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MoCaDiX: Designing Cross-Device User Interfaces of an

Information System based on its Class Diagram
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This paper presents MoCaDiX, a method for designing cross-device graphical user interfaces of an information
system based on its UML class diagram, structured as a four-step process: (1) a UML class diagram of the
information system is created in a model editor, (2) how the classes, attributes, methods, and relationships
of this class diagram are presented across devices is then decided based on user interface patterns with
their own parametrization, (3) based on these parameters, a Concrete User Interface model is generated in
QuiXML, a lightweight fit-to-purpose User Interface Description Language, and (4) based on this model,
HTML5 cross-device user interfaces are semi-automatically generated for four configurations: single/multiple-
device single/multiple-display on a smartphone, a tablet, and a desktop. From the practitioners’ viewpoint, a
first experiment investigates effectiveness, efficiency, and subjective satisfaction of three intermediate and
three expert designers, using MoCaDiX on a representative class diagram. From the end user’s viewpoint,
a second experiment compares subjective satisfaction and preference of twenty end users assessing layout
strategies for interfaces generated on two devices.
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1 INTRODUCTION

In today’s computing era, carrying out a same task on many computing platforms or devices or
across these devices has become more important and prevalent than ever. For some time, multi-
platform user interfaces (MUIs) [3, 42, 48, 61] have been investigated to enable end users to carry out
their tasks on the platform or device of their choice. The assortment of potential devices, ranging
from the smallest ones like smart watches to the largest ones, like wall screens, grows everyday,
thus keeping MUIs as a key for reigning in demanding end users.
Despite their constant search for consistency, many MUIs deliver different user experiences

across different platforms [58]. Therefore, the greatest success is expected to come from creating a
cohesive Cross-Device Interaction (XDI) through Cross-Device User Interfaces (XDUIs) [31]. Instead
of carrying out an entire task on a single device, the end user could suspend a task on one device

Authors’ addresses: Jean Vanderdonckt, Université catholique de Louvain, LouRIM Institute, Place des Doyens, 1, Louvain-
la-Neuve, 1348, Belgium, jean.vanderdonckt@uclouvain.be; Thanh-Diane Nguyen, ICHEC Brussels Management School,
Belgium, Rue au Bois, 365a, Brussels, 1150, Belgium, thanh-diane.nguyen@ichec.be.

Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee
provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and
the full citation on the first page. Copyrights for components of this work owned by others than ACM must be honored.
Abstracting with credit is permitted. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires
prior specific permission and/or a fee. Request permissions from permissions@acm.org.
© 2019 Association for Computing Machinery.
2573-0142/2019/6-ART17 $15.00
https://doi.org/101145.3331159

Proc. ACM Hum.-Comput. Interact., Vol. 3, No. EICS, Article 17. Publication date: June 2019.

https://doi.org/101145.3331159
https://doi.org/101145.3331159


17:2 Vanderdonckt and Nguyen

and resume it on another. In contrast to MUI, XDI distributes functionalities across multiple devices
with the same (All in [58]) or with different (Any in [58]) methods. During the last decade, there
has been an increasing interest in XDI [28, 30, 44, 49, 60] in general, as a MUI extension [23, 26, 53],
pushed on one side by technological advances and availability of a ever-growing palette of devices
and pulled on the other side by always-demanding end users willing to benefit from these devices.

Instead of studying XDI for any type of interactive application in general, we will focus through-
out this paper on Information Systems (ISs), which are referred to as the process of and software
support for collecting, storing, updating, retrieving of data and communications in any business-
oriented organisation [51]. ISs represent a promising field for applying XDI:

• MUI is already in place in many case studies [59].
• ISs belong to the most frequent type of applications largely accessible through the Web [35].
• They share a systematic usage of common, yet simple, management tasks, such as Create-
Read-Update-Delete-Search (CRUDS) [43].

• Their UIs tend to be similar in terms of structure and navigation as their interaction style
remains consistent [41]: form filling, menu selection, and window-based interaction.

• They require a minimal syntactical and semantic knowledge [22]. Three IS usage patterns
have been identified that make IS particularly suitable for XDI [33]: independent usage into
resource lending (e.g., one smartphone for one task), unrelated parallel use (e.g., different
devices for different tasks), and related parallel use (e.g., multiple devices for the same task).

A domain model [16, 25] expresses a conceptual view of a certain domain of human activity [21]
with both structural and behavioural characteristics [51]. A domain model could be represented in
several ways, like a UML class diagram, an entity-relationship-attribute model, or an object-oriented
model. For any IS, a domain model is almost always produced [22, 35], thus offering a permanent
starting point for initiating the development, user interface included.

This paper contributes to the XDI research with MoCaDix, a tool-supported method specifically
tailored to facilitate the deployment of Cross-Device User Interfaces (XDUIs) of ISs over the Internet
based solely on a UML class diagram. MocaDix provides the following original contributions:

• On the conceptual viewpoint: a Concrete User Interface (CUI) model capturing a XDUI for IS in
terms of QuiXML, a lightweight fit-to-purpose User Interface Description Language (UIDL),
a set of device-independent user interface patterns to transform an initial class diagram into
a CUI model based on mapping rules, and a definition of design options targeting XDI for
four configurations: single vs. multiple devices with single vs. multiple displays.

• On the methodological viewpoint: a four-step method for designing XDUI for IS based on the
CUI model, the patterns and their design options for governing the XDI.

• On the implementation viewpoint: a new, cloud computing-based deployment environment
supporting the aforementioned method providing designers and developers with on-line
editing and generation capabilities for XDUIs which are accessible by end-users through the
same environment via three devices in four configurations.

• On the experimental viewpoint: two experiments assess MoCaDix’s impact from the designers
and developers’ viewpoint and from the end user’s viewpoint.

The remainder of this paper is structured as follows: Section 2 reports on some selected related
work and discusses the background. Section 3 introduces, motivates, defines, and explains the four
steps of the MoCaDix method and exemplifies its process based on a running example. Section
4 reports on the results obtained from the first study involving designers. Section 5 reports on
the results obtained from the second study involving end users. Section 6 concludes the paper,
discusses some threats to validity, and discusses some futures avenues of this work.
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2 RELATEDWORK AND BACKGROUND

Various definitions [26, 28, 30, 44, 49, 58] exist for XDI, each of them having its own focus, and
interests. Among them, we opted for Scharf et al.’s definition [60], a general one suitable to the
IS field: ”XDI is the type of interaction where end users interact with multiple separate input and
output devices, where input devices will be used to manipulate content on output device within a
perceived interaction space with immediate and explicit feedback”. Based on this definition, XDI
could be structured along three axes [60]: ownership, which specifies who owns the input/output
device; access, which specifies who has the right to access to each device; and distance, which
specifies to what distance the output devices are located.

To support designing XDUIs, different tools range from graphical, direct manipulation authoring
environments targeting novice designers to programming frameworks with or without visual editors
targeting expert designers and developers. The first category contains representative examples
such as: UIDistributor for distributed GUIs across multiple users equipped with multiple devices
[26], context-dependent XDUIs [28], and XDStudio [45] for authoring XDUIs visually on emulators
or actual devices. The second category also contains representative examples, among them are
Conductor [30] and Panelrama [66] which uses a constraint-based approach for specifying XDUIs.

XDBrowser [44] falls between these two categories: it preserves the flexibility of quickly produc-
ing XDUIs over the Internet while offering a general purpose XDI programming language for more
sophisticated XDI portions, thus marrying both worlds without their respective shortcomings. Paay
et al. [50] demonstrate that a XDI could be initiated between a smartphone and a large display
by relying on four simple gestures for manipulating objects (i.e., pinching, swiping, swinging and
flicking). These gestures are aimed at transferring data from the smartphone to the large display,
they are not aimed at covering the traditional methods, such as CRUDS. A property that is common
to all these tools is that they target a general-purpose XDUI by direct manipulation. As such, they
could be of course applied to any interactive system, such as ISs, the focus of this paper. In this
case, the XDUI needs to be created entirely.

On the other, there are several approaches and frameworks that are very effective for producing
interactive applications with their UI for the Web: The Google Web Toolkit (GWT) 1, Hop [62],
Ocsigen [5], and Ur/Web [10]. But none of them address the specific requirements of XDUI. In their
case, even if a single development language is promoted to write the entire application and it UI,
everything should be constructed by hand.
In the field of Model-Based User Interface Design (MBUID) [19, 54, 57], many models initiate

and feed a full UI development life cycle, either in isolation or in combination with another: task,
domain, user, abstract UI, concrete UI, device, environment, help, tutorial. Since the UML class
diagram is prevalent in IS development, we review only some of the MBUID approaches relying
on a similar model, such as: Trident [65], Genius [32], Mecano [55], Janus [6], Mobi-D [56],
Huddle [48], ProtoUI [24], AutoGen [16–18], DB-Use [64], Shatnawi [63], Just-UI [43], Seffah &
Forbrig [61], OlivaNova [4], UsiMad [46], Modus [41].
Table 1 sorts in chronological order some significant MBUIDs involving a model comparable

to the UML Class Diagram according to the following scheme: what kind of input is required to
initiate the UI development life cycle?, what are the instruments for ensuring the process?, what is
its output?

