any input language and execution platform.

2.3 The Interaction Flow Modeling Language

Figure 2.1: IFML Metamodel.

The Interaction Flow Modeling Language (IFML) [114] is an OMG standard that
supports the abstract description of application front-ends for such devices as desktop
computers, laptops, mobile phones, and tablets. IFML uses a single type of diagram,
in which developers can specify the organization of the interface, the content to be
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2.3. The Interaction Flow Modeling Language

displayed, and the effect on the interface of events produced by the user interaction or
from system notifications. IFML does not represent the business logic of the actions
activated by the user interaction with the interface, which can be modeled with the
most appropriate UML diagram (e.g., class diagrams for the object model structure,
sequence and collaboration diagrams for the behavior).

Figure 2.1 shows the essential elements of the IFML metamodel.

2.3.1 Composing the Interface Structure

The essential IFML classifier for the specification of the application structure is the
ViewElement, which specializes into ViewContainer and ViewComponent.

ViewContainers are the containers into which the interface content is allocated; they
support the visualization of content and the interaction of the user. A ViewContainer
can be internally structured in a hierarchy of sub-containers. For example, nested View-
Containers can be used to model a rich-client application, where the main window con-
tains multiple tabbed frames, which in turn contain several nested panes, as shown in
Figure 2.2a. Figure 2.2b shows an alternative organization, where the user interface is
split into different independent ViewContainers corresponding to page templates.

Figure 2.2: Different ViewContainers configurations expressing the interface organization

ViewContainers nested within a parent ViewContainer can be displayed simulta-
neously (e.g., an object pane and a property pane) or in mutual exclusion (e.g., two
alternative tabs). The alternate visualization of interface portions can be represented
by means of a specialization of the generic ViewContainer classifier, the XOR View-
Container. Such ViewElement comprises two or more sub-ViewContainers, with the
meaning that its children are visualized one at a time. To make the access to the par-
ent XOR ViewContainer deterministic, one of its children can be tagged as the default
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XOR child: this means that it is displayed by default when the parent container is ac-
cessed. In Figure 2.3, the Mail top-level ViewContainer, tagged with the XOR label,
comprises two sub-containers, displayed alternatively: one for messages and one for
contacts. When the top level ViewContainer is accessed, by default the interface dis-
plays the Messages ViewContainer (tagged with the D label).

Figure 2.3: Example of mutually exclusive sub-containers

The switch from one ViewContainer to another one can be expressed implicitly or
explicitly, as shown in Figure 2.4. A ViewContainer can be tagged as Landmark, de-
noted with an L label. This property means that the ViewContainer is reachable with
a direct navigation step from all the others nested inside the same parent, as explicitly
represented in the right part of Figure 2.4.

Figure 2.4: Landmark ViewContainers and explicit navigation

For example, in Figure 2.4, when the One ViewContainer is not in view, it can be
switched into view from any other “sibling” ViewContainer currently in view. This
behavior is equivalent to specifying the 12 explicit Events and NavigationFlows shown
in the right part of Figure 2.4. An Event, denoted with a circle, and a Navigation-
Flow, denoted with an arrow, are the essential IFML constructs for specifying the user
interaction, as further illustrated later in this Section.

By convention, the whole IFML diagram, which represents the entire application
interface, is interpreted as a XOR ViewContainer: the top-level ViewContainers of the
diagram are displayed one at a time, in alternative (Figure 2.2b provides an example).

12
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2.3. The Interaction Flow Modeling Language

A ViewContainer can include ViewComponents, which denote the actual content of
the interface. The generic ViewComponent classifier can be stereotyped, to express
different specializations, such as lists, object details, data entry forms, and more.

Figure 2.5 shows the notation for expressing ViewComponents, stereotyped and em-
bedded within ViewContainers: Search comprises a MessageKeywordSearch Form,
which represents a form for entering data; MailBox includes a MessageList List, which
denotes a list of objects; finally, MessageViewer comprises a MessageContent Details,
which displays the data of an object. ViewComponents can have input and output pa-
rameters. For example, a ViewComponent that shows the details of an object has an
input parameter corresponding to the identifier of the object to display; a data entry
form exposes as output parameters the values submitted by the user; and a list of items
exports as output parameter the identifier of the selected item.

Figure 2.5: Example of ViewComponents within view containers

2.3.2 Events, Navigation and Data Flows

ViewElements (ViewContainers and ViewComponents) can be associated with Events,
to express that they support the user interaction. For example, a ViewContainer can be
associated with an Event to display or navigate to another ViewContainer (as in Fig-
ure 2.4), a List ViewComponent with an Event for selecting one or more items (as in
Figure 2.6), and a Form ViewComponent with an Event for input submission. IFML
Events are mapped to interaction widgets in the implemented application; the nature of
such widgets depends on the specific platform and is not captured by IFML. The ef-
fect of an Event is represented by a NavigationFlow, represented with an arrow, which
connects the Event to the ViewElement affected by it. For example, in an HTML web
application an event can be the selection of one item from a list by means of a link,
and its effect is the display of a new page with the details of the chosen object. A Nav-
igationFlow is denoted as an arrow, connecting the Event associated with the source
ViewElement to the target ViewElement (as shown in Figures 2.4 and 2.6). The Nav-
igationFlow specifies a change of state of the user interface: the target ViewElement
of the NavigationFlow is brought into view, after computing its content; the source
ViewElement of the NavigationFlow may remain in view or switch out of view de-
pending on the structure of the interface.

Figure 2.6 shows two examples of NavigationFlows between ViewComponents. In
Figure 2.6a, the NavigationFlow associated with the SelectMessage Event connects its
source (MessageList, which displays a list of objects), and its target (MessageContent,
which displays the data of an object). When the Event occurs, the content of the target
ViewComponent is computed so to display the chosen object, and the source remains
in view since it is in the same ViewContainer. In Figure 2.6b the source and target
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ViewComponents are positioned within distinct top-level ViewContainers (MailBox
and Message); the triggering of SelectMessage causes the display of Message, with the
enclosed ViewComponent, and the replacement of MailBox, which gets out of view.

(a) NavigationFlow between ViewComponent in the same ViewContainer

(b) NavigationFlow between ViewComponent in different ViewContainers

Figure 2.6: Example of NavigationFlow between ViewComponents

The specification of ViewComponents and NavigationFlows can be made more pre-
cise, by showing the objects from which the content of the ViewComponent derives,
the inputs and outputs of ViewComponents, and the parameter passing from the source
to the target ViewComponent.

Figure 2.7: Example of DataBinding, ConditionalExpression, and ParameterBindingGroup

Figure 2.7 shows a refined specification: the ViewComponents comprise a DataBind-
ing element that identifies the data source, which can be a persistent entity or an object
class defined in the Domain Model of the application. Both the ViewComponents in
Figure 2.7 extract their content from the MailMessage entity. The MessageContent
Details ViewComponent also comprises a ConditionalExpression sub-element; this de-
notes a filter condition used to query the data source and extract the content relevant
for publication. In Figure 2.7 the ConditionalExpression is parametric: it extracts the
object whose MessageID attribute value equals the value of the Msg_ID parameter.
The parametric ConditionalExpression defines an input dependency for the associated
component. To be computed, the MessageContent Details ViewComponent requires
an input value for the condition parameter; in Figure 2.7, such parameter value is sup-
plied as a side effect of the triggering of the SelectMessage Event. The parameter
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2.3. The Interaction Flow Modeling Language

passing rule is represented with a ParameterBindingGroup element associated with the
Navigation Flow, which couples an output parameter of the source ViewComponent
(the object selected from the List ViewComponent) to an input parameter of the target
ViewComponent (the object displayed by the Details ViewComponent).

The example of Figure 2.7 shows that NavigationFlows have a twofold role: they
enable the expression of the effect of an Event in the interface and the specification of
parameter passing rules. These two roles are orthogonal and can be separated. The
model in the right part of Figure 2.4 illustrates the case in which the effect of the
Event on the interface is expressed independently of a parameter passing rule: each
NavigationFlow in the example has no parameters and only changes the ViewContainer
currently in view.

The dual case occurs when a parameter passing rule is expressed independently of
an interaction Event. This design pattern exploits the IFML DataFlow construct, which
represents an input-output dependency between a source and a target ViewElement and
is denoted as a dashed arrow.

Figure 2.8 shows the DataFlow construct, representing an input-output dependency
between a source and a target ViewElement, denoted as a dashed arrow. In the example,
MailViewer includes three ViewComponents: the MailMessages List is defined on the
MailMessage entity, which is explicitly specified in this example, and shows a list of
messages; the MessageContent Details is also defined on the MailMessage entity and
displays the data of a message; the Attachments List is defined on the Attachment entity
and shows a list of mail attachments.

To express data dependencies, links are associated with parameter binding elements
that specify how data flow between components. Parameter bindings, denoted by the
ParamBinding element in Figure 2.8, connect one or more parameters exposed by a
source component with corresponding parameters accepted by a target component. In
the example, the identifier of the selected message is passed from MailMessages to
MessageContent. The latter has a parametric ConditionalExpression: it denotes a filter
condition used to query the data source and extract the content relevant for publication;
in the example, it extracts from the data source the message with the identifier provided
as input to the component. Also Attachments has a parametric ConditionalExpression,
used to select for display the attachments associated (through the AttachedTo relation-
ship) with the mail message provided as input to it.

When the ViewContainer is accessed, the list of messages is displayed, which re-
quires no input parameters. The DataFlow between MailMessages and MessageCon-
tent expresses a parameter passing rule between its source and target: even if the user
does not trigger the Select Event, an object is randomly chosen from those displayed
in the MailMessages List and supplied as input to MessageContent, which displays its
data. Similarly, the DataFlow between the MessageContent and Attachments specifies
an automatic parameter passing rule that supplies the parameter needed for computing
the list of attachments, independently of the user interaction. By triggering the Select
event associated with the MailMessages List the user can choose a specific message
from the list and determine the display of its content and attachments, thus overriding
the default content shown at startup.
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Figure 2.8: Example of DataFlows

2.3.3 Actions

An Event can also cause the triggering of a piece of business logic, which is executed
prior to updating the state of the user interface; the IFML Action construct, represented
by an hexagon symbol as shown in Figure 2.9, denotes the invoked program, which is
treated as a black box, possibly exposing input and output parameters. The effect of
an Event firing an Action and the possible parameter passing rules are represented by a
NavigationFlow connecting the Event to the Action and possibly by DataFlows incom-
ing to the Action from ViewElements of the interface. The termination of the Action
may cause a change in the state of the interface and the production of input parameters
consumed by ViewElements; this is denoted by termination events associated with the
Action, connected by NavigationFlows to the ViewElements affected by the Action.

Figure 2.9 shows an example of Action, for the creation of a new object.

Figure 2.9: Example of Actions

ProductCreation includes a Form with SimpleField sub-elements for specifying the
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data entry of a new product. The CreateNewProduct Event triggers the submission of
the input and the execution of the CreateProduct Action. A ParameterBindingGroup
is associated with the NavigationFlow from the CreateNewProduct Event, to express
the parameter binding between the Form and the Action. The Action has two termi-
nation Events: upon normal termination, the code of the new product is emitted as
an output parameter, used as input to calculate the NewProductData Details within
NewProductDisplay; upon abnormal termination (e.g., a database connection error), a
distinct Event and NavigationFlow pair specifies that an alternative ViewContainer is
displayed, which contains an error message ViewComponent.

2.3.4 Extensions

Given the abstract nature of the IFMLs description of application front-ends, the defined
models lack the level of details needed to fully generate a final implementation. It is
important to notice that abstraction is a major feature of IFML and not a limitation,
freeing the modeler from the necessity to define the final rendition of each element on
screen.

Various works focused on the extension of IFML or the integration with other mod-
eling languages and tools in order to produce models and implementations with a higher
level of details.

In [106] an approach for the generation of Rich Internet Applications (RIA) using
IFML and the second revision of the Web Ontology Language (OWL2) has been pro-
posed. The high level IFML description is merged with a OWL Ontology via model
transformations introducing layout and styling details.

In [118] a JavaFX specific extension of IFML is proposed. The enhanced model con-
tains RIA specific details which can be exploited by subsequent Model-to-Text trans-
formations to generate a full implementation.

In [52] a mobile specific, but platform independent, extension of IFML is proposed.
Graphical concepts (e.g. Screen, ToolBar, . . . ), shared by the majority of mobile UI
frameworks, are introduced by means of stereotypes over the ViewElements used for
the structural description of the application. Particular attention has been given to the
description of mobile specific interactions (e.g. Swype) and Events (e.g. Notifications,
GPS Location Update).

In [53] the previous work has been extended with the introduction of concepts spe-
cific to the emerging field of IoT devices and systems. IoT specific Actions and Events
are introduced by means of stereotypes on the model elements. The biggest contribution
of this work is the definition and analysis of IFML patterns for Data Synchronization
and IoT Interaction.
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CHAPTER3
Agile MDD Tools Development

Model Driven Development (MDD) is the branch of software engineering that advo-
cates the use of models, i.e., abstract representations of a system, and of model trans-
formations as key ingredients of software development [98]. With MDD, developers
use a general purpose (e.g. UML [30]) or domain specific (e.g., IFML [114]) modeling
language to portrait the essential aspects of a system, under one or more perspectives,
and use (or build) suitable chains of transformations to progressively refine the models
into executable code.

Both general purpose and domain specific modeling languages pose their own chal-
lenges to the developers, which explain the alternate fortunes of MDD adoption in the
industry [88, 134].

General purpose languages, such as UML, aim at spanning the entire spectrum of
software applications under all possible perspectives and thus are large and complex.
It is hardly the case that developers can afford building their own MDD development
environment, including such aspects as model editing, verification and code genera-
tion, because such a task could easily exceed the effort of the actual application to be
delivered. Therefore, general purpose modeling languages must be supported by ded-
icated tools, which in turn present, despite the claims of interoperability, problems of
so-called vendor lock-in. On the other hand, domain specific modeling languages [96]
have been proposed to overcome the complexity and steep learning curve of general
purpose approaches; their abstractions do not pretend to be universal, but embody do-
main knowledge that make the language speak in terms closer to the intuition of the
developer and of the application stakeholders. On the negative side, though, domain
specific modeling languages have a more restricted user base, which prevents in many
cases the development of industrial-strength supporting tools. Domain specific mod-
eling language may be even used only by one organization, which tailors them to its
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specific needs and development culture. For this class of languages, the need arises of
creating and maintaining the tool chain necessary for bridging the gap between model
specification and the real application deployment. Such a tool chain revolves around
one or more domain specific model transformations. A such transformation is a proce-
dure that takes in input a model, plus some additional domain or technical knowledge,
and outputs a more refined model (yielding, at the end of the chain, the source code,
which can be seen as the most concrete model). Creating model transformations is not
itself an easy task. It is analogous to the construction of a compiler, which requires
mastering very specific abilities, including meta-modeling (i.e., the specification of the
grammar of the input language), definition of language semantics, and implementa-
tion of mapping rules. Presently, model transformation languages, such as ATL [94]
and OMG QVT [25], and their support development environments, such as the ATL
Integrated Environment (IDE) for Eclipse [7], are tools for the experts. They require
specific skills regarding the language syntax and semantics and programming style. In
many cases, organizations create and evolve a supporting MDD environment alongside
their applications or product lines. Developers recognize recurring patterns of abstrac-
tion in their requirements and designs and tend to factor them out and promote them
into abstractions of an emerging domain specific modeling language. Then, they try to
boost reuse by generating code from the instantiation of their own abstractions. It is
easy to see that this way of affording development requires the application of effective
software engineering practices not only to the application, but also to its supporting
MDD environment. Specifically, the well-known principles of agility should be seam-
lessly applied to both focuses of development, especially in the today’s scenarios where
scarcity of time and resources and high technological variability are the norm.

To address the agile development of MDD support tools, this chapter presents AL-
MOsT.js, an agile, in-browser framework for the rapid prototyping of MDD transfor-
mations, which lowers the technical skills required for developers to start be proficient
with modeling and code generation. The contributions of this chapter can be summa-
rized as follows:

• We describe ALMOsT.js, an MDD development framework that exploits well-
know technical standards (JavaScript, Node.js and the JointJS GUI library) to help
developers edit models in their formalism of choice and create transformations
quickly and without complex meta-modeling steps.

• We discuss how ALMOsT.js can be used with an agile methodology, by rapidly
prototyping, verifying, and evolving model editors and transformations.

• We illustrate how in ALMOsT.js developers specify transformations with a simple
rule language that extends JavaScript naturally.

• We evaluate the effectiveness of ALMOsT.js in a case study in which the frame-
work has been applied to a real world MDD scenario: the construction of an
agile development environment for the OMG Interaction Flow Modeling Lan-
guage (IFML) [114], called IFMLEdit.org1 (presented in Chapter 5). ALMOsT.js
has been used to create an IFML model editor, a model to model transformation
mapping IFML to Place Chart Nets (PCNs) [97] for verifying the correctness of

1The environment is online and can be used at http://ifmledit.org/
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models via analysis and simulation (presented in Chapter 4), and four model to
text transformations for automatically generating Web and cross-platform mobile
code (presented in Chapter 5).

3.1 Background

3.1.1 Agile model driven development

Agile software development [23] is an incremental and iterative approach based on
principles that aim at increasing productivity and adherence to requirements, while
keeping the process as lightweight as possible. Agile Model Driven Development has
been advocated as a promising approach [127], which has not yet fully expressed its
potential [82,108]. Its idea is to organize the MDD process in ways that take advantage
of the agile development principles:

1. Enabling an incremental and iterative development cycle by using toolchains able
to test and validate even incomplete models [95].

2. Applying a Test-Driven Development, a distinctive feature of extreme program-
ming [42], to MDD. [35, 124].

3. Merging agile workflows such as SCRUM [123] with MDD in novel methodolo-
gies, to achieve system-level agile processes [140].

The above mentioned approaches mainly focus on enhancing the development cycle of
the final product, assuming a predefined set of modeling languages and transformations.
The rapid evolution of new technologies and the short time-to-market required today
highlight the need to integrate modeling languages and tools in the loop [64, 131],
co-evolving iteratively the modeled final product and the MDD tools and languages.
Accordingly, ALMOsT.js aims to foster agile processes in MDD not only when the
models and transformations have already been chosen and are stable, but also when
developers need a lightweight development environment that can be exploited to deliver
minimum viable products rapidly, for the model concepts and transformations as well
as for the target applications.

3.1.2 Model transformation languages and tools

Model transformations are supported by many languages [62, 100] and implemented
by an even greater number of tools [57]. We limit the discussion to the works that are
more relevant to our approach. Several works focus on domain specific languages and
on different aspects of model transformation, as extensively discussed in [47, 56, 62].
The proposed transformation languages employ different styles:

1. Declarative: transformations exploit mappings between elements of the input
and of the output metamodel. An example is EMF Henshin [39], which focuses
on model-to-model transformation using triple graph grammars. Query/View/-
Transformation (QVT) [105] is a standard model transformation language by the
Object Management Group (OMG). It is actually based on three languages (QVT
Relational, QVT Core, QVT Operational) which are used to define model trans-
formation at different levels of abstraction. Two of the engine which are conform
with the QVT standard are SmartQVT and ModelMorf.
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2. Imperative: transformations are programmed as a sequence of operations. An
example is Kermeta [70] an imperative programming language able to perform
model transformations.

3. Hybrid: transformations mixing the declarative and imperative style. An exam-
ple is ATLAS Transformation Language (ATL) [93] where declarative mappings
can be extended by imperative constructs. The ATL transformation engine also
automatically identifies the optimal rules execution order.

Some languages focus on particular features like Epsilon Transformation Language
(ETL) [100], which is a model-to-model transformation language that can handle more
than one source and target model at a time. Model-to-text transformation languages,
such as Xpand, the imperative language part of OpenArchitectureWare, are generally
template-based. Code is embedded inside plain text, making it easy to convert a source
or configuration file into a template.

As illustrated in Section 3.2, with ALMOsT.js we aimed at quite a different objec-
tive, trading completeness for simplicity: reusing a popular, general purpose language,
in which many developers are already proficient, to build a lightweight MDD envi-
ronment whereby developers can design domain specific languages and the associated
transformations rapidly and without resorting to external tools. The design decision
of using a general-purpose language is further justified by experimentation performed
in [83], showing that domain specific languages doesn’t present a statistically signifi-
cant advantage w.r.t. a general-purpose counterpart, at least the investigated use-cases.

3.2 The ALMOsT.js Framework

In this section, we describe the architecture of ALMOsT.js (AgiLe MOdel Transfor-
mations), its rule language, and showcase its usage for customizing model editors and
for building model to model and model to text transformations. For concreteness, the
examples of data objects and rules are drawn from a simplified running example, and
further expanded in Chapter 5.

3.2.1 Requirements

Before introducing the architecture and use of ALMOsT.js, we pinpoint the require-
ments for its development that make the resulting environment amenable for use within
an agile software development methodology. Here, we focus on the core character-
istic of agile development methodologies, such as SCRUM [122], which commands
developers to create minimum viable products rapidly and evolve them via frequent it-
erations (sprints). As a reference usage scenario for ALMOsT.js we imagine a software
team, who has elicited the requirements for an application or product line and decides
to exploit MDD in its development, by progressively factoring out domain abstractions
from requirement and building a support environment for creating models, verifying
them and generating code, in an iterative way. This scenario does not rule out the com-
plementary case in which a tool company wants to implement rapidly and evolve over
time a support environment for an existing standard or proprietary MDD language.

Under the above mentioned drivers, the requirements at the base of ALMOsT.js can
be summarized as follows:

22



i
i

“output” — 2019/1/29 — 19:39 — page 23 — #35 i
i

i
i

i
i

3.2. The ALMOsT.js Framework

1. No installation. It must be possible for the team to use the framework instantly,
with no installations.

2. No new language. It must be possible to start using the environment without
learning languages that are not normally employed for application development.

