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Abstract Model-Based and Model-Driven Engineer-
ing provide systematic means to manage the complexity
of modern User Interface (UI) development by elevat-
ing models to first-class artifacts. Both approaches ex-
press multiple abstraction levels of the UI, while the lat-
ter uses model transformations to move between them.
Both ensure consistency, improve reusability, reduce cod-
ing effort, and strengthen traceability across levels. How-
ever, several challenges remain. This paper examines
the role of the Unified Modeling Language (UML) as a
foundational modeling framework for both approaches.
We show how UML can be used to (meta-)model pre-
sentational, behavioral, and interaction aspects across
various abstraction levels, from task and domain mod-
els, through abstract and concrete Ul specifications,
and down to final Uls. Forward engineering produces
Uls from models, reverse engineering recovers models
from existing Uls, and lateral engineering adapts them
to the context of use. Using a running example, we
compare Model-Based and Model-Driven Engineering
and derive some insights into the practical use of UML
to address recurring challenges in Ul development. We
further provide a comparative discussion of UML-based
approaches by reviewing existing work, namely UI De-
scription Languages (UIDLs) as domain-specific model-
ing notations for UI development. We identify open re-
search challenges that must be addressed to fully lever-
age UML as a comprehensive and standardized model-
ing and transformation framework for UI development.
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1 Introduction

When a designer, a developer, or any stakeholder [44]
is asked to name some models to characterize software
data, the answers come quickly and consistently: an
object-oriented model represented using a class diagram
of the Unified Modeling Language (UML) [54] or an
Entity-Relationship-Attribute (ERA) model. If the same
stakeholders are asked to identify a model that de-
scribes a process within a software system, they typ-
ically point to a UML activity diagram or to a Busi-
ness Process Model and Notation (BPMN) diagram.
However, when the question shifts to how user require-
ments can be modeled, they might mention a UML use
case diagram, but usually offer little more than that.
In this sense, the closer we move to the end user, the
less likely it becomes that practitioners can name a
well-established modeling notation or practice. Indeed,
when asked to name a model characterizing the User
Interface (UI) of a software system, most are unable
to mention a single one. Some may mention UI toolk-
its, Integrated Development Environments (IDEs), or
programming languages, but none of them truly cor-
respond to an established model-based approach to Ul
development or engineering.

This situation contrasts with the maturity of model-
ing practices for data, processes, and architectures. For
these aspects, standardized notations [60], metamod-
els and models [4], and development environments [25]
have been widely adopted [74]. In comparison, the UI,
despite being the primary interaction point between
users and software, has often remained outside this sys-
tematic modeling discipline, mainly because of its com-
plexity [73] that needs to be adapted to different users,
platforms, and environments. In many development set-
tings, it continues to be hand-coded or manually crafted,
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even when the rest of the system is engineered through
model-based or model-driven approaches.

Nevertheless, several initiatives, including both early
[70] and recent [42], have introduced structured mod-
eling approaches for Ul development (Fig. . Model-
Based User Interface Development (MBUID) [38] and
Model-Driven Engineering of User Interfaces (MDE-
UI) [68], itself sparked by Model-Driven Development
[59], introduced a structured approach for developing
Uls (see [5I] for a comparison of approaches for UI
generation), but in a different way.

Model-Driven Architecture (MDA) [47] is the OMG
(Object Management Group) initiative that proposes
to define a set of non-proprietary standard models that
specify interoperable technologies with which to realize
MDE with automated transformations. Both MBUID
and MDE-UI involve the use of models, which entails
that a modeling language must be compliant with a
metamodel [I9] to enable the metadata to be under-
stood in a standard manner. This is a precondition
for any activity to perform automated transformation.
The main difference between MBUID and MDE is that
the former does not necessarily entail transformation of
models, while it is mandatory in the latter. These trans-
formations are themselves regulated by a metamodel,
which is absent in MBUID. The models representing
the UT and its conceptual aspects [6] should be com-
pliant with a metamodel represented with the help of a
User Interface Description Language (UIDL), a domain
specific language for Ul using a standard notation such
as XML [I7] and preferably UML as a metamodel [60].

Although grounded in the use of models, MBUID
and MDE-UI approaches have often relied on ad hoc or
non-standard modeling languages and toolspecific rep-
resentations. This situation contrasts with the princi-
ples of MDA, whose core premise is the definition of
models at different abstraction levels and the use of
standardized modeling languages capable of uniformly
expressing system structure and behavior. Thus, UML
plays a pivotal role in this context, as the primary
OMG-endorsed modeling language, it provides a rich
set of diagram types, a formally defined metamodel, and

extensibility mechanisms that support domain-specific
needs without sacrificing alignment with the standard.
UML serves as the lingua franca for defining, relating,
and transforming MDA models, ensuring consistency
across viewpoints and enabling tool interoperability.

This paper investigates the role of the Unified Mod-
eling Language (UML) [46] [58] as such a foundational
approach to express models and metamodels for Ul de-
velopment in a standardized fashion, by introducing
UML4UI This is because UML is already extensively
used to model data structures, processes, behavior, and
interactions in software systems, and its extensibility
mechanism—e.g., stereotypes—make it a strong candi-
date for supporting UI modeling in a systematic and
traceable way. Our premise in UML4UI is that UML
can provide a coherent modeling backbone across the
levels defined by the Cameleon Reference Framework
(CRF) [16], a framework for structured modeling of UI
aspects that have been the subject of a W3C effort [27]
for standardization. To this end, we make the following
contributions:

1. Conceptualization of UML across CRF levels. We
introduce UML4UI, which establishes UML as a
foundational modeling framework for UI engineer-
ing across the CRF abstraction levels, from Task &
Domain UI models to Abstract Ul models, to Con-
crete Ul models—which corresponds to CIM, PIM
and PSM, respectively—and to Final Uls, which are
the running Uls to be obtained.

2. Engineering paths within the CRF. In UML4UI, we
define and illustrate the engineering paths that con-
nect the CRF abstraction levels, including forward
engineering (models to UI), reverse engineering (UI
to models), and lateral engineering (i.e., adapta-
tion across contexts of use or modalities). These
paths operationalize UML4UI by making explicit
the transformations and traceability relationships
between models and the target UI.

3. Comparative discussion of model-based and model-
driven Ul engineering. From a UML perspective, we
analyze the relationship between model-based and
model-driven approaches, clarifying their respective
roles, overlaps, and trade-offs along several dimen-
sions, such as abstraction, traceability, transforma-
tion, and reuse.

4. Illustration through a Virtual Polling System. We
provide a running example modeled across all CRF
levels in forward engineering and realized in multi-
ple UI variants. This use case illustrates the feasi-
bility of the UML/UT approach, exemplifies possible
engineering paths, and ground our comparative dis-
cussion in concrete modeling artifacts.



By aligning UML and related modeling approaches
with the CRF, and grounding the discussion in a run-
ning example, this paper aims to bridge the gap be-
tween mainstream software modeling practices and Ul
engineering. In doing so, it seeks to contribute to a more
integrated, systematic, and traceable approach to the
development and evolution of Uls within MBUID and
specially MDE-UIs.

The remainder of this paper is organized as fol-
lows. Section [2] introduces the CRF and its alignment
with MDE concepts. Section [3] explains how UML can
support modeling across the different CRF levels. Sec-
tion [4] summarizes the most frequent engineering paths
enabled by this approach. Section [f] illustrates the pro-
posal through a Virtual Polling System case study. Sec-
tion [] provides a comparative analysis of model-based
and model-driven UI engineering, followed by a discus-
sion of related work in Section[7} Finally, Section 8] con-
cludes with final remarks and open research challenges.

2 Background: Cameleon Reference Framework
and its alignment with MDE

This section provides the conceptual foundations of our
proposal by revisiting the CRF and examining its rela-
tionship with model-based, and especially, model-driven
Ul engineering from the point of view of UML and
MDA. Together, all these approaches establish the ab-
stractions upon which UML4UT builds.

2.1 Cameleon Reference Framework (CRF)

The Cameleon Reference Framework (CRF) [I6] struc-
tures the UI development life cycle in terms of four
levels of abstraction with their corresponding (meta-)
models—e.g., Task & Domain, Abstract UI, Concrete
UI, and Final Ul-—and the relationships between these
levels. The CRF served as a common vocabulary within
the Ul engineering community to discuss and express
different perspectives on a Ul in a standardized way,
which has been recommended in a W3C definition [27].

Fig. [2| shows how a simple search engine Ul—i.e.,
the Google search page—composed of three widgets,
can be structured according to these four levels: an edit
field for entering the search string, a push button la-
beled “Google Search” to perform a standard search
on the search engine, and a second push button la-
beled “I'm Feeling Lucky” for immediately open the
first URL returned by the search engine. These wid-
gets, located at the level of the Final Ul are controls
of a graphical Ul that is further expressed at the level
of the Concrete Ul in terms of a window containing
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Fig. 2: The four levels of abstraction in the CRF
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a text input and two buttons, which are named inde-
pendently of any target platform. Independently of any
interaction modality, these elements are considered as
an Abstract Interaction Unit composed of three units
with a facet of control, which are defined at the level of
Abstract Ul Finally, and independently of any techno-
logical environment and adopting the viewpoint of the
end user, these elements realize the task “Search Web
Page” by decomposing the task into three interactive
sub-tasks “Enter Keywords”, “Launch Google Search”,
and “Launch Special Search”. These latter elements are
located at the level of Task & Domain, and are repre-
sented using the ConcurTaskTrees (CTT) notation [72].

2.2 CRF-compliant UI Modeling Approaches

UI modeling approaches have evolved through multiple
research streams, particularly within MBUID [38] and
MDE-UT [68]. Early MBUID approaches introduced ex-
plicit representations of tasks, domain concepts, ab-
stract interaction objects [70], and concrete widgets,
later structured according to the CRF. These approaches
aim to separate concerns across abstraction levels and
to support systematic derivation from high-level task
descriptions to final Uls that are finally executable [18].
In parallel, MDE-UI has emphasized the use of trans-
formation chains [8] to move between abstraction lev-
els, typically relying on dedicated UI Description Lan-
guages (UIDLs). Languages such as UsiXML [37], UIML
[33], MARIA [49], XIML [24], and IFML [I3]—which
has been the subject of an OMG recommendation [45]—
provide domain-specific constructs tailored to UI con-
cerns and often include automated transformations to-
ward platform-specific implementations. Some UIDLs
are particularly tailored for specific UI aspects, such as
Uls of web services with WSXL [I7], multimodal Uls
with SMUIML [23], multi-platform Uls with PlastiXML



[20], and omni-channel Uls with OPENUIDL [42] (see
Erazo et al’s [25] survey for this purpose).

Despite these advances, the landscape remains frag-
mented. Many approaches introduce specialized lan-
guages or software support environments that are not
tightly integrated with mainstream software engineer-
ing modeling practices. As a result, Ul models are of-
ten treated as separate artifacts, loosely connected to
domain, behavioral, or architectural models, which in
practice hinders model consistency, makes traceability
across abstraction levels more difficult, and limits the
systematic automation that model-based and model-
driven approaches aim to provide.