Regarding the input, progressively more complex and expressive models have been considered:
first simple data models, without the relationships between data, then the Entity-Relationship-
Attribute (ERA) model with its extension almost in parallel with the advent of object-oriented
models [11]. The UML class diagram finally imposed its reference status. None of the surveyed

1http://www.gwtproject.org/
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MBUID Year Input Process Output

Trident 1993 ERA model Expert system with
ECA

1 GUI for Windows and 1 for DEC
OSF/Motif

Genius 1993 Extended ERA model Rule-based approach 1 GUI in C for OSF/Motif large work-
station

Mecano 1994 Data model with in-
heritance only

Expert system with
rule-based approach

1 GUI in C for NextStep workstation

Janus 1995 OOmodel with inheri-
tance and aggregation

Code generation 1 GUI in C forWindows high-end desk-
top

Mobi-D 1997 OO model with inher-
itance

Template-based gen-
eration

1 GUI for Windows desktop

Huddle 2006 Specifications Code generation n GUIs in Java for desktop and mobile
devices

ProtoUI 2006 UML 1.0 scenarios Code generation 1 GUI for desktop
AutoGen 2009 UML 2.0 Class dia-

gram and use case
Code generation n GUIs for desktop based on parame-

ters
DB-Use 2010 Task, user, domain

models
Java production rules 1 GUI in Java for desktop

Shatnawi 2016 UML 2.0 Class dia-
gram and use cases

Code generation 1 language-independent GUI for desk-
top

Just-UI 2002 UML 1.0 Class dia-
gram

5 Pattern-based ap-
proach

1 GUI in C for Windows desktop

Seffah &
Forbrig

2006 Pattern definitions
and task model

Template-based gen-
eration

n GUIs for desktop and mobile devices

OlivaNova 2007 UML 2.0 Class dia-
gram, presentation
model

Model-to-model
transformations

3 GUIs for desktop: 1 in Java, 1 in C++
for Windows, and 1 is ASP.Net

Usimad 2016 UML 2.0 Class dia-
gram

Model-to-model
transformations

2 GUIs: 1 for desktop and 1 for mobile
devices

Modus 2017 UML Class diagram,
UI specifications

Architectural pat-
terns, mapping
rules

n GUIs for web applications

Table 1. Comparison of some model-based approaches.

work solely exploits the class diagram as a unique starting point: it is always complemented with
other UML models [8], such as use case [18], activity diagram [15], scenarios [24], prototypes [17],
and UI specifications [41]. For example, DB-USE requires three input models before obtaining any
UI, which raises the threshold of workload load needed before getting any result [64]. The UML
class diagram still prevails often with other modelling constructs, such as a task model [61], a
presentation model [4] or a suite of SE-MDE models [22, 35].
Regarding the process, several techniques have been exploited from a simple set of rules,

sometimes gathered in a knowledge base or an expert system, to a large set of production rules
[55], trigger-action rules [28], or mapping rules [41], all being variants of the general purpose
Event-Condition-Action (ECA) production rule. Various code generation techniques have been
also successfully investigated, such as template-based, pattern-based, or skeleton-based. With the
advent of Model-Driven Engineering (MDE), Model-to-Model (M2M) and Model-to-Code (M2C),
transformations [51] replaced previous sets of rules. Virtually any transformation could be defined
to support additional design options for different devices, but this flexibility induces some cost [47]:
creating, editing, managing, and applying these transformations reveal complexity challenges that
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are hard to solve. The challenge of managing a large set of rules or transformations, which requires
some prioritization, still remains [28].
Regarding the output, more devices are supported with flexibility. MUIs progressively arrive

when they were introduced on the market, up to full MUI generation [23, 26, 53].
In conclusion, current technologies do not support adequately XDUIs for ISs per se. We did not

identify any work that solely starts from the last version of UML class diagram V2.5 for producing
XDUIs to an IS (Table 1).

3 THE MOCADIX METHOD

Since ISs are our primary target, we hereby define a XDI configuration as a first-order predicate log-
ical formula C=InputOutputDevices ∧ OutputDevices, where InputOutputDevices expresses
any combination of input/output devices S (smartphone), T (tablet), D (desktop) with a subscript
indicating i=input, o=output, io=input/output and where OutputDevices expresses the combina-
tion of output devices in the same way. Based on this formula, we introduce four configurations as
a basis for MocaDix (Fig. 1):
(1) Single device-single display (SDSD): only one display is associated with the input device

(Fig. 1a): C = Sio ∨Tio ∨ Dio (only one device among three serves as input and output). This
represents the traditional case of a single-device GUI: everything is concentrated on one
device.

(2) Single device-multi-display (SDMD): more than one display is associated to the input device
(Fig. 1b): C = (Sio ∨Tio ∨ Dio) ∧ (So ∨To ∨ Do) (at least one device among three serves as
input and at least two displays as output). This configuration represents typical cases such as
dual screen, multi-monitor: the input CIU is assigned to one input device and the output CIU
is directed to the remaining displays.

(3) Multi-device-single-display (MDSD): more than one device is involved, each coming with
its own single display (Fig. 1c): C = (Sio ∨ Tio ∨ Dio) ∧ (So ∨ To ∨ Do). This configuration
represents the MUI case. For instance, an entirely independent UI is generated for each device.

(4) Multi-device-multi-display (MDMD): more than one device is involved with an independent
suite of displays, not necessarily with a one-to-one mapping between a device and a display
(Fig. 1d): C = [(Sio ∧Tio)XOR(Sio ∧ Dio) ∨ (Tio ∧ Dio) ∨ (Sio ∧Tio ∧ Dio)] ∧ (So ∨To ∨ Do)

(at least two devices among three serve as input and at least two devices serve as output).

DeviceSingle Multiple

D
is

pl
ay

Single

Multiple

Fig. 1. Four XDI configurations: (a) SDSD, (b) SDMD, (c) MDSD, (d) MDMD.
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The MoCaDix method is decomposed into four steps, each step being respectively defined,
explained, and illustrated in the next four subsections:
(1) Model editing: a designer or a developer edits a UML V2.5 Class Diagram as defined by OMG2

in an appropriate model editor, which stores this model in a XML file.
(2) User Interface Pattern Selection and Parametrization: the resulting class diagram serves as

input for the designer to choose user interface patterns that are independent of any device
and configuration, along with design options materialized as parameters of these patterns.
For each construct of the class diagram, patterns are selected, their parameters are specified,
all of them are again stored in a XML file.

(3) Concrete User Interface Model Generation and Editing: the class diagram and its pattern
application file, serve as input to the Concrete User Interface Model Generator, which apply
selected mapping rules governed by the patterns parameters to semi-automatically generate
a Concrete User Interface model, stored in QuiXML, a lightweight UIDL for XDUIs at the
CUI level. This model can be itself edited in its corresponding editor.

(4) Cross-Device User Interface Generation: the CUI model then serves as input for a semi-
automated generation of cross-device user interface code in HTML5 for four configurations
(Fig. 1), representing each a combination of a smartphone, a tablet, and a desktop.

MoCaDix provides designers and developers with a cloud-computing software architecture, in
which all models are maintained based on a Model Manager, with accesses managed by a Access
Right Manager. All resulting XDUIs are then deployed over the Internet infrastructure by URLs
and Servlets and synchronized via the Model Manager (Fig. 2).

Model editor Class 
diagram

User Interface 
patterns

Pattern design 
options

Pattern selection and 
parametrization

Patterns 
parameters

UI preview

Concrete User Interface model generator

Concrete User 
Interface model

Concrete User 
Interface 

model editor

Step 1 – Model editing

Step 2 – Parametrization

Step 3 – Concrete UI generation

Cross-Device User Interface generator

Final User Interface 
for Smartphone

Final User Interface 
for Tablet

Final User Interface 
for Desktop

Cloud Computing-based UI Server

Step 4 – Cross-device UI generation

Fig. 2. Overview of the MoCaDix Method.