3. Fast start-up. It must be possible to create a minimum viable model editor and
model transformation in a very short time (e.g., less than one day).

4. Parallel development. It must be possible to work in team on different aspects
of the same sprint, e.g., by adding a new concept to the model editor, and the
corresponding generative rules to the model to model transformation and model
to text transformation in parallel.

5. Customized output. There must be an easy and standard path to turn the (possibly
prototypical) generated code into a complete version, by adding (manually) the
missing aspects.

6. Customized generation. It must be possible to tailor the non-functional aspects
of the generated code easily, e.g., by adding graphics and sample data collections
for early validation of the product with stakeholders.

3.2.2 Architecture

In this section we show how we addressed requirements #1 (No installation) and #2
(No new language) in the design of the ALMOsT.js architecture. ALMOsT.js has the
simple organization illustrated in Figure 3.1. The implementation has been realized
entirely in JavaScript, which is also the only language needed by developers to plug
their domain models and transformations into ALMOsT.js, in observance of the above
mentioned requirements.

At the core of the framework, the Data Model comprises the domain model objects,
encoded according to the minimalist structure explained in Section 3.2.3. Objects of
the data model are created and manipulated by the Model Editor, a GUI component,
running in the browser, with the usual functions for creating and modifying projects
consisting of MDD diagrams, and for storing, retrieving, manipulating and annotating
models and their constituents. Alternative Model Editors can be plugged-in, as far as
they are able to create objects of the Data Model, making ALMOsT.js independent of
the model editing GUI (more details on the Model Editor are provided in Section 3.3).

Figure 3.1: Architecture of ALMOsT.js
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The objects of the data model are also read and written by the model transformations,
encoded as Transformation Rules in the Model2Model and Model2Text components.
To avoid inventing yet another transformation language, transformation rules are coded
as pure JavaScript functions, according to the prototypical signatures illustrated in sec-
tion 3.2.4. This choice also simplified the implementation of the Rule Engine, which
employs the standard function call mechanism of JavaScript to orchestrate the execu-
tion of rules. The Rule Engine exploits the stateless and side effects free nature of
model transformation and employs a functional approach. Once configured, it acts as a
main loop iterating one simple function, which takes as input a model object (described
in Section 3.2.3) and returns as output the aggregated results of applying all the relevant
rules to it. The Rule Engine function is internally organized in two sub-functions:

Scheduler

The Scheduler is responsible of matching the input rules against the model objects (see
Section 3.2.4), schedules rule execution, and collects their outputs. At each round of
the main loop of the Rule Engine, the Scheduler manages the matching of the rules to
the objects of the model and determines the rules to fire in the current round. The order
of rule execution is pseudo-random: it depends on the order of definition of rules and
on the order of creation of the model objects. All the values produced by the execution
of the rules (e.g. partial models, partial file tree) are aggregated into a final result (e.g.
a model, a file tree).

Reducer

The Reducer is the sub-function of the Rule Engine responsible of aggregating the
results created by the execution of the Scheduler following the Map-Reduce approach
[65].

The Reducer is fully customizable, allowing the developer to define the output struc-
ture most suitable for the problem at hand. A custom Reducer is composed of reduce
function, which is responsible of merging pairs of elements, an optional initialization
value, which is used as first element in the sequence, and an optional finalize function,
which enables complex operations (e.g. computing the average of a sequence, dividing
the sum of the elements by the number of element).

ALMOsT.js provides a set of predefined modular reduction policies, which can be
used to easily configure complex aggregation schema by simple configurations.

• none() A Naïve policy which accepts no value. While it has no practical value
on its own, it can be used in conjunction with compound policies.

• single() A Naïve policy which accepts one single value. While it has little
practical value on its own, accept validating that just one rule is fired, it can be
used in conjunction with compound policies.

• first() A Naïve policy which returns the first value encountered. Given the
non-deterministic nature of the scheduler it should not be used on its own, but just
in special compound cases (see reduceBy() and groupBy().

• concat() All the aggregating values are concatenated into an array.

24



i
i

“output” — 2019/1/29 — 19:39 — page 25 — #37 i
i

i
i

i
i

3.2. The ALMOsT.js Framework

• mergeOrSingle()When a single value is provided it behaves like single().
When more values are provided they must be objects and are aggregated into a
single one sharing all of their members. If more than one object share the same
member key the related values are aggregated following the same policy.

• flatten(policy) It is a composite policy which enhances the behavior of
another one. Values which are arrays are provided to the nested policy one item at
a time. The default nested policy is concat().

• merge(policy, special) It is a composite policy specific for object val-
ues. The nested policy is applied member-wise effectively merging the objects
together. Optionally it is possible to specify custom policies for specific member
keys via the special attribute, which is a key-policy map. The default nested
policy is mergeOrSingle().

• reduceBy(key, policy) It is a composite policy, specific for object values,
which enhances the behavior of another one. Elements with the same key mem-
ber value are aggregated together following the nested policy. It is responsibility
of the developer to treat the key member accordingly in nested policies. The de-
fault policy is merge(mergeOrSingle(), {key: first()}), which is
equivalent to a mergeOrSingle() preserving the reduction key.

• groupBy(key, policy) It is a composite policy, specific for object values,
which enhances the behavior of another one. Elements with the same key mem-
ber value are aggregated together following the nested policy. The result is a
key-value map where values are the result of the nested policy. The default policy
is concat().

• lazy(policy) It is a composite policy, which enhances the behavior of another
one. If no value is passed to the reducer the nested policy is not considered. After
the first value has been provided the nested policy is invoked as expected. It
can be used in conjunction with policies having a default value (e.g concat(),
merge() or groupBy() to avoid to generate the default result if no value is
passed.

As a small example we describe the reduction policy related to a directed graph like
structure. The rules generate a set of nodes which have a name and a set of neighbors.
Each rule generates a partial graph (one or more nodes) and it can be reduced by the
following policy:

While the Rule Engine can be configured to obtain different types of transformations
in Section 3.2.5 and Section 3.2.6 we will show three predefined configurations which
describe Model-To-Model and Model-To-Text transformations.

3.2.3 Data Model

As shown in Figure 3.1, the data model underpins all the components of ALMOsT.js.
The artifacts of the data model can be regarded as a minimalist subset of the entities
of the Essential Meta Object Facility (EMOF) OMG metamodel standard [20]. To
cope with requirements #2 (No new language) and #3 (Fast start-up) the concepts of
the data model are exposed as plain JSON objects, which facilitates creation, storage,
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1 flatten( // Allows rules to generate more than one node
2 reduceBy( // Performs the aggregation at node level
3 'name', // The key which identifies nodes
4 merge( // Aggregates the nodes
5 none(), // Just the 'name' and 'neighbors' members are valid
6 {
7 'name': first(), // Preserve the name of the node
8 'neighbors': flatten() // Concatenate all the neighbors
9 }

10 )
11 )
12 )

Listing 1: Reducer for graph-like structure

manipulation, and migration between components. For example, developers can use
model editors of their choice, provided that they can generate the JSON objects of the
data model. Each MDD project must include a model object, which represents the entry
point of the domain model; this is a root container object with two members:

1. elements: an array containing all the elements in the model.

2. relations: an array containing all the relations between elements in the model.

1 {
2 "elements": [

3 ],
4 "relations": [

5 ]
6 }

Listing 2: The Model structure

Developers can start from this minimal assumption to fill a model object with their
own model concepts (elements and relations). Even if ALMOsT.js does not require
any particular structure for elements or relations, we propose a simple format, which
facilitates element type identification, relations navigation, and separation of concerns
between the data that are a proper part of the elements (attributes) and the descriptive
information associated with them (metadata). According to this proposed format, each
entry in the elements array must be an object (in JSON) endowed with the following
properties:

1. id: a string that uniquely identifies the element in the model. It is used as a
reference by relations.

2. type: a string that identifies the type of the element. No formal type system is
assumed, type names are completely user-defined. Specifying types for model
elements helps rule condition expressions to locate matching elements by simply
checking their type name (see the examples of rule conditions in Section 3.2.4).
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3.2. The ALMOsT.js Framework

3. attributes: an object, whose members are domain specific properties of the en-
closing element.

4. metadata: an object, whose members are descriptive properties of the enclosing
element. Rules (see Section 3.2.4) should not take any decision based on metadata
and should use them just as optional information that helps the output generation.
Examples of metadata are graphical information (e.g., position and size of a model
element in the graphical model editor) or debug information.

The following JSON object illustrates the representation of a model element: the
Mails object of type ifml.ViewContainer.

1 {
2 "id": "mails",
3 "type": "ifml.ViewContainer",
4 "attributes": {
5 "name": "Mails",
6 "landmark": true,
7 },
8 "metadata": {
9 "graphics": {

10 "position": { "x": 100, "y": 50},
11 "size": { "width": 160, "height": 90}
12 }
13 }
14 }

Listing 3: Example of Element structure

Each entry in the relations array is a (relation) object, endowed with the manda-
tory type member, which describes the semantics of the relation. As for elements, no
assumption is made on the available types of relations, which can be defined by the
developer. The other members of a relation object must be references to elements in
the elements array.

The following JSON object represents a hierarchy relationship between two model
elements, mails and mails-list.

1 {
2 "type": "hierarchy",
3 "parent": "mails",
4 "child": "mails-list"
5 }

Listing 4: Example of Relation structure

3.2.4 Transformation Rules

As per requirement #2 (No new language), we did not create a custom rule language;
the entire tool, including the rule language, is based on the JavaScript programming
language. All transformations are expressed as Condition-Action (CA) rules [135],
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defined as pairs of plain JavaScript functions. Rule definitions are stored in JavaScript
source format in the Model to Model Rules and Model to Text Rules components of
figure 3.1. A CA rule simply consists of:

1. Condition. A function verifying if the current rule can be applied. It must return a
Boolean value (or anything that can be interpreted as a Boolean value) informing
the Rule Engine that the rule is activated and can fire.

2. Action. A function responsible of mapping the inputs to a series of outputs. The
output of an action function must be a JSON object. Each member of these objects
is treated separately and passed to the Reducer component for conflict resolution
and aggregation (as explained in Section 3.2.2).

The condition part of a rule may match specific elements or relations in the model,
or a whole model. Three type of rules can be identified based on their input:

1. Model rules. The input is the whole model.

1 createRule(
2 function (model) { /* Condition */ },
3 function (model) { /* Action */ }
4 )

Listing 5: Model Rule signature

2. Element rules. The input is a specific element.

1 createRule(
2 function (element, model) { /* Condition */ },
3 function (element, model) { /* Action */ }
4 )

Listing 6: Element Rule signature

3. Relation rules. The input is a specific relation.

1 createRule(
2 function (relation, model) { /* Condition */ },
3 function (relation, model) { /* Action */ }
4 )

Listing 7: Relation Rule signature

Model rules

These rules can be used for setup purposes, e.g., for inserting fixed outputs into a model.
The example below shows the declaration of a model rule.

The (model to text) rule contains a condition function that receives in input a model
object and tests if it contains elements. The action part simply returns a piece of the
JSON configuration that specifies a fixed-name project folder.
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1 createRule(
2 // Condition function
3 function (model) {
4 return model.elements.length > 0;
5 },
6 // Action function
7 function (model) {
8 return {
9 project: { type: "folder", name: "myProject" }

10 };
11 }
12 );

Listing 8: Example of Model Rule

Element rules

An element rule has a condition function that matches a specific model element and
maps it (and possibly other related ones) into others elements and/or relations. Note
that element rules can be used to identify patterns in the source model, by writing a
condition part that traverses the model graph starting from the matched element. The
following declaration illustrates the structure of an element rule.

1 createRule(
2 function (element, model) {
3 return element.type === "ifml.ViewContainer";
4 },
5 function (element, model) {
6 return {
7 elements: [{
8 id: element.id,
9 type: "pcn.PlaceChart",

10 attributes: { name: element.name }
11 }],
12 relations: []
13 };
14 }
15 );

Listing 9: Example of Element Rule

The (model to model) rule is activated by a match with an element of a given type
(ifml.ViewContainer) and produces as output a model element of another type
(pcn.PlaceChart), with the same Id and name of the input element.

Relation rules

A relation rule has a condition that matches a specific relation and can be used to map
relations into other relations and/or elements. Also relation rules can be used to identify
patterns in the model, by writing conditions that traverse the model graph starting from
the matched relation. An example of relation rule is as follows.

The above rule matches an input relation object (of type hierarchy) and creates
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1 createRule(
2 function (relation, model) {
3 return relation.type === "hierarchy";
4 },
5 function (relation, model) {
6 var id = relation.child + "-init";
7 return {
8 elements: [{
9 id: id,

10 type: "pcn.Transition",
11 attributes: {}
12 }],
13 relations: [{
14 type: "source",
15 transition: id, source: relation.parent
16 }, {
17 type: "target",
18 transition: id, target: relation.child
19 }]
20 };
21 }
22 );

Listing 10: Example of Relation Rule

as outputs one element (of type pcn.Transition) and two relations associated with
it, one of type source, associated with the parent of the matched relations, and one of
type target, associated with the child of the matched relation2.

3.2.5 Model to Model transformation

In the proposed approach for model to text transformations, each rule is responsible of
generating an output partial model, following the structure presented in Section 3.2.3
(i.e., possessing only the three elements, relations and metadata members). The prede-
fined, and default, m2m (Model-To-Model) configuration for the Reducer component
is provided to the developer. This simple configuration follows the minimal model def-

1 merge( // The partial models are merged
2 none(), {
3 'elements': flatten(), // Elements are concatenated
4 'relations': flatten() // Relations are concatenated
5 })

Listing 11: M2M: Model To Model predefined Reducer

inition of ALMOsT.js and so is not opinionated on the structure of neither elements nor
relations.

The non opinionated nature of the default configuration gives a high degree of free-
dom to the developer at the cost of imposing that each output element must be created

2The rule transforms a hierarchical nesting relationship between IFML ViewContainers into an initialization PCN transition,
which connects the place associated with the enclosing container to that associated to the enclosed one.
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by a single rule. To enable the ability of generating partial elements in different rules
and let the Reducer aggregate them the predefined m2a (Model-To-ALMOsT) config-
uration is provided. This more complex configuration follows both the minimal model

1 merge( // The partial models are merged
2 none(), {
3 'elements': flatten( // Allows rules to generated multiple elements
4 reduceBy( // Elements with the same id are merged
5 'id',
6 merge(
7 none(), { // The Elements should follow the suggested structure
8 'id': first(), // Preserve ID
9 'type': single(), // The type should be generated once

10 'attributes': merge(), // Preserve all the attributes
11 'metadata': merge() // Preserve all the metadata
12 })
13 )
14 ),
15 'relations': flatten() // Relations are concatenated
16 })

Listing 12: M2A: Model To ALMOsT predefined Reducer

definition of ALMOsT.js and the suggested elements and relations structure.

3.2.6 Model to Text transformations

In the proposed approach for model to text, each rule generates a subset of the folders
and files that constitute the project.

The following piece of JSON shows the output of a model to text rule that creates
a file (named package.json) inside a folder (named project). The predefined, m2t

1 {
2 "project": {
3 "name": "project",
4 "isFolder": true,
5 "children": ["package"]
6 },
7 "package": {
8 "name": "package.json",
9 "content": "...Source File Content..."

10 }
11 }

Listing 13: Model To Text example output

(Model-To-Text) configuration for the Reducer component is provided to the developer.
In this simple configuration the final aggregated result is an object where each member
is a node of the file-system tree describing a folder or a file. The relation between
parent folders and children files or folders is simply tracked as a children property
of the parent. In this way, for example, each model to text rule can simply generate
code dealing with a specific aspect of the matched element (e.g., Java code or JSON
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1 merge(
2 merge(
3 none(), {
4 'name': single(),
5 'isFolder': single(),
6 'content': single(),
7 'children': flatten()
8 })
9 )

Listing 14: M2T: Model To Text predefined Reducer

configuration) and the value of the children property of the folder that must contain it,
without worrying about other aspects treated by distinct rules. This structure can be
naïvely walked and saved to disk or converted into an archive (e.g. tar, zip, . . . ) for
download.

3.3 Model editor

The starting point of the MDD practices is model editing, which can be useful also in
absence of code generation, e.g., for documentation. We decided not to tie ALMOsT.js
to a specific editor, but to make the architecture easily integrated with any editor of
choice, provided that it respects the technical requirements of being executable in the
browser and produce and consume JSON objects. We propose a reference Model Edi-
tor implementation called ALMOsT-Joint which is built on top of the JointJS diagram
library (see Chapter 5 for a real world application developed using it). It manages mod-
els in the format compliant to the specifications illustrated in Section 3.2.3; inside the
editor, model objects are enriched with metadata in order to fit JointJS internal repre-
sentation requirements. Developers can customize the appearance and behavior of both
types of elements managed by the Model Editor, entities and links. The introduction
of a new element in the editor requires different workflows for entities and links.

For entity-type elements, customization typically requires to:

1. Define the graphical representation of the element (in the popular SVG format).

2. Define the element type and register it in the list of available types.

3. (optional) Define the editable attributes.

4. (optional) Define its list of valid super- and sub-element types.

5. (optional) Define the default outgoing link type and constraints.

For link-type elements:

1. Define the graphical representation of the link.

2. Define and register the link type.

3. (optional) Define the editable attributes.

4. (optional) Define the valid source and target element types.
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Following the philosophy of ALMOsT.js, developers are free to maintain a 1 to 1 rela-
tion between graphical elements in the editor and elements in data the model, or specify
a custom mapping rule.

3.4 Extending ALMOsT.js

To support requirement #6 (Custom generation), ALMOsT.js can be extended in a va-
riety of ways. The Model Extender component, shown in Figure 3.1, can be option-
ally used to enrich the Data Model, described in Section 3.2.3, with custom utility
functions that facilitate rule implementation. Template engines like EJS3 or Pug4 (for-
merly known as Jade) can be easily incorporated in the action part of model to text
rules. This facility supports: requirement #2 (No new language), because developers
can reuse their favorite web platforms; requirement #4 (Parallel development) because
graph walking algorithms are separated from actual code generation; and requirement
#6 (Custom generation), because rules can use different output standards adopting the
most appropriate frameworks, libraries, web languages or platforms.

3.5 ALMOsT-Trace: Tracing ALMOsT.js

Online platforms like [41] can help reduce the complexity of models and model trans-
formations management, execution and validation.

Traceability of artifacts during the evolution of a software project is a key aspect
for regression testing and monitoring. In model transformations the ability to trace
models between transformation steps [38,91] enables advanced analysis and rapid error
detection.

Following the keep it simple and plug-in based nature of ALMOsT.js the introduc-
tion of ALMOsT-Trace in a project is completely optional and as for other plug-ins
does not require any changes to the existing system.

ALMOsT-Trace is based on two components:

1. A drop-in replacement for the createTransformer creator function which en-
hances the created transformer with tracing abilities, as shown below. Tracing

1 // Traced transformer
2 var transformer = createTracedTransformer(rules, 'm2m');

3 // Events
4 transformer.on('begin', function (model) { ... });
5 transformer.on('skipped', function (rule, input) { ... });
6 transformer.on('executed', function (rule, input, output) { ... });
7 transformer.on('end', function (result) { ... });

Listing 15: Traded Transformer as a Drop-In replacement

aware rules can add custom tracing data to the final report, via a trace function
that is injected as last parameter in each one of them.

3http://www.embeddedjs.com/
4http://www.pugjs.org
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2. A dashboard which listens for events on a transformer and allows the developer
to analyze the traces recorded during every execution. It can be easily integrated
inside any web based tool already using ALMOsT.js and enabled on demand.

1 // Create the dashboard
2 var dashboard = createDashboard(transformer);
3 // Show the dashboard
4 dashboard.show();

Listing 16: Dashboard initialization

At the end of the execution of each rule the tuple < rule, input, output > is stored.
This lookup table allows the dashboard to lookup all the tuples related to each rule,
input element and relation or output object components.

While forward tuples lookups (from rules and input to the output) are naïve to im-
plement, backward lookups (from output to rules and input) are not. If during the
aggregation phase two or more objects are merged together it is not possible to identify
them from their root reference, it is instead required to search for outputs in the tuples
collection which contain a particular subpart that survived unaltered till the end of the
aggregation.

While reference-based types (Object, Array, ...) are easy to identify, it is enough
to compare the reference, primitive types (number, string, ...) cannot be identified by
means of a simple comparison, it is not possible to distinguish a number from another
which contains the same value.

Enhanced rules map all the primitive values to their Object wrapper counterpart
(Number, String, ...) the wrappers will generate the same result during aggregation, but
will be uniquely identifiable. The enhanced transformer is responsible to restore each
one of the wrapper objects to their original form before returning the result to the caller,
preserving though the drop-in nature of ALMOsT-Trace.

By analyzing the stored tuples in the lookup table the dashboard of ALMOsT-Trace
generates four different reports:

1. Rule execution statistics. All the defined rules are listed and for each one of them
it is possible to know: (a) the number of evaluations (b) the number of executions
(c) the enabling elements or relations (d) the output related to the execution against
each enabling element.

2. Input Model statistics. All the elements and relations defined in the input model
are listed and for each of them it is possible to know: (a) the number of enabled
rules (b) the output related to the execution of the enabled rules against the element
or relation itself.

3. Output Model statistics.
For model to model and model to text transformations all the elements, relations,
folders or files defined in the output are listed and for each one of them it is pos-
sible to know: (a) the rules which generated them (b) the input against which the
rules have been executed to generate the element, relation, folder or file itself.
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4. Output Object statistics.
For custom transformations (transformations with an output format defined by
the developer) the final output JSON Object is presented in an expandable tree-
view. For each Object attribute or Array item it is possible to know if they were
generated directly from a rule or if they are the result of an aggregation step.
For each attribute or item that can be identified in one of the rules outputs the
corresponding < rule, input > pair is shown.

