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Abstract

The evolution of Internet-connected devices, as well as the changes in the
way media is produced, distributed and consumed, have promoted the
mobility and ubiquity of broadcast and media services. Consequently, the
audiovisual sector has been transformed into a hybrid ecosystem where
content is distributed across multiple devices. Moreover, a single user very

often consumes content from more than one device at a time.

This novel context brings highly flexible experiences where the content not
only has to be adapted to any target device but also requires an adapta-
tion to multi-device environments, composed of a number of devices that
are being used simultaneously by one or multiple end-users sharing an
experience remotely. Accordingly, the user interface becomes a key fac-
tor to facilitate understanding the application and to provide an intuitive

interaction method across multiple screens.

However, to the best of our knowledge, no existing adaptation models are
available to dynamically and seamlessly adapt such a multitude of content

to multi-device and multi-user contexts.

To address this gap, this research proposes a methodology which provides as
an outcome an adaptation model for the user interface of multi-device me-
dia services within the audiovisual and broadcasting field, general enough
to be easily adapted to many different use cases and scenarios and ready
for any technological update.

The proposed methodology is the outcome of a extensive research that
arose from a deployment of a hybrid Broadcast-Internet multi-device ser-
vice with broadcasters, which has shown a set of hints to consider. This hints
enabled to identify and characterise the user interface elements accord-
ing to a set of design factors and formalise an adaptation model for hybrid



broadcast-Internet multi-device services, which has been implemented and

validated in terms of quality, efficiency and universality.

Finally, this research also specifies how the mentioned methodology could
be applied to other fields different from the broadcast analysing the chal-

lenges, the user needs and the specifications in each field.



Resumen

La evolucion de los dispositivos conectados a Internet, asi como los cam-
bios en la manera en la que se produce, distribuye y consume el contenido
multimedia, ha fomentado la movilidad y ubicuidad de los servicios multi-
media. En consecuencia, el sector audiovisual se ha transformado en un
ecosistema hibrido en el que el contenido se distribuye a través de multi-
ples dispositivos. Ademds, cada usuario individual a menudo consume

contenido desde més de un dispositivo al mismo tiempo.

Este nuevo contexto posibilita experiencias altamente flexibles donde el
contenido no solo tiene que ser adaptado a cualquier dispositivo objetivo,
sino que también requiere una adaptacion a entornos multi-dispositivo
compuestos por un gran numero de dispositivos que se utilizan simultdnea-
mente por uno o multiples usuarios que comparten la experiencia de
manera remota. De este modo, la interfaz de usuario se convierte en un fac-
tor clave para facilitar la comprension de la aplicacion y para proveer una

interaccion intuitiva a través de las multiples pantallas.

Sin embargo, a nuestro entender, no existen modelos de adaptacién para
adaptar tal cantidad de contenido a contextos multi-dispositivo y multi-

usuario de una manera dindmica y continua.

Para abordar esta necesidad, esta investigacion propone una metodologia
que provee como resultado un modelo de adaptacién para la interfaz de
usuario de servicios multimedia multi-dispositivo en el mundo audiovi-
sual y broadcast, suficientemente general como para adaptarlo facilmente
a diferentes casos y escenarios y preparado para cualquier actualizacion

tecnologica.



La metodologia propuesta es el resultado de una extensa investigacion que
comenzo con el despliegue de un servicio hibrido broadcast-Internet multi-
dispositivo con broadcasters, del que se extrajeron una serie de lecciones
a tener en cuenta. Estas lecciones permitieron la identificacién y carac-
terizacion de los elementos mas relevantes de la interfaz de usuario de
acuerdo a una serie de factores de diseno, asi como la formalizacién de
un modelo de adaptacién para servicios hibridos broadcast-Internet multi-
dispositivo. Este modelo ha sido implementado y validado en términos de

calidad, eficiencia y universalidad.

Por tltimo, esta investigaciéon también especifica como se podria aplicar
la metodologia mencionada en otros campos distintos del broadcast,
analizando los retos, las necesidades de los usuarios y las especificaciones

requeridas por cada campo.
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Introduction






Scope of the research

1.1 Motivation

We are currently witnessing a transformation of the audio-visual sector towards a new
hybrid TV ecosystem, where broadcast and broadband services coexist [Claudy12]. Al-
though TV continues being the central device for audiovisual media consumption, the
proliferation of devices such as mobiles, tablets and laptops together with the supply
of Internet capabilities to TV sets, has entailed considerable changes in media pro-
duction, distribution and consumption [Obrist et al.15][McGill et al.15]. This hybrid
ecosystem opens a door to enhance traditional TV shows towards innovative TV experi-
ences, moulding themselves to the new consumption habits and patterns of the users.
TV viewers are no longer focused on a single content source or device. They look for
additional content on a second screen and they socially interact with friends and the
community, related or not to the mainstream media. Furthermore, users are getting
used to a multi-device content access, demanding services at any time and from any
device [Eastman and Ferguson12]. Consequently, the consumption of audiovisual and
TV programmes has evolved, from viewing them in a stand-alone device to a multi-
platform environment, being complemented by websites, applications, online-video

streaming, chat rooms and so on.
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Figure 1.1: General overview of the Hybrid TV and multi-device experiences
[Zorrilla et al.15a]

Hybrid TV and multi-screening concepts are linked to multi-platform environ-
ments [Baumann and Hasenpusch16] and they differentiate TV developments between
two segments. Hybrid TV is seen as a concept addressing technologies such as
IPTV [DVBIPTV16] [Maisonneuve et al.09], OTT-TV [Baumann and Hasenpusch16] and
HbbTV [HbbTVWeb20], while multi-screening mainly refers to customer behaviour. The
latter involves second-screening for related activities, dual screening for unrelated activ-
ities and social TV for social networks related activities. The ensemble of both concepts
increases the choice offered and TV viewers are expected to switch from a passive form
of TV consumption towards an interactive and online multi-screen experience. In addi-
tion, traditional broadcasters are trying to adapt their business to these new viewing
habits through Broadcast-broadband (or Broadcast-Internet)® services.

Figure 1.1 is extracted from the novel hybrid TV ecosystem analysis in [Zorrillal6],
which is an extension of the one depicted by [Claudy12]. It shows the general overview
of the hybrid TV and multi-device experiences and represents the coexistence of the
broadcast and broadband channels. On the one hand, traditional broadcast capable
devices, such as TV sets and radios, are more and more supplied of both broadcast and
broadband capabilities, whereas other devices, such as tablets, smartphones and lap-
tops, can access to the same applications and contents over the Internet, providing the
user with a consistent experience across multiple devices at the same time.

Several research projects have contributed to this field, such as the MediaScape
[MediaScapeProject16] European FP7-ICT-2013-10 project, ended in May 2016, which

'From this point either Broadcast-broadband or Broadcast-Internet terms will be used equally
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focused its work on helping broadcasters and application developers to easily pro-
vide socially engaging media-driven experiences across multiple screens for hybrid
broadcast-Internet content. MediaScape created open specifications and libraries on
top of HTML5 and Web technologies, thus enabling the marriage of the TV, PC and
Mobile worlds. The resulting libraries are based on the Created Once and Published Ev-
erywhere (COPE) concept [NEMConnectedTV12]. This means that the broadcaster will
create a single application code, and the application itself will adapt to the multi-device
environment of the user, providing association mechanisms, cross-device synchronisa-
tion and a dynamic self-regulated adaptation.

Regarding the advantages of multi-screen systems, they enable broadcasters and
application developers to provide their users with more content related to the main-
stream media. They also offer opportunities for controlling the experience as well as
for allowing the user to include new ways of personalisation, social sharing and con-
sumption of media content from various sources [Cesar et al.08]. However, besides
obvious advantages delivered by multi-screen media, more screens demand higher cog-
nitive load for viewers to understand what they watch and to correlate content from
different video streams. The required visual attention also increases and needs to be
distributed across multiple displays situated at various locations in a three dimensional
space [Vatavu and Mancas15].

In this context, the user interface becomes a key factor in order to provide the users
with a good experience across multiple devices at the same time, facilitating the un-
derstanding of the whole application and providing an intuitive interaction way. When
broadcasters or application developers are facing a single-device user interface, they
typically define a template to organise the items within a layout, usually describing
different behaviours of the layout for disparate target devices. For instance, in Web ap-
plications developers can provide a CSS template with Media Queries that will adapt
the user interface of the application to the final features of the device.

However, when developers are dealing with multi-device applications, this approach
becomes unmanageable. Regarding multi-device adaptation, [Zorrilla et al.15a] pro-
vides a Web-based distributed adaptation architecture for media-driven multi-device
applications, enabling broadcasters to provide the users with a single experience
through multiple devices at the same time. In that solution, the system dynamically de-

cides which elements of the application have to be shown on each device, splitting the
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application through different devices simultaneously, in order to provide a consistent

and coherent view to the user. This means that the list of elements available on each
device depends on the changing context of the users and will be updated dynamically
when a new device is added or removed. In this scenario, it would be tedious, very expen-
sive and unaffordable for developers to provide explicit rules to organise the elements
on a user interface for all the possible combinations, and even more for each target
device. The proposed multi-device adaptation solution in [Zorrilla et al.15a] provides
arbitrary divisions to arrange the elements in a responsive user interface following some
given rules, and creating a specific layout template according to the circumstances.