Similarly to UIDLs, other works have explored the
use of UML to support Ul modeling. Early approaches
extended UML with stereotypes and profiles to repre-
sent web pages, navigation structures, and presentation
elements, particularly in web engineering contexts, e.g.,
Conallen’s Web Application Extension [21] and UML-
based web engineering approaches [35]. Other proposals
employed UML behavioral diagrams, such as activity or
state machine diagrams, to model interaction flows and
dialog control in interactive systems [75].

UML models have also been used as a basis for de-
riving user interfaces in MDA-oriented approaches, such
as OO-H [32], which extends UML with specific views
for modeling Web interfaces where Ul elements are en-
riched with tagged values that support code genera-
tion, and the aforementioned Interaction Flow Modeling
Language (IFML) [45], proposed by the OMG as a stan-
dardized notation for modeling user interactions that is
closely aligned with UML and commonly used together
with UML domain models as a basis for model-driven
generation of user interfaces.

While these contributions demonstrate that UML
can be applied to model specific UI concerns, they typ-
ically address particular domains, abstraction levels, or
interaction aspects, rather than positioning UML as a
unified modeling backbone across all CRF levels and
engineering paths [37].

A similar situation can be observed beyond research-
oriented UIDLs, where several industrial frameworks
and platforms support cross-platform user interface de-
velopment through higher-level abstractions. Examples
include Flutter, React Native, and low-code platforms

such as Mendix, OutSystems, and Microsoft Power Apps.

These technologies enable developers to define user in-

terfaces, component hierarchies, visual models, or domain-

specific abstractions that can be deployed across web,
desktop, and mobile platforms. Although these frame-
works share key goals with Model-Based and Model-
Driven Ul Engineering, including reuse, productivity,
and platform independence, they generally do not em-

ploy standardized modeling notations such as UML or
explicit abstraction frameworks such as the CRF. In-
stead, they rely on proprietary component models, frame-
work-specific DSLs, or platform-dependent runtimes.
Consequently, traceability, interoperability, and integra-
tion with broader model-driven engineering processes
remain limited, motivating continued research into stan-
dardized modeling and transformation approaches for
the Ul engineering lifecycle.

3 UML and MDA as a Foundation for
CRF-level Modeling

Figs. 2] and [3] illustrate the four levels of abstraction in
the CRF by emphasizing abstraction patterns [61] that
align with the MDA terminology:

— The Task and Domain (T&D) level defines a model
specifying the hierarchies of tasks that need to be
performed on/with domain objects—or domain con-
cepts—in a specific temporal logical order for achiev-
ing users’ goals during the interaction with the UL
This level corresponds to the Computation-Indepen-
dent Model (CIM).

— The Abstract UI (AUI) level defines a model that ex-
presses the Ul in terms of Abstract Interaction Units
(AIU) [69], as well as the relationships among them.
These AIUs are independent of any implementation
technology or modality, e.g., graphical, vocal, tac-
tile, haptic, gestural. They can be grouped logically
to map logically connected tasks or domain objects.
This level corresponds to a Platform-Independent
Model (PIM).

— The Concrete UI (CUI) defines a model that ex-
presses the Ul in terms of Concrete Interaction Units
(CIU). These CIUs are modality-dependent, but im-
plementation technology independent, thus platform
specific—i.e., MDA’s Platform Specific Model, PSM.
The CUI concretely defines how the Ul is perceived
and manipulated by end users.

— The Final UI (FUI) level defines a model that ex-
presses the Ul in terms of implementation technol-
ogy dependent source code. A FUI can be repre-
sented in any UI programming language (e.g., Java,
C++), mark-up language (e.g., HTML, JavaScript),
or script language (e.g., Python). A FUI can then be
compiled at design-time [53] or interpreted at run-
time [10], particularly for run-time adaptation [76].

On the other hand, the relationships between the
CRF models are as follows (Fig. (3)):

— Concretization, or Reification, is an operation that
transforms a particular model into another one of a



lower level of abstraction, until the final UI code is
reached. CRF shows a four-step concretization pro-
cess: the T&D level (task model and/or the domain
model) is concretized into an AUI model, which in
turn leads to a CUIL. A CUI is then turned into a
FUI, typically by means of code generation or inter-
pretation techniques. Therefore, the FUI level can-
not be concretized. The concretizations are graphi-
cally depicted as top-down blue arrows in Fig.

— Abstraction is an operation that transforms a UI
representation from any level to a higher level of
abstraction. A FUI can be abstracted into a CUI
mode, which is in turn abstracted into an AUT model
to end up with a Task model. The abstractions are
graphically depicted as bottom-up green arrows in
Fig.

— Reflection is an operation that transforms a model
into another model at the same level of abstraction
and for the same context of use. Unlike abstrac-
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tion and concretization, reflection does not move
vertically across CRF levels; instead, it represents
an intra-level evolution of a model, such as a re-
design, restructuring, optimization, or refinement.
For example, at the Concrete Ul level, a dialog-
based interface may be reorganized into a tabbed
layout while targeting the same users, platform, and
environment. Similarly, at the Task & Domain level,
tasks may be reorganized or their temporal relation-
ships revised without changing the context of use.
Reflection can therefore occur at any of the four
CRF levels. They are graphically depicted as pur-
ple loops at any level.

— Information is an operation that transfers elements
from the user, the platform, and/or the environ-
ment models to inform any subsequent level of ab-
straction. For example, elements of the environment
model can inform or guide the definition of an AUI
model, elements of the platform model can inform
or guide the definition of a CUI model. These re-
lationships are graphically depicted as dashed, red
arrows in Fig. 3]

— Context-aware adaptation is an operation that trans-
forms a description intended for a particular context
of use into a description at the same level of abstrac-
tion, but aimed at a different context of use (Fig. [4]).
The adaptation is qualified as contezrt-aware as it is
performed depending on the constraints imposed by
a target context-(target in Fig. @ with respect to
a source context. These operations are graphically
depicted as bidirectional horizontal orange arrows
between two contexts of use in Fig.

The aforementioned relationships always preserve
some dimension, either wvertically, i.e., concretization

and abstraction, or horizontally, i.e., reflection and context-
aware adaptation. To address non-vertical or non-horizontal

transformations, cross-cutting [37] is a transformation
of a model into another one at a different level of ab-
straction, higher or lower, while changing the context
of usdTl

Similarly to the correspondence between MDA lev-
els and CRF levels, a parallelism can be drawn between
CRF models’ relationships and MDA ones. As afore-
mentioned, MDA explicitly structures software devel-
opment as a set of model-to-model (M2M) transfor-
mations across abstraction layers, from CIM to PIM
to PSM, which directly parallels the CRF’s progres-
sion from T&D to AUI, CUI, and ultimately FUI. Con-
cretization in the CRF mirrors the MDA notion of re-
finement toward platform-specific realizations, while ab-
straction corresponds to the inverse recovery of higher-

! Note that they are not represented in Fig. @ for clarity.



level models from lower-level representations. Similarly,
reflection within the same abstraction level echoes the
MDA idea of intra-model evolution, and context-aware
adaptation aligns with transformations between vari-
ants targeting different execution contexts or platforms.
In this sense, the CRF’s vertical and horizontal relation-
ships can be naturally expressed using MDA’s transfor-
mation semantics, thereby positioning UML and MDA
as an appropriate foundation for capturing, formaliz-
ing, and transforming CRF-level models in a unified
and interoperable way.

Finally, and orthogonal to the T&D, AUI, CUI and
FUI levels, CRF makes explicit the context of use that
may have an impact on the nature of the transforma-
tions used in the transformation process. The term con-
text of use denotes an information space structured into
three main models [16] (Fig. [3):

— The User model includes attributes and functions
that describe the end user who is intended to use, or
is actually using, the interactive system—e.g., a user
profile, idiosyncrasies, a list of current tasks and ac-
tivities. A particular attention is given to this model
for a user with disabilities. A user model contains
any attribute that may influence Ul development,
such as user preferences, user needs, level of experi-
ence, or frequency of use of platforms.

— The Platform model includes an integrated collec-
tion of software and/or hardware technologies and /or
resource specifications that bind together the phys-
ical environment with the digital world. This model
includes attributes and functions of the comput-
ing platform that may influence Ul development,
such as screen dimensions (if any), screen resolu-
tion, number of colours, vocal, gestural, haptic, and
interactional capabilities.

— The FEnvironment model includes spatio-temporal
attributes, rules, and functions that characterize the
physical and social places when/where the interac-
tion will take place, or is actually taking place. This
includes numeric and/or symbolic times and loca-
tions (e.g., in the morning, at 4 o’clock, at home,
in a public space, on the move in the street, in the
train or car), light and sound conditions, social rules
and activities (e.g., hierarchical social organization,
roles, spatial and temporal relationships).

Thus, a context of use is characterized by a triple
C=(U,P,E), where U, P, and F denote the user, plat-
form, and environment models, respectively. For exam-
ple, a business traveller rents a car while running in a
busy airport on a smartphone. This stressful context is
radically different from a context where the same user
books a car on a desktop in a quiet office.

Although a context of use is mainly defined based on
information about users, platforms, and environments,
there are also other dimensions that can be relevant to
characterize context and to properly adapt an software
system. The application domain, for instance, can also
add relevant information that complete the character-
istics of the context of use. For example, in a safety
critical environment, knowing that the interactive sys-
tem supports air traffic control or a nuclear power plant
provides useful information about the level of attention
that is required from end users, depending on their level
of experience. Fig. [f] shows an editing session of a con-
text model in GrafiXML [40] where U=any English-
speaking person, P=web browser, and E=any station-
ary or mobile location. These data will inform the rest
of the UI development life cycle.

Considering the CRF dimensions, Fig. [6] shows a
UML class diagram representing the top metamodels
involved in UML/4UI. All aforementioned models have
their respective metamodels described as UML class di-
agrams, all inherited from a model type (ModelType in
the figure). ModelType is the topmost superclass con-
taining common features shared by all models, such as
ID, name, creation date, modification dates, and corre-
sponding CRF levels. To characterize a particular Ul a
UiModel may consist of optional component models in
any order and any number: not all these models should
be incorporated. The task model (TaskModel) and do-
main model (DomainModel) represent the T&D CRF
level. Similarly, the abstract UI model (AuiModel) and
the concrete UI model (CuiModel) represent the AUI
and CUI CRF levels respectively. Next, the transfor-
mation model ( TransformationModel) and the mapping
model (MappingModel) allow expressing the different
relationships and the transformations among the four
CRF levels; and the context model (ContextModel) al-
lows describing the context of use. Finally, a resource
model (ResourceModel) specifies the UI content, which
may also be used to by transformation models to gen-
erate a FUI adapted to different contexts.

The UiModel is the core model of all child models,
and, for example, the transformation model consists of
a set of sequentially applied transformation rules. One
transformation system applies one sub-derivation unit,
defined as a collection of derivation rules that realize
a basic development activity. We refer to appendices
for the respective detailed metamodels: Appendix [A22]
shows the metamodel for the task model structured ac-
cording to UML constructs. Appendices [AZ3] and [A-]]
shows the metamodels for the domain model and the
abstract UI model, respectively. Appendix [A-5] shows
the metamodel of a concrete Ul for the graphical inter-
action modality or, in other words, for Graphical User



User: any English-speaking person
Platform: web browser
Environment: any stationary or mobile
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Interface (GUI). Any other interaction modality would
require another metamodel, such as one for vocal inter-
action or gestural interaction. This metamodel could
also be extended for addressing special requirements of
safety-critical systems, complex systems [54], or real-
time systems [64].