3.6 Discussion and limitations

The experience of implementing IFMLEdit.org demonstrated the suitability of AL-
MOsT.js in an agile MDD context. The case study addressed an already existing
MDD language (IFML), but we deem that the lessons learned apply also to the case
in which the development team designs its own domain specific abstractions and gen-
eration rules.

The development of the IFMLEdit.org project followed a SCRUM iterative cycle.
The element of IFML were added one at a time to the online tool, developing in parallel
the Model Editor customization, the model to model rules, and the model to text rules.

The first sprint featured a zero application consisting of just an empty ViewContainer
and was realized in 24 hours. Each subsequent sprint added further language elements,
in the following order: multiple ViewContainers, NavigationFlows between ViewCon-
tainers, Landmark ViewContainers, Nested AND ViewContainers, ViewComponents,
NavigationFlows between ViewComponents, DataFlows, XOR ViewContainers, arbi-
trarily nested ViewContainers and Actions. Each sprint took on average less than 2
days to complete. The most complex sprint (adding arbitrarily nested AND and XOR
ViewContainers) took 5 days, mostly allocated to the model to model transformation
rules, which were necessary to sort out the innumerable semantic issues that arise with
such an advanced design patterns.

However, the objective of simplicity, prominent for achieving agility of use, also
implied trade-offs with respect to the expressive power and capabilities of the rule lan-
guage and engine. In particular, the following limitations can be observed:

1. No advanced mechanisms are offered to exercise finer control over the execution
of rules, such as execution priorities.

2. No higher order transformations are supported, because rules cannot match other
rules but only model objects.

3. Rule modularization is not supported, because rules of the same transformation
cannot be divided into packages, e.g., clustering rules according to different pur-
poses. If a complex transformation has to be split into separated stages or focuses,
it must be formulated as a set of sub-transformations.

4. A basic knowledge of the JavaScript programming language is required to use the
framework. The design principles of ALMOsT.js can be used to develop equiva-
lent frameworks in other well known languages, making the approach suitable to
developers with different backgrounds.
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Chapter 3. Agile MDD Tools Development

5. No guarantee is given about the side effect free nature of the transformations
rules. This property of the transformation rules should be enforced via code linters
and/or code-reviews.

6. Termination and Confluence of a generic transformation cannot be guaranteed by
the framework. Termination is guaranteed if each rule guarantees it’s completion
in a finite amount of time regardless of it’s inputs. Confluence is guaranteed if the
reducer configuration is invariant to the order of execution.
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CHAPTER4
Predictable Web and Mobile Semantics

Model Driven Engineering is the branch of Software Engineering that emphasizes the
use of models in the development process [50]. Models are simplified descriptions of
the application that capture its essential aspects at a certain level of abstraction, e.g.,
independently of the platform for which the application will be designed and of the
technologies with which it will be implemented.

In the state of the practice, models are frequently used in the early stages of devel-
opment, for reasoning about design alternatives and for documenting high level design
decisions.

However, models can be used also to automate, at least in part, the production of
the implementation. When the semantics of the language used to express the model
is known, models can be automatically or semi-automatically transformed into imple-
mentation artifacts, by means of model transformations that progressively incorporate
the details originally omitted from the input models. A well-known and popular exam-
ple is the automatic mapping of Entity-Relationship conceptual diagrams into logical
database models implemented with the SQL Data Definition Language [69]. Generative
model-driven software development is especially useful when the application contains
repetitive patterns, is expected to require frequent updates, or must be produced for
multiple software platforms [40].

The key to enabling a generative approach to model-driven development is the avail-
ability of a rigorous semantics for the modeling language(s) employed. Whereas the
use of models for software documentation may tolerate imprecision, their use as input
to transformations requires that the syntactic validity and intended meaning of each
model be understandable unambiguously by a software component. A common way
to express the semantics of high level software modeling languages is to map them
to a general-purpose, rigorous mathematical notation, whose semantics is determined
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Chapter 4. Predictable Web and Mobile Semantics

exactly [59].
Among the multiple perspectives under which an application can be modeled, the

user's interaction aspect emerges as a particularly interesting one for two reasons. On
the one side, the user interface is often the �rst concern tackled by developers, as it
stems naturally from the requirement analysis performed with the stakeholders; thus,
being able to model it and quickly prototype the model in the target platform(s) may
help reduce the insurgence of early stage design errors. On the other side, the technolo-
gies for the implementation of the user interface have been proliferating with the advent
of rich web and mobile applications, and it is often the case that the same application
front-end must be developed and maintained for multiple, and technically quite diverse,
platforms and implementation languages.

In this chapter, we concentrate on the model driven development of the front-end
part of web and mobile applications. As a language for modeling this perspective,
we consider OMG's Interaction Flow Modeling Language (IFML) [114], an UML-
based language, part of the Model Driven Architecture (MDA), expressly conceived
for representing the structure and behavior of the interface of interactive applications.
The speci�cations of IFML de�ne the execution semantics informally, by means of
examples and natural language illustration. Model driven development environments
that implement code generation from IFML models, e.g., WebRatio [32], embody the
language semantics in the code generator, which makes it hard to check that a correct
implementation is produced for every valid input model.

The focus of this chapter is the formal speci�cation of the semantics of IFML, with
the aim of exposing the behavior of applications speci�ed with IFML models, enabling
the derivation of a reference implementation of IFML models usable to verify model
driven code generation tools. As a collateral objective, we also introduce an on-line
Model Driven Development environment for web and mobile applications that puts to
work the de�ned semantics.

The contributions of this chapter are as follows:

• We formalize the semantics of IFML by means of a rule-based mapping to a vari-
ant of Petri Nets (Place Chart Nets, PCN [97]). The semantic rules capture the
organization of the front-end in terms of connected view containers comprising in-
terdependent interface components, the triggering and management of the events
caused by the user's interaction or by the system, including the �ring of business
actions and their effect on the status of the interface. The semantic rules can map
a variety of real-world front-end con�gurations: the organization of the interface
typical of classic web applications, where the user's interaction causes the update
of the entire page; the front-end structure of desktop and native mobile appli-
cations, where the GUI is hosted in a top-level container, structured into nested
sub-containers that are updated and displayed selectively; and a mix of these two
con�gurations, which is typically found in Rich Internet Applications.

• We exploit the semantic mapping to expose underspeci�ed aspects of the IFML
language and to highlight tool-speci�c interpretations of IFML by commercial
code generators.

In Chapter 5 we will showcase the power of the de�ned semantic rules by imple-
menting two model transformations:
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4.1. Formal semantics of modeling languages

• A model-to-model transformation from IFML to PCN, which allows one to spec-
ify the model of the application interface in IFML, produce the equivalent PCN
and inspect its behavior via event-driven simulation. While the current simulation
is limited, advanced model veri�cation and testing can be obtained via reachability
and �rebility analyses of the PCN model.

• A model-to-text transformation, which generates the executable implementation
code from the IFML model. The transformation takes in input also the platform
speci�cation (thin or fat client) and delivers the code of a thin-client web appli-
cation and/or of a cross-platform fat-client mobile application. The model-to-text
transformation permits the customization of the generated prototype also by non-
programmers, enabling early requirements validation. Note that the model-to-text
transformation starts from the IFML model and thus does not directly exploit the
model-to-model transformation from IFML to PCN. However, the code genera-
tion rules are an indirect result of the semantic mapping, because they re�ect the
precise understanding of the behavior of IFML constructs gained with the speci�-
cation of the model-to-model rules.

Both transformations are implemented in an open source on-line tool1 offered to the
software engineering community, usable for model driven engineering education and
for rapid prototyping of web and mobile applications based on IFML.

4.1 Formal semantics of modeling languages

The semantics of many DSLs and MDA-based models is described only informally;
however, the automated analysis of models and the effective development of tools,
such as model interpreters, debuggers, and testing environments, require the formal
speci�cation of the language semantics [54].

A common way of formalizing a modeling language is throughtranslation seman-
tics [59]: the abstract syntax of the modeling language is mapped into an existing
formal language, with well-de�ned semantics, such as, e.g., Abstract State Machines
(ASM). This technique is adopted in [66]: the authors extend AMMA, a framework for
de�ning DSLs, with the speci�cation of behavioral semantics expressed by means of
ASMs. In [76] the authors introduce a transformational semantic framework based on
ASM for the expression of the executable semantics of metamodel-based languages;
they also discuss alternative methods, such asweaving, in which the execution seman-
tics is embedded within the abstract syntax of the modeling language without resorting
to an external formalism. In this line, [109] proposes to extend meta-modeling lan-
guages with the speci�cation of behavioral semantics by means of the UML2 standard
action language, foundational UML (fUML) [28]. Another example is presented in
[101], which integrates formal methods with high-level notations (in particular UML),
to enhance model quality, detect possible defects, and compute properties directly from
models. Finally, the work in [104] addresses the problem of specifying transforma-
tions: transformation languages themselves can be modeled as DSLs. For each pair of
domains, the metamodel of the rules can be (quasi-)automatically generated to create
a language tailored to the desired transformation. The authors showcase the proposed
approach on the mapping of Finite State Automata to Petri Nets.

1http://ifmledit.org/
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Chapter 4. Predictable Web and Mobile Semantics

In this work, we have adopted a rule-based translational approach to the speci�cation
of the IFML semantics.

Among the possible target formal models, the event-driven dynamics of the appli-
cation front-end makes event and transition systems, such as UML State Machines and
Petri Nets, a natural choice. UML State Machines [30] offer several advantages: they
have a precise semantics [22], their integration with a a subset of UML modeling con-
structs can be expressed formally with fUML, and the Alf language [3] can be used
for the description of speci�c behavior. Furthermore, several tools offer UML state
machine execution. On the negative side, the synchronous nature of State Machines
limits their ability to express asynchronous behavior typical of mobile and rich-client
interfaces, and better �ts the semantics of pure HTML-HTTP web interfaces [60]. The
capability of Petri Nets [113], and of their extensions [90], to express asynchronous oc-
currences makes them particularly adequate for the representation of behavior patterns
found in rich-client and mobile front-ends, such as the independent refresh of different
parts of the view, the treatment of push noti�cations from the server or from the sys-
tem [68], and the work�ows of client-server communication [79]. Among the general-
izations of Petri Nets, Colored Petri Nets (CPNs) are the most widely used formalism;
they incorporate data, hierarchy, and time [90] and are supported by CPN Tools [10],
which can be used for the design of complex processes and their simulation. How-
ever, CPNs support hierarchies at transition level, and not at place level. This allows
a CPN diagram to be structured in reusable modules but, even for small applications,
models tend to quickly become very complex [79]. Place Chart Nets (PCN) [97] are an
alternative Petri Net extension, which incorporates some ideas from StateCharts: they
addhierarchy on placesandpreemptive transitions: a transition empties not only its
input places but also all descendant places of its input places. This feature enables the
modeling of both asynchronism and of exception handling by means of preemption,
a capability extremely useful in the modeling of mobile and rich-client applications,
because it reduces the exponential explosion of the number of transitions needed to ex-
press the management of user's interactions that affect multiple parts of the interface.
Furthermore, PCNs, like PNs, can be simulated, which allow designers to better un-
derstand their application front-end and to predict the behavior of the system produced
from the models.

4.2 Semantic Mapping of IFML

The semantics of IFML can be de�ned by mapping IFML models to a language with
known execution behavior. Given the event-driven/asynchronous nature of the com-
putation represented by IFML diagrams, Petri Nets offer the most natural formalism
for expressing their execution semantics. In this work, we exploit a generalization of
Petri Nets, Place Chart Nets [97], which offers a modularization construct that reduces
the combinatorial explosion of states and transitions induced by the mapping of IFML
diagrams.

The proposed mapping focuses on structure and interaction. Section 4.2.5 addresses
the basic structure of an application, which serves as a building block for all the other
mapping rules. Section 4.2.6 concentrates on simpleViewContainers and their inter-
action withEvents andNavigationFlows. Section 4.2.9 addressesViewComponents,
their life-cycle, their interaction withEvents, and the difference between the two types
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of InteractionFlows (NavigationFlows andDataFlows). Section 4.2.12 introduces the
semantic rules for mappingActions, their triggering, and their life-cycle. Finally, Sec-
tion 4.4 extends the mapping to the case of arbitrarily nestedViewContainers, enabling
the representation of complex, real-life application structures.

The illustrated mapping rules do not consider the type and values of the data to be
displayed, but express the logic that governs the display of an element in the interface.
The mapping rules forViewComponentapply uniformly to all classes ofViewCompo-
nents, denoted by the different stereotypes, such asDetails, List and Form, and are
independent of the presence and values of such IFML elements asDataBindings,Con-
ditionalExpressions andFields. Similarly, the mapping rules forInteractionFlows are
independent from the nature, and even from the presence, ofParameterBindings. These
assumptions make the semantic mapping data-independent, so that the behavior of the
application is predictable just by observing the structure of the model.

4.2.1 Place Chart Nets

Place Chart Nets (PCN) [97] generalize Petri Nets (PN) to allow the representation of
hierarchy and of preemption, while retaining the asynchronous nature of Petri Nets and
their formal properties.

Figure 4.1: PCN Metamodel.

Figure 4.1 shows the essential elements of the PCN metamodel. The base construct
of a PCN is aplace chart (PC), which represents a hierarchy of places. A PC with no
parent nor children is called aplace, because it is equivalent to a PN place. A place
with a parent, but no children is called abottom place chart. A place with children,
but no parent is called atop place chart. The number of tokens in a place chart with
no children is de�ned as in Petri Nets, while the number of tokens in a place chart
with children is de�ned as the maximum of the number of tokens in its children. As
in Petri Nets, transitions remove tokens from a group of place charts and add tokens to
others. A transition is enabled when all the source place charts have at least the number
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Chapter 4. Predictable Web and Mobile Semantics

of tokens required. Removing a token from a place chart with no children decrements
the number of tokens by one, while removing a token from a place chart with children
empties all of them. To avoid non-determinism, it is possible to insert tokens only in
place charts with no children. However, as a convenient way to reduce the number of
arcs in a model,default arcsare introduced. A default arc connects a parent place chart
to one or more of its descendants. If default arcs are de�ned from a place chartX to
(a subset of) its descendantsY1 : : : Yn , then an arc targetingX is equivalent to a set of
arcs targetingY1 : : : Yn .

A formal de�nition of PCNs can be found in [97]. We illustrate the bene�ts of their
usage by means of an example, which models the execution of a parallel search over
replicated databases. The search process is started on all the independent copies and,
when one database returns a result, query execution at all the other copies halts.

Figure 4.2: Model complexity reduction - Petri Net

Figure 4.2 shows a Petri Net that describes such process, considering two database
copies. TheBeginSearchtransition removes a token fromDBIdleand initializes the par-
allel search, which proceeds asynchronously. The completion of a search is described
by transitionsEnd1or End2, which add a token to theCompleteplace. TheEndSearch
transition restores the idle state of the system. To this end, it must remove all the tokens
from the net; however, due to the asynchronous nature of the system, it is not known
where the tokens are going to be exactly. Thus, the PN enumerates all the possible
con�gurations and contains a transition that handles each possibility. As shown in Fig-
ure 4.2, even this simple scenario requires �ve differentEndSearchtransitions. The
proliferation of transitions increases if the model must describe the execution of the
query more accurately, by re�ning theProcessingplaces with a more complex net, or
if the system has more than two replicas.

Figure 4.3 describes the same process with a PCN. Each parallel process is enclosed
in a top place chart. TheBeginSearchtransition initializes the two parallel top place
chartsSearchDB1and SearchDB2: a default arc connects them to the �rst place of
the nested net. TheCompleteplace of the PN is replaced by aCompletetop place
chart with a child (Count) targeted by a default arc. TheEndSearchtransition removes
a token fromSearchDB1, SearchDB2andCompleteand restores the idle state of the
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Figure 4.3: Model complexity reduction - Place Chart Net

system regardless of which database answered �rst.
As the (small) example shows, PCNs describe complex models with less elements.

4.2.2 Notations

In the following subsections we show how to map the essential IFML constructs to
PCNs. We will adopt the following notations and naming rules:

• IFML elements: they are denoted with italicized labels or, if generic, with capital
letters; the following naming conventions for generic elements are used: View-
Containers are represented asV, XOR ViewContainers asX , ancestor ViewCon-
tainers asA, child ViewContainers asC, source ViewContainers asS, target View-
Containers asT, NavigationFlows asF , and events ase. For the sake of brevity,
sometimes we leave the NavigationFlow associated with an event implicit, as in
the phrase “the target of Evente”.

• PCN elements: they are denoted with sans-seri�etters, according to a naming
convention that links the PCN element to the IFML it maps. Place charts mapping
generic ViewContainers are represented asV, XOR ViewContainers asX, ancestor
ViewContainers asA, child ViewContainers asC, source ViewContainers asS,
target ViewContainers asT, transitions mapping events ase.

4.2.3 Mapping Boolean variables

A recurrent problem in the mapping of IFML to PCN is representing Boolean variables.
A Boolean variableB can be described by two places (or bottom place charts), labeled
B andB; the presence of a token in one of them represents the positive or negative state
of the variable. We can use transitions to move the token fromB to B or vice versa,
changing the value of the variable.

4.2.4 Running Examples

Throughout this section we will use a very simple mail client application as a run-
ning example. Its interface shows the list of received mails, the details of a selected

43



i

i

“output” — 2019/1/29 — 19:39 — page 44 — #56
i

i

i

i

i

i

Chapter 4. Predictable Web and Mobile Semantics

email, and the list of its attachments. The underlying data model includes a Mail entity,
associated with the Attachment entity representing mail attachments; emails are also
associated with a User entity. The aim of this �rst example is to showcase the semantic
mapping of different models for computing and displaying content and of several possi-
ble user interaction patterns. A second example, a music application, is also introduced
to explain the semantic mapping of IFML actions. This application simply allows the
user to play and stop a song.

4.2.5 Mapping the Application

The simplest IFML model is the empty diagram: it can be interpreted as an application
that, as soon as opened, terminates, neither displaying any interface nor performing any
action.

Figure 4.4 shows the PCN corresponding to an empty IFML model.

Figure 4.4: PCN of an empty application

It contains two places (Waiting andWaiting), a top place chart (Application) with
two children (ViewApplication andViewApplication ). TheViewApplication bottom place chart
is initialized by default from the parent. The PCN also contains two transitions called
openandclose, which move a token between theWaitingBoolean variable andApplication.
The initial marking comprises one token inWaitingand one token inViewApplication , de-
scribing that a user can open the application, which is initially not in view. Theopen
transition removes and adds a token fromApplicationand moves a token fromWaiting
to Waiting, disabling itself and enablingclose. Theclosetransition moves a token from
Applicationto ViewApplication and moves a token fromWaiting to Waiting, disabling it-
self and enablingopen, thus resetting the application state to the default initial marking.

The example of Figure 4.4 de�nes the �rst mapping rule:

Rule1) APPLICATION

The mapping of an IFML model produces a PCN that contains aWaiting and a
Waiting place, anApplicationtop place chart with two childrenViewApplication and
ViewApplication . ViewApplication is initialized by default from the parent. The PCN also
contains anopentransition, which moves a token fromWaitingandApplicationto
WaitingandApplication, and aclosetransition, which moves a token fromWaiting
andApplicationto WaitingandViewApplication .
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4.2. Semantic Mapping of IFML

4.2.6 Mapping the structure: View Containers

Figure 4.5: Single, empty default ViewContainer Model - IFML model

Figure 4.5 shows the second simplest scenario: an IFML model with one top-level
default ViewContainer (Mails , in the example). This model corresponds to an appli-
cation that shows a blank screen at start-up.

Figure 4.6: Single, empty default ViewContainer Model - Place Chart Net

Figure 4.6 shows its mapping2: the PCN of Figure 4.4 is extended by introducing
a place chart calledMails, child of Application, which is initialized by the parent. The
Mails place chart has two children bottom place charts (ViewMails, initialized by the
parent, andViewMails). The Boolean variableViewMails represents whether the View-
Container is, or is not, in view. The �ring of theopentransition now adds also a token
to ViewMails, meaning that the ViewContainer is displayed.

This example of Figure 4.6 de�nes two mapping rules:

Rule2) TOPV IEWCONTAINER

A top-level ViewContainerV maps to a place chart child ofApplicationnamedV,
with two children bottom place charts (ViewV andViewV). ViewV is initialized by
default from the parent.

2In the following, the red color identi�es the portions of a PCN affected (inserted or updated) by the mapping rule that the
example illustrates.
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Rule3) DEFAULT TOPV IEWCONTAINER

The presence of thedefault property of a top-level ViewContainerV maps to
an initialization arc fromApplicationto V, denoting that the child ViewContainer
becomes visible by default when the parent application opens.

4.2.7 Mapping top-level navigation: Navigation Flows between View Containers

Figure 4.7: Navigation between top-level ViewContainers - IFML model

Figure 4.7 shows the elementary navigation step between top-level ViewContainers.
The IFML model comprises two top-level ViewContainers (Mails andContacts), an
Event calledcontactsassociated with theMails ViewContainer, and a NavigationFlow
from such event, targeting theContacts ViewContainer.

Figure 4.8: Navigation between top-level ViewContainers - Place Chart Net

Figure 4.8 shows the PCN that maps the IFML model of Figure 4.7. According
to rule 2, theApplicationtop place chart contains two place chartsMailsandContacts,
each one with two children bottom place charts (ViewMails, ViewMails, ViewContacts, ViewContacts).
Based on rule 3,Mails is initialized byApplication, becauseMails is thedefaulttop-
level ViewContainer; this causes the initialization by default of theViewMails place
chart. Conversely,Contactsis not initialized as the default, but an initialization arc
from Applicationtargets theViewContacts place chart, denoting that theContacts View-
Container is not in view initially. The navigation between the two ViewContainers is
represented by a transition namedcontacts, which denotes the change of the display
status of the two ViewContainers. The transition moves a token fromMails, ViewMails

andContactsto ContactsandViewMails. Note that the apparently redundant input place
charts of thecontactstransition (Mails, ViewMails) are necessary to ensure that: 1) to-
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kens are consumed also for the possible children place charts ofMails; 2) the transition
is enabled only when theMails ViewContainer is actually in view.