Nevertheless, it is still not easy for broadcasters and application developers to
create a set of rules and hints to select the best user interface based on some con-
textual information, since they are not used to this. There are aspects in interface
design, such as the functionality and usability that are well known aspects in the field
of Human Computer Interaction (HCI), where the developers have stronger criteria
[McNamara and Kirakowski0O6]. For example, for a background device such as a TV,
developers might want to allow overlaps between the different elements with Picture-
in-Picture-like interfaces, while preventing elements to appear below the visible area
of the screen to avoid scrolling. This pattern could be completely different for a touch-
able device, in the same way that it will be very dependant on the nature of the media
application and its elements. Moreover, in addition to the traditional HCI parameters,
there is a new wave in the field emphasising the importance of aesthetic aspects in
interface design for the users’ likability and system acceptability [Bauerly and Liu08]
[Altaboli and Lin11].

In this context, the discussion of the user interface elements and design factors that
are involved in a multi-device media application could become a valuable research.
On the one hand, all the considered dimensions could contemplate the functionality,
usability and aesthetic aspects addressed in the literature for single-device interface
design. On the other hand, the factors should contemplate the new interface design as-
pects introduced by the multi-device dimension, not yet addressed in the literature, as
one main contribution of this work. Furthermore, it would be desirable to provide a user
interface model for media applications in multiple devices simultaneously, on top of the
user interface elements and design factors previously defined. This model would aim to

be as general and flexible as possible, for it to be parametrised by developers according
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to the needs of the specific application and over well-known HCI concepts. From these
HCI criteria parametrisation, the general model could conclude in an automatically
created set of rules to be applied in a multi-screen system, and the rules would decide
the distribution of the content across the connected devices and the layout templates

according to the specific contextual information of the multi-device dimension.

1.2 Hypothesis

The interoperable and standard-based solution presented in [Zorrillal6] fosters the
broadcast-Internet convergence and allows broadcasters and media application de-
velopers to easily create applications on top of the COPE concept. In this context, the

working hypothesis is constructed as a statement of the following expectations:

1. Itis possible to define a general methodology that will end with an adaptation

model to seamlessly adapt the user interface of multi-device media services.

(a) Alarge-scale pilot deployment of a hybrid broadcast-Internet multi-device
service for alive TV programme on top of the Web-based distributed architec-
ture presented in [Zorrilla et al.15a] could provide very valuable knowledge
regarding the experience with the broadcaster, the application development

and the end user usage of the service.

(b) With the learnt lessons an overall methodology which faces the muti-device
adaptation taking into account a wide range of design factors could be
defined.

(c) The methodology will end in a model able to both distribute the content
across devices and generate a layout template for each connected device.

(d) The model could provide a near real-time adaptation while guaranteeing a
good quality.

(e) The model may need to be iterative in order to take into account the context
information mainly produced by the user but also related to environmental

and system factors.

(f) The model could be complemented with learning processes that allow to

modify or refeed it with context information.
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c) Remote synchronised experience d) Multi-user scenarios mixing personal
sharing between users and shared devices

® %l
gm—r1

Figure 1.2: Different multi-device scenarios which could be found in the broadcast field

2. This methodology will be adaptable and extensible to other application fields,
adjusting to the specific requirements of each case:

(a) It could be general enough to be extended to any type of content or device

and also ready for technological changes.

(b) It could be used in different scenarios and use cases within the broadcast

field such as the ones shown in Figure 1.2

(c¢) Tt could be useful for other sectors where multiple devices are used at the
same time, such as Industry 4.0 or crisis management environments where
the role of videowalls could be relevant.
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1.3 Objectives

The main objective of this work is to provide a methodology which provides as an out-
come an adaptation model for the user interface of multi-device media services, general
enough to be easily adapted to many different use cases and scenarios and ready for
any technological update. In order to reach that goal it is necessary to overcome the

following challenges:

* Objective 1: Generate a real pilot deployment of a hybrid broadcast-Internet
multi-device service for a live TV programme using a rule-based adaptation pro-
cess that allows to draw some conclusions in order to face the definition of a

general adaptation model for the user interface of multi-device media services.

* Obijective 2: Define a methodology that goes an step further than explicit adap-
tation rules and allows to generate more automatic and simple adaptation
models for applications based on the COPE (Create Once and Publish Every-
where) [NEMConnectedTV12] concept and the trend of componentizing the Web
[Savagel5]. In addition, the objective behind the methodology is to ease develop-

ers and broadcasters the creation of seamless and self-adaptive applications.

* Objective 3: Define a flexible and extensible adaptation model in such a way that
it is still good not only for every use case, scenario and technological change but
also for other sectors different from the broadcast. For that, it will be necessary to
identify and characterise several user interface elements and design factors, but

the methodology will conclude on an adequate model given a specific context.

* Objective 4: Provide example implementations in order to validate the method-
ology and the model in terms of quality, efficiency, adaptability, flexibility and

extensibility.

1.4 Methodology

The research work performed in this Ph.D. has followed a methodology based on the
two loop design cycle described in Figure 1.3. Based on the motivation for this research

topic, a working hypothesis has been constructed as a statement of expectations. To
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achieve the two main contributions of the research, a two stage procedure has been
followed:
On the first stage, a real pilot deployment of a hybrid broadcast-Internet multi-device

service has been designed, implemented and evaluated:

* Design: First of all, the design objectives have been clearly defined to be addressed

during the architectural design of the different aspects of the solution.

e Implementation: A real pilot has been implemented following the architectural

design and the guidelines of a broadcaster.

e Evaluation: The deployment has been evaluated providing the developed service

to the audience and analysing the usage statistics of more than a thousand users.

Once the first stage has been completed the hypothesis has been adjusted taking
into account the lessons learned from the previous deployment. Then, a second stage
has been carried out in which a methodology has been defined to generate adaptation
models for multi-device media services general enough to be ready for every use case as
well as for every technological change. For that, this second stage has been divided into

three steps:

* Methodology: A methodology has been defined with different steps, to gather in-
formation that allows to identify all the elements and design factors that play an

important role in the adaptation process of a multi-device user interface.
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* Modelling: Taking into account all the information gathered along the steps of
the previous methodology, a model has been defined which includes the charac-
terisation of the involved user interface elements, the adaptation process and an

evaluation model.

¢ Validation: Implementation examples of the model have been developed in order

to validate its quality, efficiency, adaptability, flexibility and extensibility.

The two stage procedure has helped to refine the design and implementation of the

target solution, leading to the final contributions of the research.

1.5 Contributions

The main contribution of this Ph.D. research has been the definition of an adaptation
model for the user interface of multi-device media services, general enough to be easily
adapted to many different use cases and scenarios and ready for any technological up-
date. As a result of the objectives mentioned in Section 1.3 the main contribution can

be translated into three specific outcomes:

1. Design and implementation of a large-scale deployment of a hybrid broadcast-
Internet multi-device service for a live TV programme which shows the lessons
learned about the current hybrid broadcast-Internet ecosystem and multi-device

live services.

2. Design and implementation of a methodology that provides as an outcome an
adaptation model for the user interface of multi-device media services, which has
been formally described and validated in terms of quality, efficiency and univer-
sality. This includes the identification and characterisation of all the user interface

elements involved in the adaptation process.

3. Identification of different fields in which the proposed methodology could be
applicable.

Figure 1.4 illustrates the three contributions of the research to address the definition
of an adaptation model for the user interface of multi-device media services. Further-
more, it shows the readiness of the model to be adapted to technological updates as

well as to be integrated with continuous adaptive learning processes.
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The contributions delivered the following publications:
* Publications related to Contribution 1:

— Pub. 1: Dominguez, A., Agirre, M., Florez, ., Lafuente, A., Tamayo, 1., & Zor-
rilla, M. (2017). Deployment of a hybrid broadcast-Internet multi-device
service for a live TV programme. IEEE Transactions on Broadcasting, 64(1),
153-163.

¢ Publications related to Contribution 2:

— Pub. 2: Dominguez, A., Tamayo, L., Zorrilla, M., Florez, J., & Lafuente, A. (2018,
June). Componentizing a Hybrid Broadcast-Internet Multi-device Media Ser-
vice. In 2018 IEEE International Symposium on Broadband Multimedia
Systems and Broadcasting (BMSB) (pp. 1-6). IEEE.

— Pub. 3: Dominguez, A., Florez, ]., Lafuente, A., Masneri, S., Tamayo, I., &
Zorrilla, M. (2019, June). Methods for device characterisation in media ser-
vices. In Proceedings of the 2019 ACM International Conference on Interactive
Experiences for TV and Online Video (pp. 118-128). ACM.

— Pub. 4: Zorrilla, M., Tamayo, I., Martin, A., & Dominguez, A. (2015, June).
User interface adaptation for multi-device Web-based media applications. In
2015 IEEE International Symposium on Broadband Multimedia Systems and
Broadcasting (pp. 1-7). IEEE.

— Pub. 5: Dominguez, A., Florez, ]., Lafuente, A., Masneri, S., Tamayo, I., & Zor-
rilla, M. (Submitted in 2019, November). A methodology for user interface

adaptation of multi-device media services. IEEE Transactions on Broadcast-

ing.
¢ Publications related to Contribution 3:

— Pub. 6: Posada, ]., Zorrilla, M., Dominguez, A., Simoes, B., Eisert, P, Stricker,
D., Rambach, ]., Dollner, ]. & Guevara, M. (2018). Graphics and media
technologies for operators in industry 4.0. IEEE computer graphics and appli-
cations, 38(5), 119-132.
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Figure 1.5 shows the relation between the objectives, the contributions and publica-

tions.

1.6 Document structure

This thesis has been structured as follows. Part I presents an introduction to the research
scope, focusing on the motivation for the research, the main objectives, the hypothesis,
the methodology and the main contributions of the Ph.D. work.