3.1 Step 1. Model Editing

The UML Class Diagram has nowadays become the most recent and frequent model representing
a domain: this structure diagram describes a domain of interest by specifying its classes, their
attributes and methods, and the relationships between these classes. Since 2000, the class diagram
is the most favoured conceptual model by designers [8]. More than two-thirds of the time, the

2See http://www.omg.org/spec/UML/2.5/
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Fig. 3. The MoCaDix cloud-based model editor.

designers are engaged in specifying a class diagram, with classes, methods, and attributes as the
most frequently used modelling constructs. In a dataset of 907 class diagrams studies, 423 used
classes, 171 used attributes, 296 used methods, and 71 used associations. In an analysis of 121
open UML projects, all of them (100%) use class diagrams and half of them use cases (47%) [35].
One third of these projects only used one model (34%), 17% used two models, and 22% used three
models. When a class diagram is used in combination with another UML model, classes and use case
diagrams were used in the first preferred combination (71%). The most frequently used modelling
constructs are respectively: class, attribute, method, inheritance, and association.
Fig. 3 reproduces a screenshot of MoCaDix’s cloud-based model editor where a real-world

large-scale class diagram is edited for an Internet Service Provider: each class is described by a
class name and type (concrete, when the class is instantiated into immediate objects, abstract, when
no such instantiation is meaningful), and a series of attributes, also specified with their status
(intrinsic, when the attribute is a semantic property, calculated, when the attribute is derived from
the values of other attributes). Each attribute is specified by various parameters (Fig. 4): an internal
name, a type (simple vs compound), a data type (e.g., Boolean, hour, date, char, URL, hashtag,
media, string, integer, real, or enumerated), an importance (expressing the need to be displayed
when screen constraints apply, ranging from 1-could be skipped to 5-always visible), and a label
(e.g., for field label to be displayed). Methods are similarly declared with a unique name, a type
(intrinsic vs calculated), and a signature. The model editor enables designers and developers to
create, retrieve, update, delete, and manage models on any HTML5-compliant platform. Any other
class diagram editor, e.g., Visual Paradigm, could be used provided that XMI is supported to ensure
interoperability.

Running example. In order to progressively illustrate MoCaDix’s method, a running example
is introduced from a simple class diagram: the Collection-Worker pattern from the Coad, North, and
Mayfield collection [12], which is considered as a fundamental Master-Detail pattern [46]. More
complex examples will be addressed in Section 4. Fig. 5 provides an overview of the full process
resulting from applying the method. Each step will be explained in the next subsections.
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Fig. 4. Definition of attributes: name, data type, importance, and label.

3.2 Step 2: User Interface Pattern Selection and Parametrization

For each model construct present in the class diagram resulting from Step 1, device-independent
graphical user interfaces patterns are selected in a pattern selector, and their corresponding pa-
rameters are decided according to the design options decided by the development team. These
patterns are manipulated at the level of Concrete User Interfaces (CUI) [9], i.e., the abstraction
level where user interfaces are defined for a particular interaction modality, here Graphical User
Interfaces (GUIs), but in a way that is independent of any target device. These patterns, along with
their parameters, are consequently expressed in terms of GUI design options, but without any
reference to any implementation (e.g., in terms of a programming or declarative language) and
software/hardware device (e.g., in terms of physical properties of the devices).

For this purpose, several families of patterns selection rules are defined, each family addressing
a sub-problem of the overall problem of XDUI construction. A special attention is paid to those
pattern parameters that are directly relevant to XDI, independently of the devices involved in any
future XDI. A mapping rule consists of a configuration directive that causes a model construct
in the Model Manager to be processed in some way, passed to an origin server, redirected, or
rejected. Setting mapping rules correctly is important to the proper functioning of the overall
process. Mapping rules affect the following: model transformation, basic proxy function, access
to the browser-based configuration, and ability to cache Servlet results and other dynamically
generated content. Mapping rule directives use the following format:

rule id template target [address | host_name]:[port]

where id represents an identifier of the mapping rule, template denotes a filtering condition
applied on the source model, target denotes the target model on which the mapping rule will be
applied, address, host name, and port respectively specify the path where the mapping rule will
store its results. Only requests that match the specified template and address-port combination are
subject to that rule. A template can contain wildcards, for example, https://**/*.asp. The order in
which the rules appear in the family is significant, for which the id explicitly represents the order
according to which a mapping rule will be considered. As soon as the mapping rule is matched to
a template, it is executed and subsequent mapping rules are not evaluated. A Map directive could
replace the URL in the request, which then continues to be compared to the remaining mapping
rules.

Proc. ACM Hum.-Comput. Interact., Vol. 3, No. EICS, Article 17. Publication date: June 2019.

https://**/*.asp


MoCaDiX: Designing Cross-Device User Interfaces 17:9

Collection

+CollID : Integer
+CollName : String
+CollDate : Date
+CollTime : Hour
+CollStatus : Enum
+CollHowMany()
+CollHowMuch()
+CollCalcOverWorkers()
+CollRankWorkers()
+CollCalcForMe()

Worker

+WorkerID: Integer
+WorkerName: String
+WorkerAbout: String
+WorkerCalcForMe()
+WorkerRateMe()

1..*1

<<Enumeration>>

CollStatus

PartTime
FullTime
Retired

A
A

D
A

1..n
1

A
A

D
A

=>

(f)

A D

A D

Group of
radio buttons

Edit field 
associated 
with semantic 
function

Main concrete 
interaction 
unit

Secundary
concrete 

interaction 
unit

Single device, single display (SDSD) for tablet

Single device, multiple displays (SDMD)   for desktop

Source model = combined+flat,   target model = flat, 

Source model = separated, target model = flat, 

Fig. 5. The running example starting from the Collection-Worker model.
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Fig. 6. Class Mapping Rules.

3.2.1 Class Mapping Rules. This family of rules is responsible for mapping any class in the diagram
into a Concrete Interaction Unit (CIU) [57], an interaction unit defined for a graphical modality,
but independently of any implementation technology. An interaction unit is defined by W3C as
”any entity that supports a task or a set of sub-tasks that are logically related to achieve a goal or
a set of goals” [57]. Fig. 6 summarizes how a CIU is formed for each class containing simple or
repeated attributes: a CIU is created for any class and populated by the CUI widgets resulting from
the previous selection. CIUs are represented as generic windows, and will be later on mapped to
any type of container, such as a web page, a section in a web page, a window, a dialog box, a tabbed
dialog box, or a group box.

3.2.2 Attribute Mapping Rules. This family of rules is responsible for mapping the meta-data of any
class attribute into a Concrete Interaction Unit (CIU), which does not refer to any particular device.
Table 2 summarizes the mapping between data type and cardinality and widgets. For instance, a
single-line edit field will be selected for any string of up to 30 characters, a two-line edit field up
to 60 characters, and a multi-line edit field beyond. These mapping rules can be edited so as to
create new entries for specifying more appropriate or advanced widgets for any model construct.
Alternate widgets will be also offered in the Step 2, but consistency will therefore no longer be
guaranteed, unless a round trip engineering process takes place.

Running example. Table 3 shows how attribute mapping rules have been executed for the
Collection class of the running example (Fig. 5). Methods are mapped onto an edit field containing
the results of the executed method, which are all calculating methods here. The edit field is itself
resulting from the Integer data type of Table 2. Attributes from the Worker class can be obtained
by analogy.

3.2.3 Relationship Mapping Rules. This family of mapping rules is responsible for mapping any
relationship declared in the class diagram into one or many CIUs that are structured according to
design options. While attributes and class mapping rules basically define the basic blocks in the

Proc. ACM Hum.-Comput. Interact., Vol. 3, No. EICS, Article 17. Publication date: June 2019.
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Attribute data type Property CIU
Boolean Check button
Hour Profiled edit field with regular expression
Date Profiled edit field with regular expression
Char Alphanumeric edit field
URL Link
Hashtag Profiled edit field with regular expression
Media Browse push button linked to media manager
String 30 Single-line edit field

60 Two-line edit field
Multi-line edit field

Integer 2 Slider
Profiled edit field

Real Profiled edit field
Enumeration 3 Group of radio buttons

7 List box
30 Combo box

>30 Accumulator
Method direct Push button

indirect Edit field associated with semantic function
Table 2. Attribute Mapping Rules.

Attribute and data type Property CIU
CollID, Integer Profiled edit field
CollName, String 30 Single-line edit field
CollDate, Date Profiled edit field with regular expression
CollTime, Hour Profiled edit field with regular expression
CollStatus, Enumerated 3 Group of radio buttons
CollDesc, String 50 Two-line edit field
CollHowMany Edit field associated with calculating function
CollHowMuch Edit field associated with calculating function
CalcOverWorkers Edit field associated with calculating function
RankWorkers Edit field associated with calculating function
CalcForMe Edit field associated with calculating function

Table 3. Attributes mapped in the Collection-Worker model.

Concrete User Interface (CUI), and as such they do not directly affect whether they will be presented
in a normal GUI or a XDUI, on the contrary, relationship mapping rules will directly affect how
CIUs of the whole CUI will be presented, ranging from a presentation completely concentrated on
one device to a presentation that is fully-distributed across devices. Domain relationships should
be exploited to offer a wide range of XDUIs depending on design options chosen by the designer,
developer. For this purpose, three design options are offered:
(1) Source Class Presentation: specifies whether the source class of any relationship should be

generated in a separate way from the class targeted by the relationship (separate) or combined
with the class targeted either at the same structural level in the CIU as the target class (flat)
or be nested within each other to reflect the semantic structure of the class (nested). This
design option applies to any source class and its immediate children. Consequently, the CIU
presenting the source class is either kept separate or combined with the CIU presenting
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any target class (subsequently, at the same level of the source CIU or nested to reflect the
semantic structure). A typical application of this option is to specify whether a master is
presented on a source device (e.g., a smartwatch) and its details are presented together or on
another device (e.g., such as a desktop). Each object selected on the input device results in
displaying its details on the output device, thus focusing selection of one small device and
leaving ample screen real estate for details on a larger device.