4 Engineering Paths

We define a UI engineering path [36] as a structured
sequence of transformations that connects different ab-
straction CRF levels, such as from high-level models of
user tasks and domain concepts down to a running fi-
nal Ul on a specific platform. The CRF can visualize
any path, such as how a single set of user tasks and
domain concepts can be transformed into multiple Uls
[29] targeting different platforms [20], such as desktop,
mobile, or voice-based systems. In essence, it represents
the methodological route taken to move from abstract

interaction requirements to an executable interface or
the other way around.

For example, an engineering path may begin with
a platform-independent task model, then branch into
distinct AUIs tailored for graphical vs. vocal interac-
tion, and finally evolve into CUIs and FUIs specific to
technologies like web browsers or native mobile toolk-
its. This layered structure clearly illustrates how design
decisions at higher abstraction levels influence, but do
not rigidly determine, the resulting implementations.

Importantly, an engineering path is not limited to a
single linear progression involving all levels. It may in-
volve forward engineering (concretization from abstract
to concrete models), reverse engineering (abstraction
from implementation to higher-level models), lateral en-
gineering (adaptation at the same level of abstraction),
or round-trip engineering (hybrid and iterative move-
ments between levels, such as back and forth paths). It
can also branch, allowing one abstract specification to
generate multiple CUIs or FUISs for different platforms.
Finally, it can also skip a level, such as generating a Ul
directly from a task model [71]. Therefore, a UI develop-
ment path is best understood as a formally describable
chain of transformations across CRF levels [7] that de-
fines how a multi-target Ul is constructed or adapted.

Viewed from a broader model-based or model-driven
perspective, engineering paths reflect the same disci-
plined, transformation-oriented mindset introduced ear-
lier for UML and MDA. Just as MDA conceives de-
velopment as a progression through explicitly related
abstraction layers, the CRF organizes the evolution of
models along structured levels and contexts that can be
traversed in systematic ways. In both cases, the devel-
opment process is understood as a model-guided refine-
ment shaped by well-defined relationships between rep-
resentations. This alignment allows engineering paths
to be interpreted as straightforward model-based or
model-driven processes depending on the levels of au-
tomation aimed or achieved, thereby offering a coherent
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conceptual link between the CRF abstraction structure
and UML/4UIL

The framework also accommodates hybrid and iter-
ative paths (round -trip engineering): developers might
move back and forth between AUI and CUI to refine
usability, or partially regenerate only certain Ul com-
ponents while preserving others. By explicitly modeling
these non-linear and branching trajectories, the CRF
highlights that multi-target UT development [16,20] is
not a single pipeline but a network of possible trans-
formations, each with implications for Ul quality fac-
tors, such as maintainability, portability, and consis-
tency [34]. In what follows, we present some representa-
tive engineering paths that frequently arise in CRF-based
development processes.

4.1 Forward Engineering Paths

In a strict forward path, practitioners begin with a high-
level task and domain model, then derive an AUI that
specifies interaction types without committing to wid-
gets or layout. From there, platform-specific transfor-
mations generate one or more CUIs, which are finally
rendered as FUIs using particular technologies, e.g.,
HTML/CSS, native mobile SDKs, or voice frameworks.
For example, MINTABA [53] exploits a CUI model to au-
tomatically generate C++ code of a Ul using feature
modeling. Fig. [7] shows a CUI model of a calculator,

<?xml version="1.0" encoding="UTF-8"2>
<cuiModel id="ScTE_Find-cui_23" name="ScTE_Find-c
<dialogBox id="dialog box component 0" name="d
defaultContent="Find" width="423" height="172'
<box id="box_1" name="box_1" type="horizon
<box id="box_1_1" name="hox_1_1" type="\
<inputText id="input_text component 4" n:
isVisible="true" isEnabled="true" isE
textSize="8" textFont="Microsoft Sal
numberQOfLines="1" numberQfColum
</box>
<box id="box_1_2" name="box_1_2" type="\
<button id="button_component_2" name="
defaultContent="Find Next" isVisible=
textSize="8" textFont="Microsoft San
<button id="button_component_3" name=")
defaultContent="Mark All" isVisible="
textSize="8" textFont="Microsoft San
</box>
</dialogBox>
</cuiModel >

Concrete Ul ]

Final Ul [
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Match case .-iﬂ Up =
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Fig. 8: Example of reverse engineering

from which three operations are removed: tan, X3, and
In, that is then used to generate a final Ul

This staged refinement supports systematic multi-
target development: a single abstract specification can
branch into several CUls, each optimized for device
characteristics such as screen size, input modality, or
interaction style. The CRF therefore illustrates how
reuse and consistency can be maintained at higher levels
while still allowing divergence at lower levels to accom-
modate platform constraints.

4.2 Reverse Engineering Paths

In reverse engineering scenarios, the CRF is equally
valuable because it provides a structured and system-
atic way to “climb back up” from an existing implemen-
tation. For instance, the FUI of a legacy desktop appli-
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cation can be analyzed to reconstruct its CUI structure
and interaction patterns, which can then be abstracted
into an AUI and task model. Once these higher-level
representations are recovered, they can serve as the ba-
sis for retargeting the system to new environments [11],
such as mobile [I2] or multimodal platforms [65]. For
example, USIRESOURCER [50] extracts the resource files
of a MS Windows GUI and creates a CUI model by ab-
straction (Fig. , to creating another GUI.

4.3 Lateral Engineering Paths

Lateral engineering refers to transformations that oc-
cur between artifacts at the same level of abstraction
rather than moving up or down the CRF levels. For ex-
ample, one CUI model designed for a desktop can be
transformed into another CUI for a smartphone, e.g.,
by graceful degradation [26]. Fig. |§| shows how a source
GUI for a medical doctor operating a desktop in the
emergency room (left) can be transformed into a target
GUI (right) for the same user operating a smartphone
in a corridor. Similarly, adaptations may occur between
different FUIs, such as migrating from one web frame-
work to another while preserving the same interaction
structure. Lateral engineering is particularly relevant
for platform migration, technology updates, and device-
specific optimization, as it enables reuse of existing de-
sign knowledge at a given abstraction level. Within the
CRF, it highlights that multi-target development is not
only about vertical refinement or abstraction, but also

about horizontal adaptation across equivalent represen-
tations in different technological or contextual settings.

4.4 Context-aware Adaptation Paths

Context-aware Ul adaptation refers to the dynamic or
design-time modification of Ul representations based
on contextual factors such as user characteristics, de-
vice capabilities, and environmental conditions, that
are captured in a context model. From the perspec-
tive of UML/UI, it can be viewed as a particular form
of lateral engineering, where alternative UI representa-
tions at the same CRF abstraction level are selected
according to the current context of use. When adapta-
tion becomes context-aware, e.g., in collaborative MB-
UID [31], the development path is no longer a reflection
on the same level, but a horizontal relation to a target
context of use (Fig[)). Fig.[L0]shows how an initially de-
signed GUI for route planning on a desktop (left) has
been subject to context-aware adaptation to produce a
GUI for a car browser (right). In line with recent work
proposing conceptual reference frameworks for intelli-
gent UI adaptation [2], in UML4UI we view lateral en-
gineering paths as first-class citizens for systematically
capturing context-driven Ul variations across CRF lev-
els. Context can directly influence transformations at
multiple abstraction levels: at the AUI level, interac-
tion modalities may be selected according to whether
the user is operating in a hands-free situation or not;
at the CUI level, layout and widget choices may adapt
to screen size, e.g., using splitting rules [26], or input
mechanisms; and at the FUI level, runtime adjustments
may respond to changes in lighting, connectivity, or user
preferences. By explicitly modeling context as an input
to transformation processes, the framework enables sys-
tematic adaptation strategies rather than opportunistic
UI adjustments. Consequently, the FUI can dynami-
cally select and switch between alternative representa-
tions, which are stored in a Resource Model, based on
information captured in the Context Model. This en-
sures that multi-target Uls [20] remain consistent across
varying contexts of use.

5 A Running Example: Virtual Polling System

To illustrate UML4UI through a complete end-to-end
example, we focus in this section on a forward engi-
neering path that transforms the same T&D model into
different CUIs and FUIs for multiple computing plat-
forms and technological environments. We use a vir-
tual polling system as a running example because for-
ward engineering traverses all CRF abstraction levels
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and therefore provides the most comprehensive view of
the modeling and transformation process. Reverse engi-
neering, lateral engineering, and context-aware adapta-
tion paths are illustrated separately in Section 4 through
dedicated examples.

5.1 CIM Level: Task and Domain Modeling

Fig. shows a task model using the ConcurTaskTree
(CTT) notation, as used in MariaXML [49] and in the
W3C MB-UID report [27]. To “Participate to Opinion
Poll”, the end user will have to “Provide Personal Data”
and then enter a series of questions/answers, which is
represented as a repeated sub-task “Answer Question”,
before finally “Send the Questionnaire”. For each mul-
tiple choice question, the system “Shows a question”
and the end user has to “Select answer(s)”. Fig. [L1]also
shows the mappings between elements of the task model
and elements of the corresponding domain model, also
expressed as a UML class diagram. For example, the
sub-task “Provide Personal Data” is directly mapped
to the class “Participant”. This mapping is relative:
any modification to the “Participant” class will auto-
matically be reflected in the lower abstraction levels,
without affecting the task model. These mappings are
recorded in a mapping model (Fig. @ that is typically
found in MDE-UI, but not in MB-UID. When the task
model changes, the mappings to the domain model do
not change at first glance, unless the task model is ex-
tended, which is represented in Fig.

Instead of being directly forwarded to a predefined
questionnaire, the end user can “Choose a Poll” by se-
lecting the corresponding questionnaire, which is itself
decomposed into questions and propositions of answers.
IDEALXML (Fig. enables the designer to encode
these models and the mappings of different types be-
tween, which is referred to as the mapping problem [43].

5.2 CIM to PIM Transformation: From Task and
Domain to Abstract UI

Transforming a T&D model into an AUT involves map-
ping user goals and task structures to abstract interac-
tion units and objects that are independent of any inter-
action modality. This model-to-model (M2M) transfor-
mation is performed by executing relevant transforma-
tion rules encoded in the transformation model. After
this transformation has been executed, mappings be-
tween the source and target models are preserved in
the emphmapping model for traceability.

The task model describes what users need to ac-
complish—e.g., selecting an item, entering data, con-
firming an action—and how tasks are structured—e.g.,
sequential, parallel, optional, iterative—thereby leading
to the identification of abstract interaction units struc-
ture, followed by a selection of its components—see
Fig. [[4] During transformation, each interactive task
is associated with an abstract interaction unit (AIU)—
which is itself decomposed into sub-units, to end up
with abstract interaction objects (AIO) [70]—such as in-
put, output, selection, navigation, or command activa-
tion. The result is an AUI that specifies the logical orga-
nization of interaction units, dialogue flow, and group-
ing of abstract components, preserving the semantics
and temporal relationships of the original task model
while prepares the design for subsequent refinement into
a CUI tailored to a specific platform associated to a
particular interaction modality.