Part II overviews literature related to the hybrid ecosystem, the involved specifi-
cations and technologies in ubiquitous media applications and the adaptation and
optimisation of the user interface of web applications.

In Part III the research results are described in three main chapters:

e Chapter 3 describes the deployment of a large-scale pilot of a hybrid broadcast-
Internet multi-device service for a live TV programme and the lessons learned

(Contribution 1).

* Chapter 4 describes a methodology that enables to generate an adaptation model
for multi-device media services together with its implementation and validation
(Contribution 2).

* Chapter 5 describes how the proposed methodology could be applicable in other
fields beyond broadcast (Contribution 3).

In Part IV the main conclusions of the research can be found, including a discussion
that enables future work.
Finally, Part V provides the Curriculum Vitae of the author as an appendix, while

Part VI contains the bibliography.
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Background and Related Work

2.1 Overview

As explained in Section 1.1, there is a new trend towards hybrid broadcast-broadband
multi-device services which are not still easy to develop for broadcasters and applica-
tion developers due to a lack of rules or hints to select the best user interface based on
some contextual factors. To provide the basis of the research that overcomes that chal-
lenge, this chapter is divided in three sections. Section 2.2 and Section 2.3 gather the
background of the hybrid TV ecosystem and the technologies for interoperable multi-
device services respectively, while Section 2.4 describes the related work regarding the
optimisation of the user interface in multi-device media services. This last section goes
over previous work dedicated to multi-device or multi-content optimisation in similar

environments like the target one to be able to identify the unsolved problems.

2.2 Analysis of the hybrid TV ecosystem

This subsection presents an analysis of the environment and technologies involved fo-
cusing on Hybrid broadcast-Internet multi-device services. The following is a list of

statistics and facts about the hybrid ecosystem.
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. Future of Broadcast Television Initiative (FOBTV) was founded in 2012 by broad-

casters, manufacturers, network operators, standardisation organisations, re-
search institutes and universities around the world, aimed primarily at developing
requirements for next-generation TV where new services with smart interaction

and personalisation are becoming more and more relevant [Zhang et al.14].

. Broadcast capable devices are still the most used for the consumption of media
services and thus, the most appropriate to reach a higher audience. According
to the Nielsen report of Q3 2018 [NielsenReportQ3201818], TV and radio account

for 57% of the average audience among adults aged 18+.

. Smart TV shipments [WorldSmartTVShipments19] have constantly increased over
the years. From the 109.3 Million Smart TVs shipped in 2014, this increased to
240.2 Million in 2018 and reached 265.3 Million in 2019.

. According to the TV and Media study [EricssonCL16] by Ericsson ConsumerLab ,
in 2016, 31% of users browsed Internet content related to what they were watching,
19% of users participated in online discussions about the content being watched,
and lastly, 20% of users used the second screen to watch two or more programs
at the same time. Those percentages were 23%, 17% and 15% respectively in
2014. Moreover, according to the same study in 2017 [EricssonCL17] in 2020, it
is expected that only 1 in 10 consumers to be stuck watching TV only on a tradi-
tional screen, a 50 percent decrease compared to 2010. Therefore consumers are

evolving into higher-usage and higher-spending multi-screen viewers.

From the above facts we can conclude that although there is not too much experi-

ence around hybrid multi-device experiences, the market shows a clear trend towards

them.

For that, there are broadcast-broadband standards and specifications that provide

interactive experiences within Digital TV, providing solutions to add second screen

devices to the experience in cooperation with the TV.

Nested Context Language (NCL) [Soares et al.09] is the declarative language of the

Brazilian Terrestrial Digital TV System supported by its middleware called Ginga. NCL

is standardised in the ITU-T Recommendation H.761 for IPTV services. As a glue lan-

guage, NCL relates media objects in time and space without restricting or imposing
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any media content type, including media objects with imperative and declarative code
written using other languages [Soares et al.10]. Moreover, NCL provides declarative sup-
port for presenting distributed DTV applications on multiple devices. Presentation of
media objects in NCL applications can be associated to devices using an abstraction
called device classes and the parent device, for instance the TV, controls the secondary
devices. [Soares et al.09] presents a solution for the exhibition of multiple devices in
cooperation in DTV Systems with NCL.

HbbTV is a pan-European specification published by ETSI to allow broadcasters
signalling, delivery through the carousel, rendering and controlling the application
with a HTML based browser in the TV or set-top box, providing a hybrid broadcast-
broadband experience [Merkell1]. In February 2015, the 2.0 [HbbTV2.0Spec15] specifi-
cation of HbbTV was published with new functionalities. In contrast with versions 1.0
[HbbTV1.0Spec10]/1.5 [HbbTV1.5Spec12], HbbTV 2.0 uses HTMLS5 and a set of related
Web technologies including many modules from CSS level 3, DOM level 3, Web Sockets,
etc. Regarding the addition of companion screens to the TV, an HbbTV 2.0 applica-
tion on a TV can launch an application on a suitably enabled mobile device. Moreover,
HbbTV 2.0 enables an application on mobile to remotely launch an HbbTV application
on a TV, based on DIAL [DialWebsite18].

HbbTV has come about as a combination of different standards in order to de-
velop and promote open specifications and solutions for hybrid broadcast-broadband
and IPTV television systems, with the aim of allowing harmonisation of broadcast and
broadband delivered entertainment services and consumer equipment.

Figure 2.1 shows the relevant aspects within each block of HbbTV specifications 1.0,
1.5 and 2.0 for the development of HbbTV multi-device services. The Figure extends the
HbbTV overview in [HbbTVWeb20], focusing on the multi-screen aspects of the specifi-
cation and detailing the different features introduced on each one of the HbbTV versions.
The Open IPTV Forum (OIPF) [OIPFWebsite14] provides the JavaScript API for TV envi-
ronments through the Declarative Application Environment (DAE) [OIPFDAESpec14],
basing its development on World Wide Web Consortium (W3C) [W3CWeb20] speci-
fications, as well as also defining the media formats. Furthermore, latest HbbTV 2.0
specification includes Companion Screen features to discover, launch and communicate
second screen devices with the TV in local home networks. More specifically, HbbTVCS-

Manager embedded object is the responsible for discovering the Companion Screens
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Figure 2.1: HbbTV overview focused on multi-device services

with a running Launcher and sending application launch/install information to them. In
the same way, it responds to discovery requests from Companion Screens and launches
HbbTV applications in the hybrid terminals. Additionally, HbbTVCSManager is respon-
sible for providing service endpoints for application to application communication
feature. The Consumer Electronics Association (CEA) [CEHTMLDescrl1] defines the
application languages (HTML [HTMLStandard17], CSS [CSSStandard20] and JavaScript
[JavaScriptWebAPI20] including AJAX [AdaptivePath15]) established by W3C as well
as the DOM [DOMStandard09] event handling. A significant change is appreciated
in W3C’s block from HbbTV 1.5 to HbbTV 2.0, where supported features evolve from
XHTML, DOM2 and CSS2 to DOM3, CSS3 and HTMLS5. These features are supposed
to be an enormous benefit for HbbTV multi-device services but commercial devices
with full HbbTV 2.0 implementations are not available yet. DVB [DVBWebsite17] is the
one that allows application signalling and its transport via broadcast or HTTP. More-
over, the latest HbbTV 2.0 specification enables the identification and synchronisation
of timed content and event triggering between hybrid terminals and personal devices

through Companion Screens and Streams (CSS) interface. Finally, the International
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Organisation for Standardisation (ISO)/International Electrotechnical Commission
(IEC) [ISOWebsite20] [IECWebsite20] provides compatibility with leading Digital Rights
Management (DRM) and support for the MPEG-DASH [Sodagar11] adaptive streaming.

Furthermore, Operator Applications (OpApps) [HbbTVOpApp19] specification is an
extension to the core HbbTV specification to support operator application. It describes
how the HbbTV browser can run both HbbTV broadcaster applications and operator
applications at the same time.

Finally, Advanced Television Systems Committee (ATSC) [ATSCWeb20] is the group
in charge of the development of the Digital TV in USA, Canada, South Korea and Mex-
ico [Chernock et al.16]. ATSC has launched its 3.0 version [ATSC3.0Standard17] which
has been designed to offer support for newer technologies, including HEVC for video
channels of up to 2160p 4K resolution at 120 frames per second, wide color gamut, high
dynamic range, Dolby AC-4 and MPEG-H 3D Audio, datacasting capabilities, and more
robust mobile television support. The new standard is built to have interaction with sec-
ond devices, providing opportunity to broadcasters to engage on consumers’ devices as
well as the TV. The first major deployments of ATSC 3.0 occurred in South Korea, with
the country’s major television networks launching terrestrial ATSC 3.0 services in May
2017 in preparation for the 2018 Winter Olympics.

These broadcast-related standards, even though they allow mechanisms to launch
applications on a companion screen or provide cooperative multi-device application,
they do not avoid specific developments for each compatible TV. Moreover, develop-
ers have to define the behaviour of the application on each device at the development
stage, specifying how to visualise the application on the TV and on the second screen.
Developers typically need also to handle the communication between the devices, usu-
ally limited to a local network communication, for the contextual synchronisation of

the experience.

2.3 Technologies for interoperable multi-device services

This subsection presents the available technologies to create interoperable multi-device
services. The development of this kind of services is directly related with three main

challenges as stated in [Zorrillal6].
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* Multi-connection: The application itself has to discover the services and other

available devices, associating multiple devices to a single user and multiple users
to a shared experience, as well as providing mechanisms for a cross platform

authentication.