(2) Target Class Presentation: specifies whether any class targeted by the relationship should
be generated in a separate way from the other classes targeted by the relationship (separate)
or combined either at the same structural level in the CIU (flat) or be nested within each
other to reflect the semantic structure of the class (nested). This design option applies to
any target class of a relationship and its immediate children when any. Consequently, the
CIUs presenting the target classes are either kept separate or preferred combined with the
CIU presenting any class (subsequently, at the same level of the source CIU or nested to
reflect the semantic structure). A typical application of this option is to design a multi-level
Master-Detail pattern, where a master is located on one device such as a (input) smartphone,
a first-level detail is displayed on a second device such as a tablet (input/output), and the
last-level detail is displayed on a third device such as a (output) desktop.

(3) Target Class Collection: specifies whether classes targeted by a relationship should be
generated so as to form a semantic collection or not. The different values of this design
option are: none when no class should be collected, one-to-one when classes targeted by any
relationship with a one-to-one cardinality should be collected, one-to-many when classes
targeted by any relationship with a one-to-many cardinality should be collected, both when
classes targeted by any relationship with a one-to-one and one-to-many cardinalities should
be collected, and all when classes targeted by any relation-ship with all cardinalities should
be collected. This design option is expected to reflect the cardinality of any relationship into
a structure of CIUs depending on its value, regardless how they can be distributed later on
across one or many input/output devices. There is no value for zero-to-one and zero-to-many
cardinalities because these situations could arise when no object is still created. Therefore, the
presentation is replaced by a push button labelled ”Create Object” to edit its first instances.

To understand the impact of these design options, let us define a hypothetical class diagram
linking a source class A with six target classes B −G (Fig. 7) with two cardinalities (one-to-one in
left part and one-to-many in right part) and with single level vs. multi-level relationships, which
results into four possible configurations (Fig. 1):
(1) Target class C is linked from source class A by a one-to-one relationship only.
(2) Target classes B and F are linked from source class A by a one-to-one relationship at one vs

two levels. Hence, a first relationship exists between A and B and a second between B and F .
(3) Target class D is linked from source class A by a one-to-many relationship only.
(4) Target classes E andG are linked from source classA by a one-to-many relationship at one vs

two levels. Hence, a first relationship exists between A and E and a second between E and G .
CIUs are rendered as rectangular containers in Fig. 8 and 9 to avoid referring to any specific

implementation. Similarly, this rendering does not assume any particular physical layout of the con-
tainers, apart from their logical ordering. For example, the top left cell in Fig. 8 (source=target=Flat)
represents a sequential ordering of six CIUs corresponding respectively to A, B, F , C , D, E, and G
without assuming any associated layout. Later on, this ordering will be mapped to appropriate
containers, such as subsequent regions in a FlowLayout or a tree in a GridBagLayout in Java
terms. Different layout renderings and managers can be alternatively employed without the need to
specify them at this sub-step. These design options fulfill two external IFIP quality properties [29]:
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Fig. 7. Generic UML 2.5 class diagram.

observability (when attributes and methods are directly manipulable in the UI) and browsability
(when attributes and methods are accessible on-demand: everything that is not observable is made
browsable [29]). When target classes are presented together with the source class, observability is
ensured. When target classes are presented into collections, browsability is obtained instead.

Twenty-four mapping rules operationalize the three aforementioned design options (18 in Fig. 8
and 6 in 9). They are valid for any relationship: association, dependency, inheritance, aggregation
and composition. Consequently, they are estimated more generic than any other set of mapping
rules considered in the related work: for all related work starting from a domain model, separate
rules were defined for each specific relationship and only some of them were supported (e.g., JANUS
[6] supports five mapping rules for inheritance only). In contrast, MocaDix’s mapping rules are
the most generic, yet covering XDI. When a specific relationship is involved, only some predefined
values are acceptable for the three design options, thus leading to restrictions (see Fig. 12):

• Simple inheritance: a simple inheritance is structurally equivalent to a one-to-many associ-
ation (Fig. 12a): a series of transformations could transform a simple inheritance into this
corresponding association without any loss of information and vice versa), therefore restrict-
ing the coverage of Fig. 8 to only A and D classes with a one-to-many relationship between.
This simplification leads to Fig. 10.

• Multi-level inheritance: a multi-level inheritance is structurally equivalent to two subsequent
one-to-many associations (Fig. 12b), therefore restricting the coverage of Fig. 8 to only A, E,
and G classes.

• Multiple inheritance: a multiple inheritance, which typically represents polymorphism, is
structurally equivalent to two simple inheritances having two super-classes and one sub-class
sharing the two super-classes (Fig. 12c), therefore restricting the coverage of Fig. 8 to A, D,
and H classes. This simplification leads to Fig. 11.

• Multi-level multiple inheritance: if a multiple inheritance is combined with a multi-level
inheritance, the class diagram of Fig. 12d is obtained, which is structurally equivalent to two
one-to-many association starting from the super class A to two sub-classes B and C , both of
them being themselves super-classes of a common sub-class D.

• Complex inheritance: if a multiple inheritance is combined with a simple-level inheritance,
the class diagram of in Fig. 12e is obtained, which is structurally equivalent to a super-class
A having two sub-classes, B and C , in which C is itself a sub-class of another super-class D.

• Composition: a composition is structurally equivalent to a one-to-many association (Fig.
12f), therefore restricting the coverage of Fig. 8 to only A and D classes with a one-to-many
relationship between.

• Aggregation: an aggregation is structurally equivalent to a zero-to-many association (Fig.
12g), therefore restricting the coverage of Fig. 8 to only A and D classes with a one-to-many
relationship between and a zero-object case.
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• Dependency: a dependency is structurally equivalent to a one-to-many association (Fig. 12h),
therefore restricting the coverage of Fig. 8 to only A and D classes with a one-to-many
relationship between.

Running example. Top right part of Fig. 5 shows how the mapping rules have been applied to
the Collection-Worker pattern. Since a composition is defined between the source class Collection
and the target class Worker, the CUI basically consists of two Concrete Interaction Units (CIUs),
one for each class with the following design options: source class presentation=Combined+flat,
target class presentation=Combined+flat, which corresponds to the top left cell in Table 5 for the
A and D classes only. Note again that the physical positioning of the two CIUs side-by-side does
not induce any particular layout in the Final UI: they are only placed for visualization as they only
reflect a structure.

3.3 Step 3. Concrete User Interface Model Generation and Editing

The application of mapping rules devised in Step 2 leads to populating a CUI model with its
appropriate elements stored in a XML-compliant format, which is typical of the many User Interface
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Fig. 12. Special relationships: (a) simple inheritance, (b) multi-level inheritance, (c) multiple inheritance, (d)

multi-level multiple inheritance, (e) complex inheritance, (f) composition, (g) aggregation, and (h) dependency.

Description Languages (UIDLs) [27]3 introduced insofar. For expressing a CUI model in MoCaDix,
QuiXML (Quick User Interface XML), a new UIDL, has been defined to fulfill these requirements:

• CUI coverage: although existing UIDLs cover many models at different stages of the UI
development life cycle, only the CUI should be covered here in order to avoid the proliferation
of models and their inherent cost. Only the graphical modality is hereby retained since
information systems primarily rely on this modality, even when they are accessed via different
devices.

• Lightweight expressivity: for specifying all the widgets that are relevant to CUI, we face the
union vs intersection perpetual dilemma. A union approach assumes that the expressivity
should cover all possible widgets, which is impossible because devices support these widgets
in a very heterogeneous way: some suffer from inconsistent rendering, some others are only
available on a particular device, some others are available through libraries (e.g., jQuery). An
intersection approach subsumes determining the lowest common denominator between all
widgets available on all target devices, which may result in a very small amount of widgets
expressed. QUIXML seeks to find a middle ground between these two approaches: preserving
the facility of specifying the most frequent widgets should be balanced with enabling external
widget references to another XML-compliant file.

• Application of the Don’t Repeat Yourself (DRY) principle: in contrast to UIDLs repeating the
same concept at different levels of abstraction,QuiXML should express any concept one time
and only one.

• W3C compliance: the modelling concepts should be termed according to the glossary rec-
ommended by the W3C Charter Group on Model-Based User Interfaces 4 and its related
concepts [9].

Based on these requirements,QuiXML semantics have been defined as a UML V2.5 class diagram,
which has been transformed by Model-to-Model (M2M) transformation into a XML Schema that
governs any CUI specified inQuiXML. This UIDL is not intended to be actually read by human
designers and developers, but to be efficiently processed by machine algorithms. Anyway, it still
remains readable part by part. Once generated, the CUI model could be edited within the appropriate
editor as follows, from to gross-grained to fine-grained modifications:

3Also see https://www.w3.org/TR/mbui-intro/
4https://www.w3.org/TR/mbui-glossary/
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Fig. 13. CUI modifications: (a) collapsing an element, (b) moving it in the hierarchy, (c) configuring an element.