This example of Figure 4.7 de�nes the following mapping rules:

Rule4) NON DEFAULT TOPV IEWCONTAINER

The absence of the default property in a top-level ViewContainerV maps to an
initialization arc fromApplicationto ViewV.

Rule5) TOP LEVEL NAVIGATION FLOW

A NavigationFlow from an Evente associated with a top-level ViewContainerS
and targeting a top-level ViewContainerT maps to a transitionethat moves a token
from S, ViewS andT to T andViewS.

4.2.8 Mapping landmark navigation: Landmark ViewContainers

ViewContainers with thelandmarkvisibility property represent the target of implicit
navigation �ows from the other ViewContainers nested within their parent container.

Figure 4.9: Navigation using Landmarks - IFML model

Figure 4.9 shows an example of landmark ViewContainers (Contacts andMails ),
meaning that from one ViewContainer it is possible to navigate to the other. The land-
mark visibility property is mapped into a set of transitions, according to the following
rule:

Rule6) LANDMARK V IEWCONTAINER

The presence of thelandmarkproperty of a top-level ViewContainerV1 maps to
a transitionlandmarkV1 that moves a token fromApplicationandViewApplication to
ViewApplication andV1. For each top-level ViewContainerV2 different fromV1, the
landmarkV1 transition adds a token toViewV2.

Note that the rule removes and adds a token to the parent of the landmark ViewCon-
tainers (i.e.,Applicationfor top-level ViewContainers); this is because the navigation
can be originated by any of the sibling ViewContainers and thus the token must be con-
sumed at the parent level, which will cause the removal of a token also from the place
chart ofall the ViewContainers within it, including the one that was previously in view.

The model in Figure 4.9 maps into the PCN of Figure 4.10: the two transitions
calledlandmarkMails andlandmarkContacts check that the application is currently visible,
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Figure 4.10: Navigation using Landmarks - Place Chart Net

by adding and removing a token fromViewApplication , and remove a token from it. Tran-
sition landmarkMails adds a token toMails andViewContacts; symmetrically, transition
landmarkContacts adds a token toContactsandViewMails. The effect of each transition is
to initialize its target top-level ViewContainer and set the status of all the other ones to
not in view.

4.2.9 Mapping the content: View Components

The examples discussed so far specify only empty interfaces without content. This
section discusses the mapping of models that include ViewComponents, whose content
is computed and rendered in the interface, possibly based on the value of some input
parameters.

The behavior of a ViewComponent can be regarded as the result of the interplay
between two parts:

• themodel, representing the status of the interaction with the data source providing
content to the ViewComponent;

• theview model, representing the display of content in the interface.

For example, in a pure HTML web application, themodelcould be the data bean hold-
ing objects extracted from a database and theview modelcould be the HTML rendition
of such objects. In an Android app, themodelcould be a Java object and theview model
the GUI widget bound to it.

Themodelpart of a ViewComponent can be modeled by the following states:

• Clear: the ViewComponent lacks some input in order to be computed (e.g., the
values of the parameters appearing in its conditional expression), thus it cannot
show any content and remains empty.

• Ready: the ViewComponent is ready to be computed; this happens in two cases:
the ViewComponent does not require any input parameter or it has already re-
ceived the needed parameter values.
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• Computed: the content of the ViewComponent has been computed and the View-
Component is ready to be displayed.

The change between these states are modeled by the following transitions:

• Propagate: it changes the state fromClear to Readyand represents the propaga-
tion of input parameters to the ViewComponent;

• Compute: it changes the state fromReadyto Computedand represents the compu-
tation of the component's content using the possibly received inputs; the content
becomes available to the view model.

To represent the states of the model of a ViewComponent, two Boolean variablesIn
andOut, i.e., four PCN bottom place charts, are used:In, In, Out andOut (for an
example see Figure 4.12). TheIn variable denotes the availability of all the input data
necessary for the computation of the ViewComponent; theOut variable describes the
completion of the computation, which makes the content available to the view model.
The states of the model part are therefore represented by the following con�gurations:

• Clear: a token inIn and a token inOut;

• Ready: a token inIn and a token inOut;

• Computed: a token inIn and a token inOut.

Notice that, the fourth con�guration (a token in bothIn andOut) is not meaningful,
since it represents the case where the content has been produced, but the inputs neces-
sary for such computation have not been consumed.

Figure 4.12 shows theComputetransition, which is a transition internal to the View-
Component. ThePropagatetransition will be exempli�ed later (in Figure 4.16): it
is commanded by an event external to the ViewComponent, like, for example, a user
interaction enabling parameter passing.

Theview modelpart of a ViewComponent can be represented by two states:

• Invalid, denotes that the ViewComponent is not displayed.

• Visible, denotes that the ViewComponent has received data from the model and
therefore can be displayed.

A Boolean Variable models the two states, represented by two bottom place chartsView
andView, respectively, as exempli�ed in Figure 4.12.

The transition from theInvalid to theVisiblestate is modeled by theRendertransi-
tion, shown in Figure 4.12: it represents the copy of the content from the model to the
view model and the consequent rendering of the ViewComponent.

As an example, Figures 4.11a and 4.11b present a simple IFML model with a top-
level ViewContainer comprising only one ViewComponent: an application that dis-
plays a list of mails.

Figure 4.12 shows the PCN mapping of the IFML model3. A place chart, child of
Mails, namedMailList represents theMailList ViewComponent, initialized from the

3From now on, for brevity we omit theApplication top place chart and theW aiting Boolean variable from the PCN mapping
of the IFML models.
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(a) Mockup (b) IFML model

Figure 4.11: Single ViewComponent - Mockup & IFML model

Figure 4.12: Single ViewComponent model - Place Chart Net
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parent. It contains two child place chartsModelMailList andViewModelMailList represent-
ing the model and the view model part of the ViewComponent, respectively.

ModelMailList contains the four bottom place charts de�ned earlier (InMailList , InMailList ,
OutMailList andOutMailList ). TransitioncomputeMailList represents the computation of the
content: it removes a token fromInMailList and adds a token toInMailList , denoting the
consumption of the inputs; it also removes a token fromOutMailList and adds a token to
OutMailList , denoting the availability of the model content.

ViewModelMailList contains the two bottom place chartsViewMailList andViewMailList .
MailList also contains a transition describing the rendering of the view model, named
renderMailList , which removes a token fromViewMailList and OutMailList and adds one
token toViewMailList andOutMailList .

TheMailList ViewComponent is initialized by default from theMails ViewCon-
tainer as follows: the model is set to the ready state and the view model to the invalid
state.

The example of Figure 4.11 introduces the rules:

Rule7) BASE V IEWCOMPONENT

A ViewComponentC child of a parent ViewContainerP maps to:

1) a place chartC, child of P, initialized by default fromP.

2) two children place charts ofC: ModelC andViewModelC, initialized by default
from C.

3) four bottom place chartsInC, InC, OutC andOutC, children ofModelC.

4) a transitioncomputeC, which removes a token fromInC andOutC and inserts
a token intoInC andOutC.

5) two bottom place chartsViewC andViewC, children ofViewModelC. ViewC is
initialized by default fromViewModelC.

6) a transitionrenderC, which removes a token fromViewC andOutC and inserts
a token intoViewC andOutC.

Rule8) V IEWCOMPONENT INITIALIZATION - NO INCOMING DATA FLOWS

A ViewComponentV without incoming data �ows is initialized in thereadystate,
i.e., with defaults arcs fromModelV to InV andOutV.

Rule 8 speci�es the initialization for all the ViewComponents, except those that have
one or more inputDataFlows, that will be treated later by rule 10.

Note that the example of Figure 4.12 addresses the case of a ViewComponent with-
out input. The next example elaborates on the mapping of ViewComponents with input
parameters.

4.2.10 Events and Navigation Flows

Figure 4.13 extends the previous example with different events and navigation �ows:
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• the mail list is interactive, enabling message selection from the list and display
in another interface component. When the application starts, only the list is dis-
played; after the user selects one item from the list, its details are shown.

• Thereload event allows the user to refresh the list of mails;

• Theclear event enables �ushing the Mail message visualization.

(a) Mockup (b) IFML model

Figure 4.13: Navigation between ViewComponents: navigation �ow - Mockup & IFML model

Figure 4.13b illustrates the corresponding IFML model: a NavigationFlow from
MailList to Mail has a parameter binding that associates the currently selected mail
in the list with an input parameter in the �lter condition of theMail ViewComponent4.
Each time the user chooses a mail message, theselectedevent is �red, the ID of the
chosen message is made available as the new value of the input parameter of theMail
ViewComponent, and the new model content is computed based on such value; then,
the view model part of theMail ViewComponent is updated and displays the newly
selected message.

The PCN of Figure 4.14 illustrates the mapping of the IFML diagram of Figure 4.13b.
Now the place chart of theMails ViewContainer comprises two children place charts,
corresponding to theMailList andMail ViewComponents, inserted based on rule 7
and 8 (in particular, they are initialized to the ready state, as per rule 8). Note that
although the place chart associated with theMail ViewComponent is initialized to the
ready state, its input parameter initially has a null value because the user has not se-
lected a message yet; thus, the computation and rendering transitions �re but the view
model displays an empty (“null”) content. The navigation �ow from theselectedevent
maps into a transition (selected) that affects theMail ViewComponent as follows: the
model place chart resets to the ready state and the view model place chart resets to the
invalid state; the computation and rendering transitions �re, causing the refresh of the
model content, based on the new value of the input parameter (the message selected by
the user) and the display of the view model.

Thereload andclear events do not have any parameter binding, but their behavior
is very similar: they reset the model place chart to the ready state and the view model
place chart to the invalid state: as an effect, the previous content is invalidated and
the model and view model are recomputed. Note that the NavigationFlow of theclear

4For brevity, in the IFML diagram we omit the SelectorCondition of ViewComponents and the parameters in the Parame-
terBinding of the InteractionFlows, described in the text.
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Figure 4.14: Navigation between ViewComponents: navigation �ow - Place Chart Net

event does not provide the required input parameter to theMail ViewComponent and
thus the “null” content is displayed, with the effect of clearing the message interface
area.

The example of Figure 4.13 introduces the rule:

Rule9) SIMPLE NAVIGATION FLOW

A NavigationFlow from an Evente, associated with a source ViewElementS and
pointing to a target ViewElementT, such thatS andT are children of the same
ViewContainer orS is the parent ofT, maps to a transitione that:

1) removes a token from the place chart ofT and adds a token to it.

2) removes a token from the place chartViewS and adds a token to it.

Note that rule 9 applies to ViewElements, i.e., to both ViewContainers and View-
Components. A further example of NavigationFlow with a ViewContainer as target
element appears in Figure 4.25.

4.2.11 Events and Data Flows

Figure 4.15 modi�es the example of Figure 4.13, showing an alternative design pattern.
In Figure 4.13 the selection of a mail message causes the immediate (i.e., synchronous)
display of the mail content.

Conversely, in the IFML diagram of Figure 4.15b, Mail selection occurs in two
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(a) Mockup (b) IFML model

Figure 4.15: Navigation betweenViewComponents: data �ow - Mockup & IFML model

steps: �rst the user can (repeatedly) choose the mail message he wants to access, as
represented by theselectevent, which is local to theMailList ViewComponent and
has the sole effect of changing its output parameter; then he can trigger theopenevent,
which fetches the present value of the output parameter, associated with the DataFlow,
and displays the currently selected message. Upon such event, theMail ViewCom-
ponent shows the content of the message identi�ed by the input parameter. In other
terms, theopenevent triggers thepropagationof the parameter(s) supplied to the tar-
get ViewComponent by its incoming DataFlow(s). In this case, the model of theMail
ViewComponent is initially in theclear state, waiting for input data from all the View-
Components on which it depends (in this example only fromMailList , but in the
general case it may receive inputs from several components); then, if all such View-
Components are in the visible state, thepropagatetransition can �re and changes the
Mail status from clear to ready, enabling the computation and rendering transitions.

Instead thereload event behaves like in the previous case.
The mapping of the model of Figure 4.15 introduces the rule:

Rule10) V IEWCOMPONENT INITIALIZATION - INCOMING DATAFLOWS

A ViewComponentV, target of a non empty setFV of DataFlows, maps into:

1) initialization arcs from the parent that set theclear state of its model place
charts (one arc adds a token toInV and one arc adds a token toOutV).

2) a transitionpropagateV that removes a token fromOutV andInV and adds a
token toOutV andInV; for each DataFlowFi in FV , propagateV also removes
and adds a token intoViewSi , whereSi is the source ViewComponent ofFi .

4.2.12 Mapping Actions

The last basic IFML element to map is the Action, which models a piece of business
logic invoked by the user's interaction or by a system-generated event. Figure 4.17
shows an example of usage.

A music application allows the user to play songs: the interface consists of two top
ViewContainersP laying, containing a ViewComponent (P layerP laying) that shows
the status of the application when a song is playing; and the defaultStoppedView-
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Figure 4.16: Navigation betweenViewComponents: data �ow - Place Chart Net

Figure 4.17: Action interaction - IFML model
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Container comprising a ViewComponent (P layerStopped) that shows the status of the
application when no song is playing. Three events control the evolution. Theplay
event, associated with theP layerStoppedViewComponent, starts the song; it invokes
theP lay Action, which, upon termination, raises thestarted event and visualizes the
P laying ViewContainer. Thestop event, associated with theP layerP laying View-
Component, stops the song; it invokes theStopAction, which, upon termination, raises
thestoppedevent and visualizes theStoppedViewContainer. Finally, theendedevent,
associated with theP layerP laying ViewComponent, signals that the song has �nished
and visualizes theStoppedViewContainer.

The mapping of Actions in FigureFigure 4.18 reuses some of the rules for mapping
NavigationFlows and adds new ones for handling the speci�city of Action execution.

De�nition 1 identi�es the smaller ViewContainer that supports the triggering of an
Action. This ViewContainer can be considered as the ancestor of the Action, in the
de�nition of the mapping rules.

De�nition 1. ACTION ORIGIN

Given an ActionK , with an incoming NavigationFlowF triggered by an event
e associated with a source ViewElementS, the Origin ofK (OK ) is S, if S is a
ViewContainer, or the ViewContainer enclosingS, if S is a ViewComponent.

In Figure 4.17, the Origin of theP lay Action is theStoppedViewContainer and of
theStopAction is theP laying ViewContainer.

The execution of an Action is mapped by the following rule:

Rule11) ACTION EXECUTION

Given an ActionK , with an incoming NavigationFlowF , let OK be the Origin of
K . K maps to:

1) a place chartK child of OK .

2) Two place chartsRunningK andRunningK children ofK. RunningK is initial-
ized by default from the parent.

3) An initialization arc fromOK to RunningK .

Rule 11 maps the Action as a sub-state of its Origin, initialized to the not in execu-
tion sub-state.

The activation and termination of an Action is mapped by the following two rules:

Rule12) ACTION ACTIVATION

Given an ActionK , a NavigationFlowF targetingK and starting from an Event
e related to the ViewElementV. F maps to a transitionewhich removes and adds
a token fromK andViewV.

56



i

i

“output” — 2019/1/29 — 19:39 — page 57 — #69
i

i

i

i

i

i

4.2. Semantic Mapping of IFML

Figure 4.18: Action interaction - Place Chart Net
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Rule13) ACTION TERMINATION

Given an ActionK , a NavigationFlowF targeting a top-level ViewContainerV
and starting from an Evente related toK , let OK be the Origin ofK . F maps to:

1) a transitione that removes a token fromRunningK andV and adds one token
to RunningK andV.

2) If V is notOK , eremoves also a token fromOKand adds one token toViewOK .

4.3 Mapping basic IFML elements: a complete example

To recap the mapping rules of the basic IFML elements, Figures 4.20, 4.21, and 4.22
illustrate an application for accessing a song library, with three alternative design pat-
terns. The content model of the application is shown in Figure 4.19: entitySongis
associated with a N:M relationship to entityArtist and to a N:1 relationship with entity
Genre.

Figure 4.19: Content model of the song library application

All the IFML models contain three ViewComponents:ArtistList shows all the
artists in the library,GenreList presents the available genres, andSongList displays
a list of songs, which can be �ltered by genre and/or by author. TheSonglList View-
Component has a SelectorCondition that �lters songs based on the ID of a genre and
artist, which are the parameters associated with the Navigation/DataFlow incoming to
the ViewComponent.

Figure 4.20: Filter on request
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4.3. Mapping basic IFML elements: a complete example

Figure 4.20 shows a �rst design pattern that lets the user set and change the selection
criteria, and then apply them in one shot to the song list: the ID of the genre and
artist, used for �ltering songs, are parameters ofDataFlowsexiting theArtistList
andGenreList ViewComponents. Theselectedevents are applied only locally to the
ArtistList and GenreList , and their parameters will be propagated only when the
f ilter event is triggered by the user.

Figure 4.21: Multiple �lters

Figure 4.21 presents an alternative design pattern, where the user can �lter songs
�rst by one criterion (e.g., by artist) and then restrict the resulting list by the other
criterion (e.g., by genre), or vice versa.

The ArtistList andGenreList ViewComponents are connected to theSongList
ViewComponent withboth a NavigationFlow and a DataFlow, and parameters are as-
sociated with the DataFlows. As a result, when the user changes the currently selected
item either in theArtistList or in theGenreList (triggering theselectedevent), the
content of theSongList is updated immediately due to the presence of the Navigation-
Flow and all the current input parameters are used for the computation of theSongList.

Figure 4.22: Single �lter

Finally, the diagram in Figure 4.22 contains onlyNavigationFlows. In this case,
when the user selects an artist or a genre, theSongList is computed based on the value
of the parameter associated with the NavigationFlow associated with the triggering
event. Indeed, each time one of theselectedevents triggers, the �lters inSongList
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are reset and just the selected item in the current list is propagated, allowing the user to
�lter the songs just by artist or by genre, not by both of them.

As shown by these examples, it is possible to express different behaviors by mixing
events, navigation and data �ows; the semantics of each design pattern is formally
captured by the PCN mapping, which allows the designer to predict the behavior of
each con�guration exactly. We refer the reader to the IFMLedit.org online tool for the
generation and simulation of the PCNs corresponding to the examples of this section.

These examples are particularly important because they show how their semantics
is solely related to the elements in the model and their connections. No tool speci�c
or application speci�c assumptions are made in the process. The mapping rules are
not opinionated on the type of information managed by the application or their actual
values. The triggering of an event leads always to the same result, i.e., the complete
invalidation of the target. The proposed examples, and other variants, have been im-
plemented in other IFML based tools during the validation process. Even these simple
models exposed how current IFML dialects partially base their semantics on external
con�gurations like theInvalidation Targetsof the NavigationFlow (i.e., an external
con�guration specifying which ViewElements are affected by the activation of a Nav-
igationFlow) or on the current state of the application (i.e., the same NavigationFlow
produces different effects based on the interaction history of the application).

4.4 Mapping Complex Interfaces

4.4.1 Mapping Interface Composition: Nested ViewContainers

IFML allows the description of complex interface composition patterns, in which View-
Containers are nested and displayed selectively. To illustrate this capability, and its
mapping from IFML to PCN,

(a) Mockup (b) IFML model

Figure 4.23: Nested ViewContainers - Mock & IFML model

Figure 4.23 extends the mail application example. Now the user can access both
the content and the list of attachments of the currently selected email simultaneously.
Figure 4.23b presents the IFML model, which exploits aMail ViewContainer nested
within Mails . Theselectedevent has an outgoing NavigationFlow that originates from
theMailList ViewComponent and targets the nestedMail ViewContainer, which ex-
presses a navigation between ViewElementsof different typesdirectly enclosed in the
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4.4. Mapping Complex Interfaces

same ViewContainer; the parameter passing that enables the computation of the View-
Components is expressed by parameter bindings associated with the DataFlows that
connectMailList to MailContent andMailContent to AttachList . The speci�c
aspect of the example is that the occurrence of theselectedevent invalidates and re-
computes the whole content of the target ViewContainer and causes the display of all
the ViewComponents comprised in it, i.e., of the mail content and of the list of its
attachments.

Figure 4.24 illustrates the PCN mapping and exempli�es the treatment of nested
ViewContainers.

The top-levelMails ViewContainer is mapped to theMailsplace chart, according
to rule 2 and theMailList ViewComponent is mapped to theMailList place chart
(rule 7 and rule 8). The nested ViewContainerMail maps into theMail place chart,
embedded withinMails. The parent place chart (Mails) initializes by default its child
place chart (Mail); speci�cally, the initialization arc targets theViewMail bottom place
chart, denoting that the nested ViewContainer gets into view at the same time as its
parent.

The content of theMail ViewContainer is mapped as per rules 7 and 10: two place
charts namedMailContentandAttachList map the corresponding view components,
and the transitionspropagateMailContent andpropagateAttachList map the DataFlows in-
coming to theMailContent and AttachList ViewComponents, respectively. The
selectedEvent and the NavigationFlow are mapped according to rule 9: a transition
(selected) removes and adds a token from/toViewMailList andMail: it resetsMail and
the underlying PCN to its default con�guration, clearing the model and invalidating the
view model of both theMailContent andAttachList ViewComponents.

The example of Figure 4.23 introduces the rule:

Rule14) NESTEDV IEWCONTAINERS

A ViewContainerC child of another ViewContainerP maps to:

1) A place chartC child of the place chartP.

2) Two bottom place chartsViewC andViewC within C.

3) An initialization arc fromC to ViewC.

Rule15) NON XOR PARENT

A ViewContainerC child of a non XOR ViewContainerP maps to an initialization
arc from the place chartP to the place chartC.