* Cross device synchronisation: All the content has to be perfectly synchronised
across different devices, taking into account all the media sources, as well as the

associated data.

e Multi-device adaptation: The application itself has to be adapted to the end-user’s
dynamic multi-device context, providing a single experience through multiple

devices at the same time.

If these three challenges are overcome, a versatile and interoperable solution is
obtained, independent from the specific target device or platform. The following sub-

sections present the technologies available to face each of the previous challenges.

2.3.1 Discovery and association

When connectivity has to be provided between different devices in an entertainment
environment, it is essential to avoid the human intervention as much as possible and
make easier the discovery of new services and the association of devices. Nowadays,

these are the existing technologies for discovery and association of devices.

* Bluetooth: a wireless technology for data exchange in short distances. Bluetooth
protocols simplify the discovery and configuration of the services between de-
vices. Bloetooth devices can announce all the services they offer with a high level

of security.

e NFC: a set of standards for smart phones and similar devices to establish radio
communications in a proximity context. Typical applications include wireless
transactions, data exchange and simplified configuration of more complex com-

munications such as WiFi.
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* QR code: Quick Response (QR) is the registered brand of a barcode type designed
to store data such as an URL in an efficient way. Its success is due to the easiness
to read it and a higher storage than the traditional barcodes. It is commonly used

in second screen applications.

* Acoustic patterns: acoustic patterns can be emitted by a device to be captured
by the surrounding devices. An URL could be mapped to different inaudible

frequencies, creating an acoustic code in order to associate two devices.

e Named Web Sockets: Named WebSockets [NWSSpec14] is an especification that
defines the mechanisms to discover and connect pairs of WebSockets that share
the same name of service in a local network. The evolution of Named WebSockets
is known as Network Web Sockets [NWSSpec15].

2.3.2 Synchronisation

Media synchronisation has been a key research area since the early development of dis-
tributed multimedia systems. A study carried out in [Ziegler et al.17] shows that users
do not notice delays of up to 1000 ms, but they feel significantly more distracted by
the second screen content for increasingly higher delays, making the experience less
attractive. In this context, [Boronat et al.17b] emphasises the importance of including
a combination of media synchronization solutions to guarantee a satisfactory level of
Quality of Experience (QoE).

Given the commercial interest in media synchronization and the disadvantages of
proprietary technologies, consumer-equipment manufacturers, broadcasters, and tele-
com and cable operators have started developing a new wave of international standards
for media synchronization [van Deventer et al.16a]. [Montagud et al.18] provides an ap-
proachable overview of media synchronisation from different perspectives, gathering
contributions from the most representative and influential experts.

Concerning the hybrid ecosystem, [Boronat et al.17a] presents an end-to-end plat-
form for the preparation, delivery and synchronized consumption of related hybrid
(broadcast/broadband) media contents on a single device and/or on multiple close-by
devices (i.e., a multi-device scenario). It is compatible with the latest version of the
Hybrid Broadcast Broadband TV (HbbTV) standard (version 2.0.1).
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Regarding Web platform, in order to achieve the synchronisation among devices,

W3C through the Multi-device Timing Community group IMDTimingCGr15] proposes
the standardisation of temporal objects called Timing Object, to build a model that
allows an accurate synchronisation and time controlling in Web-based multi-device ap-
plications. It consists on instantiating a timing object in each device that is connected
to a online shared temporal source. In order to obtain a perfect synchronisation, the
Timing Object supports any velocity and acceleration and any jump in the timeline.

Built on top of the previous work, timingsrc [TimingSrc16] can be found which is a
programming model based on Timing Objects in order to achieve an accurate synchro-
nisation in multi-device Web applications. Within this model three different services
can be found:

* MediaSync [MediaSyncl5]: it allows the synchronisation of HTML5 videos
through a JavaScript library and it is based on a study of the behaviour of media

elements in different browsers.

e Sequencer [Sequencerl5]: a generic tool to process temporal data. It provides

entry and exit events for data used with Timing Objects.

¢ Shared Motion [SharedMotion15]: it provides an online service to distribute the

time to different Web agents.

2.3.3 Adaptation

There are available solutions and in-progress language recommendations in the field of
adaptive interface of Web applications and its responsive design addressing the adap-
tation for a single device. However, these approaches do not face the adaptation of an
application in the multi-device domain.

Responsive Web design is a key factor in Web development, targeting devices with
different features such as connected TVs, laptops, tablets and mobiles. Their heteroge-
neous displays and characteristics requires the responsive Web design to provide an
adequate viewing experience automatically adapted for each device.

HTML features a number of fall-back mechanisms to adjust the content to the de-

vice capabilities. Two different approaches to design responsive Web applications can
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be deployed. On the one hand, a server-side detection based upon information embed-
ded in HTTP requests. The result can be used to return a suitable media content, e.g. a
video, where the server selects an optimal bitrate and resolution mode for the requested
content based on the device in question.

The second approach for responsive Web applications, covered by the HTML mech-
anisms, is based on client-side detection and adaptation, enabling a wider set of
possibilities. HTMLS5 includes attributes (srcset) that allow application developers to
provide multiple resources in varying resolutions for a single image [HTML5.114]. Au-
dio and video tags (<audio>, <video>) permit the definition of different source types
and let the browser choose which format to use on the current device (audio/ogg, au-
dio/mp3, etc.). Another powerful client-side mechanism is based on media queries
(@media) |CSSMediaQueries12]. These simple filters can be applied to CSS styles in
order to change the properties based on characteristics of the end-device. Even for
showing suitable media content at the client, the trend with streaming protocols like
MPEG-DASH moves the adaptation from the server to the client.

Nevertheless, the most widespread way to achieve adaptive interfaces lays on design-
ing the CSS style sheets to be applied to different displays. Therefore, the alternatives
often match the application design with the device context, adapting the layout and the
user interface. W3C proposes some basic recommendations [MobileBestPractices10]
to improve the user experience of the Web when accessed from mobile devices.

There are several frameworks that support the development of responsive appli-
cations. Gridster.js [Gridster20] boosts the dynamic grid layouts for drag-and-drop
actions based on jQuery. CSS3 Flexbox [CSSFlexibleBox14] empowers the layout def-
inition in the CSS by describing a box model optimised for the user interface design,
where the children of a flex container can be laid out in any direction -both horizontal
and vertical — in a flexible way. CSS3 Regions [CSSRegions14] allows elements mov-
ing through different regions where CSS Regions library [CSSRegion15] expands the
browser support with broader feature coverage. Grid-layout [CSSGridLayout14] de-
fines a two-dimensional grid-based layout system, optimised for user interface design.
The XML XUL[MozXUL15] language has been created by Mozilla to design user inter-
faces. Kontx [Kontx15] is the proposal of Yahoo to develop TV apps. Enyo]JS [Enyo12]
is a framework to develop HTMLS5 apps focused on layouts and panels design. Boot-

strap [Bootstrap11] is a framework for developing responsive mobile-first projects on
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the Web that includes a grid system to scale the layout as the device or viewport size

changes.

Web Components [WCSpec14] is the umbrella term for a set of new W3C specifica-
tions that give developers the primitives needed to build reusable and interoperable
elements. The individual specifications that make up Web Components map almost

directly to the specific features needed to create a truly interoperable element.

e The Custom Elements specification [CustomElements20] describes how an ele-
ment might be given a name, define an API surface area, and respond to different
events in its lifecycle. That way, personalised elements can be easily reused in

different web applications.

e The HTML5 <template> element [HTMLTemplate14] provides the set of features
needed to declare inert DOM subtrees ready to be instantiated in the final DOM.

e The Shadow DOM spec [ShadowDom19] provides the mechanism for encapsu-
lation. It introduces the notion of a "Shadow Root" which is a separate, scoped
tree that mantains functional boundaries between DOM trees and avoiding, for

instance, accidental interference by CSS selectors or DOM manipulation methods.

e The HTML Imports specification [HTMLImports19] provides this mechanism to
load HTML-based dependencies in HTML.

With these four crucial new features Web developers are provided with the platform-
level primitives needed to create truly reusable custom elements, with all the power of
native HTML elements.

The JavaScript implementations of the previous specifications support Custom Ele-
ments, HTML Imports, and Shadow DOM across the last two versions of major browsers
starting with IE10, Safari 7, and the evergreen browsers Chrome and Firefox. More-
over, Web Components-based libraries such as X-Tag [XTagl4], Polymer [Polymer], and
Bosonic [Bosonicl5] rely on some of the polyfills' for broad browser support, and in-
clude optimisations around the heavier parts of the polyfills to achieve production-ready

performance.

1A polyfill is a downloadable code which provides facilities that are not built natively in a Web browser
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Apart from Web Components, other frameworks such as Angular or React also allow
component-based Web development. These frameworks are not based on any standard
and therefore, they present less dependencies.

The combination of components and media queries boost the development of re-
sponsive multi-device Web applications and they are core technologies, among others,
of the next generation of Google apps [Techrunch13].

All these languages, recommendations and frameworks for adaptive interfaces and
responsive design are very useful for smooth local adaptation but need to be extended
towards the multi-device dimension. They are all designed to adapt an application to
a device aiming the adaptation depending on the device features. However, they do
not consider that an application can be running in one or more devices simultaneously,

including only part of the application.