• The ordering and the structure of CUI elements is modifiable by direct manipulation without
changing the rest of the specifications. In this way, alternate structures could be quickly
explored without altering their individual contents. Any CUI element can be dragged and
dropped at any level of the hierarchy. A compound element can be expanded to reveal its
constitution or collapsed into its container with label and dragged/dropped in the hierarchy
following a yellow placeholder (Fig. 13).

• The ordering and the structure of any element within a CUI: any terminal CUI element,
whether a CIU or a leaf widget, could be relocated to any level in the hierarchy to reflect its
semantics.

• Widgets are selected in two ways: automatically based on the attribute data type imported
from the class diagram (an alternate widget can be selected provided that it accommodates
the same data type by relaxing or imposing some constraint) or manually (the automatic
selection can be overwritten at the risk of destroying the adequacy of widgets). For instance,
an integer is automatically mapped to a slider or a profiled edit field (Table 2), but also
manually re-mapped to a spin button, a radio button, a list box or a combo box. Similarly, a
Date attribute is automatically mapped by MoCaDix to a profiled edit field or manually to a
calendar. This double procedure maintains easiness of mapping rules management. A new
mapping rule for selecting another widget could be incorporated, but multiplying such rules
may lead to an unmanageable set of potentially conflicting rules.

Any CUI model that is automatically generated by MoCaDix. Consequently, any manual modifi-
cation no longer preserves consistency with the initial class diagram and design options prevailing
at generation time. When a CUI is re-generated, regulated by the same design options or not, all
previously applied modifications will be lost, automatically propagated in the QuiXML code.

Running example. Fig. 14 shows an excerpt of QuiXML specifications related to the CUI. The
total amount of lines for specifying this simple case is 86QuiXML LOC (lines of code) with 357
language words (tags and delimiters included), which represents probably one of the most compact
UIDLs available today, without any significant loss of information. Row and col tags specify the
CUI hierarchy in terms of CIUs (e.g., lines 3,6) recursively decomposed into sub-CIUs to end up
with widgets (e.g., line 14). These do not capture any physical layout to preserve its CUI level of
abstraction. The hint tag holds the widget resulting from applying the mapping rules for widget
selection. Changing a widget for another only affects this tag.

3.4 Step 4. Cross-Device User Interface Generation

Once the CUI model is finished in the CUI editor, an automatic XDUI generation is initiated: the
whole CUI or some designated parts of it are assigned to one input/output device, automatically
generates responsive HTML5 code by template matching for three possible devices: a smartphone
(HTML5 optimised for smartphones with vertical layout and jQuery), a tablet (HTML5 optimised
for tablets with horizontal layout), or a desktop (advanced HTML5). To generate a XDUI, any CUI
fragment can be assigned to one device according to any configuration (Fig. 1). No device model is
involved to reduce the development cost as much as possible. Taking into account the constraints
imposed by a device specified in a device model would certainly make sense and improve the
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A D

Fig. 14. QuiXML specifications of the Collection-Worker user interface (excerpt).

flexibility of the approach, but designers tend to prefer a straightforward process. Although the
design options are defined in a device-independent fashion, the values assigned to each individual
design option and their combination may induce a configuration that is more or less adapted to the
screen real estate (e.g., mainly the screen resolution, the screen size, and the points per inch-PPI)
and interaction capabilities of some particular device. Fig. 15 recommends design options values for
the four configurations from the point of view of device: design options suitable for a large device
(left column in Fig. 15) would probably go for Flat and None values. Moderately structured and
moderately constrained devices opt for 1..1 or 1..m (middle column), whereas highly constrained
devices prefer Both and All values in theory (right column).
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A D

Source model = combined+flat,    target model = flat 

Source model = combined+nested,
target model = flat, 

Single device, single display (SDSD) for desktop

Single device, single display (SDSD) for smartphone

Fig. 16. XDUIs generated for 2 configurations: single device, single display (SDSD) for desktop (left) and

smartphone (right).

Running example. Figs. 16 and 17 reproduce some XDUI screenshots obtained by MoCaDix for
the four configurations: (a) SDSD for a tablet device displaying the collection of workers, (b) SDMD
for a desktop (displaying the collection) equipped with a dual monitor (displaying the workers), (c)
MDSD with versions for smartphone and desktop, and (d) MDMD with an input smartphone for
selecting any Worker in the Collection and both a tablet and a desktop input/output devices for
editing Workers.

4 FIRST EXPERIMENT

This section aims at conducting an experiment from the viewpoint of designers and developers: to
test MoCaDix’s method for designing a XDUI for a given class diagram. More specifically, the main
goal of this experiment is now turned into a specific research question. For effectiveness, to what
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A D

Two devices (desktop and tablet in landscape 
mode), single display (MDSD) on each

Source model = separated, target model = flat, 

Fig. 17. XDUIs generated for 2 configurations: MDSD for smartphone+desktop and MDMD for smart-

phone+desktop.

extent would designers and developers with various levels of experience be able to produce a XDUI
for a given class diagram based on the MoCaDix method introduced. For efficiency, how much
time would they need. For subjective satisfaction, to what extent does this approach matches their
expectations? These three factors are selected because they are part of the ISO 9241-11 definition of
usability [1]: ”the extent to which a product can be used by specified users to achieve specified goals
with effectiveness, efficiency and satisfaction in a specified context of use”. We are now describing
this experiment according to the structure defined in Ko et al. [34].

4.1 Method

4.1.1 Recruitment. Participants were recruited from a mailing list of about 200 volunteers main-
tained at Anonymous. An email was sent to the mailing list asking for designers and/or developers
willing to conduct an experiment on XDUI. No compensation was offered to volunteers. Any
respondent was then submitted to a selection procedure.
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4.1.2 Selection. In order to select participants with a representative coverage, the nine development
expertise levels defined in [14] were considered (Fig. 18). On the left side of this continuum is
Internet surfing, where no genuine development actually occurs. On the right side of this continuum
is professional application development. Each level in between defines both the activities a designer
or a developer is able to perform and corresponding development skills required to reach this level.
The levels are defined as follows:

Level
Customizing
components

WISYWIG
editing

Visual
editing
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Snippet
programming

Single
language

programming

Unified
language

programming

Multiple
language

programming

Multiple
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Beginner Intermediate Expert
Fig. 18. The nine expertise levels [14].

(1) Customizing components: developers adjust existing UIs by setting values to parameters, such
as customizing service preferences, adaptation, and display.

(2) WYSIWYG editing: developers edit the UI presentation in a WYSIWYG editor.
(3) Visual editing: developers create UIs visually by adding, customizing, and connecting com-

ponents, such as in mashup editors and component-based editors. Visual editing is possible
without having learned programming, but often requires a basic understanding of the pro-
gramming paradigms (e.g., imperative, declarative, functional).

(4) Markup authoring: developers produce UIs using plain markup languages. This is a code
editing with a simplified markup language, which involves some minimal understanding of
declarative programming.

(5) Snippet programming: developers copy, paste, manually edit existing source code for templates
called snippets. This is performed in a dedicated editor which automatically generates source
code to be edited afterwards.

(6) Single language programming: developers have a sufficient knowledge of a single program-
ming language and they are able to develop a piece of functionality from scratch.

(7) Unified language programming: developers have sufficient knowledge of a single programming
language, which can be used to create all necessary components of an entire interactive
application.

(8) Multiple language programming: developers have a thorough command of several program-
ming languages and combine them. The difference with respect to the previous level is that
developers need to master and integrate several languages together to produce an interactive
application.

(9) Multiple language and paradigm programming: developers are professional programmers
as they combine several different technologies to entirely build an interactive application.
Programming paradigms can be declarative, imperative, or multi-paradigm (e.g., declarative
for the interface and imperative for the controller).

Since MoCaDix targets the six last levels (Fig. 18), respondents from level 4 to level 9 were
considered.

4.1.3 Group assignment. A stratified sampling was performed to randomly select one participant
belonging to each level: intermediate (from level 4 to 6) and expert (from level 7 to 9). Randomly
selected candidates were then contacted on a one-to-one basis to explain the study to be conducted
and to check that their expertise matches the required level. The selection finished when one
participant was found for each level.
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4.1.4 Consent. Each participant performed the experiment in a controlled environment, which
was our usability laboratory. Prior to the task, each participant was welcomed, had the process
explained to them, signed a GDPR-compliant consent form, and filled in a questionnaire on their
background.

4.1.5 Procedure. Accessing a large pool of publicly-available class diagrams remains hard to
identify, to gather, and to control with respect to conceptual coverage, construct variety, complexity,
and frequency of usage. So, instead of considering such a pool, we considered the Coad, North &
Mayfield (CNM) collection of model patterns [12] based on the following rationale:
(1) Conceptual coverage. The CNM collection represents a structured library of five integrated

families of model patterns that provide an extensive conceptual coverage in its definition:
• A family of fundamental patterns: the Master-Detail is a classical design pattern [46] that
is largely used and that leads to several instantiations, such as filter patterns, navigation
patterns. JUST-UI [43] and OlivaNova [2] hols such instantiations: Master-Detail pattern,
Population Interaction Unit, Instance Interaction Unit, and Service Interaction Unit.