Rule 15 expresses the fact that a child ViewContainer is displayed automatically
when its parent gets into view. This may not be the case when the parent is a XOR
ViewContainer, as illustrated in the next section.

4.4.2 Advanced composition: XOR View Containers

IFML provides the concept of XOR ViewContainer, which allows one to design in-
terfaces that display different pieces of content in alternative. XOR ViewContainers
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Figure 4.24: Nested ViewContainers - Place Chart Net
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comprise other sub-ViewContainers, of which at most one at a time is in view. The
combination of nested ViewContainers and XOR ViewContainers enables the repre-
sentation of the complex composition of rich-client applications, in which the structure
of the interface is a hierarchy of views and components, displayed based on the user
events and according to complex visibility rules.

Figure 4.25: Nested XOR ViewContainers - IFML model

Figure 4.25 shows an example of XOR ViewContainers. The mail application of
Figure 4.23 is changed so that theMailContent andAttachList ViewComponents are
computed and displayed one at a time. S ch design may be convenient e.g., for small
devices, to economize the screen space. To specify this behavior, the IFML model
embeds theMailContent andAttachList ViewComponents within ViewContainers
(Content andAttachments) nested in a XOR parent ViewContainer.

Note that thedefaultchild of a XOR ViewContainer (Content in the example) is
the one shown when the parent is accessed; if no default child is speci�ed, no child
ViewContainer is displayed initially and the choice of what to access �rst is left to
the user. AlandmarkXOR child ViewContainer is reachable with one navigation step
from any of the XOR sibling ViewContainers: in the example, the interface lets the user
toggleContent andAttachments into view.

Figure 4.26 shows the mapping of the IFML diagram of Figure 4.25. Two place
charts, nested within theMail place chart, map theContent andAttachments XOR
children ViewContainers. According to Rule 14, they comprise the place chartsViewContent,
ViewContent, ViewAttachments and ViewAttachments . The Content ViewContainer is the
default child ofMail , therefore a default initialization arc is inserted fromMail to
ViewContent. Conversely, theAttachments ViewContainer is not the default one and
thus an initialization arc is inserted from theMail place chart to theViewAttachments

place chart.
BothContent andAttachments are landmark ViewContainers, therefore two tran-
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Figure 4.26: Nested XOR ViewContainers - Place Chat Net

64



i

i

“output” — 2019/1/29 — 19:39 — page 65 — #77
i

i

i

i

i

i

4.4. Mapping Complex Interfaces

sitions (landmarkContent and landmarkAttachments ) are inserted, which follow the same
con�guration as for the rule of top-level landmarks (Rule 6): they remove a token from
Mail andViewMail and add a token toViewMail . Furthermore, transitionlandmarkContent

adds a token toContentandViewAttachments and transitionlandmarkAttachments adds a
token toAttachmentsandViewContent.

The example of Figure 4.26 introduces the rules:

Rule16) XOR DEFAULT CHILD

A default ViewContainerC child of a XOR ViewContainerP maps to an initial-
ization arc from the place chartP to the place chartC.

In Figure 4.26 the rule inserts the arc fromMail to Content.

Rule17) XOR NON DEFAULT CHILD

A non default ViewContainerC child of a XOR ViewContainerP maps to an
initialization arc from the place chartP to ViewC.

In Figure 4.26 the rule inserts the arc fromMail to ViewAttachments .

Rule18) XOR LANDMARK CHILD

The presence of thelandmarkproperty of a ViewContainerC child of a XOR
ViewContainerX maps to a transitionlandmarkC1 that moves a token fromX and
ViewX to ViewX andC. For each ViewContainerCi child of X different fromC,
thelandmarkC transition adds a token toViewCi .

In Figure 4.26 the rule inserts the transitionslandmarkContent andlandmarkAttachments .
Mapping navigation in deeply nested structures
The examples discussed so far illustrate the mapping of navigation in quite simple in-
terfaces, with at most one level of structural nesting. Many real world applications,
though, have a more articulated composition; for example, the rich-client web version
of a popular mail program organizes content within an interface comprising four levels
of nested containers. As a further example, we illustrate the mapping of IFML models
featuring arbitrarily nested interface structures. The rules we are going to introduce
generalize the previous ones, from the case of �at or two-level composition structures
to any mix of nested ViewContainers and XOR ViewContainers. For the sake of uni-
formity in the speci�cation of the rules, we consider the application itself as a XOR
ViewContainer, because it is the topmost (albeit implicit) element of the model and its
children top-level ViewContainers are displayed alternatively. The aspect that is af-
fected by the presence of deeply nested structures is navigation, i.e., a NavigationFlow
from a source ViewElementS to a target ViewElementT, with S andT positioned in
arbitrary locations of the hierarchically nested structure of the application.

Figure 4.27 exempli�es a multi-level interface structure. The application contains
two top-level ViewContainersTL0 andTL1. TL1 contains two XOR ViewContainers
X 0andX 1, which comprise two children ViewContainers each:X 0C0, X 0C1, X 1C0
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Figure 4.27: Deeply Nested ViewContainers navigation - IFML model

and X 1C1. The model also comprises three eventse0, e1 and e2, with associated
NavigationFlows.
Preliminary de�nitions
Before proceeding to the illustration of the mapping, we introduce a number of auxiliary
de�nitions.

De�nition 2 identi�es the smallest ViewContainer in which an interaction, denoted
by an Event and its associated NavigationFlow, operates.

De�nition 2. INTERACTION CONTEXT

Given a NavigationFlowF , with sourceS and targetT, the Interaction Context of
F (I F ) is the ViewContainerV such that:

• V = S, if S is ancestor ofT and is not a XOR ViewContainer;

• V = T, if T is ancestor ofS and is not a XOR ViewContainer;

• V is the ancestor ofS andT such that no descendant ofV is ancestor ofS
andT, in all the other cases.

Intuitively, the interaction context of an event and of its associated NavigationFlow
is the smallest portion of the application that contains the source and the target of the
interaction. In the example of Figure 4.27, the interaction context of the Navigation-
Flow associated withe0 is Application , of the NavigationFlow associated withe1 is
X 0, and of the NavigationFlow associated withe2 is TL1.

De�nition 3 identi�es the largest sub-elements of a ViewContainer that comprise
interface elements displayed in alternative.
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Figure 4.28: Deeply Nested ViewContainers navigation
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De�nition 3. TOPMOSTXOR DESCENDANTS

Given a non-XOR ViewContainerV, the set of topmost XOR descendants ofV is
the set of its descendant XOR ViewContainers that have no ancestor XOR View-
Containers that are descendants ofV .

Intuitively, given a portion of an interface, the topmost XOR descendants identify
the largest independent regions enclosed in it that may display alternate content. In the
example of Figure 4.27, the sets of topmost XOR descendants ofTL0, X 0C0, X 0C1,
X 1C0 andX 1C1 are empty, whereas the set of topmost XOR descendants ofTL1
containX 0 andX 1.

When an interaction causes a ViewElement to be displayed, the nested structure of
the interface may require other elements to get into view as well. De�nition 4 identi�es
the portion of an interface element that gets into view when one of its sub-elements is
displayed.

De�nition 4. CO-DISPLAYED ANCESTOR

Given a ViewElementV, let X be a XOR ViewContainer ancestor ofV ; the co-
displayed ancestor ofV insideX is the ViewContainerA such that:

• A = V, if V is direct child ofX .

• A is the child ofX ancestor ofV , otherwise.

Intuitively, the co-displayed ancestor of a ViewElement inside a region of the inter-
face, or inside the whole application interface, identi�es the largest container that gets
into view when the ViewElement is displayed. In the example of 4.27, the co-displayed
ancestor ofX 0C0 insideApplication is TL1 and the co-displayed ancestor ofX 0C0
insideX 0 is X 0C0 itself.

The presence of XOR ViewContainers in the structure of the interface produces an-
other side-effect of navigation: the display of a set of target elements may require hiding
other elements, which are replaced by the newly displayed ones. De�nitions 5 and 6
help identify the portions of an interface element that are activated by an interaction
event and comprise content displayed alternatively.

De�nition 5. XOR TARGETS SET

Given a NavigationFlowF , with targetT, and a ViewContainerA ancestor of
T, the XOR targets set ofF inside A (T A

F ) contains the XOR ViewContainers
ancestors ofT descendants ofA.

De�nition 6. EXTENDED XOR TARGETS SET

Given a NavigationFlowF with targetT and a ViewContainerA ancestor ofT,
the extended XOR targets set ofF insideA (T ?A

F ) is de�ned as:
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• T ?A
F = T A

F [f Ag, if A is a XOR ViewContainer

• T ?A
F = T A

F otherwise.

Intuitively, the XOR targets set of a NavigationFlow comprises all the ViewCon-
tainers that may display alternate content after the interaction; such ViewContainers
must be initialized correctly, distinguishing their sub-elements that must be displayed
or hidden.

In the example of 4.27, the XOR targets set ofe0 insideApplication containsX 0
and the extended XOR targets set containsX 0 andApplication ; the XOR targets set of
e1 insideX 0 is empty and the extended XOR targets set containsX 0; the XOR targets
set ofe2, insideTL1 containsX 1 and the extended XOR targets set is the same; �nally,
the XOR targets set ofe2 insideX 1, is empty and the extended targets set containsX 1.

De�nitions 7 and 8 identify the portions of an interface element that transition into
view or out of view as a consequence of an interaction.

De�nition 7. DISPLAY SET

Given a NavigationFlowF , with targetT, and a ViewContainerA ancestor ofT,
let T ?A

F be the extended XOR targets set ofF , insideA. The display set ofF ,
insideA, (DA

F ) contains all the co-displayed ancestors ofT inside each element in
T ?A

F .

Intuitively, after an interaction targeting a ViewElementT, the targetT becomes in
view. Such activation propagates upwards in the interface hierarchy of containers to the
relevant co-displayed ancestors ofT.

In the example of 4.27, the display set ofe0, inside its interaction context (Application ),
containsX 0C0 (the target) andTL1 (a co-displayed ancestor in the interaction con-
text); the display set ofe1, inside its interaction context (X 0), containsX 0C1 (the
target); the display set ofe2, inside its interaction context (TL1), containsX 1C1 (the
target). Finally, the display set ofe2, insideX 1, containsX 1C1 (because theextended
targets set insideX 1 containsX 1 itself).

De�nition 8. HIDE SET

Given a NavigationFlowF , with targetT, and a ViewContainerA ancestor ofT,
let T ?A

F be the extended XOR targets set ofF insideA and letI F be the interaction
context ofF . The hide set ofF , insideA, (H A

F ) contains all the ViewContainers
not ancestors ofT and children of an elementX i in T ?A

F nf I F g.

Intuitively, for an interaction targeting a ViewElement T, the hide set identi�es the
interface elements that are displayedin alternativeto T and to its co-displayed ances-
tors; after the interaction, these elements are out of view.

In the example of 4.27, the hide set ofe0, inside its interaction context (Application ),
containsX 0C1 (both the sourceTL0 andX 0C1 get, or remain, out of view); the hide
set ofe1, inside its interaction context (X 0), is empty; the hide set ofe2, inside its inter-
action context (TL1), containsX 1C0. Finally, the hide set ofe2, insideX 1, contains
X 1C0.
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Mapping initialization
Based on the de�nitions above, the mapping from the IFML model of a nested interface
to an equivalent PCN can be de�ned. The main difference with the case of �at interfaces
occurs when the XOR targets set of a NavigationFlow, within its interaction context,
is non empty, which means that there are ViewContainers, other from the direct target,
which are affected by the interaction and may get into view; in this case, the PCN
mapping must initialize the children of XOR targets set ViewContainers properly, so
that the right ones are displayed. Speci�cally, the default initialization shouldnot be
applied indiscriminately to the ViewContainers of the XOR targets set, but selectively
to their children, not to override the effect of the user's navigation. The correct policy is
to initialize by default the ViewContainers in the display set, which should be computed
and rendered, remove from view the ViewContainers in the hide set, and put into view
the ViewContainers of the XOR targets set. In the example of Figure 4.27, the XOR
target set inside the interaction context ofe0 contains theX 0 ViewContainer. Whene0
occurs, the correct behavior isnot to initialize by defaultX 0, because this may override
the user's choice of accessing a speci�c child ViewContainer (X 0C0). Instead,X 0
should be set to the visible state, its explicitly targeted childX 0C0 should be initialized
by default, and the other XOR children in the hide set (justX 0C1 in the present case)
should be set to the not in view status. Conversely, the default initialization should
be applied to theX 1 XOR ViewContainer, because this is not directly affected by the
NavigationFlow (it does not belong to the XOR targets set).

In other terms, as the example of Figure 4.27 shows, when a ViewContainer (e.g.,TL1)
comprises one or more XOR descendants (e.g.,X 0 andX 1), there may be multiple
ways to initialize the XOR ViewContainers and their children, depending on the ac-
tual target of an interaction; this behavior must be captured by the mapping rules, as
illustrated in the PCN of Figure 4.28.

The alternative ways to initialize the XOR ViewContainers and their children are
speci�ed by the following rule:

Rule19) SELECTIVE INITIALIZATION

Given a non XOR ViewContainerV, each topmost XOR descendantX i of V maps
to:

1) a place chartV=Xi enclosing the place chartV; this denotes that the View-
ContainerV may be accessed by a navigation that targetsX i or one of its
descendants; in Figure 4.28, this clause inserts the place chartsTL1=X0 and
TL1=X1.

2) An initialization arc fromV=Xi to ViewV; this means that being inV=Xi im-
plies being inV; this clause inserts the arc fromTL1=X0 and TL1=X1 to
ViewTL1.

3) For all the childrenCj of V, such thatCj 6= X i andCj is not an ancestor of
X i , an initialization arc fromV=Xi to Cj; this denotes that the ViewElements
not affected by the navigation are initialized by default; this clause inserts the
arc fromTL1=X0 to X1 and fromTL1=X1 to X0.
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4) If an ancestorA i of X i child of V exists, an initialization arc fromV=Xi to Ai;
since Rule 19 applies to all non XOR ViewContainers that enclose the XOR
ViewContainerX i , this clause denotes that ifX i is nested insideV through
a set of non XOR ViewContainersf A i ,1, : : : A i ,ng, whereA i ,j is child of V ,
A i ,j +1 is child of A i ,j , andA i ,n is father ofX i , then there is a place chart
Ai,j=Xi for each ancestor ofX i , with an arc fromAi,j=Xi to Ai,j+1=Xi, for j =
1: : : n� 1. This clause ensures that initialization is correctly propagated along
nested non XOR ViewContainers and “stops” at the XOR ViewContainer.

The effect of rule 19 is to insert a place chart that makes explicit the access to a spe-
ci�c XOR-child of a ViewContainer (e.g., the place chartTL1=X0 denotes thatTL1
is accessed throughX 0); such place chart is used to specify that the default initializa-
tion of the ViewContainer (e.g, ofTL1) does not apply to one of its descendant XOR
children (e.g., toX 0).

Figure 4.28 shows the PCN mapping the IFML diagram of Figure 4.275. As per rule
19, the place chartTL1 is enclosed within the two auxiliary place chartsTL1=X0 and
TL1=X1, with the initialization arcs inserted by the rule.
Mapping NavigationFlows
The rules that map a NavigationFlow from S to T, positioned arbitrarily within a nested
interface structure, distinguish two cases:

1 The interaction context of the NavigationFlow is a XOR ViewContainer (as in the
case of the NavigationFlows associated withe0 ande1): this means that S and T
cannot be visible at the same time. Speci�cally, S must be in view, otherwise the
event cannot be triggered, and T must be out of view. The effect of the interaction
does not depend on the actual status of the interface: S gets out of view and T
becomes visible.

2 The interaction context of the NavigationFlow is a non XOR ViewContainer, as
in the case ofe2: this means that S and T may or may not be visible at the same
time. Speci�cally, S must be in view, otherwise the event cannot be triggered,
while T can be in view or not depending on the current state of the interface, which
depends on the past interactions affecting T and possibly the ancestors of T. Thus,
the interaction can have different effects depending on the current visibility status
of the target and of its ancestors.

XOR Interaction Context . The case in which the interaction context of a Naviga-
tionFlow is a XOR ViewContainer generalizes the rules for the navigation between
top-level ViewContainers described in Section 4.2.6. In this situation, the source of the
interaction is in view and the target is out of view. Therefore, the interaction must set
the target to the visible state and, differently from the �at interface case, also update the
visibility of the correct children of its XOR ancestors.

In the place chart of Figure 4.28, the transitione0, instead of adding a token toTL1,
adds a token to the auxiliary place chartTL1=X0, thus avoiding to initialize by default
X0. It also adds a token toViewX0, ViewX0C1 andX0C0, completing the initialization of
X 0 with the correct active child. Note that the transition mapping the NavigationFlow

5In the �gure, we show by means of labels the speci�c rule or rule clause responsible of inserting each relevant portion of the
PCN.
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associated with thee1 event follows the rule for top-level ViewContainers (rule 5), as
illustrated in Figure 4.8, because there is no XOR ViewContainer between the common
ancestorX 0 and the targetX 0C1 (the XOR target set ofe1 is empty).

The mapping of events such ase0 introduces the following rules:

Rule20) GENERIC NESTEDNAVIGATION (XOR CONTEXT)

Given a NavigationFlowF associated with an evente and with targetT, whose
interaction contextI F is a XOR ViewContainer,F maps to:

1) A transitione that removes a token from the place chart of the co-displayed
ancestor ofT child of I F ; this empties all the place charts contained within
I F . In Figure 4.28 this clause inserts the transitionse0 ande1, and the arcs
from TL1 to e0 and fromX0C1 to e1.

2) For each ViewContainerX i in the XOR targets set ofF inside I F , an arc
from e to ViewXi ; this sets to visible all the affected XOR ViewContainers;
this clause inserts the arc frome0 to ViewX0 (the XOR target set ofe1 is
empty).

3) For each elementH i in the hide set ofF insideI F , an arc frome to ViewHi ;
this sets the ViewContainers of the hide set to invisible; this clause inserts the
arc frome0 to ViewX0C1 (the hide set ofe1 is empty).

4) For each elementD i in the display set ofF insideI F :

4.a) an arc frome to Di, if there does not exist a ViewContainer topmost
XOR descendant ofD i and ancestor ofT; this maps the case in which
activation does not propagate upward along the container hierarchy; this
clause inserts the arc frome0 to X0C0 and frome1 to X0C1.

4.b) An arc frometo Di=Aj, if there exists a ViewContainerA j topmost XOR
descendant ofD i and ancestor ofT; this maps the case in which other
ViewContainers at higher levels of the container hierarchy are activated;
this clause inserts the arc frome0 to TL1=X0.

Rule21) NESTEDNAVIGATION FROM V IEWELEMENT (XOR CONTEXT)

Given a NavigationFlowF from an eventewith targetT associated with a ViewEle-
mentS, whose interaction contextI F is a XOR ViewContainer, letA be the co-
displayed ancestor ofS insideI F . Thene (additionally) maps to:

1) An arc fromViewS to e; this ensures that the source is in view; in Figure 4.28
this clause inserts the arc fromViewTL0 to e0 and fromViewX0CO to e1.

2) An arc fromA to e; this ensures that the co-displayed ancestor ofS is emptied;
this clause inserts an arc fromTL0 to e0 and fromX0C0 to e1.

3) An arc frome to ViewA, if T is not an ancestor ofS; this denotes that the

72



i

i

“output” — 2019/1/29 — 19:39 — page 73 — #85
i

i

i

i

i

i
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co-displayed ancestor of the source gets out of view, unless it is contained in
the navigation target; this clause inserts the arc frome0 to ViewTL0 and from
e1 to ViewX0CO.

Rule 20 and 21 insert in the PCN of Figure 4.28 the transitionse0 ande1; both the
mapped events have a XOR ViewContainer as navigation context.

Note that rule 20 addresses the general case, whereas rule 21 extends the PCN with
arcs speci�c to the con�guration in which the event is associated with a ViewElement;
a similar rule (omitted for brevity, but implemented in the on-line system) is de�ned for
the case in which the event is associated with an Action triggered by a deeply nested
interface.
Non-XOR Interaction Context. This scenario is a generalization of the ones described
for events and NavigationFlows associated with ViewContainers (in Section 4.2.6) and
ViewComponents (in Section 4.2.9). When the interaction context is a non XOR View-
Container, the source and the target may or may not be in view at the same time and thus
the interaction may have different effects depending on the visibility status of the target
when the event occurs. More precisely, the effect of the interaction does not depend
on the current status of the application if there are no XOR ViewContainers ancestor
of the target within the interaction context. If such XOR ViewContainers do exist, the
effect of the interaction depends on the currently in view child in each of them. If all
the “right” children are in view, the target is already in view too, and needs only to be
recomputed. If instead a co-displayed ancestor of the target is out of view, it must be ac-
tivated, together with its descendants that are children of a XOR ancestor of the target.
e2 is an example of this situation; the interaction context is a non XOR ViewContainer
(TL1) and there is a XOR ViewContainer (X 1) ancestor of the targetX 1C1. If X 1C1
is already in view when the interaction occurs, then it is just recomputed; if not, it must
switch into view, replacing its sibling ViewContainerX 1C0. Therefore, the mapping
from IFML to PCN inserts two different transitions: the former changes the active child
of X 1 if X 1C1 is not in view; the latter recomputesX 1C1, if it is already in view.

The case of non-XOR interaction context is addressed by the following rule:

Rule22) CONDITIONAL NAVIGATION

Given a NavigationFlowF , associated with an evente and with targetT, whose
interaction contextI F is a non XOR ViewContainer,F maps to:

1) a transitione that removes/adds a token from/toT, and for each ViewCon-
tainerA i ancestor ofT and child of an element in the XOR targets set ofF
insideI F , an arc fromViewAi to e; and an arc frome to ViewAi ; the “refresh”
transitionemaps the case in which the target is already in view: it causes the
target to be recomputed and leaves the rest of interface unchanged. In Fig-
ure 4.28, this clause inserts the transitione2 with the arc to/fromX1C1, and
the arc fromViewX1C1 to e2.