2.4 Optimisation of user interface of multi-device media

services

This subsection describes the attempts to optimise the user interface of multi-device
media services found in the literature. Optimisation methods have been a long-standing
topic in HCI research for user interface (UI) design. Nevertheless, these optimisation
methods have been explored as supplemental ways to help speed up the design cycle
and improve the design quality. Theoretically, model-based UI optimisation refers to
the use of combinatorial methods to solve a UI design problem formulated as a search
problem by using predictive models of human behaviour and experience [Oulasvirtal7].
However, to the best of our knowledge, no existing adaptation models are available
to dynamically and seamlessly adapt such a multitude of content to multi-device and
multi-user contexts, where a user or a group of users consumes content from a set of
devices at the same time.

With the advent of the aforementioned new and interactive media experiences, Lay-
out Appropriateness (LA) [Sears93] has become a key term for the evaluation of user
interfaces. The LA concept assigns a cost to every layout according to specific metrics
such as the time required to accomplish a task or the users’ preferences. Therefore, the

appropriateness of a given layout is computed by weighting the cost of each sequence
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of actions and seeing how frequently the sequence is performed. In this context, Sketch-

plore [Todi et al.16] is defined as the first user interface optimiser that uses different
metrics to optimise the spatial and colour aspects of interactive layouts.

However, in a multi-device system where a user can be consuming content from
multiple screens at the same time, the typical template-based approach cannot work, as
the set of elements to be shown on each device can change over time, depending on the
number of components to visualise and the number of devices connected to the system.
In a multi-screen environment, such as that addressed in [Zorrilla et al.15a], the con-
tent is divided into logic elements with the Web components specification [WCSpec14]
following an object-based broadcasting approach [Armstrong et al.14]. In this context,
the system will dynamically decide which elements of the application will be shown on
each device, simultaneously splitting the application through different devices, to pro-
vide a consistent and coherent view to the user, which means that the list of elements
available on each device will depend on the changeable context of the users and will dy-
namically update when a new device is added or removed. In this scenario, it is tedious,
very expensive and unaffordable for developers to provide an explicit template to organ-
ise the elements on the user interface of each target device, considering all the possible
combinations. Thus, the solution described in [Zorrilla et al.15a] provides generic and
arbitrary divisions to arrange the elements in a responsive user interface following some
hints given in the application code and creates a specific layout template depending on
the context of the user.

Regarding cross-device adaptation, [Brudy etal.19] aimed to create a unified
terminology to facilitate cross-device research; [Dongetal.16] identified techno-
logical and business factors that represent a barrier to create useful, usable and
delightful multi-device experiences; [Grubert et al.16] presented the relevant chal-
lenges for the design, development and use of mobile multi-device environments;
[Santosa and Wigdor13] provided a field study of multi-device workflows in distributed
workspaces; [Wéljas et al.10] revealed the key elements of the user experience associ-
ated with cross-platform interactions and proposes an initial conceptual framework
that can be used to guide the design of cross-platform web-services; [BBCSecScr11]
explored how second screens might enhance live TV shows with additional web con-
tent and external links; and [Jokela et al.15] provided a user study on people’s current

practices in combining multiple devices in their everyday lives.
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Apart from the previous studies and the identification of challenges, the XDBrowser
[Nebeling17] [Nebeling and Dey16] project investigates how web browsers can be im-
proved to better support parallel multi-device usage and provides a proof-of-concept
implementation that segments web pages and distributes the parts across devices. Web-
strates [Klokmose et al.15] synchronises elements across devices operating on the level
of the Document Object Model (DOM) while maintaining exact copies on different de-
vices. [Sarkis et al.18] allowed for the re-use of existing single-screen applications to
automatically create synchronous multi-screen applications that analyse the code of the
application and classifies different elements, such as HTML tags or event listeners. Other
frameworks work with graphical aspects of user interfaces, for instance, when spanning
one image across multiple screens [Réddle et al.14] [Schreiner et al.15]. Other prior works
on cross-device interfaces, such as [Frosini and Paterno14] or [Yang and Wigdor14],
have proposed methods for synchronising elements across devices. All of these frame-
works allow for the development of new multi-screen applications but they all require
developers in the development stage to explicitly define how to distribute interface
components across displays.

There are also rule-based approaches, such as [Husmann et al.17] or [Nebeling17],
which provide insights into cross-device interaction patterns. However, they are fo-
cused on very specific functionalities and do not scale to many devices or multi-user
scenarios. Vistribute [Horak et al.19] proposes a framework that identifies important
properties and relations for distributed visualisation interfaces. Vistribute also provides
six heuristics that can guide in the automatic distribution of visualisations in changing
device setups together with their web-based implementation. However, those heuris-
tics are focused on data analysis visualisations and therefore they are again not general
enough to extend them for the adaptation of other contents in different fields.

AdaM [Park et al.18] proposed an optimisation-based approach that automatically
distributes elements to available devices by solving the many-to-many assignment
problem. AdaM distributes the Ul elements based on an objective that maximises the
usefulness of an element on a device while simultaneously maximising the complete-
ness of the Ul form from the user’s perspective. However, the problem of a layout of
elements on a device is not addressed in this work, as it is assumed to be performed via

responsive design practices common in web design.
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In the mentioned literature there is a lack of an adaptation model that takes into

account the following aspects:
* Ability to distribute and adapt such a dynamic amount of content to any device.

* Good performance at run-time and in real-time without having a negative effect

in the user experience.
* Usefulness for any multi-device and multi-user context.

* Provision of a systematic basis for the adaptation that frees the developer from

the duty of defining a wide range of explicit rules.

However, the definition of the model itself is not straightforward, which is why this

work proposes a methodology to adapt the user interface of multi-device media services.
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Hybrid broadcast-Internet pilot

3.1 Overview

The audiovisual sector is undergoing a major transformation due to the emergence
of heterogeneous connected devices, including Smart TVs. This reinvention is chang-
ing the consumption habits of users, enabling new experiences in which traditional
broadcasting and Internet media services are blended. Hybrid broadcast-broadband
services build upon on the foundation of standards, such as HbbTV. In this context,
this chapter provides details on a large pilot deployment for a multi-device hybrid
broadcast-Internet service for a live TV programme. It defines and describes the de-
velopment and deployment of an innovative live service that EiTB, the Basque public
broadcaster, provided to cover the election night in the Basque Country, Spain. This
work provides results by showing usage statistics of end-users, and presents a discus-
sion with lessons learned about the current hybrid broadcast-Internet ecosystem and

multi-device live services.

3.2 Motivation

The analysis in Section 2.2 shows that there are standards, technologies and solutions

that enable the delivery and consumption of live multi-device media services. However,

33



OPTIMISATION OF THE USER EXPERIENCE ACROSS MULTI-SCREEN
MEDIA SERVICES

there is not yet a clear methodology, and there are still difficulties in providing a com-

pletely self-regulated hybrid services that will work under any circumstances following
the COPE paradigm.

In order to find out the causes of the mentioned difficulties, it was decided to build
an innovative hybrid broadcast-Internet multi-device service and test it through a large-
scale pilot by means of the broadcaster. Prior to the deployment of the large-scale
pilot, some questions were identified and answered which would be later checked while

working in the real environment:

1. Question 1: Are broadcast-driven hybrid multi-device services accompanied
by a live TV programme interesting for users? Users might like this kind of ap-
plications, since their consumption behaviour is moving towards using more than
one device at the same time to learn more about the content they are watching on
TV. However, since there are no broadcast-driven hybrid services with a live TV
programme, users do not have a reference with which to align their expectations.
HbbTV-based applications are typically used for catch-up TV, instead of enhanc-
ing broadcast programmes with additional content. Furthermore, at this time, the
second screen activity is always performed through an independent application
and users are not used to associating different devices in the same session while
being in front of the TV. Therefore, in order to make a multi-device service which
is related to a live programme successful, users will need a completely usable user

interface together with the guidelines on how to use the service.

2. Question 2: Are broadcasters ready to cope with hybrid multi-device experi-
ences? With broadcasting having always been the unrivalled giant, the environ-
ment has changed and now a huge amount of sources are available. Therefore, in
order to stay in the game, broadcast technology needs an upgrade, and HbbTV
represents a great opportunity. Broadcasters know this and that is why more and

more TV channels have their own catch-up HbbTV services.

The problem here is that going ahead with broadcast-driven multi-device experi-
ences for live programmes means a major change in their workflow and business
model, and change has never come easily for them [Claudy12]. Broadcasting
has always slowly adopted new technologies, and this is due to the highly reg-

ulated environment in which they operate and the time required to achieve a
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consensus. This regulation also generates a sense of fear of changing to such in-
teractive multi-device experiences, as they would lose the complete control of the

environment they have enjoyed until now.

In this context, broadcasters and application developers see the potential of
broadcast-driven multi-device services but may feel it is an uncontrolled, unsta-
ble, immature and complex technology ecosystem to provide broadcast-driven
multi-device services together with a live programme. This holds back the creation
of these kinds of services, and that is why they currently limit their HbbTV services
to catch-up TV. Probably, they would welcome simplicity in many dimensions if

they had to assume these kind of deployments.

. Question 3: Are HbbTV implementations mature enough for broadcast-driven
multi-device services? HbbTV standard has significantly evolved since its cre-
ation in 2009. It has become the interactive TV standard in many European
countries, and it has generated movement across the entire globe. HbbTV 1.5 ver-
sion, published in 2012, brought important improvements over the 1.1 version,
which lead to the implementation of a big amount applications, most of the times
catch-up TV services. The standard, and its deployment in the market, is mature

enough when talking about common single device applications.