• A family of transaction patterns: they concern a bidirectional exchange of attributes and
methods between two agents, such as Actor-Participant, Participant-Transaction, Place-
Transaction, Specific Item-Transaction.

• A family of part-of patterns: they concern methods applicable to a large group of objects
based on individual methods executed on sub-groups of this large group, such as Container-
Content, Container-Container Line Item, Group- Member, Assembly-Part. The Part-of
concept itself gives rise to several particular relationships, such as aggregation, composition,
dependency, materialization and metaclass [20].

• A family of plan patterns: they concern the planning of activities in time and space, such
as Plan-Step, Plan-Plan execution, Step-Step execution.

• A family of interaction patterns: they concern any type of interaction between two agents,
such as Peer-to-Peer, Proxy-Specific Item, Publisher-Subscriber.

(2) Construct variety. The CNM collection displays a wide variety of classes, attributes (e.g., with
sufficiently different data types with different cardinalities), methods (e.g., returning different
data types such as integer, real), and relationships (e.g., different types such as association,
composition, aggregation, and inheritance with various cardinalities).

(3) Complexity. The CNM collection also exhibits a varying level of complexity in the relation-
ships, the most complex association being a fourth-level descending relationship from a top
class.

(4) Frequency of usage. The CNM collection becomes one of the most frequently and largely used
collection of patterns [51], namely because they are independent of any structural model.
Five information systems [11] were built using the 31 design patterns (fundamental patterns)
contained in the collection and 148 strategies, which can be viewed as plans of actions on
how to build models. They present guidelines on how to identify system purpose and features
(12 strategy patterns), selecting classes (37 strategy patterns), establishing responsibilities (76
strategy patterns), working out dynamics with scenarios (14 strategy patterns).

In order to preserve the aforementioned CNM quality properties without affecting the duration
and the complexity of the setup, a subset of the 31 design patterns is considered. Pattern #1 of
the fundamental pattern category describes a collection of workers (Fig. 5) which serves as a
starting point for the next twelve patterns consolidated into a single model. Each pattern is a list
with detail elements and each detail element becomes a master element from another transaction
pattern in relationship with a detail class. For instance, if we want to see more details about an
actor (master class), we select this one and we can see its relation with an associated participant
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(details) implied in a specific transaction. And if we want to know all transactions performed
by this participant (master), we select this one and show more details related to transactions,
which mimic the Overview+Details metaphor [13]. A UML class diagram is therefore created
with the first fundamental pattern and the 12 subsequent transaction patterns: Actor-Participant,
Participant-Transaction, Place-Transaction, Specific Item-Transaction, Transaction-Transaction
Line Item, Transaction-Subsequent Transaction, Transaction Line Item-Subsequent Transaction
Line Item, Item-Line Item, Specific Item-Line Item, Item-Specific Item, Associate-Other Associate,
and Specific Item-Hierarchical Item (Fig. 21).

4.1.6 Demographic measurements. Through the questionnaire, the participants were asked to
provide some personal information for statistics such as age at the time of the experiment, gender,
profession, domain of activity, their background. Six participants (2 female, 4 male) conducted the
experiment from three different countries speaking two different languages (i.e., English, French).
Their age varied from 29 to 52 (M = 34.17, SD = 10.46). Five people were employees while
one was working as an independent consultant. Each participant was also asked to self-report
her familiarity with five devices (1=minimum, 7=maximum): computer, smartphone, tablet, game
console, Kinect-like device. All participants revealed a frequency of device usage (Fig. 19) matching
the desired profile: they are all sufficiently frequent computer users, including for other devices such
as respectively smartphone, tablet, game console, and Kinect-like device. Participants also reported
the amount of years of experience in modelling since they started developing. The distribution
is as follows: L4=1/7 (this participant benefits from one year of experience in modelling over 7
years of development), L5=2/2, L6=3/3, L7=6/6, L8=14/14, and L9=30/35. Most of them started using
modeling at the same time that started developing, but not all of them.

4.1.7 Group assignment. Due to the aforementioned selection, only one participant was assigned
to each group representing one level of experience.

4.1.8 Training. After the questionnaire was completed, the experimenter demonstrated on screen
a simple scenario executed according to the MoCaDix method. A familiarization period was then
included: a 10-min. tutorial was delivered as a demonstration of the MoCaDix approach and its
capabilities, followed by another 10-min period for freely playing with the software. Participants
could finish this last part early if they wanted.

4.1.9 Task. Designers and developers were instructed to enter the resulting UML class diagram in
the model editor (Step 1) and to produce a XDUI for both mobile and desktop devices by adopting a
”one pattern at a time” approach (Step 2 to 4), then by integrating them all into a single model and
XDUI. The task comprised three steps:
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Fig. 20. On-line hypermedia with list of patterns used in the experiment.

(1) A repeated test for each pattern: the participant receives access to an on-line hypermedia (Fig.
20) documenting one model pattern at a time and is instructed to proceed as follows without
any pressure or time limit, but trying to mimic real-world project conditions:
• Select the link for each pattern for starting the test to discover the domain pattern and
understand it.

• Create the corresponding model in the editor with the following constraints: all attributes
and methods should be declared by their data type and length, a short name and a long
name should be provided for each entry, all relationships should be entered and the model
should be saved. An internal small test checks whether these specifications are indeed
complete and displays a ”bug” icon when some data are missing. The participant is allowed
to reuse any previously defined model construct, such as a class, and change it on demand.

• Generate a XDUI with the following parameters: devices = SmartphoneAndDesktop, source
class presentation = CombinedAndFlat, target class presentation = CombinedAnd1..m.

• Strive for consistency between patterns as much as possible but without any checking in
order not to break the procedure.

• Test the results and save them into aQuiXML file. Since each pattern holds two classes,
the participant is asked to save the results into two steps: a first save when the first class is
finished (which then records an intermediate completion time) and a final save when the
second class was finished (which then records the final task completion time).

(2) A single integrated test: the participant is asked to create a brand new project from scratch, to
adopt the same procedure as for the repeated test. No intermediary time was recorded, only
the task completion time and the task completion rate. The participant is allowed to reuse
any previously defined construct from any previously created pattern by copy and paste. No
quality check is performed to ensure the fluidity since the design options are predefined and
to keep the control of the experiment.

(3) A IBM CSUQ form filling: this Computer Satisfaction Usability Questionnaire [37] enables
participants to express their level of satisfaction with the usability of the setup and the testing
process. This 19-question questionnaire has been empirically validated with a large number
of participants on a significant set of stimuli [39], it is widely applicable for any interactive
system [38], and it benefits from a proved α =0.89 reliability coefficient between its results
and the perceived system usability [37].
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Fig. 21. Coad, North & Mayfield 13 model patterns [12].
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Pattern Markup (L4) Snippet (L5) One PL (L6) Unified PL (L7) Many PL (L8) Many PL+P (L9) M SD

P2 1139 937 897 805 720 953 909 131
P3 637 554 541 630 660 531 592 51
P4 310 224 289 355 420 251 308 65
P5 327 233 293 289 360 267 295 41
P6 668 594 475 422 120 548 471 176
P7 334 336 367 302 240 278 310 42
P8 457 456 411 429 240 356 392 76
P9 440 478 398 374 230 362 380 78
P10 484 459 360 301 180 395 363 102
P11 489 375 264 227 240 408 334 97
P12 497 326 293 271 200 397 331 95
P13 333 367 355 329 480 278 357 62

Total 6115 5339 4943 4734 4090 5024
M 510 445 412 395 341 419
SD 220 184 166 159 185 186

Table 4. Thinking times for all 13 patterns applied by the six participants (M =average, SD =standard
deviation).

Pattern Markup (L4) Snippet (L5) One PL (L6) Unified PL (L7) Many PL (L8) Many PL+P. (L9) M SD

P2 145 137 109 92 64 82 105 29
P3 112 101 97 82 52 74 86 20
P4 94 93 77 55 34 60 69 21
P5 45 50 53 51 56 47 50 4
P6 42 57 55 39 33 30 43 10
P7 44 49 39 47 44 35 43 5
P8 35 33 30 36 34 31 33 2
P9 51 52 48 38 66 35 48 10
P10 52 48 43 35 20 50 41 11
P11 29 22 25 29 25 62 32 14
P12 37 25 22 26 32 44 31 8
P13 45 39 21 31 40 23 33 9

Total 731 706 619 561 500 573
M 61 59 52 47 42 48
SD 35 33 28 20 14 18

Table 5. Modelling Times for all 13 patterns applied by the six participants (M =average, SD =standard
deviation).