AlIUs are graphically represented as containers—
UML classes—encompassing parts of the task model
to delineate their scope. This container simply means
that these abstract elements, which are platform-inde-
pendent, will be then mapped to concrete elements,
which are platform-specific, according to the same struc-
ture when this transformation will be executed, i.e., the
PIM to PSM transformation.
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Fig. shows an example of the identification of
these elements based on the Task Model: a global con-
tainer (AC1) covers all sub-tasks of the task model of
our case study. Two main sub-containers, materializing
two sub-units, are determined for the two first sub-tasks
(AC11 and AC12). Abstract interaction objects (AIC)
can be then identified according to high-level design op-
tions: maximal selection (i.e., the whole task model will
be transformed into a single unit), minimal selection
(i.e., each leaf of the task model will be transformed
into an individual unit, which is appropriate for novice
users who prefer wizard-like Uls), input/output selec-
tion (i.e., when the sub-tasks of a parent task are sep-
arated into two units: one for input and another one
for output), or work-based selection (i.e., when the de-

composition of a task into sub-tasks is guided by the
work).

Once the AUI structure is identified—first and sec-
ond steps in Fig. |14 on the tollowing pagel—the subse-
quent steps are performed, such as the spatio-temporal
arrangement of these units and their abstract interac-
tion objects.

Fig.[16|shows two potential spatio-temporal arrange-
ments using a Class Diagram for our running exam-
ple, where a navigation across elements is specified,
and relationships among these elements are created.
The stereotypes abstract adjacency, dialog control, and
repetive, help to specify this information. The first op-
tion (left) uses the nested UML notation for the compo-
sition relationship, where the elements of the unit cor-
responding to interaction with the questionnaire should
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be rendered as closely as indicated in the diagram. The
second option (right) focuses primarily on the struc-
ture of each container and the temporal aspect using
the predefined stereotypes indicated above.

A MDE-UI environment [67] enables the designer
to explore various design options to determine an AUI
that will preserve desired user experience (UX) quality
factors as recommended by [3]. This environment lever-
ages the task hierarchy and dependencies defined in a
task model to infer AIUs and their composition [I4],
taking into account task relationships such as sequenc-
ing, choice, and concurrency. By doing so, the method
supports generation not just of a canonical AUI, but
of all AUIs that are valid with respect to the task
model semantics. These results can then be filtered or
ranked according to metrics like cognitive load, effi-
ciency, or platform constraints before refining them into
CUlIs and FUIs.

2 ma ex ob up tr re tg ab
domain model task model abstract Ul model
[=] = abstract UL
= B Participation -] G Participate to poll
B name £ I Insert personal data k
B zipCode B 1nsert name.
B gender B Insert zip code
B agecategory B Select gender
= B Questionnaire B select age category
B tive () 3 Angwer question
H sendQuestiornaire = Show question
= B Question ¥ select answer
B tite B send questionnaire
= E Answer =
mapping domain task | abstract
manipulales (idm0) name (idc0al) Insert name (laskd)
manipulates (idm1) zipCode (idcDat) Insert zip code (task5)
manipulates ddm2) aender (idc0a2) Select gender (task) |
manipulates (dm3) ageCalegory (idc0a3) Select age calegory (1ask?)
manipulates (idm) fitle (idc1a0) Show question daske)
manipulates adms) title (idc2a0) Select answer (taskd)
manipulates adme) sendQuestionnaire Gdc1m0) |Send questionnaire (task3)
88 delete mapping

Fig. 13: Task model mapped to an AUI [43]

Concretization: From Task & Domain to AUI
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Definition of Abstract Dialog Control ‘

Derivation of AUl to Domain Relationships ‘

Fig. 14: Task model transformed into an AUI

5.3 PIM to PSM Transformation: From Abstract UI
to Concrete Uls

Transforming an AUI into a set of CUIs involves map-
ping abstract interaction objects to platform and lan-
guage-independent widgets and layout constructs. This
M2M transformation can be performed by executing
relevant transformation rules encoded in a transfor-
mation model, which result in mappings between the
source and target models stored in the mapping model
to preserve traceability. At the AUI level, elements such
as abstract input, abstract selection, or abstract com-
mand define interaction intent without prescribing im-
plementation details. During the transformation, these
elements are mapped to concrete components that are
abstracted for a particular modality, e.g., graphical,
independently of the target platform. Appendix
shows the metamodel for the graphical modality at the
CUI level. If the interaction modality changes, say a
gestural interaction, then the corresponding metamodel
will change. Similarly to the process of creating an AUI,
this transformation covers the following sub-steps—cf.
Fig. [I7} reification of abstract units into concrete ones
(e.g., mapping an abstract unit to a window, a web
page, or a dialog box), selection of concrete units (e.g.,
mapping a bounded numerical input to a spin button),
arrangement of these units (e.g., creating a layout),
defining a navigation (i.e., how to navigate), etc.

For example, Fig. [I§ represents the concretization
of an AUI intended to exploit a GUI on a desktop plat-
form. In this case, the overall abstract interaction unit is
mapped to a single window, that contains two concrete
interaction units: one for the personal data and another
one for the questionnaire. At this level, we decided to
concretize the AUT into a CUI using a graphical modal-
ity of interaction (GUI) running on a desktop, but we
do not know yet which computing platform will be tar-
geted with which operating system, two decisions that
are further delegated to the last transformation.

5.4 PSM to Code Transformation: From Concrete Ul
to Final Uls

Transforming a CUI into a FUI involves mapping con-
crete interaction objects to platform and language-spe-
cific widgets and layout constructs. This model-to-code
(M2C) transformation can be performed in two differ-
ent ways: by code generation and compilation, or by
model interpretation.

In both cases, mappings are established between the
CUI model and the target FUI elements stored in the
mapping model to preserve traceability. The concrete



13

create name

create zipCode

Tiicipate to Opinion

select sex

select ageCategory

=@
Show gue stion

SelectAnswer

=
[}
+
N

==,

- 'vﬂi'- ,—q—. = RAVAN

,“ ﬁAk) —0— F B patad +b ". :" ‘_!.. —v—" B —f
usgtenaxr- uhk uyje \g\eu of eJ)\lage’ a)!qwj “‘S'HZ‘H'\:“B::I Z"i"
AIC111 AlC112 AIC113 AlIC114 \~---"‘,

)kﬁ quesinars j!
.h._-'

AIC13

Send questionnaire

Fig. 15: Identification of the AUI structure

objects are thus mapped into elements elements avail-
able in the target programming environment.

For instance, an abstract text input may map to an
HTML <input type="text ">E|element in a JavaScript-
based web application, to a JTextFielcEI in a Java

Swing interface, or to a TextBoxE|in C+# Windows Forms.

Similarly, an abstract command action may map to an
HTML <button>, a JButtoxﬂ in Swing, or a Button
control in Windows Presentation Foundation. Layout
groupings defined abstractly in the AUI can be mapped
to CSS layout containers (e.g., Flexbox or Grid), Java
layout managers (e.g., BorderLayout, GridLayout), or
XAMIE stack panels. Through these systematic map-
pings, multiple graphical CUIs can be generated from
the same AUI, each respecting the idioms, widget sets,

2 https://www.w3schools.com/tags/att_input_type_

text.asp

3 https://docs.oracle.com/javase/8/docs/api/javax/
swing/JTextField.html

% https://learn.microsoft.com/en-us/dotnet/api/
system.windows.forms.textbox?view=windowsdesktop-10.0

° https://docs.oracle.com/javase/8/docs/api/ javax/
swing/JButton.html

% https://learn.microsoft.com/en-us/dotnet/desktop/
wpf/xaml/

and architectural constraints of its target programming
language while preserving the interaction structure de-
fined at the abstract level.

For example, Fig. [[9] shows a screenshot of a Final
UI programmed in Visual BasicE] for MS Windows re-
sulting from code generation based on the CUI sketched
in Fig. the overall concrete interaction unit is mapped
to a window and the two sub-units are mapped to a
group box contained in that window. Individual widgets
have been selected based on data properties associated
with attributes of the domain model [70].

Similarly, Fig. [20] shows how a CUI model is inter-
preted at run-time—as in [I0]—in a rendering engine
that produces real 3D Uls. In this rendering, a push
button is really rendered with animation effects that
give the feeling of really pressing a button. Similarly
to the Visual Basic M2C transformation, the concrete
interaction unit is mapped to a 3D window that can be
flipped, rotated, etc., inside which all fields are concate-
nated. Questions and answers are rendered underneath
in a sequence, a set of 5 questions/answers at a time.

7 https://learn.microsoft.com/en-us/dotnet/visual-
basic
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Finally, Fig. |21| shows that two concrete interaction
units have been mapped to two subsequent screens im-
plemented using the Virtual Reality Markup Language
(VRMLE language, to produce a virtual reality Ul ren-

8 https://en.wikipedia.org/wiki/VRML
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dered in a browser. The personal data are directly ma-
nipulated in the first screen—mnote that data have been
mapped to avatars—while the question/answer part is
mapped in the second screen. In this case, the FUI is
split in two screens in virtual reality. This decomposi-
tion can be subject to other transformations: Fig. 22]
shows a FUI implemented in X3Iﬂ, the successor of

9 https://en.wikipedia.org/wiki/X3D
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VRML. This FUI is also rendered in three dimensions
and maps the CUI to a single scene, where each unit
is mapped onto faces of a prism. The navigation be-
tween the faces of the prism is ensured through arrows
indicating “Next” or “Previous” face. Figs. [I9]to[22] are
all representative examples of a GUI for the graphical
modality, but developed in different toolkits and lan-
guages. Let us now consider other FUIs not exclusively
involving the graphical modality.

Transforming a CUI into a FUI implemented using
XHTML—i—Voicﬂcommonly X+V, an XML language
for describing multimodal Ul—involves mapping [66]
abstract interaction objects to speech-based prompts,
grammars, and multimodal synchronization structures,
while allowing different vocal design variants. At the
AUI level, elements such as abstract input, selection,
confirmation, or command remain modality-indepen-
dent. During transformation, an abstract selection task
may be mapped to a VoiceXML <prompt> combined
with a <grammar> defining allowable spoken choices,

10 https://en.wikipedia.org/wiki/XHTML
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Fig. 22: Final UI in X3D

synchronized with graphical highlights in the X (vi-
sual) channel. An abstract input may become a vo-
cal form field using <field> and speech recognition
grammars, possibly paired with a visual text field for
redundant or complementary input. Different variants
can be generated depending on design strategy: a voice-
dominant variant, where speech drives the dialogue and
graphics provide feedback; a graphical-dominant vari-
ant, where voice acts as a shortcut or accessibility layer;
or a redundant multimodal variant, where prompts are
both spoken and displayed simultaneously. Each variant
maps the same AUI interaction structure into different
configurations of VoiceXML components, synchroniza-
tion mechanisms (e.g., event handlers linking speech
and GUI actions), and dialogue management strate-
gies, while preserving the semantic intent and task flow
defined at the abstract level. The main advantage of
implementing the FUI in X4V is that the end user
can choose which interaction modality is preferred: to-
tally graphical (Fig. left, where all widgets rendered
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Fig. 23: FUI in X+V (part 1 of 2)

in a web browser can exclusively be manipulated by
a pointer and a keyboard), predominantly graphical
(Fig. righ‘c7 where the participant data are entered
graphically and the answers are issued vocally), pre-
dominantly vocal (Fig. 24}eft, where the end user can
choose to enter data either graphically or vocally by
speech-to-text transformation (note that only the last
name cannot be entered vocally since this is language
dependent), or totally vocal (Fig. right, where a vo-
cal session is initiated asking one question to the user
at a time and waiting for the answer to be processed
by speech-to-text).