2) For each ViewContainerX i in the XOR targets set ofF insideI F :

2.a) a transitione I Xi that removes a token fromXi andViewAi and adds a
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token toAi, whereA i is the co-displayed ancestor ofT insideX i ; each
transitione I Xi maps the case in which a relevant sub-ViewContainer of
X i is not in view: it causes the computation and switch into view of the
ancestors of the target insideX i , or of the target itself if this is a direct
child of X i . This clause inserts the transitione2 I X1, the arc fromX1
to e2 I X1, from ViewX1C1 to e2 I X1, and frome2 I X1 to X1C1.

2.b) For each ViewContainerX i ,j in the extended XOR targets set ofF inside
X i , an arc frome I Xi to ViewXi,j ; this denotes that each elementX i and
the XOR ViewContainers nested inside it become in view. This clause
inserts the arc frome2 I X1 to ViewX1.

2.c) For each elementD i ,j in the display set ofF insideX i such that there
exists a ViewContainerD i ,k that is the topmost XOR descendant ofD i ,j

and ancestor ofT, an arc frome I Xi to Di,j=Di,k; if suchD i ,k does not
exist, the arc goes frome I Xi to Di,j; this maps the computation of the
elements of the display set insideX i ; this clause inserts the arc from
e2 I X1 to X1C1.

2.d) For each elementH i ,j of the Hide Set ofF insideX i , an arc frome I Xi

to ViewHi,j : this maps the switch out of view of the elements of the hide
set insideX i ; this clause has no effect because the hide set ofe2 inside
X 1 is empty.

Rule23) CONDITIONAL NAVIGATION FROM V IEWELEMENT

Given a NavigationFlowF from an Evente associated with a ViewElementSand
with targetT, whose Interaction ContextI F is not a XOR ViewContainer.F maps
to:

1) an arc fromViewS to e; this denotes that the source must be in view; this
clause inserts the arc fromViewX0C1 to e2.

2) an arc frome to ViewS, if T is not an ancestor ofS; this denotes that the
source remains visible; this clause inserts the arc frome2 to ViewX0C1.

3) For each elementX i in the XOR targets set ofF insideI F , F also maps to:

3.a) an arc fromViewS to e I Xi; this clause inserts the arc fromViewX0C1 to
e2 I X1.

3.b) an arc frome I Xi to ViewS, if T is not an ancestor ofS; this clause
inserts the arc frome2 I X1 to ViewX0C1.

4.4.3 Mapping Actions with Nested ViewContainers

Figure 4.29a extends the example of Figure 4.17, by specifying theP laying andStopped
ViewContainers as XOR-child of an externalMusic ViewContainer.

Two new rules (rule 24 and 25) need to be added, as counterparts of Rules 21 and
23 that were de�ned for the case of ViewElements.
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(a) IFML model

Figure 4.29: Actions in nested structures

75



i

i

“output” — 2019/1/29 — 19:39 — page 76 — #88
i

i

i

i

i

i

Chapter 4. Predictable Web and Mobile Semantics

Rule 24 addresses the case in which the effect of triggering the Action does not
depend on the current status of the interface, because the Interaction Context of the
NavigationFlow that triggers the Action is a XOR viewContainer.

Rule24) NESTEDNAVIGATION FROM ACTION

Given a NavigationFlowF , from an Evente associated with an ActionK and
with targetT, whose Interaction Context is a XOR ViewContainerI F ; let OK be
the Origin of the ActionK andC be the child ofI F that is co-displayed ancestor of
OK insideI F ; F maps to:

1) an arc fromRunningK to e. This clause speci�es that the termination event
transition requires the Action to be running to �re.

2) An arc fromC to e and frome to ViewC, if T is not an ancestor ofOK ; this
propagates upwards in the ViewContainer hierarchy the switch out of view of
the Interaction Context of the Action.

Rule 25 addresses the case in which the effect of triggering the Action depends on
the current status of the interface, because the Interaction Context of the Navigation-
Flow that triggers the Action is a non XOR viewContainer and thus the target and some
of its co-displayed ancestors may be already in view.

Rule25) CONDITIONAL NAVIGATION FROM ACTION

Given a NavigationFlowF from an Evente associated with an ActionK and
with targetT, whose Interaction ContextI F is a non XOR ViewContainer, letOK be
the Origin ofK . K maps to:

1) an arc fromRunningK to e; this clause ensures that the termination event is
�red when the Action is in the running state.

2) An arc frome to RunningK , if T is not an ancestor ofOK ; this clause maps
the termination of the Action execution.

3) For each elementX i in the XOR targets set ofF insideI F , F also maps to:

3.a) an arc fromRunningK toe I Xi; this clause ensures that also the auxiliary
transitions that handle the update of the XOR targets set elements are
enabled when the Action is running.

3.b) An arc frome I Xi to RunningK , if T is not an ancestor ofOK .

4.5 Adherence to the Standard

We conclude the presentation of the mapping of IFML to PCN by underlying that the
adherence of the mapping rules to the intended semantics of IFML 1.0 has been veri-
�ed, albeit only informally; indeed, the IFML 1.0 speci�cations describe the behavior
of the language only by means of examples described narratively. For verifying the
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adherence of the proposed mapping rules to the intended meaning of IFML constructs,
we have submitted them to an expert team led by the principal author of the IFML
speci�cations [114]. The evaluation has been conducted on 13 test cases6. The models
used for veri�cation were designed as building blocks with increasing complexity, so
to progressively incorporate the features of IFML 1.0 addressed by the mapping rules.
Each model is small in size and is focused on a speci�c aspect of the IFML speci�ca-
tion to enable in depth analysis of both the IFML and the generated PCN. The expert
team veri�ed the correspondence between the behavior expressed by the IFML model
and that embodied in the corresponding PCN chart, by manually testing sequences of
interaction events on both models.

6These sample models are published in the on-line tool IFMLEdit.org.
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CHAPTER5
IFMLEdit.org: A reference implementation

The software development process is a re�nement loop that iteratively transforms re-
quirements into a �nal product. Iteration is fundamental to address incomplete, loosely
de�ned, or rapidly changing functional and non-functional requirements. In web and
mobile applications development, the wide range of device screens and coding plat-
forms makes the ability to rapidly evolve and evaluate new releases even more critical.

In this Chapter we propose IFMLEdit.org1 an open-source online tool for rapid pro-
totyping of web and mobile applications. The tool was developed following an agile
approach based on ALMOsT.js (proposed in Chapter 3), by the iterative introduction
of new features in small runs. The tool will be further evaluated in Chapter 6, showing
how it can be integrated in a developer centric work-�ow.

IFMLEdit.org features an IFML visual editor that allows the developer to insert (by
means of drag&drop) elements in the model, edit their property and connect them. The
tool also features a PCN visual editor that was used during the development of the
formal semantics presented in Chapter 4, enabling fast iterations and experimentation
of the proposed rules. As a support to veri�cation, IFMLEdit.org also offers a function
to simulate the generated PCN, easing the inspection of its dynamics in reaction to an
automatically created sequence of events. The IFML to PCN semantic transformation is
described in Section 5.1. IFMLEdit.org features 4 code generators targeting 3 different
architectures: Web Server, Web Client and Mobile. The IFML to code transformations
are described in Section 5.2. Rapid iterations on the model are enabled thanks to in-
browser emulation, which enables the developer to directly evaluate the effects of the
model changes on a working prototype, without the need to download, build and deploy
the generated code. For each target architecture the tool provides a speci�c emulator.
All the emulators allow the developer to edit the information stored in the data access

1https://www.ifmledit.org
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layer to better understand the effects on the generated application.
IFMLEdit.org is not the only free and open source IFML editor. Another open

source project2, based on the Eclipse Modeling Framework (EMF) [12] is available.
Both tools are based on IFML, but with different goals. IFMLEdit.org aims at facili-
tating the approach of new users to the IFML ecosystem, by providing an online tool
which allows the developer to learn IFML by examples and generate a functional pro-
totype of their application without programming and software installation. The project
at ifml.github.com aims at providing a speci�cation-compliant building block,
limited to model editing, which MDD software companies can exploit as a starting
point for the realization of a complete IFML IDE.

5.1 Model to Model transformation

IFMLEdit.org allows tool builders to analyze and simulate the semantics of their mod-
els, thanks to the mapping rules from IFML to PCN, proposed in Chapter 4, imple-
mented with ALMOsT.js. Figure 5.1 shows the input IFML model (left) and the corre-
sponding output PCN model (right), generated by the transformation rules. The PCN
diagram expresses formally the dynamics of the application interface speci�ed by the
IFML diagram, using the classic concepts of Petri Nets, i.e., places, transitions, arcs
and tokens3.

(a) IFML model (b) PCN model

Figure 5.1: IFML (left) to PCN (right) transformation

Each rule of the model to model transformation is responsible of generating a part of
the PCN diagram and thus creates an output partial model, following the structure pre-
sented in Section 3.2.3 (i.e., possessing only the twoelementsandrelationsmembers).
The Reducer is con�gured using the prede�nedm2a (Model-To-ALMOsT) con�gura-
tion, presented in Section 3.2.5.

The implemented transformation rules are in a one to one mapping with their formal
de�nition proposed in Chapter 4. While the result of these rules contains the whole
semantics of the application and can be used for simulation, it is missing any meta-
data required for its rendition on screen. In order to obtain a comprehensive graphical
representation of the model, the purely semantic rules are paired with a purely graphical

2http://ifml.github.com
3PCNs add to Petri Nets advanced modularization constructs, which make complex diagrams particularly readable
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counterpart. This second set of rules is responsible to infer high level graphical meta-
data of the PCN model, by exploiting the graphical meta-data of the original IFML
model. This goal is accomplished by generating a second model where eachelementis
a node a layout tree which de�nes constraints of the �nal graphical rendition, some of
these nodes have arelation with a speci�celementin the original PCN model. A very
simple layout algorithm is run on top of the layout tree converting the layout constrains
in graphical meta-data (i.e, coordinates and sizes) which are attached to the related
elementsin the PCN model.

Overall, the transformation from IFML to PCN consists of 38 rules, 19 of which
address all the aspects of the language while the remaining 19 are dedicated to the
generation of the layout tree.

This transformation shows the power of ALMOsT.js, by exploiting different target
logical meta-models in the same transformation without the need of any speci�c con-
�guration.

5.2 Model to Text transformations

IFMLEdit.org present 4 different model to text transformations, implemented with AL-
MOsT.js, targeting different platforms and technologies. All these transformations ex-
ploit the output structure andm2t(Model-To-Text) Reducer con�guration presented in
Section 3.2.6 and use EJS [14] template language. The output of these rules is converted
into a ZIP �le which can be easily extracted by the developer.

(a) Web (b) Mobile

Figure 5.2: Examples of generated applications

5.2.1 Web Server

IFMLEdit.org features a model to text transformation targeting Web Servers, i.e. a
full HTTP request response cycle is performed after each user interaction. The output
of this transformation is a Node.js project following the MVC design pattern. Each
model to text rule generates a subset of the folders and �les that constitute the project.
Model rules generate constant folders and �les (e.g., system folders, con�gurations
�les, HTTP server initialization scripts, etc...) and textual �les containing sample data
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collections for �lling the interface with content (repositories). Element rules gener-
ate the source code of a controller (JavaScript code) and of a view (Pug template).
Controllers and views of nested IFML elements (e.g, nested ViewContainers and View-
Components within ViewContainers) are included and con�gured during the server ini-
tialization phase. This model to text transformations consist of 12 rules.

The generated project can be downloaded as a zip �le or run inside the browser. To
support client-side execution of the project, a web worker is instantiated when IFM-
LEdit.org is accessed, which emulates a Node.js environment and the HTTP protocol.

5.2.2 Web Client

IFMLEdit.org features a model to text transformation targeting Web Clients, i.e. ap-
plication running in the browser and communicating with remote resources just when
the task cannot be performed locally. The output of this transformation is a JavaScript
project following the MVVM design pattern. Each model to text rule generates a sub-
set of the folders and �les that constitute the project. Model rules generate constant
folders and �les (e.g., system folders, con�gurations �les, WebComponents initializa-
tion scripts, etc...) and textual �les containing sample data collections for �lling the
interface with content (repositories). Element rules generate the source code of Web
Component [31] composed of a viewmodel (JavaScript code) and of a view (HTML
template). Web components of nested IFML elements (e.g, nested ViewContainers and
ViewComponents within ViewContainers) are connected by simple inclusion of the
child in the parent view. This model to text transformations consist of 10 rules.

The generated project can be downloaded as a zip �le or run inside the browser. To
support client-side execution of the project, an IFrame is instantiated with custom APIs,
which emulates packages support.

5.2.3 Mobile - Cordova

IFMLEdit.org features a model to text transformation targeting Mobile platforms. The
output of this transformation is a Cordova project following the MVVM design pat-
tern, similarly to the Web Client transformation. Each model to text rule generates a
subset of the folders and �les that constitute the project. Model rules generate constant
folders and �les (e.g., system folders, con�gurations �les, WebComponents initializa-
tion scripts, etc...) and textual �les containing sample data collections for �lling the
interface with content (repositories). Element rules generate the source code of Web
Component [31] composed of a viewmodel (JavaScript code) and of a view (HTML
template). Web components of nested IFML elements (e.g, nested ViewContainers and
ViewComponents within ViewContainers) are connected by simple inclusion of the
child in the parent view. This model to text transformations consist of 10 rules.

The generated project can be downloaded as a zip �le or run inside the browser.
To support client-side execution of the project, an IFrame is instantiated with custom
APIs, which emulates packages support and device speci�c resources and functionali-
ties which are not available in a desktop browser.
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5.2.4 Mobile - Flutter

IFMLEdit.org features another model to text transformation targeting Mobile plat-
forms. The output of this transformation is a Flutter [15] following the Reactive princi-
ples of the target framework. Each model to text rule generates a subset of the folders
and �les that constitute the project. Model rules generate constant folders and �les (e.g.,
system folders, con�gurations �les, main application scaffolding, etc...) and textual
�les containing sample data collections for �lling the interface with content (reposito-
ries). Element rules generate the source code of Flutter Widgets [15] (Dart [11] code).
Widgets of nested IFML elements (e.g, nested ViewContainers and ViewComponents
within ViewContainers) are connected by simple inclusion of the child widget in the
parent layout tree. This model to text transformations consist of 10 rules.

The generated project can be downloaded as a zip �le. IFMLEdit.org does not pro-
vide emulation support for this generator due to the impossibility to directly execute
the generated code in a JavaScript sandbox.
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CHAPTER6
Seamless Model and Text Co-Evolution

6.1 Introduction

Model Driven Development (MDD) is the branch of software engineering that advo-
cates the use ofmodels, i.e., abstract representations of a system, and ofmodel transfor-
mationsas key ingredients of software development. Developers use a general purpose
(e.g. UML [30]) or domain speci�c (e.g. IFML [114]) modeling language to spec-
ify systems under one or more perspectives, and employ (or build) suitable chains of
transformations, to re�ne the models into a �nal product (e.g., executable code).

Abstraction is the most important aspect of MDD. It enables developers to validate
high level concepts and introduce low-level details at later stages in the process. In the
forward engineeringapproach [51, 116, 126], details are introduced via model trans-
formations, which iteratively re�ne the model, eventually getting to the �nal product.
After a model change, the process is reiterated to produce a new version. Model to
Model (M2M) and Model to Text (M2T) transformations are exploited to achieve this
goal.

In this chapter we focus on transformations that re�ne a platform-independent model
by introducing details speci�c for a target platform (e.g., system, implementation or
rendition languages). This specialization is obtained via M2T transformations having
a high-level meta-model as the source and a platform speci�c meta-model as the tar-
get. An example is a M2T transformation that maps a state machine representing GUI
interactions to the source code of a speci�c GUI framework.

The source meta-model may not contain enough information to drive the production
of a unique output, due to its abstraction level that omits details of secondary impor-
tance. A pure forward engineering approach requires such unknowns to be solved by
enhancing both the source meta-model and the transformations, to remove uncertainties
and maintain a unidirectional �ow from model to code. However, such an approach can
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lead to loss of abstraction in the source model and diminishes the bene�ts of the MDD
methodology. User Interfaces (UI), and in particular web based ones, are a relevant
example of this situation; model abstraction enables reasoning about the organization
of the front-end and about the essential interactions, regardless of presentation details;
however, the latter aspects, such as content layout, fonts, colors, or gestures, must be
addressed after the core GUI design is complete, because their quality greatly in�u-
ences the �nal user experience.

For transformations to generate speci�c features of the output not inferable from
the input model,template-basedapproaches can be used [116]; commercial tools (e.g.
WebRatio [32], Mendix [19], Outsystems [21] and Zoho Creator [34]) require develop-
ers to annotate high-level models with ad hoc attributes, so that the M2T transforma-
tion can select the proper implementation template and create the desired output. This
approach has been successfully adopted in the industry, but introduces an additional
source of complexity: the construction of templates could demand more work than
the manual coding of the �nal artifact, especially for applications with very speci�c
low-level requirements.

The alternative approach to the use of template-based transformations is to exploit
MDD tools for the creation of the �rst prototype of the application, which is then ex-
tended manually to incorporate the aspects abstracted by the input model and by the
transformations that apply to it. The obvious downside of this method is the misalign-
ment between the model and the code, which hinders the use of transformations in the
whole life-cycle of the application.

In this chapter, we concentrate on the development of projects involving MDD tool
chains, with particular attention to the problem of co-evolving the model and the code.
We propose a work-�ow, based on well established developer-centric tools and method-
ologies, whereby MDD tools and developers are considered as equals and can both
update the source code of the application, in a way that preserves the modi�cations
introduced by both human and automated developers.

The contributions of this chapter can be summarized as follows:

• We propose amodel and code co-evolutionwork-�ow, which considers an MDD
tool as aVirtual Developer, who works together with human developers seam-
lessly. The work-�ow captures the similarities between distributed development
and model and code co-evolution and helps resolve con�icts between the code
produced by human developers and by MDD tools, in a general way that does not
depend on the speci�c characteristics of the model transformation frameworks.

• We formalize the notion of con�icts between the manually and automatically cre-
ated revisions of the source code and propose two strategies to address them: a
resolution strategyexploits the functionality of common Version Control Systems
(VCSs) to identify collisions and either solve them automatically or point them
out to the developer for manual resolution; aprevention strategyformulates a few,
simple rules for the design of code generators, which reduce the occurrence of
unnecessary con�icts substantially.

• We provide a reference implementation of a MDD tool-chain (called ALMoST-
Git [4]) that supports the proposed model and code co-evolution process, built on
top of the popular Git [16] VCS.
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6.1. Introduction

• We evaluate the impact of the proposed model and code co-evolution process,
under two viewpoints:

– We develop two use-case applications, limited in size but realistic in the tech-
nical requirements, in four ways: with the proposed model and code co-
evolution process and with a template-based forward engineering process,
with two different MDD platforms: a prototyping tool (IFMLEdit.org [44])
and an industrial tool (WebRatio [32]). The comparison focuses on the amount
of work required to integrate the manually developed features into the MDD
model-and-generate loop and its impact on the total development effort. The
assessment shows that in IFMLEdit.org model and code co-evolution pro-
cess requires, in the worst case scenario,83% less code updates and impacts
84% less lines than the template based approach, which leads to27% less
code updates and27% impacted less lines during the whole application de-
velopment; in WebRatio model and code co-evolution process requires, in the
worst case scenario,80% less code updates and impacts95% less lines than
the template based approach, which leads to45% less code updates and38%
impacted less lines during the whole application development.

– We evaluate the utility of the proposed con�ict prevention strategy by re-
implementing the code generator of IFMLEdit.org, so to incorporate the de-
sign guidelines; the improved version provides a further reduction of the in-
tegration work with respect to the original IFMLEdit.org implementation: in
the worst case scenario,60% less code updates impacting27% less lines of
code than the original code generator without the con�ict prevention rules,
which leads to a reduction of7% of the total development effort.

The rest of the chapter is organized as follows: Section 6.2 surveys the relevant litera-
ture on model-to-text transformations and the status of the practice in Version Control
Systems for distributed development. Section 6.3 discusses the work-�ow that allows
developers and MDD tool-chains to work together, by co-evolving the code-base of a
software project. Section 6.4 focuses on the critical aspect of the work-�ow introduced
in Section 6.3: the management of con�icts between manually programmed and au-
tomatically generated code; it shows how the proposed work-�ow can accommodate
industry standard MDD practices, such as template-based forward engineering and the
use of protected areas, but can also enable less constrained, semi-automatic procedures
for integrating the manually developed features into the MDD mode-and-generate loop.
Section 6.5 presents simple guidelines for the design of model transformations that aim
at reducing the need of manual intervention during con�ict resolution between manu-
ally programmed and automatically generated code. Section 6.6 present an open-source
implementation of the proposed approach, obtained by integrating the IFMLEdit.org
MDD environment and the the Git Version Control System. To show the generality
of the proposed approach, a second implementation has been performed, integrating
Git with a commercial MDD tool (WebRatio). Section 6.7 evaluates the impact of the
proposed work-�ow during the development of two use cases with both the template-
based forward engineering process and the model and code co-evolution process; it also
assesses the effectiveness of the proposed transformation design guidelines.
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6.2 Background

The research problem tackled in this chapter is the integration between manually pro-
grammed and generated code, which are the two ingredients of applications developed
with MDD processes. The coexistence of the two types of code is unavoidable because
automatically generated code represents only a fraction of the application requirements
and thus the non-modeled aspects must be programmed manually and integrated in the
mode-and-generate cycle. All the integration approaches aim at promoting the man-
ually programmed code to a “higher” status, mapping it either into a template or into
a model feature. Such a promotion can be attained, or at least supported, with differ-
ent techniques: templatization, transformation inversion, and traceability links. After
promotion, the part of the application that was originally coded manually can be re-
generated automatically, with standard forward engineering.