4.1.10 Outcomemeasurements. Each session is observed by a researcher equippedwith a chronome-
ter to note the thinking time (i.e., time elapsed from selecting the link in the hypermedia to start
using the software) and modelling time (i.e., time elapsed from the beginning to the end of using
the software). All times are captured in minutes and seconds and subsequently converted into
seconds only. Individual times produced by participants are averaged by pattern and by level. The
task completion rate is measured in percentage (%) with respect to the goal of creating a XDUI
for all patterns. Each IBM CSUQ closed question is measured using a 7-point Likert scale [40]
(1=strongly disagree, 2=largely disagree, 3=disagree, 4=neutral, 5=agree, 6=largely agree, 7=strongly
agree) and the following measures are computed: system usefulness (SysUse: Items 1-8), quality
of the information (InfoQual: Items 9-15), quality of the interaction (InterQual: Items 16-18), and
system quality (Overall: Item 19). The answers provided by participants are entered into a MS Excel
Spreadsheet.
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Fig. 22. Thinking time per pattern from P2 to P13 (in sec.): time per level (left) and distribution by experience

(right).

4.2 Results and Discussion

4.2.1 Task Completion Time. The integrated class diagram resulting from the consolidation consists
of 14 classes with a grand total of 54 attributes and 46 methods, 2 compositions, 10 associations,
and 3 inheritance relationships to declare (Fig. 21). Fig. 22, respectively Fig. 23, graphically depict
the thinking time, respectively the modelling time aggregated for all participants per pattern,
corresponding to data in Table 4, respectively to Table 5. Left part of Fig. 22 depicts the time curve
per participant while the right part depicts the distribution of this time for all participants on the
same pattern. Pattern #2 is the first pattern considered in the experiment since the first one is
already included. This pattern requires the largest amount of time, both thinking and modelling,
since each participant discovers how to manage a model in the editor (Fig. 3). This time is still
important even after a period of familiarisation. For Pattern #3, participants made little reuse of
previously modelled construct, even if the Participant class was almost the same. It turns out
that participants figure out how to reuse previously defined model constructs at Pattern #4: while
the source class is new, the second is merely copied and pasted from the previous pattern, thus
explaining why only less time is needed. The effect is the same for Pattern #5. Pattern #6 has
different variations inducing changes and incompleteness, thus inviting the participant to review
each item individually. Participants then devote more time than for a simple copy-paste, but not
much more. The time then decreases again in Pattern #7, probably due to some learning effect.
From now on until Pattern #12, the results suggest that the thinking time remains stable (between
20 and 40 sec.) as well as the modelling time (between 300 and 500 sec.) after some initial patterns.
Fig. 24 graphically depicts the total thinking time (left) and the total modelling time (right) per
participant for all patterns cumulated.

Regarding the thinking time, Table 4 details the thinking time for all thirteen patterns required
by all participants, along with their average (M) and standard deviation (SD). we first computed
Levene’s test [36] to determine whether the six levels in Fig. 24 have significantly different popu-
lation variances. Since the various p-values are all above α = .05 (by means = .0976, by medians
= .6736, by trimmed mean = .0976), we cannot reject the null hypothesis and conclude there is no
significant difference between the 6 group means. So, the ANOVA test satisfies the homogenity
of variances assumption. This is also confirmed by a Welch’s test (F-stat=.92, df1= 5, df2= 30.30):
p = .47 > α = .05. Given this assumption, we computed a series of Student’s t-tests with two paired
samples (since each pair member considered the same pattern) represented by two consecutive
levels (i.e., L4 with respect to L5, L5 with L6, and so forth) to detect whether any significant differ-
ence exists between the various levels. Only the Snippet (L5)-One PL(L6) appears as significant, all
the others being not significant. There was a highly significant difference in the thinking times for
Snippet (L5) (M=58.83, SD=34.32) and One PL(L6) (M=51.58, SD=28.99) conditions; df =11, t=2.73,
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Fig. 23. Modelling time per pattern from P2 to P13 (in sec.): value per level (left) and distribution by experience

(right).

p∗∗<.01, Pearson’s ρ=.63, Cohen’s d = .79. These results suggest that having some experience in at
least one programming language has a positive effect on thinking time. For other consecutive levels,
there is no significant difference, thus suggesting that thinking about the problem of turning the
pattern into a model does not really depends on the level of experience. We tested all combinations
between all levels, the significant ones being represented in Fig. 24.
There was a significant difference in the thinking times for Markup (L4) (M=60.92, SD=36.13)

and One PL(L6) (M=51, 58, SD=28, 99) conditions; df = 11, t= 2.43, p∗ ≤ .05, Pearson’s ρ=.59,
Cohen’s d = .70. These results confirm that having some experience in at least one programming
language has a positive effect on thinking time since having experience using markup language or
snippet represents more declarative activities than programming. The L4 is outperformed by all
other levels: by the L7 (M=46.75, SD=20.80) condition; df =11, t=2.69, p∗ ≤ .05, Pearson’s ρ=.63,
Cohen’s d = .78; by L8 (p∗ ≤ .05) and L9 (p∗ ≤ .05).
There was also a significant difference in the thinking times for Snippet (L5) and Unified Pro-

gramming (L7) conditions; df =11, t=2.58, p∗ ≤ .05, Pearson’s ρ=.61, Cohen’s d = .74. There was
a significant difference in the L5 and L8 conditions; df =11, t=2.04, p∗ ≤ .05, but with a smaller
magnitude though (Pearson’s ρ=.52, Cohen’s d = .52). Finally, since L4 to L6 cover the intermediate
level and L7 to L9 cover the expert level according to the scale (Fig. 18), we also grouped all results
for these two groups (represented in blue and orange respectively in Fig. 24). We performed a
last t-Test with two paired samples to find out a very highly significant difference between the
intermediate (M = 57.11,SD = 32.58) and expert (M = 45.39, SD = 17.91) conditions; df = 35,
t=3.07, p∗∗∗ ≤ .001, Pearson’s ρ=.46, Cohen’s d = .51).
Regarding themodelling time (Fig. 23), similar tests were conducted and are summarized as

follows. Levene’s test gave a positive result of homogeneity of variance through all measures:
by means (.9543), by medians (.9808), and by trimmed means (.9543). There was a highly signifi-
cant difference in the modelling times for Markup (L4) (M=509.53, SD=229.93) and Snippet (L5)
(M=444.92, SD=192.68) conditions; df = 11, t= 2.92, p∗∗<.01, Pearson’s ρ=.66, Cohen’s d = .84.
Same for Snippet (L5) and One PL (L6) (M=411.91, SD = 173.03) conditions; df =11, t=1.82, p∗∗<.01,
Pearson’s ρ=.48, Cohen’s d = .52. Having some better experience in programming languages over
snippet and over markup languages does have a positive effect on modelling time. After these
levels, participants seem to spend the same amount of time for all patterns in MoCaDix. This is
also confirmed by the t-Test between the intermediate and expert groups in modelling: p∗∗ ≤ .01,
Pearson’s ρ=.43, Cohen’s d = .47). So, the modelling time progressively decreases from one level of
experience to a subsequent one to almost asymptotically converge towards the average time of the
last level. Both intermediate and expert participants were efficient enough, but experts converge
more rapidly towards a constant time per pattern. A carry-over effect from one pattern to another
improves the overall efficiency.
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Fig. 24. Thinking and Modelling times for all patterns cumulated (in sec.). No significance: n.s.=p > .05,
p∗ ≤ .05, p∗∗ ≤ .01, = p∗∗∗ ≤ .001.

4.2.2 Task Completion Rate. All participants succeeded to complete all repeated tasks and the
integrated one. So, the task completion rate is effective enough to justify its adoption from this
viewpoint. As an example, Fig. 31 reproduces some screen shots of the XDUI created by the
L9-participant for desktop and smartphone.

4.2.3 Subjective Satisfaction. Fig. 25 shows the distribution of participants’ answers to the 19 open
questions of the IBM CSUQ questionnaire per question, ranging from Q1 to Q19. The average
values of these questions are then aggregated into the four CSUQ metrics, which are computed
in the right part: SysUse (M = 4.73, SD = 1.24), InfoQual (M = 4.27, SD = 1.31), InterQual
(M = 4.50, SD = 1.12), and Overall (M = 4.5, SD = .96), all computed with a 95% interval of
confidence (α = .05). All values are beyond the threshold of 4 (which represents a good value), but
below 5 (which represents an excellent value in average). Apart from the L8-participant, the more
advanced the level of expertise of the participant is, the lower score they give (a linear regression
suggests that the overall score is decreasing with this level: Fig. 26). Overall, it seems that advanced
participants (L7-L9) are more demanding in terms of functions and control than intermediate
participants (L4-L6), who seem to be relatively satisfied by the effectiveness and efficiency offered
by the software.