ARSI R (SR O Welcome to the wirtual polling system

File Edi View Hep C: Please say your name

L2590 EE WS R 5 U JohnMaverck

URL: ‘ME #44E ¢Conlerences, ¢ CMI/polling_vocal xhtml C: YOUI’ ANSWEL Was [ JOhn Maverick].
U: Yes
- - C: What 15 your zip code?
Virtual Polling System y your=p
U 18
C: Are you sure?
N;
’mi U: Ves.
C: Please say your gender.
) ! U: Male
Zip code C: Are you sure?
— U: Yes
C: How old are you 7
3 U: 22
Gender C: Are you sure?
© Male
¢ Female U: Yes. .
C: Please answer to the following questions
Ageq C: Did you enjoy our teaching course?
©15.35 U: Tes.
3545 C: Do you think that our teachers are well prepared?
« 45+ U: Yes.
@ C: Would you like to attend the next teaching lewel?
Please press here to hegin the questionnaive = J: Mo
C: Do you want to send the questionnaire?
U: Yes
Send questionnaire
C: Are you sure?
Roady U: Ves.

Fig. 24: FUI in X4V (part 2 of 2)

All aforementioned examples—from Fig. [[1] to 24} —
represent different development paths in forward en-
gineering that can be also be performed in UML4UI:
starting from the T&D model—equivalent to the CIM
level—transforming it into an AUl—equivalent to a
CIM-to-PIM M2M transformation—and into a CUI—
equivalent to a PIM-to-PSM M2M transformation—
that is ultimately converted into different interaction
modalities: graphical, vocal, or mixed.

6 Comparative Analysis: Model-Based vs.
Model-Driven UI Engineering

The previous section introduced UML4UI and illus-
trated its application of forward engineering across CRF
levels through a running example. We now turn to a
comparative analysis of model-based Ul development
and model-driven UI development through this lens. Al-
though both approaches elevate UI models to first-class
citizens, they differ in their treatment of abstraction,
transformation, and lifecycle integration. Grounded in
core MDE principles, particularly those emphasized by
Selic [55L66], this section evaluates these differences us-
ing a set of engineering-oriented criteria.

6.1 Comparison through selected criteria

To compare MB-UID and MDE-UI through the lens
of UML/4UI, we adopt evaluation criteria grounded in
foundational principles of MDE. Selic argues, in his
work on the pragmatics of model-driven development
[56] and on the transition from model-driven develop-
ment to model-driven engineering [57L60], that mod-
els must serve as primary engineering artifacts rather
than mere documentation. According to this perspec-
tive, models should enable systematic abstraction, ex-
plicit transformation, automation, lifecycle integration,
and rigorous reasoning.

This view has shaped the broader MDE research
agenda, where abstraction and transformation are rec-
ognized as key mechanisms for managing complexity
in large-scale systems [28]. More recent analyses of the
state of the field have reaffirmed that issues such as
language expressiveness, model management, transfor-
mation usability, traceability, tool robustness, and evo-
lution remain central challenges for the MDE commu-
nity [I5]. These challenges closely align with the proper-
ties that determine whether models genuinely function
as engineering artifacts. Selic’s work [58[60,59] shows
that quality models must exhibit quality factors such as
abstraction, accuracy, predictiveness, understandabil-
ity, and cost-effectiveness, and that MDE aims for au-
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tomation and transformability from high-level models
to running artifacts

In line with this engineering view of models, we eval-
uate the approaches using the following criteria: (7) ex-
pressiveness across abstraction levels, (%) traceability,
(iii) transformation effort, (7v) reusability, (v) tool sup-
port, (vi) change impact, and (vif) analyzability. These
criteria reflect core properties that determine whether
modeling approaches truly support complexity man-
agement, systematic development, and disciplined evo-
lution across abstraction levels. Rather than assessing
isolated language features, our comparison focuses on
the extent to which each approach operationalizes these
MDE principles within the specific context of user in-
terface engineering.

6.1.1 Expressiveness Across Levels

Selic [62] argues that abstraction is the central mecha-
nism by which models reduce accidental complexity [54]
57]. A modeling language must therefore be sufficiently
expressive to represent the essential structural and be-
havioral properties of a system at different abstraction
levels [61].

In MB-UID, expressiveness is often achieved using
specialized notations tailored to tasks, abstract Ul struc-
tures, or concrete UI elements. However, this expres-
siveness may be fragmented across heterogeneous for-
malisms. MB-UID emphasizes creating representations
—e.g., task models, dialogue models, and abstract in-
teraction models—that help designers understand and
explore the problem space. In this approach, models
are often evaluated on how well they capture user tasks
and domain constraints (accuracy), how clearly they
express interaction semantics (understandability), and
whether they abstract away irrelevant implementation
detail (abstraction). Because the models are usually
used for analysis and communication rather than ex-
ecution, they may not directly drive generation of code
or platform-specific artifacts; their utility is measured
more in terms of supporting design reasoning and early
evaluation rather than automation. This aligns with
Selic’s emphasis that quality models should be expres-
sive enough and purposeful for design, even if not di-
rectly executable. A model can exist only for reasoning
about it, not necessarily to generate code.

In contrast, in MDE-UI, abstraction levels are ex-
plicitly organized—e.g., T&D, AUI, CUI, FUI—but ex-
pressiveness depends on the capabilities of the chosen
UIDL or Domain-Specific Language (DSL). MDE-UI
treats models as primary engineering artifacts that sys-
tematically transform across abstraction levels—e.g.,
from T&D to AUI, to CUI, and to FUI in forward engi-

neering. MDE-UI optimizes automation, so that high-
level models not only support understanding but pre-
dictively generate multiple variants at any level, such as
platform-specific interfaces with reduced manual cod-
ing.

Consequently, the criteria extend beyond the quali-
ties of static models: automation support and toolchain
maturity become central, as does the ability to trace
transformations and maintain consistency across tar-
get platforms. In MDE, models must not only be accu-
rate and understandable, but also sufficiently precise to
support automatic refinement and effective at reducing
manual effort (cost-effectiveness). By integrating formal
transformation rules and model repositories, MDE-UI
strives to turn abstract interaction specifications into
executable Uls systematically.

UMLJ4UI approaches expressiveness differently: it
relies on UML as a general-purpose modeling language
capable of representing domain structure, behavioral
flows, interaction logic, and presentation aspects within
a unified metamodeling space. While UML may not
provide Ul-specific constructs out of the box, its exten-
sibility mechanisms allow systematic coverage of CRF
levels without changing modeling paradigms. This aligns
with Selic’s view of abstraction as a unifying engineer-
ing mechanism rather than a collection of domain-spe-
cific languages (DSLs).

6.1.2 Traceability

According to Selic, one of the core benefits of elevating
models to first-class artifacts is the ability to estab-
lish explicit and systematic relationships across devel-
opment stages.

In traditional MB-UID, traceability between task,
abstract, and concrete levels is often conceptual rather
than formally enforced: the links are typically main-
tained manually and primarily support reasoning, docu-
mentation, validation, and evaluation—e.g., automatic
evaluation of usability guidelines on a Concrete Ul vs.
FUI [9], since UX is key for MDE [3]. Instead, MDE-
UI creates and maintains relationships expressing map-
pings across the various levels, once transformations
have been applied. In this way, it is possible to re-trace
the steps performed for any development path and to
play it again. Each transformation step can maintain
explicit mappings between source and target elements,
enabling impact analysis, consistency checking, round-
trip engineering, and systematic evolution across plat-
forms. The big win is: when models change, the Ul
changes accordingly.

UML4UI strengthens traceability by maintaining all
abstraction levels within a coherent UML-based model
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space. Because transformations connect elements de-
fined within the same underlying metamodel, trace links
can be explicitly represented and maintained. This sup-
ports lifecycle integration, a key concern in Selic’s en-
gineering view of MDE.

6.1.3 Transformation Effort

Selic highlights that the engineering value of models
depends on their ability to drive systematic transfor-
mations, not merely to document design intent. How-
ever, defining and maintaining transformations intro-
duces effort that must be justified by automation gains.
MB-UID often relies on manual refinement, resulting
in lower transformation effort but limited automation.
MDE always formalizes M2M and M2T transforma-
tions, increasing initial effort while enabling repeata-
bility.

UML4UI follows the same model-driven principle
that transformations are central engineering artifacts.
By leveraging standard UML metamodels and estab-
lished transformation infrastructures, UML/UI may fa-
cilitate the definition and integration of transformations
by providing a common modeling foundation and reduc-
ing reliance on entirely ad hoc solutions. Instead, the fo-
cus shifts toward defining systematic mappings across
CRF levels, consistent with Selic’s notion that engineer-
ing discipline requires explicit transformation seman-
tics. However, many Ul transformations remain inher-
ently application-dependent, and the extent to which
a common modeling foundation translates into reduced
development effort or productivity gains requires em-
pirical evaluation and may depend on factors such as
transformation complexity, tooling support, and appli-
cation domain.

Moreover, because UML4UI extends the modeling
space without modifying the core structure of exist-
ing system models, previously defined transformations
related to other software concerns can be preserved.
Only those transformations that directly involve the
newly introduced UI concepts need to be defined or
adapted, allowing existing transformation chains to re-
main largely unchanged.

6.1.4 Reusability

In Selic’s view [611[6G3], abstraction and separation of
concerns are prerequisites for reuse. Models should en-
capsulate platform-independent intent, enabling multi-
ple realizations. In MBUI, reuse often occurs at the task
or abstract level but may require redesign when target-
ing different platforms. MDUI enhances reuse through
abstraction layers and transformation chains.

UML4UI promotes reuse by clearly separating in-
teraction intent (T&D and AUI) from realization (CUI
and FUI), while maintaining conceptual continuity with-
in UML. The running example demonstrates reuse of
task and domain models across graphical, 3D, and vocal
UI variants. This reflects Selic’s argument that reusable
models must represent essential system properties inde-
pendently of platform contingencies. This is also backed
up with empirical evidence that UI reusability is sup-
ported by MBUID [22].

6.1.5 Tool Support

Selic repeatedly emphasizes that engineering credibility
requires tool support and industrial viability. A model-
ing approach that is not connected to mature tooling is
unlikely to deliver its promised benefits.