HbbTV 2.0 and 2.0.1 versions, published in 2015 and 2016 respectively, brought a
powerful toolset including advanced Web technologies towards the interoperabil-
ity with HTML5 and Companion Screen features, that could completely change
the interactive TV towards multi-device services. However, HbbTV 2.0 and 2.0.1
versions are not commercially available at the moment in most of the countries.
Therefore, there is still a lack of reference implementation of the standard when
talking about multi-device services, leading to disparate HbbTV implementations
in TV sets from different manufacturers, even if they have the same HbbTV ver-
sion. There is also a lack of a certification ecosystem for HbbTV applications, to

fully guarantee their compliance.

. Question 4: Are HTML5 and HbbTV convergent enough to solve interoperabil-
ity problems? HbbTV has appeared as a standard in order to facilitate the
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convergence between the Web and TV. However, TV set manufacturers still in-

clude heterogeneous Web browsers in their devices, adapting them to HbbTV.
Accordingly, they typically include more features defined by W3C than the mini-
mum included in the standard. As illustrated in Figure 2.1, HbbTV 2.0 includes
new developments in this HTML5-HbbTV convergence, adding HTMLS5 features,
DOM3 and CSS3. However, it is quite common to find HbbTV 1.0 and 1.5 devices
that provide some HTMLS5 features, even if it is not required by the standard. Fur-
thermore, it is difficult for application developers to find the minimum HTML5
features to provide interoperability with HbbTV and follow the COPE paradigm
of one application running in all devices (TV sets but also in laptops and mo-
biles). Moreover, the mentioned compatibility problems may arise the necessity
of making the development as automatic as possible to prevent broadcasters from

defining details of implementation and adaptation.

. Question 5: Are hardware and processing capabilities of the current TV sets
enough to run broadcast-driven hybrid services smoothly? TV manufacturers
might be limiting their TV sets’ processing capabilities just to the current needs.
The lack of advanced and demanding HbbTV services means that there is no need
for excessive processing capabilities. Consequently, this may be leaving the TV set
one step behind the rest of devices towards COPE based applications. In this con-
text, efficient implementations may help to bridge the gap between TVs and the

rest of devices, at least until this kind of services are more known and attractive.

3.3 Theinnovative hybrid broadcast-Internet multi-device

service

Election day is a very important event in which more and more information is ex-

changed. Data, statistics, news, exit polls or social network activity generate a huge

amount of content from many different sources that are shared and consumed through

different services, applications or devices.

In this context, EiTB, the Basque Public broadcaster, is the main information source

for the election coverage in Basque Country (Spain), offering an up to the minute live TV

programme on the night providing the exit polls’ results and the official results together
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with expert debates. Furthermore, they had a Website showing all the data. However,
being aware of the fact that elections are a social issue involving millions of people,
the broadcaster wanted to go a step further and provide an innovative and interactive
service together with the live programme, including additional information.

During the MediaScape research project, a scenario to enhance a Live TV programme
with additional content was addressed [UsageScenarios16], enabling interactivity and
personalisation. EiTB was part of the Advisory Board of the project and their interest
in the election night, among other use cases, was highlighted since the beginning. Me-
diaScape made it possible to create a first version of the elections prototype, which
afterwards evolved into a real pilot once the project ended.

The developed service followed a bidirectional approach. On the one hand, it fol-
lowed a Technology push approach, as the test was used in order to validate on a large
scale the libraries developed in MediaScape. For this reason, all the developed function-
ality was included, resulting in a complex application. Whereas, on the other hand, it
was combined with a Market pull approach where the broadcaster wanted to provide
users an innovative, useful and practical experience to follow the election night in front
of the TV.

In greater detail, the service complemented the TV programme with the following

content:

1. Different cameras located at the headquarters of the five main parties, all of them

providing live streaming.
2. Social network activity through a list of filtered tweets.

3. Different graphics and tables showing all the real-time counting data for each

part of the region, as they do in their website.

Furthermore, the user had the option to associate the TV to different devices such
as smartphones, tablets or laptops, by scanning a QR code or typing in a shared URL.
This was possible through a remote server providing a shared state between different
devices [Zorrilla et al.15a], and consequently the devices could be in different networks
(e.g. the TV connected to the home Internet gateway and the second screen with 3G/4G.

Thus, the application content could be distributed across more than one device being
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Broadcaster’s signal Additional related content

Application menu

Cameras provided by IP

Additional related content

Figure 3.1: Application running on four devices simultaneously. In this case, TV and laptop
are shared while users interact and personalise the application through their tablet and
smartphone. The complete demonstrator can be found in [VicomtechVimeo20]

used simultaneously. Finally, all the content could be organised through different tem-
plates in each device, giving the user a chance to personalise their experience, both in
terms of content and design. Figure 3.1 illustrates an example of the use of the imple-
mented service with two users watching different content types working on four devices
simultaneously.

Lastly, it is remarkable that although election day is always a very important event
for the broadcaster, with one of the highest audiences of the year, they wanted to test
the HbbTV multi-device live service, but of course, under some requirements due to all
the risks that a live service in which nothing is pre-recorded entails. These requirements

are presented in Table 3.1.

3.4 Implementation and deployment

In this Section we describe the details of the implementation and the real deployment

of the interoperable architecture provided in [Zorrilla et al.15a], that provides a unique
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Table 3.1: Broadcaster’s requirements for the service

Term

Requirement

Access to the service

Access only through the TV as a first device.

Red button for broadcaster’s official catch-up TV HbbTV
service.

Blue button for elections application.

Service available in the two main channels of the broad-
caster ETB1 and ETB2.

Content template

A layout in which no content overlapped the mainstream.

Broadcast always in TV

The broadcast always visible in the TV.
Even if technically possible, access to live streams only
through second screens.

Control

Every interaction through the second screen also possible
through the remote control.

Synchronisation

Synchronisation of all content (media sources and data
coming from broadcast and Internet) is not critical.

The broadcaster prefers to follow a best-effort approach
of providing all the content when it is ready, rather than
introducing a delay on the broadcast to enable synchroni-
sation.

Compatibility

Devices having newest browsers, in principle from 2014.

Assume little risk

Limited announcement of the service to end-users.

A management application to control the streaming cam-
eras in real time. The broadcaster would be able to switch
on/off of the available cameras during the whole emission,
to stop individually each one if required.
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and consistent experience across multiple connected devices. For this purpose, the

Created Once and Published Everywhere (COPE) concept was applied during develop-
ment by means of standard Web technologies. Therefore, the application was built as an
HTML Web page, treating any device (TV set, tablet, smartphone and laptop) as a part
of the ecosystem and including the broadcast world simply as a new type of resource.
Hence, the application was able to automatically adapt itself to specific target devices,
providing the user with a consistent experience through multiple devices at the same
time, showing parts of the application on each one of the screens on an adaptive layout.

The carried out implementation addressed two main scientific challenges described
in Chapter 2 of these kinds of services, such as the device and service discovery de-
scribed in [Zorrilla et al.14] and [Ziegler13], and the multi-device adaptation mentioned
in [Zorrilla et al.15a], [Zorrilla et al.15b] and [Paterno and Santoro12].

Cross device synchronisation was another relevant scientific challenge for hybrid
multi-device services [Zorrilla et al.13] [van Deventer et al.16b]. The architecture pre-
sented in [Zorrilla et al.15a] enables the synchronisation of all the experience using
Shared Motion [SharedMotion16], and could be easily deployed through the service
hosted by Motion Corporation [MotionCorpWeb20]. However, the synchronisation of
all the content (all media sources and data coming from broadcast and Internet) was
not critical for the broadcaster in this specific live pilot. Adding synchronisation mech-
anisms would have required to include a delay in the broadcast content. Instead, the
broadcaster preferred to follow a best-effort approach, providing all the content when it
was ready (see Table 3.1 with the requirements of the broadcaster).

Figure 3.2 depicts the service implementation. In the backend side, concerning the

service basic structure, three servers and a database were implemented:

1. Node.js server: provided all the main Web services and libraries as well as the

application specific logic.

2. Mongo DB database: this was the database in charge of the mapping service, the
one which saved all the sessions and shared data and then distributed them cor-
rectly among the connected devices. Therefore, it was the one which guaranteed

the persistence of the application.
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Figure 3.2: Service implementation

3. Device Profiler server: in order to detect the type of devices being used in each
session or group of devices, with the aim of distributing the elements of the

application through them, and basing the decision on an adaptation rule.

4. Twitter server: responsible for filtering the selected hashtags and accounts from

Twitter social network and offering them as a data stream.

Moreover, with regard the application content, the streaming and the necessary
counting data for the graphics, these resources were all provided by the broadcaster in
real-time by means of five HLS streams and a data API.

Going through the frontend, the application itself was built on top of standard Web
Components [WCSpecl4] to create a Web application in terms of functional elements
and therefore, to have the option of distributing and adapting the content across all the
connected devices. Web components are a set of Web platform APIs that allow you to
create new custom, reusable, encapsulated HTML tags to use in Web pages and Web
apps.

Finally, the communications between frontend and backend were deployed through
HTTP and Websockets.
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Table 3.2: Characteristics of the nodes in the deployment

Element Description Instances
Load balancer | Nginx static file server 1

8 cpu

1GB of bandwidth
32GB of memory
Node.js Xeon server 1
1cpuat 2,6 GHz
16GB memory
Mongo DB Improved SSD until 1
20,000 operations per
second

Device profiler | Xeon server 3
8GB of memory
Twitter server | Xeon server 3
8GB of memory

Concerning the deployment of the servers, the system was scaled in order to cover
all the potential users taking into account the initial conditions for the app to work. Re-
ferring back to Table 3.1, in principle the application could only work on TVs with the
latest browsers. Following the broadcaster’s estimates, the number of potential users
that could have an HbbTV 1.5 TV (with a newer browser) was 15,000, so the deployment
addressed the most challenging (very unlikely situation) scenario where all the potential
users access the application concurrently. The deployment of the servers were hosted
in Amazon [AWSWeb20] scaling each server according to its design specifications for
the estimated load.