0 1 2 3 4 5 6

Q1
Q2
Q3
Q4
Q5
Q6
Q7
Q8
Q9

Q10
Q11
Q12
Q13
Q14
Q15
Q16
Q17
Q18
Q19

I strongly disagree I disagree I am so so I agree I strongly agree

4.73

4.27

4.50

4.50

0 1 2 3 4 5 6 7

SysU
se

InfoQual
InterQ

ual
O
verall

Fig. 25. Distribution of IBM CSUQ answers and related metrics.
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5 SECOND EXPERIMENT

This section aims at conducting a preference analysis of results generated by MocaDix’s approach
by end users with the research question: which design option do you prefer for each XDUI generated
for each of the three devices? Fig. 15 synthesized the theoretical suitability of design options for
four configurations involving the supported devices. In contrast, this experiment investigates how
end users express their preference for some design option. We performed an exploratory user
study to evaluate end users’ reactions with respect to the various XDUIs generated based on the
design options. We were interested in what people would think of the different options governing
the different layouts and which they would prefer. However, the multiplicity of design options
and their parameters combined all together would produce a design space that is too large to
systematically investigate. Therefore, we concentrated the study on the following parameters,
which seek to represent the most significant changes on XDUIs: source class presentation =
CombinedAndFlat, target class presentation = CombinedAndNested (none, 1..1, 1..m, both, all) for
three devices: smartphone, tablet, and desktop. Since this value range covers multiple presentations
(Figs. 8 and 9), it was decided to cover them all for a simple case: only 4 CNM classes from Fig.
21 were kept with Actor, Participant, Transaction, and SubsequentTransaction. When no
nesting was selected, target classes were grouped into a group box included in the source class
space. When All nesting was selected, target classes were synthesized into a series of tabs in a
dialog box included in the source class space. We therefore built a data set of 3 devices x 6 options
= 18 samples.

5.1 Method

Each participant performed the task in a controlled environment. Prior to the task, each participant
was welcomed, had the process explained to them (including signing a consent form) and filled in a
short questionnaire on their background and to check whether they had prior experience in using
information system on the three platforms. After the questionnaire was completed, the researcher
demonstrated the 18 samples printed for one device at a time. The ordering of the devices and the
samples by device were randomly selected by a pseudo-random generator. The participants were
then given 5 minutes to familiarize themselves with the software and ask any questions. If desired,
the participant could finish this part early. The participants were then given 5 minutes per device
to give two dependent variables: (i) their overall subjective satisfaction using a five-point Likert
scale [40] (1= strongly unsatisfied to 5 = strongly satisfied) for each sample, (ii) their ranking of the
samples in order from most preferred to least preferred.
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Fig. 27. Overall satisfaction rating and preference ranking: (a) for smartphone, (b) for tablet, (c) for desktop.

5.2 Results and Discussion

A total of twenty (7 female, 13 male) participants (M = 32 years, SD = 6) participated in this
experiment recruited from a end-user mailing list maintained at Anonymous. All participants
reported themselves as regular computer and IS users. They were recruited in our organization
through a mailing list. They have different backgrounds such as: accounting, finance, information
systems, management, marketing, and human resources. All the participants in this study were
volunteers and they were not given any remuneration (financial or otherwise) for their time. After
each participant, the questionnaire, the subjective satisfaction and ranking data was added into
an Excel Sheet. The data was entered in an anonymous format so the participants could not be
identified.
Fig. 27 shows the correspondence between the distribution of subjective satisfaction in terms

of percentage (represented as a divergent horizontal stacked bar) and the distribution of ranking
(represented as vertical bars), respectively for smartphone (Fig. 27a), tablet (Fig. 27b), and desktop
(Fig. 27c). Fig. 15 was supposed to represent the potential suitability of design options depending
on the surface provided by each device, also respectively smartphone, tablet, and desktop. The
results of this experiment suggest another interpretation: for the smartphone which is recognized
as the most constrained device, the two first designs emerging from both measures are Both and
All, mainly because tabs were used. Even on smartphones, participants opt for tabs delineating
target classes: tabs properly divide content into meaningful sections which consume less screen
real estate, they are visually connected with the content of a view, they were acceptable because up
to 4 tabs were displayed at most (All) or 2 (Both). Tabs were preferred over sequence (Flat arrives
in third position) and over group boxes (used for None, 1..1, and 1..m).
Although group boxes draw a bevelled line around a group of widgets for a particular class,

inside another one, they create visually distinct groups. But they also increase the level of hierarchy
with many embedded lines, which may explain why None option was the least desired. This is
probably the same explanation for desktop, where the None option was almost the least preferred.
Two embedded group boxes is already a maximum beyond which distinguishing between visual
groups become harder to achieve. The tab based presentation was also the most satisfying for
desktop even if screen space was not a concern. Then having target classes presented again as
tabbed dialog boxes are almost equally rated for 1..1 and 1..m, as well as between Both and All.

6 CONCLUSION AND FUTUREWORK

This paper presented MocaDix, a new cloud computing-based user interface development specifi-
cally tailored to facilitate the deployment of XDUIs of ISs according based on its UML class diagram.
MocaDix supports designers and developers in applying a four-step method: (1) a class diagram
of the information system is created, (2) patterns are selected and parameterized to decide design
options regulating how the model will be presented, (3) a CUI model is generated from both the
class diagram and the patterns that have been selected and parameterized and stored inQuiXML, a
lightweight fit-to-purpose UIDL, and (4) cross-device user interfaces are automatically generated
from the CUI Model for four ranges of configuration: single-device single-display, single-device
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multi-display, multi-device-single display, and multi-device multi-display, where supported devices
include a smartphone, a tablet, and a desktop, the three most frequently used devices. All XDUIs
were generated in HTML5 with design options for each device, such as class presentation.

A first experiment demonstrated that a significant collection of model patterns can be effectively,
efficiently, and positively covered by MocaDix. A second experiment compared the satisfaction
and preferences of end users for various design options related two target devices. The cloud
computing based availability of MocaDix enables the quick deployment of a service of a new
kind: Cross-Device User Interface-as-a-Service (XaaS), where XDUIs are directly offered from a
UML V2.5 class diagram without any extra effort apart from choosing design options. Since the
generation process contains complex steps, pushing this generation process at run-time according
to the principle of Models@run-time [7] would pose performance challenges, unless a caching
mechanism is added. We finish this paper by discussing some potential avenues of this work with
respect to the various main contributions brought by this paper in the four-step method.
Step 1. Mapping rules were defined for a UML V2.5 class diagram, but should be widely applicable
in principle to previous versions of the class diagram metamodel and to any other structurally
equivalent model, such as an object-oriented model or an entity-relationship-attribute (ERA)
model, considered having comparable expressiveness. For any other structural model with less
expressiveness, mapping rules will give rise to a sub-set of restricted rules. For the moment, all
classical modelling constructs of the class diagram are taken into account, but new constructs and
relationships could be added similarly, such as the materialization [20] and metonymic relationships,
the difference between a meta-class and a simple class, or new aggregated constructs.
Step 2. Mapping rules defined for attributes, methods, and relationships are always subject to
improvement, but at the risk of complexification: the more mapping rules are added, the more
complex they become to manage and they reach a ’plateau’ effect when adding another mapping
rule no longer significantly improves the usability of the resulting UI. Mapping rules for selecting
widgets can be certainly improved by mapping fine tunes data types onto richer widgets (e.g.,
carousel, alpha slider, toggle button, time lines, tables), but choosing between alternate widgets
then becomes harder and the usability of some widgets is debatable.
Step 3. For the moment, the generated CUI model is editable within the CUI editor, thus potentially
destroying the consistency between the initial domain model and the generated CUI model. Re-
establishing this consistency after any manual modification involves round-trip engineering, which
is a hard to solve. However, manual operations can be saved in a configuration file so as to apply
them again on-demand, with the risk that some operations are irrelevant when they operate on
inexistent widgets. This is the problem of UI beautification [52].
Step 4. Expanding presentation styles is certainly desirable. For instance, considering Google
Material5 should improve the rendering of two options, i.e. source and target class presentations, by
emphasising or de-emphasising sections in the structure by applying lighting and shadows or other
effects such as grid-based layouts, animated transitions, or padding. Since XDUIs are resulting from
the MocaDix’s approach, it would be very interesting to conduct a usability evaluation of the XDUIs
produced. Abrahao et al. [2], as well as Aquino et al. [4], already conducted such a comparative
analysis for multi-device UIs generated by OlivaNova, respectively JustUI [4], according to Model-
Driven Engineering [51] showing the interest not only for individual UIs generated, but also to
compare the respective UIs generated for the three platforms considered. Conducting the same
method would be certainly interesting but a new method for XDUI evaluation would be even more
interesting, in particular to compare related effects, such as consistency, switching cost between
devices, device paths, and transition.

5http:www.material.io
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A CASE STUDY USED FOR FAMILIARIZATION IN THE FIRST EXPERIMENT

Fig. 28. Car rental case study: part 1/3.
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B XDUIS USED FOR THE REPEATED AND INTEGRATED TESTS

Received July 24th, 2017; revised October 26th, 2018; revised February 21st, 2019; revised April 3rd, 2019;
accepted April 24th, 2019

Fig. 29. Car rental case study: part 2/3.
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Fig. 30. Car rental case study: part 3/3.
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Fig. 31. Example of XDUIs involved in repeated and integrated tests.
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