The approach discussed in this chapter differs. No promotion is pursued: the gener-
ated and manual parts of the application are considered as having equal status and their
inconsistencies are resolved semi-automatically. In this way, the model can be evolved
and the code generated as if no manual modifications were necessary; the manual mod-
ifications, occurred in all the iterations of the project, are incorporated in the code
base seen by both the human programmers and by the MDD tools and automatically
“dragged” from one application version to the next.

The previous relevant work spans the following areas:

• Transformation evolution and maintenance: Model-to-text transformations are
at the base of MDD. Most transformation frameworks exploit a template-based ap-
proach [117], i.e., they rely on partially developed examples of the output, which
are incorporated during generation to produce the application code; this approach
guarantees the needed flexibility, to the price of the complexity entailed in the
creation and maintenance of templates [75, 117]. Relevant work concentrate on
simplifying transformation design and on supporting the extraction of templates
from reference implementations.

• Round-trip engineering and co-evolution Works in this category focus on the
identification, maintenance, and even inversion, of the links between the input and
the output of the transformation. Bidirectional approaches pursue the objective of
maintaining consistency between two or more artifacts, by propagating changes in
both the directions of a transformation. Traceability approaches aim at identifying
the derivation path from one artifact to another, supporting change impact analysis
and the back-propagation of properties from the code to the model.

6.2.1 Transformation Evolution and Maintenance

Various approaches and tools have been devised to enhance, or even to replace, M2T
transformations. Protected areas are a simple mechanism to integrate manually pro-
grammed and automatically generated code; they define portions of the application for
which the code is provided by the developer and is not overwritten by the code gener-
ator. For example, the industry standard transformation framework Acceleo [1] offers
protected areas as well identifiable safe islands of code, which are preserved between
executions of the model transformation.
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6.2. Background

In [48] the automatic production of code generators from interpreters has been pro-
posed to avoid the need of manually coding M2T transformations. In [102] an approach
is introduced that shows how modularization and dynamic invocation of templates can
simplify the maintenance of transformations.

The need of evolving transformations can arise from changes in both the source
meta-model and in the target technologies. In [86] an approach to simplify M2T trans-
formation evolution after a meta-model change is discussed. In [75] a survey of pos-
sible approaches to organize model transformations is conducted, analyzing the effects
of moving rapidly evolving aspects of the architecture from the M2M transformations
to the M2T transformations, and even outside the MDD work-flow into an abstraction
layer managed manually; the study focused on SQL queries.

The work [117] addresses the problem of template maintenance: the authors ac-
knowledge the complexity and overhead of template programming and explore a mech-
anism (called templatization) for automating the update of templates after changes in
the manually programmed code of the application from which the templates are ex-
tracted. The technique applies only to template maintenance, because the initial defi-
nition of the templates entails the design of their logic, a process which is difficult to
automate.

The above mentioned approaches exploit specific features of the input and output
meta-models and of the transformation infrastructure, to either simplify transformation
development or to support the promotion of manual code into generative templates; the
approach discussed in this chapter differs in that it is agnostic with respect to the in-
put and output languages and on the model transformation technologies and addresses
model and code co-evolution by relaxing the separation between the generated and the
manually programmed code, supporting the identification and resolution of inconsis-
tencies a posteriori, after each generation step.

6.2.2 Round trip engineering and model and code co-evolution

Round-trip engineering [37] refers to the capacity of synchronizing related software
artifacts, such as models and source code. Model and code co-evolution techniques
have been explored to support round-trip engineering.

The proposed approaches fall in two categories: bi-directional transformation and
trace-based techniques.

Bidirectional Transformations

Bidirectionality, in software development, aims at maintaining consistency among a
set of interdependent artifacts [77]. In MDD, bidirectional transformations support
reversing the mapping from a model to another model [85]; when applied between a
model and the code, they enable the automatic reconstruction or enrichment of model
features from source code.

In [36] a bidirectional M2T transformation approach based on Triple Graph Gram-
mar (TGG) is discussed. The Abstract Syntax Tree (AST) representation of the target
language is used in a bidirectional M2M transformation defined via TGG. The AST is
structured with particular attention to supporting extra chunks of text that can be intro-
duced during manual modifications, but are not directly managed by the transformation.
In general, addressing code-level changes by lifting them at the model level can reduce
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the complexity of modeling and transformation, at the cost of defining a parser specific
for the target language and a reverse mapping from low level code to the high level
concepts; this approach normally works well for a limited class of code-level patterns.

Traceability of model transformations

In MDD, methods based on traceability links enrich the model transformation frame-
work with additional information that relates source model elements to corresponding
target model elements [121,130,136]. This mechanism can be used to track the deriva-
tion of model element, for purposes such as debugging, testing and performance tuning
of model transformations. Traceability, when applied to a model-to-text transforma-
tion, can also support the analysis of the impact of a model update onto the generated
code and thus support the reconciliation between manually and automatically generated
code.

In [58] the authors integrate traceability links into an MDD code generation frame-
work, to better monitor non-functional requirements throughout the life-cycle of a
project. The idea is to exploit traceability links to enable the back-porting of the values
of non functional properties, evaluated on the source code, to the modeling level, so
that successive generations of the implementation can be checked for the preservation
of the desired code-level properties.

In [78] an approach is presented, based on a tracing framework for change retain-
ment, which helps tracing back code-level modifications to the model.

The recent work [63] pursues the goal of supporting collaborative MDD at both the
modeling and coding level; a trace-based approach is exploited to detect modifications
in both the model and the source code. After every update, a trace model is produced
and used to merge manual code changes into code produced from application models
and ensure that the shared code base reflect both model and manual code refinements.
The collaborative development environment can also detect violations, i.e., manual ed-
its of forbidden code segments, and signal them to the developers. The approach re-
quires an ad hoc template engine, capable of producing the needed trace models, and
limits the intervention of the programmers to fine-grained protected segments of the
source code.

Both bidirectional transformations and traceability systems are bound to the target
languages and transformation frameworks. The support of different languages or of
new features of a target language requires updating the transformation and tracking
chains.

The approach proposed in this chapter does not require the bidirectionality of the
transformation nor the maintenance of an ad hoc traceability framework and poses
minimal requirements on the collaborative development process, M2T transformation,
input and output languages. In Section 6.4 we discuss the advantages and drawbacks of
this approach w.r.t pure template-based MDD and show how the proposed work-flow
and tools can help integrate manually programmed and automatically generated code,
with no assumptions about the code organization and no dependency on the involved
tools and languages.
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6.2.3 Software merging and conflict resolution

Software merging is the process of integrating multiple versions of a system, by sup-
porting developers in doing changes to the code and removing inconsistencies. Merging
is managed by version control mechanisms, implemented by Version Control Systems
(VCS). These tools allow developers to work on private local copies of the code, which
are then reconciled to produce a new shared version. Merging and conflict resolution
procedures can be used to help integrate manually programmed and automatically gen-
erated code.

Merging techniques has been studied for a long time [111]. They can be grouped into
categories, with increasing conflict detection and resolution power but also complexity:
text-based approaches consider a software artifact as a plain file and apply merging at
the level of the individual lines of the text; syntactic techniques also consider the syn-
tax of the language and are able to avoid the production of unnecessary conflicts, e.g.,
those arising within comments; semantic techniques move a step forward by consider-
ing the semantics of the language, which enable the detection of conflicts that a purely
syntactic check would not identify; finally, an orthogonal category of approaches com-
prises operation-based techniques, which consider not only the artifacts but also the
operations made by developers on them.

For the evaluation of the impact of the proposed model and code co-evolution work-
flow, which detects the conflicts between the code created manually and that generated
by the MDD tool chain, we have integrated two MDD environments with the popu-
lar Git VCS, which uses standard text-based, line-level merging. Even with such a
basic technique, which cannot resolve all conflicts, promising results are achieved: in
Section 6.7 we show that the number of conflicts that require human intervention to
integrate manually programmed code and automatically generated code is less than the
number of changes at the model transformation level needed to incorporate the man-
ually programmed features into templates of the code generator. Since the proposed
approach is orthogonal to the conflict detection and resolution methods, it is possible
to integrate it with more sophisticated merge algorithms, such as fine grained/language
specific [48] automatic resolution technique, leaving the manual intervention of the
developer as a fall-back.

6.3 Approach

In this Section we first analyze how the software developers’ community deals with
parallel development of software features (Section 6.3.1), then we show similarities
and differences between parallel development and model and code co-evolution (Sec-
tion 6.3.2), and finally we propose a solution to apply the parallel development method-
ologies to the co-evolution of model and code, by treating the MDD tool-chain as yet
another developer in the team (Section 6.3.3).

Before proceeding, we introduce the concepts and notations used in the rest of the
paper.

• Developer: Di denotes the i-th member of the development team.

• Local/central code base: Ci denotes the version of the code-base edited by de-
veloper Di. CC identifies the central code-base shared among developers.
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• Revision: Ri,j denotes the j-th revision of code-base Ci; it is the full textual arti-
fact stored in Ci at a particular point in time. RC,j denotes a revision in the central
code base.

• Equivalence: Two revisions Ri,j and Rm,n are equivalent, if the content of the
textual artifact stored in them is the same.

• Difference: the difference Ri,j � Rm,n of two revisions is the set of changes that
need to be applied to Rm,n to produce Ri,j .

• Delta: the delta introduced by Ri,j (�i,j = Ri,j�Ri,j�1) is the difference between
Ri,j and the previous revision Ri,j�1.

• Conflict: let n be the number of revisions in the central code-base CC ; a revision
Ri,j is said to be in conflict with CC if Ri,j�1 in not equivalent to RC,n, or if j is
equal to 1. In other terms, a conflict signals that a new revision has been produced
starting from a newly initialized code-base or from a version different from the
last one consolidated in the central code base.

• Submission: let n be the number of revisions in the central code-base CC ; the
submission Ri,j ! CC is the act of creating a shared revision RC,n+1 in CC which
is equivalent to the local revision Ri,j . A submission is always performed from
a local code-base Ci to the central code-base CC . If Ri,j is not in conflict with
CC , the submission Ri,j ! CC generates RC,n+1, in such a way that �C,n+1 is
equivalent to �i,j . Note that Ri,j is equivalent to RC,n+1, by the definition of
submission, and Ri,j�1 is equivalent to RC,n, by the definition of conflict. The
submission of a non-conflicting revision Ri,j is always accepted. Conversely, the
submission of a revision in conflict is by default rejected, to avoid the possible
loss of local changes and prompt the developer to solve the conflict. A conflicting
submission can be forced, overriding the default.

• Conflict Resolution: Let n and m be the number of revisions in the local code-
base Ci and in the shared code-base CC respectively; the conflict resolution RC,m 7! Ci

is the act of creating a (local) revision Ri,n+1 based on both RC,m and Ri,n. Note
that Ri,n+1 may be equivalent neither to RC,m nor to Ri,n. The objective of con-
flict resolution is to enable a submission from a developer even if he has worked
on a version that is out of synch with respect to the central code base. Solving a
conflict between RC,m and Ci allows a submission Ri,n+1 ! CC to be performed,
even if Ri,n ! CC was previously rejected due to a conflict.
When a revision Ri,n is in conflict with CC the developer can solve the conflict
by generating a new revision Ri,n+1. Performing the operation on Ci instead of
CC allows other developers to continue their work without interference. After the
resolution is performed, the developer can submit Ri,n+1 to CC . More than one
conflict resolution step may be needed if CC gets concurrently updated during the
development process.

• We refer to a revision of the code-base that results from a manual change as RM
i,j

(manual revision), to a revision containing generated artifacts as RG
i,j (generated

revision), and to a revision that results from conflict resolution as RR
i,j (resolution

revision).
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6.3.1 Parallel & Distributed Development

During day to day operations, teams must deal with the problem of parallel devel-
opment, whereby different subjects introduce distinct new features into the code-base
independently. A common development work-flow on an ongoing version of a system
is the following:
Work-flow: development without conflicts

1. Developer D1 starts the current development sprint with an empty local code base
C1.

2. She aligns to the current status of the project by initializing her local copy C1 to
contain n revisions imported from the central code base (R1,j = RC,j) 8j2f1..ng.

3. She introduces a new feature by applying changes on top of R1,n, creating a new
revision RM

1,n+1.

4. She makes a submission to the central code-base generating a new revision: RM
1,n+1 !

CC = RM
C,n+1. RM

C,n+1 is accepted, because RC,n = R1,n.

5. She deletes her local copy of the code-base C1 returning to the initial state. Her
work is safely stored in CC .

After such a work-flow, the revision history shown in Figure 6.1 is achieved.

Figure 6.1: Development without conflicts

When two developers D1 and D2 work in parallel on the same system, the work-flow
may look like the following:
Work-flow: development with conflict

1. Developers D1 and D2 create their local copy C1 and C2 of the code-base from
the current content of the central code base CC , which comprises n revisions; then
8j2f1..ngR1,j = RC,j = R2,j .

2. D1 introduces a new feature by applying changes to R1,n, creating a new revision
RM

1,n+1.

3. At the same time and independently D2 introduces another feature, by applying
changes on top of R2,n, creating a new revision RM

2,n+1.

4. D1 submits RM
1,n+1 to the central code-base generating a new revision RM

1,n+1 !
CC = RM

C,n+1. RM
C,n+1 is accepted because RC,n = R1,n.
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5. D1 deletes her local copy of the code-base C1 returning to the initial state. Her
work is safely stored in CC .

6. D2 tries to submit RM
2,n+1 to the centralized code-base. The operation is rejected

because RM
2,n+1 creates a conflict with CC .

7. D2 performs conflict resolution between RM
2,n+1 and CC : RM

C,n+1 7! C2; this step
generates a new local revision RR

2,n+2, which integrates the feature locally devel-
oped by D2 and the current state of the central code base (which, in this case,
comprises the feature developed and submitted by D1).

8. D2 submits RR
2,n+2 to the centralized code-base RR

2,n+2 ! CC ; the submission now
is accepted because RR

2,n+2 is the result of the conflict resolution RC,n+1 7! C2.
This step produces a new shared revision RR

C,n+2.

9. D2 deletes her local copy of the code-base C2 returning to the initial state. Her
work is safely stored in CC .

After such a work-flow, the revision history shown in Figure 6.2 is achieved.

Figure 6.2: Development with conflicts

This approach can scale to a large number of developers who, before submitting their
revision to the central code-base, are responsible to ensure that conflicts are resolved.

6.3.2 Model and Code Co-Evolution

In MDD, model-to-text transformations produce textual artifacts (e.g., code, config-
uration files, documentation, . . . ) from models. By allowing manual editing on the
generated output, it is possible to introduce conflicts with subsequent transformation
executions that start from an evolved version of the model. A naïve approach to the
resolution of such conflicts is the one realized by the following work-flow:
Work-flow: development with naïve conflict management

1. Development starts with a phase of modeling and code generation. Thus, the
central code-base initially contains a single revision RG

C,1 which is the result of
the first execution of the transformation.
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2. Developer D1 creates a local copy C1 of the code-base CC , which contains one
revision. RG

1,1 = RG
C,1

3. She introduces a manual change on top of RG
1,1 producing a new revision RM

1,2;

4. She performs a submission to the centralized code-base RM
1,2 ! CC . The new

revision RM
C,2. is accepted because RC,1 = R1,1.

5. She deletes her local copy of the code-base C1 returning to the initial state. Her
work is safely stored in CC .

6. She evolves the original model and is ready to execute the transformation again.

7. She executes the transformation and stores the result into an a new empty code-
base C1 initializing it with the new purely generated revision RG

1,1 (different from
RG

C,1), which reflects the current state of the model at the code level. Note that
manual modifications of the code introduced at step 3 are not reflected in the
newly initialized local code-base, because the code generator is blind to manual
modifications and would overwrite them anyway.

8. She tries to submit RG
1,1 to the centralized code-base. The operation is rejected be-

cause RG
1,1 is in conflict with CC ; rejection occurs due to the way code generation

works: C1 contains just one revision, generated from the current model, and is not
created by evolving a preceding shared revision stored in the central code base.

9. She solves the conflict between RG
1,1 and CC generating an updated local copy that

reconciles the manual changes stored in the central code-base and the new code
generated after the model update (RM

C,2 7! C1 = RR
1,2).

10. She submits the new revision to the centralized code-base generating a new revi-
sion RR

1,2 ! CC = RR
C,3. The submission is accepted because RR

1,2 is the result of
the conflict resolution RM

C,2 7! C1.

11. She deletes her local copy of the code-base C1 returning to the initial state. Her
work is safely stored in CC .

After such a work-flow, the revision history shown in Figure 6.3 is achieved.

Figure 6.3: Development with naïve conflict management

95



i
i

“output” — 2019/1/29 — 19:39 — page 96 — #108 i
i

i
i

i
i

Chapter 6. Seamless Model and Text Co-Evolution

6.3.3 The Virtual Developer

The developer D2 in Section 6.3.1 works on an outdated version of the code-base (see
step 3 and 6 of the parallel work-flow illustrated in figure 6.2), which requires the
conflict to be solved. The model-to-text transformation in Section 6.3.2 generates a
revision RG

1,1 (see step 7 and 8 of the work-flow illustrated in figure 6.3) in conflict
with the central code base due to the previous manual update of the generated code.
These two scenarios are different with respect to the agent whose changes generate the
conflict, but in both cases the evolution of the textual artifact follows a similar path.

In the work-flow of figure 6.3, after a model update, the newly generated revision
RG

1,1 (created at step 7) is used to initialize the local code-base C1 afresh; this procedure
is due to the fact that the model-to-text transformation does not proceed by evolving
the code-base incrementally, as real developers do, but always regenerates the whole
textual artifact from scratch. At every model transformation step, it would be as if an
update on the entire artifact is checked in to the repository regardless of the past history
of the code.

To make the behavior of the code generator more similar to that of the human de-
veloper, redundant information can be inserted in the code base history, simulating the
incremental production of code by the model transformation. Figure 6.4 shows the re-
sult of such an approach: the work-flow is equivalent to the one of figure 6.4, but with
redundant information; at each model update and code generation step, the developer
creates a fresh local copy C1 of the code-base CC , up to the latest generated revision
RG

1,1 = RG
C,1, before overwriting it with the new generated revision RG

1,2.

Figure 6.4: Work-flow with redundant information to compute the delta after model update and code
generation

The initialization of the local code base with the latest generated revision before a
code generation step makes it possible to compute the delta �G

1,2 introduced by RG
1,2.

Even though the model-to-text transformation overwrites the entire artifact, �G
1,2 singles

out exactly the incremental changes that the model-to-text transformation induces over
the previously generated revision RG

1,1 after the model update. Besides the difference in
the initialization of the code base, the manual and automatic generation of the artifacts
now follow the same path, as visible by comparing the work-flow of figure 6.2 and
figure 6.4. Revisions RM

2,n+1, of figure 6.2, and RG
1,2, of figure 6.4, are comparable: both

generate a delta (�M
2,n+1 and �G

1,2 respectively), which embodies the changes w.r.t. a
preceding revision (RM

2,n and RG
1,1) in an outdated code-base (C2 and C1 respectively)

generating a conflict with CC .
Given such similarity, a model-to-text transformation can be considered as a Virtual

Developer, who always generates a conflict with the shared code base CC . Treating
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the model-to-text transformation as an additional developer potentially simplifies the
management of manual updates in the forward engineering MDD life cycle. Tools and
methodologies that are normally applied for conflict resolution among developers can
be applied to both human and virtual developers. Multiple human developers and a
single Virtual developer can work in parallel, in a work-flow such as the following:
Work-flow: the Virtual Developer

1. CC contains n revisions, the latest revision RG
C,n is generated.

2. A human developer DH creates a local copy CH of the code-base CC . 8j2f1..ng(RH,j =
RC,j)

3. DH introduces a new feature by applying changes to RG
H,n, creating a new revision

RM
H,n+1.

4. DH submits the new revision to the centralized code-base generating a new revi-
sion RM

H,n+1 ! CC = RM
C,n+1. The submission is accepted because RC,n = RH,n.

5. DH deletes her local copy of the code-base CH returning to the initial state. Her
work is safely stored in CC .

6. The model is updated and the transformation is ready to be executed.

7. The Virtual Developer DV creates a local copy CV of the code-base CC up to
the latest generated revision: 8j2f1..kg(RV ,j = RC,j), where k is the index of the
last generated revision (k = n in the current example). In this way, the Virtual
Developer aligns its local code base to the status that reflects the previous version
of the model.

8. DV executes the transformation and stores the result into CV generating a new
revision RG

V ,n+1, which is a replacement of the entire textual artifact.

9. DV tries to submit RG
V ,n+1 to the centralized code-base. The operation is rejected

because RG
V ,n is not equivalent to RM

C,n+1, due to the intervening manual update of
DH .

10. DV solves the conflict between RM
C,n+1 and CV generating RM

C,n+1 7! CV =

RR
V ,n+2. In this step, the �G

V ,n+1 is used to identify the modifications introduced by
the latest round of code generation, which simplifies, and even automates in some
cases, the identification and resolution of collisions with the manual modifications
of the code, as explained in Section 6.4

11. In order to safely store the latest generated revision in the central code base for
future alignment, DV forces the submission of RG

V ,n+1 to CC , generating RG
C,n+2.

12. DV submits the conflict resolution RR
V ,n+2 to the central code-base, generating

a new shared revision RR
V ,n+2 ! CC = RR

C,n+3. The submission is accepted
because RG

C,n+2 is equivalent to RG
V ,n+1. It is important to notice that �C,n+3 is

identical to �V ,n+2, due to the previous forced submission, which saved in the
central code base also the latest generated revision.
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Figure 6.5: Work-flow with the Virtual Developer; the revision history contains redundant information.