Specialized UIDLs may provide strong Ul-specific
tooling, but they often remain only loosely integrated
with the broader software engineering environment. By
contrast, UML4UI can build on mature UML toolchains,
model repositories, transformation engines, and inte-
grations with development-environments.

Consequently, UML/4UI is consistent with Selic’s en-
gineering perspective: models should participate in the
broader lifecycle ecosystem rather than remain isolated
artifacts.

The importance of tool support is also evident in
the current industrial landscape. Many low-code and
no-code platforms rely heavily on model-based abstrac-
tions and visual modeling environments to enable the
specification of applications, including the definition
of user interfaces through visual models and platform-
specific UI components. Platforms such as Mendix [39],
OutSystems [48], Appian [5], and Microsoft Power Apps
[41] allow developers to describe the structure, behav-
ior, and user interface of applications through graphi-
cal models that are subsequently transformed into exe-
cutable systems. In this sense, these platforms illustrate
how model-driven principles, particularly model-based
UT specification and the automated generation of exe-
cutable artifacts, can be applied successfully at indus-
trial scale when supported by integrated tooling.

However, such environments are typically designed
for specific development domains and are often embed-
ded in proprietary technological ecosystems and domain-
specific languages. In contrast, UML4UI aims to lever-
age established standards and widely understood mod-
eling notations. Although providing adequate tool sup-
port remains a challenge, grounding the approach in
standard UML concepts may facilitate integration with
existing modeling infrastructures and help mitigate the
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technological fragmentation often associated with pro-
prietary model-driven platforms.

6.1.6 Change Impact

MDE, as described by Selic [66,57], aims to reduce the
cost of change by centralizing system intent in mod-
els and propagating modifications through systematic
transformations.

In MB-UID without automation, changes may re-
quire manual synchronization across abstraction lev-
els. However, in model-driven Ul development changes
propagate through transformation chains, but their scope
depends on model coupling. UML4UT structures change
propagation across CRF levels: modifications at the
task or domain level affect derived AUI and CUI arti-

facts, while localized changes—e.g., widget substitution—

can remain confined to concrete levels. This controlled
propagation reflects Selic’s argument that disciplined
abstraction [62] reduces change amplification.

6.1.7 Analyzability

Finally, Selic stresses that models should support rea-
soning, validation, and verification. Without analyz-
ability, models remain descriptive rather than engineer-
ing artifacts. Some UIDLs provide domain-specific anal-
yses [42] but may lack standardized reasoning frame-
works. UML models benefit from established mecha-
nisms for structural consistency checking, behavioral
reasoning, and constraint specification—e.g., via OCL
or formalized transformation semantics. By keeping all
abstraction levels within a unified language, UML/UI
facilitates cross-level reasoning and consistency analy-
sis, reinforcing its engineering legitimacy.

6.1.8 Discussion

Viewed through Selic’s engineering perspective, the com-
parison reveals that UML/UI does not merely replicate
existing model-based or model-driven UI approaches.
Rather, it operationalizes core MDE principles—e.g.,
abstraction, systematic transformation, lifecycle inte-
gration, and analyzability—within the specific context
of user interface engineering.

While specialized UIDLs may offer stronger Ul-spe-
cific constructs, UML4UI prioritizes integration, trace-
ability, and engineering discipline across the develop-
ment lifecycle. In doing so, it positions user interface
modeling within the broader paradigm of model-driven
software engineering, rather than as a peripheral or iso-
lated activity.

6.2 Lessons Learned and Implications

The comparative analysis highlights several insights re-
garding the role of modeling languages in Ul engineer-
ing and the relationship between model-based and mod-
el-driven approaches. While both paradigms share the
objective of elevating user interface artifacts to first-
class models, their practical effectiveness strongly de-
pends on the modeling foundations used to represent
UI concerns across abstraction levels.

A first lesson concerns the importance of expres-
siveness across modeling levels. Ul engineering in-
herently spans multiple abstractions—from tasks and
domain concepts to interaction structures and platform-
specific interfaces. Approaches that rely on specialized
languages often provide rich constructs for specific lev-
els of the CRF, but they may lack seamless integration
with models representing other system concerns. The
UML4UI perspective suggests that a general-purpose
modeling language can provide sufficient expressiveness
to represent these abstractions while maintaining con-
ceptual continuity across levels.

A second lesson relates to traceability and model
integration. Ul models rarely exist in isolation: they
are closely linked to domain models, interaction logic,
and architectural elements. The comparison indicates
that traceability becomes easier to maintain when UI
representations share a common modeling language with
other system artifacts. By leveraging UML as a unify-
ing modeling backbone, UML/UT facilitates explicit re-
lationships between Ul models and the broader system
model, thereby supporting consistency and co-evolution.

A third lesson concerns the engineering effort as-
sociated with transformations and automation.
Model-driven Ul approaches emphasize transformation
chains that generate executable interfaces from higher-
level models. While this automation can improve pro-
ductivity, it also introduces complexity in the definition,
maintenance, and debugging of transformation rules.
Using UML as a modeling foundation does not elim-
inate the need for transformations, but it can reduce
the conceptual gap between models and implementa-
tion artifacts by relying on well-understood modeling
constructs and existing transformation infrastructures.

The fourth lesson highlights the relevance of tool-
ing and ecosystem support. Dedicated Ul modeling
languages often require specialized tools that may not
integrate easily with mainstream development environ-
ments. In contrast, UML benefits from an ecosystem
of modeling tools, analysis frameworks, and transfor-
mation engines. This ecosystem can lower the adoption
barrier and enable UI models to participate more nat-
urally in model-driven development workflows. As tool
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availability is not sufficient to ensure practical adoption,
the use of well-established standard notations plays an
important role. When modeling approaches rely on pro-
prietary languages or platform-specific concepts, they
may create barriers to adoption and limit interoperabil-
ity across tools and development environments. Famil-
iarity with notations can reduce the learning effort re-
quired to adopt new modeling approaches and facilitate
their integration into existing development practices.
From this perspective, approaches such as UML4UI may
benefit not only from the availability of mature tooling
but also from the use of a common modeling founda-
tion.

Finally, the comparison reveals broader implications
for the integration of UI modeling within MDE
practice. Rather than treating UI modeling as a sep-
arate discipline with its own languages and toolchains,
UML4UI illustrates how UI concerns can be embedded
within the same modeling framework used for other
system aspects. This integration supports a more co-
herent view of the system and aligns with Selic’s vision
of models as central engineering artifacts that enable
abstraction, automation, and lifecycle integration.

Taken together, these lessons suggest that the choice
of a modeling foundation plays a critical role in deter-
mining how effectively UI models can support model-
driven engineering. By positioning UML as a unifying
modeling language across CRF levels, UML4UI offers
a pathway toward greater integration between Ul engi-
neering and the broader MDE ecosystem.

7 Related work

User interface modeling has been addressed from multi-
ple perspectives, including domain-specific UI Descrip-
tion Languages (UIDLs) [42], model-based and model-
driven UT engineering frameworks [25)51], and more re-
cently intelligent [2] and adaptive UI approaches, such
as those based on reinforcement learning [30]. The main
goal is to enrich MDE with AT assistance [52] pro-
vided that such an AI module would capture enough
the semantics of various models and transformations.
While these works share the objective of elevating Ul
artifacts to first-class modeling constructs, they differ
in the modeling languages they adopt, the abstraction
mechanisms they provide, the transformation strategies
they emply, and their degree of integration with main-
stream software engineering practices. In this section,
we briefly review representative approaches and posi-
tion UML4UI with respect to these research streams.

7.1 UI Description Languages (UIDLS)

A significant body of work in model-based Ul engi-
neering has focused on the definition of dedicated Ul
Description Languages (UIDLs), such as in alphabetic
order: IFML [13], MariaXML [49], OPENUIDL [42],
PlastiXML [20], SMUIML [23], UsiXML [37], UIML
[33], WSXL [17], XIML [24]. These languages typically
provide constructs tailored to Ul abstractions across
CRF levels, including task models, abstract interaction
objects, concrete widgets, and navigation structures.
Their primary strength lies in their domain specificity:
they offer rich Ul-centric abstractions and often support
automated transformations toward executable user in-
terfaces.

Recent research on model-based intelligent UT adap-
tation further extends this line of work by proposing
conceptual frameworks to analyze and compare Ul adap-
tation approaches [2]. In particular, a property-based
reference framework has been introduced to character-
ize intelligent Ul adaptation along dimensions such as
adaptation responsibility, automation degree, adapta-
tion logic, CRF level, and tool support [2]. This work
highlights that the proliferation of Ul adaptation ap-
proaches makes systematic comparison difficult and calls
for structured evaluation criteria to position methods in
the state of the art [2].

While UIDLs and adaptation frameworks provide
Ul-specific expressiveness and structured comparison
dimensions, they often remain disconnected from main-
stream software engineering modeling ecosystems. Their
tooling, metamodeling infrastructures, and transforma-
tion chains are frequently specialized and not directly
integrated with general-purpose modeling environments.

In contrast, UML/UI does not introduce a new UIDL.
Instead, it investigates how UML, through its extensi-
bility mechanisms and integration with MDE toolchains,
can serve as a foundational modeling language capable
of representing Ul abstractions across CRF levels while
preserving alignment with broader software engineering
artifacts.

7.2 General-purpose vs Domain-specific Modeling

It is well established in the MDE literature that there
is a persistent tension between general-purpose mod-
eling languages (GPLs) and domain-specific languages
(DSLs). DSLs, including many UIDLs, typically provide
higher domain expressiveness and more concise repre-
sentations for Ul concerns. By embedding UI semantics
directly into the language, these approaches can facil-
itate automation, adaptation, and analysis at specific
levels of abstraction. As a result, DSL-based solutions
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often enable efficient modeling and generation mecha-
nisms tailored to particular Ul technologies or interac-
tion paradigms.

However, DSL-based approaches may also introduce
fragmentation when multiple modeling languages are
used across different system concerns—e.g., domain,
business logic, architecture, and UI. In such cases, dif-
ferent languages, metamodels, and toolchains must co-
exist within the same development process. This frag-
mentation can complicate traceability across models,
increase the effort required for model management and
co-evolution, and make integration with lifecycle tool-
ing more difficult. As systems evolve, maintaining con-
sistency across heterogeneous modeling artifacts may
therefore become a significant engineering challenge.

Recent work on model-based intelligent UI adapta-
tion underscores this challenge by identifying traceabil-
ity across heterogeneous models and co-evolution be-
tween Ul and underlying software components as open
research issues [2]. These concerns resonate strongly
with broader MDE challenges related to model man-
agement, synchronization, and runtime models.

UML4UI explores an alternative direction: rather
than relying on a dedicated Ul DSL, it leverages a
widely adopted general-purpose modeling language as a
unifying backbone. UML’s structural, behavioral, and
interaction diagrams, combined with stereotypes and
profiles, enable the representation of Ul concerns with-
out leaving the mainstream modeling ecosystem. This
approach trades some domain-specific conciseness for
improved integration, lifecycle coherence, and cross-level
traceability.