The deployed architecture remained as shown in Figure 3.3 and the characteristics

of each one of the nodes correspond with the ones in Table 3.2.

3.5 Results

This section provides a report on the results obtained during the pilot test. All these
results have been extracted from the log of the application server, which saved all the
User Agent strings of each connected device, and from the analytics modules added

both to the Web application and to the servers. The methodology employed has been
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Figure 3.3: Service deployment in Amazon

to analyse all the terms appearing in each User Agent and group all the connected de-
vices according to varying parameters. From this point, the extracted data from the
User Agent strings are presented regarding the general terms, the brand, the age of the
models, the HbbTV version, the time using the application, the number of sessions and
the type of associated devices. Moreover, the results obtained have been compared and

contrasted with the data provided by the analytics in order to verify them.

3.5.1 General results

As mentioned in Section 3.4, the amount of concurrent potential users for the service
was 15,000. From this point, the presented data correspond to the interval of time be-
tween 06:00 pm 25th September 2016, when the server was switched on, and 06:30 am
26th September 2016, when the server was switched off. In that interval, the broad-
caster had an audience of 1,161,000, from which 160,000 watched the whole election
night TV programme. From this audience, in order to calculate the number of HbbTV
devices that received the "press blue button" message, the broadcaster has only the

data of HbbTV devices per hour interval. Those data show that the maximum number

43



OPTIMISATION OF THE USER EXPERIENCE ACROSS MULTI-SCREEN

MEDIA SERVICES
Table 3.3: Hbbtv summary
. Unique sessions Worked Failed
HbbTV version Value % Value | % | Value | %
1.0 206 17% 51 25% | 155 | 75%
1.5 974 82% 593 | 61% | 382 | 39%
2.0 15 1% 9 60% 6 40%
TOTAL 1195 100% 652 | 55% | 543 | 45%

of devices in the one hour interval was 18,942 from 20:00 to 21:00. Then analysing the
rest of the intervals, the estimated total number of single devices was 25,000. Finally, of
that number, there were 1,195 users of HbbTV devices who tried to run the application.
When classifying the TVs in terms of working or not working devices in the pilot test, the
load point in which all the needed files were requested and the content with the main
menu was rendered has been taken as a threshold. From this point, when talking about
working or not working devices, the mentioned criteria is used. Thus, of the 1,195 users
that tried to start the application, 652 devices (55%) succeeded while 543 (45%) failed.

3.5.2 HbbTV version

Table 3.3 shows the summary of the data in terms of the HbbTV version. According to
the registered User Agents, of the 1,195 HbbTV connected devices, 82% were HbbTV
1.5 while 17% were HbbTV 1.1 and 1% were HbbTV 2.0. Regarding their performance,
a quantum leap is appreciated from HbbTV 1.0 to HbbTV 1.5, increasing the working
success by 36 percentage points. Moreover, although HbbTV 2.0 devices were detected
through the User Agent string, there are no commercial devices with this version com-
pletely implemented, so they could be considered as HbbTV 1.5 devices, as the success

rate is almost the same.

3.5.3 Brands and models

Table 3.4 shows the summary of the data in terms of brands. As can be seen, there were
TVs of many different brands, with the majority belonging to only a few brands. LG was
the most used (28% of users had an LG) and was also the one in which the application

worked best (78% of the LG devices worked). There was also a significant amount of
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Table 3.4: Brands summary

Brand Single Sesions Worked Failed
Value % Value | % | Value | %
LG 332 28% 258 | 78% 74 22%

Samsung 305 25% 166 | 54% 139 | 46%
Panasonic 294 25% 112 38% 182 62%

Sony 171 14% 93 54% 78 46%
Philips 61 5% 14 23% 47 77%
Hisense 8 1% 4 50% 4 50%
Other 24 2% 5 21% 19 79%

TOTAL 1195 | 100% | 652 | 55% | 543 | 45%

Samsung (25%), Panasonic (25%) and Sony (14%) devices. However, the success per-
centage decreases in comparison to the LGs, being 54% for Samsung and Sony, and 38%
for Panasonic.

On the other hand, Figure 3.4 shows the results taking into account the age of the
TV models trying to load the application. There were only 7 TVs from 2011 and none of
them worked. From 2012, there were more TVs, but most of them did not work. Out
of interest, the only working brand was LG. Looking at TVs from 2013, a meaningful
increase of the total amount of TVs can be seen. A considerable number of them did
not work, but the number of working LGs increased and some Sonys also worked. Most
of the models accessing the application were from 2014 and 2015. Looking at 2014,
TVs of all brands worked and for the first time, there were more working TVs than not
working TVs. Referring back to the broadcaster’s requirement for devices from 2014 or
newer, 2015 had the highest number of working TVs. However, for 2016 year there was
not enough data to draw conclusions. There were not a lot of TVs and besides, a high

percentage of them did not work when the newest models are supposed to work better.

3.5.4 Associated devices

As described previously, the user had the option to associate different devices to the TV,
creating a unique experience around the TV. Of the 652 working TVs, there were 619

(95%) users who used only the TV and 33 users who successfully associated another
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Figure 3.4: Summary of the performance by brands and ages

Table 3.5: Type of associated devices

|| Device | Unique sessions % ||
Android 20
smartphone | 22 0S > 62.86%
Android 7
Tablet 11 0S ) 31.43%
Laptop 2 Windows | 5.71%
Total 35 100%

device to the TV. Most of these users, 31 (4.7%), associated only one device and only 2
(0.3%) associated two devices.

Table 3.5 summarises the type of the mentioned 35 second and third screens, most
of them being smartphones and tablets.

3.5.5 Time spent using application

During the same time interval, Figure 3.5, Figure 3.6, Figure 3.7 and Figure 3.8 show how
long users spent using the application. The time interval scale for these graphs has been
chosen according to that used by Google Analytics [GoogleAnalytics20] in a parallel ana-
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Figure 3.5: Time spent using the application on TVs classifying the devices along all the
different durations.

lysis. In the case of the TVs, 61% of the devices stayed connected more than 10 seconds
whereas for second screens this percentage was even higher (91%). So connecting a sec-
ond screen device may indicate a higher interest in the service. In addition, concerning
the TVs, most of the users (75%) opened the application once, 15% did so twice and the
rest 3 or more times. The same happens with the second and third screens, with 46% of
users connecting once, 31% twice and the remaining 3 or more times.

Finally, the maximum number of simultaneous working devices was 54 at 19:24:44.
This fact is far from the 15,000 potential concurrent users estimated in the most chal-
lenging scenario, thus indicating that the deployment architecture has been under-used.

Figure 3.9 shows the concurrency during the whole time the service was available.

3.6 Discussion and lessons learned

Once the obtained results have been presented, this section provides a set of lessons
learned with the aim of discussing different aspects of hybrid broadcast-Internet multi-
device services. The discussion has been driven by giving answers to the questions
formulated prior to the test and presented in Section 3.2. The summary of the lessons

learned is provided in Table 3.6.

47



OPTIMISATION OF THE USER EXPERIENCE ACROSS MULTI-SCREEN
MEDIA SERVICES

From 254 TVs with less than 10 sec

8 TO 10 SEC
6TO 8 SEC
4TO 6 SEC
2TO 4 SEC

0TO 2 SEC

0 50 100 150 200 250 300
Number of devices

.|

Figure 3.6: Time spent using the application on TVs showing the detail of the devices being
in the application less than 10 seconds.
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Figure 3.7: Time spent using the application on second screen devices
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Figure 3.8: Number of sessions by device. A) Shows the sessions in TVs and B) shows the
same data for the rest of devices

Concurrency of working devices
60

18:00:00
18:06:16
18:12:32
18:18:48
18:25:04
18:31:20
18:37:36
18:43:52
18:50:08
18:56:24
19:02:40
19:08:56
19:15:12
19:21:28
19:27:44
19:34:00
19:40:16
19:46:32
22:16:56
22:23:12
22:29:28
22:35:44
22:42:00
22:48:16
22:54:32

Figure 3.9: Concurrency of working devices from 18:00 to 23:00. The data from 23:00 to
06:30 are not shown, as they are negligible.
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Table 3.6: Summary of lessons learned

Question

Lessons learned

1. Are broadcast-driven hybrid
multi-device services accompa-
nied by a live TV programme in-
teresting for users?

Broadcast-driven hybrid multi-device ser-
vices with a live TV programme are interest-
ing but still unknown for the users.

2. Are broadcasters ready to
cope with hybrid multi-device
experiences?

Broadcasters are aware they have to adapt
to new consumption experiences within the
new hybrid ecosystem but they still have un-
certainties about the technology and busi-
ness models.

3. Are HbbTV implementations
mature enough for broadcast-
driven multi-device services?

Although HbbTV provides a set of standards
that lay the foundations for hybrid services,
it needs to overcome ambiguities in the
multi-device field towards a consistent and
mature specification.

4. Are HTML5 and HbbTV con-
vergent enough yet to solve in-
teroperability problems?

Despite newer HbbTV versions that in-
creasingly include HTMLS5 features, current
HbbTV commercial devices do not provide
complete convergence between HbbTV and
HTMLS.

5. Are hardware and pro-
cessing capabilities of the
current TV sets enough to
run broadcast-driven hybrid
services smoothly?