13. DV deletes its local copy of the code-base CV returning to the initial state. Its
work is safely stored in CC .

Figure 6.5 shows the revision history that results from considering the model-to-text
transformation as a Virtual Developer. The central code-base now contains a twofold
sequence of revisions: automatically generated (RG

C,j) and conflict-resolved (RR
C,j+1).

The human developer always updates the latest revision, whereas the Virtual Developer
is always out-of-sync and applies changes on the latest generated revision RG

C,j .
The organization of the work-flow of human and virtual developers described so far

relies on three assumptions:

1. The work-flow contains at least one manual update by the human developer.

2. The work-flow contains at most one Virtual Developer. Parallel model updates
and executions of the model-to-text transformations by multiple virtual developers
require conflict resolution also between generated revisions; after conflict resolu-
tion, the i-th Virtual Developer would see a local code base containing a revision
that mixes changes introduced by both human and other virtual developers. Par-
allel model updates would introduce different versions of the model at the same
time. To cope with such a situation, the i-th Virtual Developer should check the
central code base for the existence of a generated revision successive the one used
to initialize its local code base at the previous code generation step. In this case,
it should restart its work-flow assuming the last shared generated revision RG

C,n+k

as the starting point.

3. The conflict resolution step, such as step 10 of the work-flow in figure 6.5 is
executed atomically, i.e., no manual revision intervene in CC during a conflict res-
olution step. This assumption can be relaxed by starting a new conflict resolution
step if a new manual revision is submitted to the central code-base in parallel to a
conflict resolution step.

6.4 Automating conflict resolution

A key aspect of the work-flow proposed in Section 6.3.3 is conflict resolution. Based on
the definition of conflict introduced in Section 6.3, conflict resolution is any automated,
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semi-automatic, or manual procedure that takes in input the history of the code-base CC

up to latest manual revision and of CV up to the latest generated revision and produces
a new revision that integrates the newly generated version with all the previous manual
modifications.

Purely manual approaches to the resolution of conflicts are impractical, as they can-
not scale with the size of the code-base, requiring manual inspection of the entire ar-
tifact, or of a large portion thereof, after each model-to-text transformation. In this
Section, first we show how the proposed work-flow can accommodate, with appropri-
ate conflict resolution procedures, industry-standard approaches such as template-based
forward engineering and protected areas; then, we show how the revision deltas can be
exploited to relax the constraints of code generation with template-based transforma-
tions and with protected areas.

6.4.1 Template-based forward engineering

Template-based forward engineering incorporates all possible customizations of the
output in templates, which the generator exploits to produce the code. No manual
modifications on the generated code are allowed; if the application requires specific
features not captured by the abstract model and by the current code generation rules,
these must be provided to the generator in the form of new templates.

In a template-based work-flow, after each model change, the entire artifact is regen-
erated and used to replace the previous version: the revision produced by the conflict
resolution RM

C,n+1 7! CV = RR
V ,n+2 is always equivalent to RG

V ,n+1, i.e., manual changes
introduced in the code-base CC are ignored.

While conflict resolution can be completely automated and no human intervention
is required, the price to pay is the need of creating and maintaining templates, a task
that requires a kind of meta-programming, i.e., the programming of partial examples
and code skeletons that the generator must fill-in to produce the executable code. This
effort requires non-standard programming skills and is tied to the specificities of the
MDD tool.

6.4.2 Protected areas

In template-based forward engineering, manual modifications are lifted at the level of
code generation rules and the update of the generated code is disallowed. Instead,
with protected areas, manual changes are confined to special portions of the project.
Protected areas are defined with tool-specific techniques, compatible with the target
language, to single out regions of the code that the generator cannot overwrite. With
protected areas, conflict resolution can be automated, by using the content of revision
RG

V ,n+1 as the base artifact to build RR
V ,n+2. Each area is identified by a unique signa-

ture, preserved between successive executions of the model-to-text transformation. If
an area is present in both RM

C,n+1 and RG
V ,n+1, its content is extracted from the central

code base RM
C,n+1 and inserted into the matching protected area of the local revision

RR
V ,n+2, possibly replacing the generated code. If an area is present in RM

C,n+1, but not
in RG

V ,n+1, e.g., due to the cancellation of the part of the model that contained it, its
content is not reinstalled in RG

V ,n+2.
With protected areas, no back-porting of features into templates is needed; but the
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aspects where human intervention is required must be effectively separable from the
rest of the code, an assumption that is hardly verified in modern web and mobile appli-
cations, where the presentation is still entangled with the structure of the front-end and
new non-functional requirements are frequently introduced during the project lifetime.

Another assumption of protected areas is the possibility of storing the signature of
an area inside the code. Various tools exploit features of the target language, such as
comments. The following example shows the use of comments to delimit the portion
of the code inserted by the developer. Such language features are generally available,

1 /**
2 * @param driver
3 * @return
4 */
5 public Boolean canDrive(Person driver) {
6 // Start of user code for operation canDrive
7 // TODO should be implemented
8 return null;
9 // End of user code

10 }

1 /**
2 * @param driver
3 * @return
4 */
5 public Boolean canDrive(Person driver) {
6 // Start of user code for operation canDrive
7 return driver.hasLicence();
8 // End of user code
9 }

but this assumption makes protected areas language-dependent.

6.4.3 Exploiting deltas

The focus of this chapter is to relax the assumptions of MDD based on templates and
protected areas, to support the resolution of conflicts between manually and automati-
cally produced code in a broader spectrum of situations. By exploiting the redundant
information stored in the history of revisions, it is possible to integrate manual changes
in the MDD loop, limiting human intervention just to those cases in which a conflict
resolution strategy cannot be inferred.

At any given point in the history of a project, the shared code-base CC and the local
code base of the Virtual Developer CV may have diverged, due to the introduction of
updates by human developers; however, thanks to the way in which the work-flow is
managed, the two code-bases have an equivalent history up to the revisions RG

C,n and
RG

V ,n (see step 7 of the work-flow depicted in Figure 6.5). These revisions contain the
latest shared output of the model-to-text transformation.

After such “synchronization point”, the centrally shared delta �M
C,n+1 contains all

the changes introduced by human developers posterior to RG
C,n and the local delta
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�G
V ,n+1 contains all the changes introduced by the Virtual Developer in the last (yet

not shared) execution of the model-to-text transformation. It is precisely in those two
deltas that the interference between the automatically generated and the manually writ-
ten code must be identified and resolved.

To support the resolution of a conflict, each delta must be decomposed into the
individual changes it contains. The following definitions characterize the content of a
delta:

• Line: a tuple consisting of a unique identifier, a content and a position.

• Artifact: an ordered set of lines.

• Atomic update: an elementary modification of the artifact. Allowed atomic up-
dates are:

1. Insertion: creation of a new line with given content at a position successive
to an existing line or at the beginning of the artifact. The position of the lines
located after the new line are incremented.

2. Deletion: the removal of a line, with the consequent decrement of all the lines
positioned after it.

• Update: a set of atomic updates affecting distinct lines at consecutive positions.

• Collision: two updates ui and uj are in collision if there exist an atomic update
ai 2 ui and an atomic update aj 2 uj affecting the same line.

• Update Graph: an undirected graph (henceforth denoted by U ) in which vertexes
are updates and edges, if present, denote the collision between them.

• Collision Group: a collision group is a connected component of the update graph
having size greater than one, i.e., comprising at least one collision. An update
graph with no collision groups is called a Collision-free graph (henceforth de-
noted by UF ); the updates contained in a collision-free graph can be applied inde-
pendently. An update graph with at least one collision group is called a Colliding
graph (henceforth denoted by UC); the updates contained in a colliding graph
cannot be applied independently, requiring collision resolution.

• Collision Resolution: a procedure that takes in input a colliding graph UC and
produces in output a new collision free graph UF .

Conflict resolution can be achieved with the following steps:

1. �M
C,n+1 is decomposed into its constituent (collision-free) updates UM

F .

2. �G
V ,n+1 is decomposed into its constituent (collision-free) updates UG

F .

3. The conflict resolution update graph UR is formed, which contains both the up-
dates of both UM

F and UG
F .

4. If UR is a collision free graph, we can define UR
F = UR. Otherwise, if UR is a

colliding graph, collision resolution is applied, so to create a new collision-free
graph UR

F .
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5. The updates in UR
F , which are guaranteed non to collide, are applied to RG

V ,n+1

generating RR
V ,n+2.

The above mentioned steps are supported in all industry standard VCSs: they automat-
ically identify the set U , by decomposing �M

C,n+1 and �G
V ,n+1, automatically produce

RR
V ,n+2, if no collision groups are identified, or support the developer during collision

resolution, if one or more collision groups are identified.
Different VCSs, or the same VCS with different configurations, may decompose

�M
C,n+1 and �G

V ,n+1 into different, yet equivalent, update sets.

6.5 Guidelines for the design of transformation rules

The effort of human intervention in the conflict resolution phase is proportional to the
number of collision groups. Supposing that all the changes made by the human devel-
opers are needed, the delta �M

C,n+1 cannot be reduced. The only way to reduce human
intervention during conflicts resolution is to reduce the number of collision groups.
This goal can be accomplished in two ways:

• By enforcing separation of concerns between human and virtual developers at file
and even at line level.

• By decreasing the size of �G
V ,n+1 improving the design of model-to-text transfor-

mations.

As an aside, we present a use-case for collisions, which makes them a useful addition
to the work-flow, as guards against changes with undesired collateral effects.

6.5.1 Separation of concerns

The possibility of identifying lines, areas, or entire files that are pure responsibility of
the Virtual Developer or of the human developers can reduce the number of colliding
updates.

Parts of the artifact that are meant to be edited only by human developers may be
generated by the model-to-text transformation, e.g., as code skeletons to enable the
execution of a prototype. Such mock-ups should be generated following a fixed and
recognizable template, so that the changes to their content appears only in manual revi-
sions �M

C,n+1. They are introduced and deleted in generated revisions and edited only
in manual revisions, thus the resolution of the conflict they produce can be automated.

Separation of concerns can be pushed to the level of groups of lines or even of indi-
vidual lines. Lines that are responsibility of both the human and the virtual developer
should be split, exploiting language invariance rules. Line splitting is particularly rele-
vant in the MDD of Web and mobile GUIs, based on HTML and CSS. HTML whites-
pace invariability can be exploited to achieve line-level separation of concerns. HTML
tags can be split from a single line to multiple lines containing different attributes. At-

1 <span class="title" data-bind="text: item()['content']" ></span>

tributes related to styling, which is typically not modeled and thus responsibility of the
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human developer, can be separated from attributes related to functional aspects or to
data binding, which are typically modeled and thus responsibility of the Virtual Devel-
oper.

For example, the following HTML fragment could be generated to display a piece
of content.

1 <span class="title"
2 data-bind="text: item()['content']" >
3 </span>

To improve the user interface, the human developer may change the class attribute,
e.g., adding a custom class. After a change in the model, the Virtual Developer regen-

1 <span class="title beautiful"
2 data-bind="text: item()['content']">
3 </span>

erates the code. For example, the data-bind attribute could be updated in order to add
custom behavior in response to a user click on the span.

1 <span class="title"
2 data-bind="text: item()['content'], click: $parent.select">
3 </span>

When the two changes are merged, updates on the class and on the data-bind at-
tribute are separated, collisions are prevented, and no human intervention is required
for conflict resolution.

6.5.2 Reducing the size of changes

Reducing the number of lines modified by the code generator decreases the likelihood
of collisions. Simple design guidelines help building model-to-text transformations that
do not introduce unnecessary changes.

• Avoiding non-determinism: the transformation should produce always the same
output (source code) from a given input (the model of the system); non-determinism
in the code generation may produce (unnecessary) inconsistencies even between
the code generated by two runs of the transformation on the same input model.
Non-deterministic effects typically stem from the non-deterministic iteration over
model elements during code generation. A simple design rule is to make the trans-
formation exploit a fixed criterion for model navigation, even if such criterion is
not part of the modeling language definition. For example a model-to-text trans-
formation generating code from an IFML DataFlow model element can generate
different artifacts depending on the order in which the parameter bindings are tra-
versed. For example, the following JavaScript code could be produced from an
IFML data flow associated with two parameter bindings denoting the title and the
author of a song. If the order in which the parameter binding sub-elements of the
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1 <span class="title beautiful"
2 data-bind="text: item()['content'], click: $parent.select">
3 </span>

1 var packet = {
2 'title' : data['song'],
3 'author' : data['author_name']
4 };

IFML data flow are traversed is not deterministic, the model-to-text transforma-
tion can produce inconsistencies even between the code generated by two runs of
the transformation on the same input model.

1 var packet = {
2 'author' : data['author_name'],
3 'title' : data['song']
4 };

• Avoiding dependency on non-semantic model features. Non-semantic aspects of
a model may comprise the internal IDs of the model elements, their position in
the model layout, etc; they may produce different outputs (source code) from in-
put models that are syntactically or visually different, but semantically equivalent.
For example, the model-to-text transformation could navigate the IFML View-
Components comprised within a ViewContainer element depending on the order
or position in which they are inserted in the diagram, which has no meaning in the
language. Supposing that the Question ViewComponent “comes before” the An-
swers ViewComponent within the Card ViewContainer (see the IFML model of
figure 6.6), the generated code would look like the following fragment. If the order
of the two ViewComponents is reversed, the IFML model has the same meaning
but the model-to-text transformation could produce different output.

6.5.3 Collisions that help

Not all collisions are harmful; some collisions may actually be artificially introduced
as guards against model changes with impacts on the manually written implementation
code. For example, the model may specify an abstract operation, listing its input and
output parameters; this specification dictates the prototype of the concrete implemen-
tation written by the human developer. In this case, the model-to-text transformation
can enrich with a comment the generated code, as shown below, specifying the ex-
pected inputs and output of an abstract operation, which is implemented by the human
developer.

By deleting such comments, the human developer introduces in its delta an update
that does not generate a collision with the delta of the code generator, which ignores the
human modifications and repeatedly generates the same comment lines and thus does
not introduce updates on them. Conversely, when the interface of the abstract operation
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1 <span>
2 <details-question params="context: context"></details-question>
3 <list-answers params="context: context"></list-answers>
4 </span>

1 <span>
2 <list-answers params="context: context"></list-answers>
3 <details-question params="context: context"></details-question>
4 </span>

is altered in the model, the delta introduced by the model-to-text transformation con-
tains a new update, which collides with the manual modification made by the human
developer, prompting her to update the code implementing the operation.

This approach can be considered as a kind of conditional protected area: manually
written code is preserved between generations while a condition persists; when the
condition fails, due to a model update, the work-flow calls for manual intervention.

6.6 Implementation

The approach to MDD described in the previous sections has been implemented and
evaluated with two different development environments: WebRatio [32], a product for
the development of industrial Web and mobile application, and IFMLEdit.org [44], an
open-source, on-line environment for the rapid prototyping of Web and mobile appli-
cations.

Given the open source nature of IFMLEdit.org, which enables the replacement of the
code generator, this tool has been also used for the evaluation of the proposed model
transformation design guidelines.

6.6.1 IFMLEdit.org

IFMLEdit.org (presented in Chapter 5) is an online environment for the specification of
IFML models and the generation of rapid prototypes of Web and mobile architectures.
In IFMLEdit.org, the model of the front-end is defined with IFML, the domain model

1 function run(parameters) {
2 // REMOVE THESE LINES START
3 // Inputs:
4 // - username
5 // - password
6 // Outputs:
7 // - user_id
8 // REMOVE THESE LINES END

9 return {
10 event: "event-id",
11 data: {}
12 };
13 }
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is inferred from the IFML diagram, and actions are treated as abstract black-boxes. The
tool supports the generation of prototypes, which can be evaluated directly in the tool,
via in-browser emulation, or downloaded as executable source code. The automatically
generated prototype is turned into a real application, by customizing the look & feel and
by replacing the mock-up data access and skeleton APIs calls with use-case specific
implementations.

The code generation framework

IFMLEdit.org is built on top of the ALMOsT.js (presented in Chapter 3) transformation
framework, which allows the developer to specify model transformations with a simple
rule-based extension of JavaScript. ALMOsT.js supports the construction of template-
based code generators, via the integration of templating languages, such as EJS [14].
A rule identifies a specific sub-structure in the input model graph (e.g., single model
elements, specific connections between elements, or global information) and generates
code from one or more templates. In the following example, the rule checks if the
IFML element is an Event and, in that case, calls an EJS template that generates the
corresponding HTML code.

1 createRule(
2 // Activation Function
3 function (element, model) { return model.isEvent(element) },
4 // Rule Body
5 function (event, model) {
6 var template = require('./templates/system-event-v.html.ejs');
7 return {
8 name: 'index.html',
9 content: template({event: event})

10 };
11 }
12 )

Structure of the generated code

IFMLEdit.org features a Web and a mobile code generator, both based on HTML, CSS
and JavaScript. The former produces a client-side application, which can be connected
to any preexisting REST service back-end. The latter produces a Cordova [9] appli-
cation. The generated JavaScript code follows the CommonJS [8] specification, an
approach to code modularization that, together with Asynchronous Module Definition
(AMD) [6], inspired the standardization of modules in ECMAScript 6 [13]. The gen-
erated HTML code is separated into components following the Web Components [31]
specification, an approach which inspired custom components in HTML5 [139].

6.6.2 WebRatio

WebRatio is an Eclipse-based commercial tool for the development of Web and mo-
bile applications. In WebRatio, the user interaction is defined via IFML, the domain
model via UML Class Diagrams (or Entity-Relationship) and the business logic via a
proprietary Action Definition Language inspired by WebML [60]. The tool enables the
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generation of the full code of the application at each model iteration, with a forward-
engineering approach. Details that cannot be modeled directly (e.g., UI look & feel,
application specific operations that implement IFML abstract Actions) are incorporated
using a template-based approach.

The code generation framework

The generated textual artifact can be customized via templates, programmed with the
Groovy scripting language. The code generator tackles templates selection thanks to
an extension of IFML, which allows the developer to tag each IFML element with the
custom template to use for code generation.

Structure of the generated code

WebRatio features both a Web and a mobile code generator. The former produces an
application based on Java, JSP, HTML, CSS and JavaScript. The latter produces a
Cordova [9] application based on HTML, CSS and JavaScript. In both cases, the gen-
erated code exploits APIs exposed by a custom runtime framework, which simplifies
the mapping between the IFML concepts and the runtime components that implement
them.

6.6.3 VCS integration

After a model update, the developer has to follow the work-flow described in Section
6.3 to produce a revision that incorporates the newly generated code and all the previous
manual changes. As a reference implementation for the proposed work-flow and con-
flict resolution techniques, we have developed ALMOsT-Git [4], a middleware system
that exposes the work-flow of the Virtual Developer and realizes its macro-operations
(such as code base initialization, submission, and conflict resolution), masking their
low-level implementation in the Git [16] VCS. In ALMOsT-Git the high-level concepts
introduced in Section 6.3 and 6.4.3 are mapped to concrete Git primitives as follow:

• code-bases are mapped to Git branches, i.e., parallel histories inside a single Git
repository. This enables the proposed work-flow to be followed by groups of de-
velopers sharing a central Git repository and also by individual developers identi-
fying a branch in their repository as the centralized code-base.

• revisions are mapped to Git commits.

• the act of copying the central code-base is mapped to the clone or branch Git
operations, depending on the location of the central code-base; the former in the
case of a centralized repository, the latter in the case of a local branch.

• submission is mapped to the Git push operation, which copies commits from the
current branch to another local or remote one. As in the proposed work-flow, the
push operation may fail if the latest commit in the remote branch (i.e., the HEAD
of the branch) is not identified in the local branch.

• collision resolution is mapped to the pull operation in Git, which can be configured
to try and resolve the conflict between the two branches and, in case of collisions,
to stop and ask the developer to solve them.
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ALMOsT-Git, given as input the location of the central repository and of the latest gen-
erated artifact, implements the work-flow of Section 6.3. It stops in case of collisions,
highlighting the affected lines in the source code and asking the developer to solve
them. When collision resolution is completed, the developer restarts the tool, which
resumes and completes the work-flow.

6.6.4 Case studies

The model and text co-evolution work-flow and the collision prevention guidelines have
been evaluated during the development of two use-case applications.

Both applications are sufficiently limited in size to be fully described, but feature non
trivial requirements: access to remote resources, use of the multimedia and hardware
capabilities of the device, and a customized presentation.

A Quiz Game

The use-case application is a mobile phone Quiz Game, designed to extend the play of
a real card game. The application requires interaction with the device camera, to scan
a QR code on a card of the real game, and with remote resources accessed through the
network, to download the questions and the correct answers.

The development, tracked in a public repository1, followed four sprints, each one
addressing new functionalities and/or non-functional requirements:

1. Proof of Concept. The first version allows the user to scan a QR code on a special
card of the real game, as required by the game rules. After scanning the QR
code, the game proposes the player a multi-choice question on a subject related to
the card (in the real game, water and energy conservation are the subjects of the
cards). Once the user selects an option, the application shows the correct answer
and returns to the initial state.

2. Styling and Explanation. A custom presentation style is applied to the user inter-
face, to give the application a professional look&feel. The application allows the
user to investigate the explanation relative to the correct answer for each proposed
question.

3. Secondary Game Mechanics. While the previous game mechanics remains avail-
able, a new one is introduced whereby the player can skip the QR scanning and
play in standalone mode, receiving a series of question of increasing difficulty.
The skill level of the player is tracked and questions are adjusted accordingly.

4. Internationalization. The game mechanics is kept unchanged, but the ability to
select the language is introduced.

The final IFML model for the application is visible in Figure 6.6. Figure 6.7 shows the
difference between the default UI generated by IFMLEdit.org and the final result. This
application has been released as part of the card game Funergy2.

1http://github.com/emanuele-falzone/almostjs-git-demo-game
2http://play.google.com/store/apps/details?id=com.eu.funergy
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