7.3 Positioning of UML4UI

UML4UI can be positioned at the intersection of model-
based UI engineering and model-driven software engi-
neering. Like UIDL-based approaches, it proposes mul-
ti-level abstractions aligned with the CRF and supports
forward, reverse, and lateral engineering paths. How-
ever, its distinguishing characteristic lies in its commit-
ment to using UML as a foundational modeling lan-
guage across all abstraction levels.

Compared to property-based frameworks for intelli-
gent UT adaptation [2], UML4UT is orthogonal in scope.
Adaptation frameworks focus primarily on character-
izing who adapts, what is adapted, how adaptation
is triggered, and at which CRF level adaptation oc-
curs. UML4UI, in contrast, emphasizes the engineering
properties of the modeling backbone itself: expressive-
ness across levels, traceability, transformation effort,
reusability, tool support, change impact, and analyz-

ability. These criteria assess whether a modeling ap-
proach operationalizes core MDE principles, particu-
larly those articulated by Selic regarding abstraction,
systematic transformation, and lifecycle integration.

Thus, UML4UI does not compete with domain-spe-
cific UIDLs or adaptation-centric frameworks; rather,
it complements them by providing a general-purpose
modeling infrastructure capable of integrating Ul con-
cerns with broader system models. In doing so, it con-
tributes to bridging the gap between specialized Ul
modeling research and mainstream model-driven engi-
neering practice.

8 Final Remarks and Open Research
Challenges

This paper explored how UML can serve as a unify-
ing modeling foundation for Ul engineering across the
abstraction levels defined in the CRF. By introduc-
ing UML4UI, we investigated how a widely adopted
general-purpose modeling language can be leveraged to
represent Ul concerns across task, abstract, concrete,
and final interface levels. In particular, UML4UI shows
how existing UML constructs can support the repre-
sentation of presentation, interaction, and behavioral
aspects of user interfaces while preserving traceability
across CRF levels.

At the same time, the discussion throughout the
paper highlights that significant challenges remain be-
fore such an approach can fully support the engineer-
ing of modern Uls. Several research directions therefore
emerge as promising topics for further investigation.

— Formalization of UI modeling semantics within
UML-based approaches. While UML provides
expressive constructs for representing structure and
behavior, the precise semantics of Ul-specific con-
cepts—e.g., presentation elements, interaction ob-
jects, navigation flows— often remain implicit. Fu-
ture work should explore how UML profiles, seman-
tic annotations, or metamodel extensions could pro-
vide a more rigorous definition of these UI abstrac-
tions while remaining compatible with standard UML
tooling and modeling practices.

— Systematic transformations across CRF lev-
els. Although transformation techniques are well
established in MDE, defining robust and reusable
transformations between task models, abstract in-
teraction models, and concrete UI representations
remains challenging. In particular, ensuring trace-
ability across levels, supporting bidirectional trans-
formations, and preserving interaction semantics are
important topics for further research.
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— Co-evolution and traceability between UI mod-

els and other system models. User interfaces
rarely evolve independently from the rest of the sys-
tem. Changes in domain models, services, or archi-
tectural components usually require corresponding
changes in the interface. A unified modeling back-
bone such as UML4UI opens the possibility of ex-
plicitly linking UTI artifacts with domain, behavioral,
and architectural models, but effective mechanisms
for maintaining these relationships throughout sys-
tem evolution remain an open issue.

— Tooling support and integration with devel-
opment workflows. While UML benefits from an
ecosystem of modeling tools, further work is needed
to support Ul-specific modeling constructs, auto-
mated transformations, and seamless integration with
implementation technologies. Improving the usabil-
ity of modeling tools and aligning them with the
practices of UI designers and developers will be es-
sential for bridging the gap between modeling re-
search and industrial adoption.

— Data-driven and intelligent user interfaces.
Machine learning techniques are increasingly used to
personalize interfaces, recommend actions, or adapt
interaction flows based on user behavior. Integrating
such data-driven mechanisms with model-based and
model-driven UI representations remains challeng-
ing, particularly in terms of transparency, explain-
ability, and maintaining the engineering discipline
traditionally associated with MDE.

— Conversational and generative modeling of
UML-based UI specifications. Recent advances
in generative Al open new possibilities for conversa-
tional modeling environments that raise the level of
abstraction at which UI requirements can be speci-
fied. Developers could interact with modeling tools
using natural language to describe user tasks, in-
teraction scenarios, or Ul structures, while the sys-
tem generates corresponding UML artifacts aligned
with the CRF levels (e.g., task models, interaction
diagrams, or UI component structures). Such ap-
proaches could lower the entry barrier to model-
driven Ul engineering while preserving the rigor and
traceability provided by UML-based models.

Summarizing, this work suggests that positioning
UML as a unifying modeling foundation for UI engi-
neering can contribute to bridging the gap between
specialized Ul modeling approaches and mainstream
model-driven software engineering. By aligning UI mod-
eling with the broader MDE foundations, UML/4UI of-
fers a conceptual framework toward more integrated
and disciplined engineering of Uls. At the same time,
addressing the challenges outlined above will be essen-

tial to fully realize the potential of this perspective and
to support the next generation of model-driven user in-
terface engineering.
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A UML metamodels Involved

A.1 Context Metamodel

The context metamodel in UsiXML defines the contextual information that influences the behavior and adaptation of interactive
systems. It provides a structured representation of the environment in which user interaction occurs, including the user, the platform,
and the surrounding environment. This metamodel enables the development of context-aware and adaptive user interfaces. The context
metamodel typically organizes context into three main dimensions: user context, platform context, and environmental context. User
context includes characteristics such as preferences, roles, skills, and disabilities. Platform context describes device capabilities, software
resources, and interaction modalities. Environmental context represents external conditions such as location, lighting, noise, or network
connectivity.
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Fig. 25: Context metamodel as a UML class diagram (extracted from [I])

By modeling these contextual elements, the framework can dynamically adapt user interfaces according to changing situations
and usage conditions. The context metamodel works closely with the transformation, mapping, and resource metamodels to support
plasticity, usability, and multimodal interaction.

A.2 Task Metamodel

The task metamodel in UsiXML provides a formal structure for describing user and system activities within interactive applications.
It belongs to the Tasks & Concepts layer of the UsiXML framework and supports model-driven user interface development. The
metamodel combines hierarchical task decomposition from HTA (Hierarchical Task Analysis) with temporal relationships inspired by
CTT and LOTOS operators. At its core, the metamodel is centered on the TaskModel, which organizes tasks into hierarchies composed
of atomic and complex tasks. Atomic tasks represent indivisible actions, while composed tasks can be decomposed into subtasks. Each
task includes descriptive attributes such as name, identifier, preconditions, postconditions, and canonical task types like CREATE,
SELECT, MODIFY, or NAVIGATE.

The metamodel also defines TaskExpression and TemporalRelationship elements to describe dependencies and execution order
between tasks using operators such as ENABLING, CONCURRENCY, CHOICE, and SUSPEND. To enrich task descriptions, Deco-
rations are used to specify properties such as criticity, frequency, iteration constraints, execution time, and interaction nature (USER,
SYSTEM, or INTERACTIVE).
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Fig. 26: Task metamodel as a UML class diagram (extracted from [I])

Overall, the task metamodel offers an extensible and structured way to model user activities, collaborative interactions, and
temporal behavior, enabling the systematic design and analysis of interactive systems.

A.3 Domain Metamodel

The domain metamodel in UsiXML describes the entities manipulated by users while interacting with a system and defines the
relationships among these entities. It is based on the UML class diagram metamodel and serves as the conceptual representation
of application data and business logic within the UsiXML framework. The domain metamodel enables the specification of system
structure independently from user interface implementation details.

At the center of the metamodel is the DomainModel, which groups together classes, attributes, operations, and relationships
representing the application domain. The main concept is the Class, which models entities of the system along with their properties and
behaviors. Classes may contain Attributes that define data characteristics and Operations that define available actions or functionalities.

Relationships between entities are represented through Associations and Generalizations. Associations describe semantic links
between classes and may include multiplicities, navigability, or aggregation types such as shared or composite aggregation. General-
izations represent inheritance relationships, allowing subclasses to inherit characteristics from more general classes. The metamodel
also supports interfaces, dependencies, realizations, and association classes to capture complex object-oriented structures. Additional
concepts such as Property, Parameter, MultiplicityElement, and VisibilityKind provide detailed specifications for attributes, opera-
tions, and accessibility constraints. Enumerations define standardized values for aggregation types, parameter directions, and visibility
levels.

Overall, the domain metamodel provides a structured and extensible representation of application data and object relationships. By
relying on UML principles, it supports interoperability, abstraction, and clear separation between domain concepts and user interface
design.

A.4 Abstract User Interface Metamodel

The Abstract User Interface (AUI) metamodel in UsiXML represents the user interface at a platform-independent level. It corresponds
to the Platform-Independent Model (PIM) in Model-Driven Engineering (MDE) and describes user interactions without considering
concrete widgets, devices, modalities, or implementation technologies. The purpose of the AUI metamodel is to provide a high-level
description of interaction spaces and user interaction logic that can later be transformed into concrete user interfaces adapted to
different platforms and contexts of use. The AUI metamodel is centered on the AbstractUIModel, which organizes the interface into
a collection of abstract interaction units. These interaction units represent logical interaction elements rather than physical interface
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Fig. 27: Domain metamodel as a UML class diagram (extracted from [I])

components. The model is designed to be independent of graphical, vocal, tactile, or multimodal implementation details, ensuring
portability and adaptability across platforms.

The core concept of the metamodel is the AbstractInteractionUnit. Every abstract object in the interface is represented by this
entity. Each interaction unit contains descriptive attributes such as identifiers, roles, hierarchy order, repetition factors, and importance
levels. Security aspects are also integrated through attributes such as authentication type and security mechanism. Authentication
may be performed using passwords, integrated mechanisms such as certificates, or may require no authentication at all. Additional
security mechanisms, such as CAPTCHA validation, can also be specified.

To support internationalization and localization, the metamodel defines the AbstractLocalization entity. This element stores textual
descriptions related to interaction units, including labels, short labels, long labels, descriptions, and contextual help messages in multiple
languages. This mechanism enables the same abstract interface to be adapted to different linguistic and cultural environments.

The AUI metamodel structures interaction units into compound and elementary units. AbstractCompoundIU represents com-
posite interaction spaces that group multiple interaction units together. A specialized form, AbstractSelectionlU, models interaction
mechanisms based on selecting items from a list or collection. It supports several selection behaviors such as single selection, interval
selection, multiple interval selection, continuous selection, expandable lists, and rating systems. Additional attributes define ordering
criteria, selection ranges, and step values for numerical selections.

Elementary interaction units are represented by AbstractElementaryIU, which is further specialized into AbstractDatalU and
AbstractTriggerIU. AbstractDatalU handles interactions related to data manipulation and presentation. It defines references to the
domain model, cardinality constraints, default values, data types, formats, and interaction modes such as input, output, or bidirectional
interaction. The supported data types include text, numeric values, dates, multimedia content, arrays, and secret data. The metamodel
also supports dynamic data whose content may evolve over time.

AbstractTriggerIU represents interaction units that initiate actions or navigation events. Trigger units can support navigation
actions, operational commands, or combined operation-navigation behaviors. These units abstract the mechanisms by which users
activate system functionalities independently from the final interface modality.

The behavioral aspects of the abstract interface are handled through AbstractListener entities. These listeners implement Event-
Condition-Action (ECA) rules that define how interaction units react to user actions or system events. Event handling is represented
using EventExpression structures composed of AtomicEvents and TemporalEventExpressions. Atomic events include activities such as
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Fig. 28: Abstract User Interface metamodel as a UML class diagram (extracted from [I])

data input, erroneous input, data selection, focus changes, navigation triggers, and model updates. Temporal event expressions define
relationships between events using operators such as enabling, concurrency, suspension, disabling, choice, and order independence.

Conditions specify logical expressions that must be satisfied before actions are executed. Actions themselves are represented by
ActionExpression entities composed of AtomicActions and TemporalActionExpressions. Atomic actions can manipulate the domain
model through operations such as create, read, update, delete, reset, or copy. They can also manage listeners, dispatch events, or control
interaction units by opening, closing, activating, or emphasizing them. Temporal relationships among actions allow the specification
of complex behavioral flows.

The metamodel also incorporates concepts inspired by state machines through the State and Transition entities. States represent
possible conditions of an interaction unit, while transitions define movements between states triggered by events and associated actions.
This integration allows compliance with W3C SCXML principles and supports dynamic, event-driven user interface behavior.

Another important aspect of the AUI metamodel is the inclusion of Justification entities. These entities document the rationale
behind interface decisions and ECA rules using concepts such as claims, grounds, warrants, rebuttals, and qualifiers. Although not
directly involved in interface execution, they support traceability, reasoning, and design documentation.

Overall, the Abstract User Interface metamodel provides a highly structured, extensible, and modality-independent framework for
representing user interaction logic. It separates interaction semantics from implementation details while integrating data management,
event handling, behavioral modeling, localization, security, and state management. This abstraction facilitates transformation into
multiple concrete user interfaces and supports adaptive, context-aware, and reusable interface design within the UsiXML framework.

A.5 Concrete User Interface Metamodel

The Concrete User Interface (CUI) metamodel in UsiXML represents the user interface at the platform-specific level of abstraction.
It corresponds to the Platform-Specific Model (PSM) in Model-Driven Engineering (MDE) and describes user interfaces in terms of
concrete interaction units that are adapted to a particular interaction modality, platform, or device. Unlike the Abstract User Interface
(AUI), which remains independent from implementation details, the CUI metamodel introduces modality-dependent characteristics
such as graphical layout, visibility, styles, and interaction behaviors while still remaining independent from a specific programming
language or toolkit.

The main objective of the CUI metamodel is to bridge the gap between abstract interaction concepts and executable user interfaces.
It specifies how interface elements should appear and behave for a particular modality, such as graphical, vocal, tactile, or multimodal
interaction. In the current version of the metamodel, the graphical modality is the most extensively defined.

At the core of the metamodel is the ConcreteUIModel, which represents the entire concrete user interface before transformation
into executable code. It organizes the interface into ConcretelnteractionUnits that correspond to concrete interaction components
adapted to a specific platform or modality. Although the model is platform-specific, it still remains independent of implementation
technologies such as Java Swing, HTML, or VoiceXML.
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Fig. 29: Concrete User Interface metamodel as a UML class diagram (extracted from [I])

The principal entity of the metamodel is the ConcretelnteractionUnit. Every concrete component in the interface is represented by
this entity. Concrete interaction units may belong to different modalities including graphical, vocal, tactile, or multimodal interfaces.
Each interaction unit contains identifiers and contextual conditions that establish links with the Context model. This integration
enables the interface to adapt dynamically to context changes such as device characteristics, user profiles, or environmental conditions.

To support multilingual interfaces, the metamodel defines ConcreteLocalization entities. These entities provide localized textual
resources associated with concrete interaction units. Localization attributes include labels, long labels, short labels, and help descrip-
tions. This mechanism ensures that the same interface structure can be rendered in different languages while preserving usability and
consistency across cultural contexts.

A major specialization within the metamodel is the ConcreteGraphicallU hierarchy, which models graphical user interface com-
ponents. ConcreteGraphicallU is the main graphical entity and represents visual interaction elements. Each graphical interaction unit
includes spatial and presentation attributes such as position coordinates, dimensions, visibility, enablement, resizability, and splitta-
bility. These attributes allow the specification of concrete layout and rendering properties necessary for graphical interface design.

The graphical interaction units are divided into two major categories: ConcreteGraphicalCompoundIU and ConcreteGraphicalEle-
mentarylU. Compound graphical interaction units act as containers that organize and group other graphical components. They support
hierarchical organization and layout structuring of the interface. Elementary graphical interaction units represent atomic widgets or
controls that users interact with directly.

The metamodel includes several predefined graphical widgets and containers that abstract common user interface components.
Examples include tab bars, tabs, menus, dialog windows, panels, lists, forms, labels, buttons, and selection controls. These components
are described independently from any specific toolkit while still capturing the characteristics required for graphical rendering and
interaction.

Relationships among graphical interaction units are represented through ConcreteGraphicalRelationship entities. These relation-
ships specify how graphical components are spatially organized and connected within the interface hierarchy. They define containment,
alignment, and structural composition among widgets and containers.

The CUI metamodel also incorporates styling capabilities through ConcreteStyle entities. Concrete styles define visual appearance
properties for interaction units such as colors, fonts, borders, spacing, alignment, and rendering preferences. By separating style
information from structural definitions, the metamodel supports interface customization, theming, and adaptation to different devices
or branding requirements.

Behavioral aspects of the concrete interface are managed through ConcreteListener entities. Similar to the listeners defined in
the Abstract User Interface metamodel, concrete listeners implement Event-Condition-Action (ECA) rules that define how concrete
widgets react to user interactions or system events. These listeners connect low-level interface events with actions affecting the interface
state or the underlying domain model.

The metamodel also supports modality specialization. Although the graphical modality is the most detailed in the specification,
the architecture allows extension toward vocal, tactile, and multimodal interaction models. This extensibility enables the integration
of emerging interaction technologies while preserving the consistency of the overall UsiXML framework.

An important characteristic of the Concrete User Interface metamodel is its role in model transformations. The CUI serves as
the intermediate representation between abstract interaction models and executable user interfaces. It refines abstract interaction
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concepts into modality-specific components while maintaining traceability with task models, domain models, and context models. This
separation of concerns improves maintainability, adaptability, and reusability in user interface engineering.

Overall, the Concrete User Interface metamodel provides a structured and extensible framework for specifying concrete interaction
components, layouts, visual styles, localization resources, and behavioral mechanisms. By refining abstract interaction concepts into
modality-aware representations, it enables the systematic generation of executable user interfaces adapted to multiple platforms,
devices, and contexts of use within the UsiXML model-driven architecture.

A.6 Transformation Metamodel
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Fig. 30: Transformation metamodel as a UML class diagram

The transformation metamodel in UsiXML defines the mechanisms used to transform models from one level of abstraction to
another within the model-driven engineering process. It plays a central role in connecting the different UsiXML metamodels, such as
Task, Context, Domain, Abstract User Interface (AUI), and Concrete User Interface (CUI), enabling the systematic generation and
adaptation of user interfaces across multiple platforms and contexts of use.

The transformation metamodel supports model-to-model transformations by specifying how elements from a source model are
mapped, refined, or translated into elements of a target model. These transformations may occur vertically between abstraction layers,
such as from task models to abstract user interfaces or from abstract interfaces to concrete interfaces, as well as horizontally between
models at the same abstraction level but adapted to different contexts or platforms.

The metamodel is structured around transformation rules that define the conditions and operations necessary to produce target
model elements. Each transformation rule specifies source elements, target elements, constraints, and transformation logic. The rules
may include mappings between concepts, relationships, attributes, and behavioral properties across metamodels. This approach ensures
consistency and traceability during the interface development process.

An important feature of the transformation metamodel is its support for context-aware adaptation. By integrating with the Context
metamodel, transformations can dynamically generate or adapt user interfaces according to contextual factors such as user profiles,
devices, environments, or interaction modalities. This capability enables adaptive and plastic user interfaces that can evolve according
to changing conditions of use.

The transformation metamodel also incorporates concepts from Quality of Service and Quality of Use through dedicated packages.
These packages allow transformations to take into account usability, performance, accessibility, and other quality criteria during the
generation process. As a result, the produced interfaces are not only functionally correct but also optimized for user experience and
operational constraints.

The metamodel is organized into several packages that separate concerns and improve extensibility. These include packages for
context handling, transformation specification, and quality management. This modular structure allows developers to extend the
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transformation framework with additional rules, operators, or adaptation strategies while maintaining consistency across the UsiXML
ecosystem.

Another important aspect of the transformation metamodel is its compatibility with existing model transformation technologies
such as ATL (Atlas Transformation Language) and graph transformation approaches. This compatibility facilitates interoperability
with external model-driven engineering tools and supports automated transformation execution.

The transformation process itself may involve several operations, including abstraction, refinement, translation, composition, and
synchronization of models. Transformations preserve relationships between source and target models, enabling traceability and reverse
engineering capabilities. This traceability is essential for maintaining coherence across different abstraction levels and for supporting
iterative interface development.

Overall, the transformation metamodel provides the formal infrastructure required to automate the evolution of user interface
models throughout the UsiXML development lifecycle. By enabling structured, reusable, and context-sensitive transformations between
models, it supports the creation of adaptive, consistent, and platform-independent user interfaces within a model-driven engineering
framework.

A.7 Mapping Metamodel
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Fig. 31: Mapping metamodel as a UML class diagram (extracted from [IJ)

The mapping metamodel in UsiXML defines the relationships between elements belonging to different metamodels and abstraction
layers. Its main purpose is to establish traceability and correspondence among models such as Task, Context, Domain, Abstract User
Interface (AUI), and Concrete User Interface (CUI). Through these mappings, the framework can connect user tasks, domain concepts,
contextual situations, and interface components in a coherent manner.

The mapping metamodel supports model-driven transformations by specifying how elements from one model are associated with
elements in another model. For example, a task can be linked to an abstract interaction unit, or a contextual situation can be associated
with a specific interface adaptation. This enables synchronization and consistency across the entire development lifecycle.

Overall, the mapping metamodel acts as an integration mechanism within the UsiXML framework, ensuring coordination, trace-
ability, and interoperability between the various models involved in user interface design and adaptation.

A.8 Resource Metamodel

The resource metamodel in UsiXML describes the physical and logical resources involved in user interaction within an interactive
system. It defines the characteristics and capabilities of devices, platforms, and interaction resources that support the execution of
user interfaces. These resources may include hardware components such as screens, keyboards, microphones, speakers, sensors, and
network connections, as well as software resources and interaction modalities.

The metamodel enables the specification of resource properties such as availability, capacity, performance, compatibility, and sup-
ported interaction modalities. By modeling these characteristics, the framework can adapt user interfaces according to the capabilities
and limitations of the execution environment.

The resource metamodel is closely connected to the Context metamodel and supports context-aware adaptation and plasticity. It
allows transformations and mappings to generate user interfaces optimized for different devices, platforms, and interaction conditions.
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