Hardware and processing capabilities of cur-
rent TV sets are not powerful enough com-
pared to laptops or smartphones to run
broadcast-driven hybrid multi-device ser-
vices smoothly.
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3.6.1 Answer to question 1: Broadcast-driven hybrid multi-device ser-
vices with a live TV programme are interesting but unknown for the

users.

Question 1 formulated that services offering a complete environment like the one
described in this chapter should succeed among users, based on the fact that TV con-
sumption habits are moving towards the use of a second screen. However, since there
are no broadcast-driven hybrid services for live programmes yet, users do not have a
reference on which to base their expectations and they need to know what advantages
there are to the service and have guidelines on its use.

The limited variety of offered HbbTV catch-up TV services together with the lack
of advertising and user guides does not help and causes a loss of interest among users.
There is such a degree of dissatisfaction that, according to the broadcaster, some people
call to ask how the "red button message" could be removed. They may see it as a useless,
unknown and hardly beneficial service when in fact, it could be just the opposite.

In the pilot test, the service was hardly advertised and even less so presented as an
advantageous system to follow the election night in a personalised way. This could ex-
plain the low amount of users that pressed the blue button to run the application. Of
the 25,000 TVs that showed the blue button message, only 1,195 pressed it, just 4.78%
(See Section 3.5.1). Furthermore, the fact of having two messages at the same time for
different applications, as seen in Table 3.1, could have distracted or annoyed the users.
Without the appropriate information about the service, users might have thought that it
was another catch-up TV service.

On the other hand, using a second screen was a difficult task, probably because of
the lack of habit of the users associating devices in the same session while watching TV.
Seeing the results in Section 3.5.4, of the total amount of working TVs, only the 5% of
them associated a second screen device to the TV. Therefore, even though the concept
of the second screen seems to be embraced nowadays, at least when using independent
applications, the second screen percentage was too low.

In this context, it could be surmised that the user interface becomes a key factor in
the design and development of hybrid broadcast-Internet multi-device services. Fol-
lowing with the association of devices in the pilot test, the mechanisms used for the

association were the scanning of a QR code and the typing of a supplied URL. Perhaps,
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this represented an excessive task while being in front of the TV and thus, more trans-

parent mechanisms are needed. For instance, this could be in the form of a notification
arriving to the device connected to the same home network as the TV. For that, the new
HbbTV 2.0 specification includes a Companion Screen discovery API, enabling HbbTV
applications to discover Companion Screens for launching and installing Companion
Screen applications. This feature surely will help make broadcast-driven multi-device
live services more widespread.

Finally, it should be mentioned that although the number of second screens was low,
users with a second screen stayed connected to the application longer as can be seen in
Section 3.5.5. Therefore, it could be considered that users knowing how to associate a
second screen enjoyed the service and promoted larger consumption time in the TV
programme.

To sum up, this kind of services seem to be interesting but unknown for users, both
in terms of existence and usability. Therefore, some efforts should be made to focus
on the user, who ultimately decides whether the services succeed or not. First of all,
the services have to be presented as beneficial systems, announcing them as much as
possible. Second, an intuitive and usable user interface has to be built across all the
dimensions of the application. And third, some surveys should be prepared for future
studies in order to collect the opinions of the users about the application provided.
With these facts, we believe the user experience will substantially improve, and conse-
quently, broadcast-driven hybrid multi-device services together with a live program

could succeed.

3.6.2 Answer to question 2: Broadcasters are aware they have to adapt
to new consumption experiences within the new hybrid ecosystem
but they still have uncertainties about the technology and business
models.

Question 2 considered that broadcasters feel the current technology ecosystem is too
unstable, uncontrolled and immature to provide broadcast-driven multi-device ser-

vices together with a live programme in the highly regulated environment in which they

work.
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In practice, broadcasters are interested in testing innovative live multi-device ser-
vices such as the one described in this chapter, but are also being scrupulously prudent
about it. The aforementioned pilot test has been a good example for that. The broad-
caster wanted to test the application and make it available for the whole audience
during such an important event like election night. However, as explained before, the
lack of information available to the user could have been a critical factor for such a low
number of users successfully using and enjoying the service.

The broadcasters worrying about the highly regulated environment in which they
operate was also checked. The broadcaster was particularly prudent in controlling ev-
ery detail of the provided innovative service. This was clear in the days prior to the test,
as they asked for a mechanism to be able to switch off the streaming cameras that were
available during the whole emission, in case someone was saying something he/she
should not.

Another measure taken was a default layout for the application, avoiding overlaps
of any content with the mainstream (see Figure 3.1) and making it clear what the most
important thing was for them. Furthermore, they expressly required the mainstream to
be always on the TV, not allowing it to be removed or changed to another IP video signal.
The main reason was their business model based on the results provided by audience
counters. These audience counters take into account only devices showing the broad-
cast signal including the audio, discarding any other overlapping or replacing it, even if
the additional content comes from the same broadcaster signal. The same happened
with the advertisements, which gives them a much smaller profit when shown through
an HbbTV application.

Therefore, it seems that broadcasters will not provide an official broadcast-driven
multi-device service for a live programme until they are confident it will not cause them
any problems and will not affect TV audience ratings, until they are convinced of the
user benefit to justify the development of multi-device experiences, until they are confi-
dent users will embrace them positively, and especially not until they see a profitable
business in using it. In this context, they should encourage simple and automatic devel-
opments that help them to settle in the hybrid ecosystem without having to worry about
the adaptation of the services to the wide range of available devices. Furthermore, a va-
riety of those kinds of services offered as a trial versions and starting with low-audience

programs would provide very valuable data to improve the developments. That way,
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users would start getting used to these kinds of experiences and would increasingly de-

mand more of them, and manufacturers and advertisers would find themselves obliged

to work in this direction too.

3.6.3 Answer to question 3: Although HbbTV provides a set of stan-
dards that lay the foundations for hybrid services, it needs to over-
come ambiguities in the multi-device field towards a consistent and
mature specification.

According to Question 3, even if there is a standard to follow, due to the recent incor-
poration of advanced Web technologies and multi-device features, there is a lack of
reference implementation of the standard in this area. Consequently, there is a wide
variety of levels of implementation of the standard in each TV set, and most of the times
these differences are not only down to the HbbTV version.

From the data obtained during the test, some devices appeared in the server log with
the "HbbTV 1.3.1" term in their User Agent. The HbbTV 1.3.1 version maps to HbbTV
2.0 new standard, which is not supposed to have any commercial TV set available, at
least in Spain. Thus, they probably had some features of the latest update implemented,
but there is no way they could count on the whole standard.

On the other hand, Question 3 also stated that there are differences between TV sets
from different manufacturers even if they have the same HbbTV version. As it has been
seen in Section 3.5.3, there were differences in the performance depending on the brand
and the age of the TV, as well as among the software integrated in each TV. Each brand
has its own software (including its HbbTV browser characteristics), and no two Smart
TV platforms are alike. Actually, this fragmentation is not only among TV brands and
ages, but also across different models of the same age as can be deduced from results
in Figure 3.4. In that graph, focusing on the same brand over the years, it can be seen
that performance was different depending on the year, but also within models of the
same year. Moreover, it is up to the user to update the firmware, leading to even more
variance. This greatly complicates the development of interoperable HbbTV applica-
tions, as there is no common pattern when programming and each TV has to be tested
separately, which is costly and time consuming. In case of the tested multi-device ap-
plication, five different TV models had been tested before the pilot test: two different
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LG models, two Samsung and one Panasonic. Each TV presented a different problem
that had to be specifically solved. In addition, Panasonic, which was the most tested TV
before the testing day and was supposed to work best, surprisingly turned out to be the
brand with the highest number of not working TVs.

Therefore, the partial implementation of the standard and the fragmented market
being in need of consolidation are creating a kind of barrier to broadcast-driven hybrid
multi-device services, when the entire Smart TV industry should look to standardisation
in order to have a consistent and mature specification. That way, it would be easier to

provide more choice and better experiences.

3.6.4 Answer to question 4: Despite newer HbbTV versions that in-
creasingly include HTMLS5 features, current HbbTV commercial de-
vices do not provide complete convergence between HbbTV and
HTML5.

Question 4 considered that there are heterogeneous browsers among TV sets because
they typically have more W3C features than the minimum required by the HbbTV
standard. This was also checked in the pilot test.

In Section 3.5.2, it has been seen that there were differences in performance de-
pending on the HbbTV version of the TV on which the application ran. As previously
mentioned, the application in principle worked on devices with the most recent
browsers. However, Table 3.3 shows that 25% of the HbbTV 1.1 TVs worked. This
means that the compatibility problem is not related with the HbbTV version but with
the extra HTMLS5 features implemented in the browser. But of course, there is a direct
relation due to the fact that HbbTV 1.0 TVs are older. Therefore, compatibility is worse
because the browser is older and it has less features implemented.

More specifically, the main problem for compatibility was the use of standard Web
Components. As seen in section 3.4, the front-end was built on the top this standard to
create an application in terms of functional elements. Web Components can be used
with any JavaScript library or framework that works with HTML. They are based on four
specifications (Custom Elements [CustomElements20], Shadow DOM [ShadowDom19],
HTML Imports [HTMLImports19], and HTML Template [HTMLTemplate14]) which are
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only supported natively by Chrome [ChromeWeb20] and Opera [OperaWeb20] browsers.

However, a polyfill [WCPolyfill19] was used, which is a code in order to simulate the
missing browser capabilities as closely as possible. The fact here is that this polyfill uses
several HTMLS5 features that not all the browsers of the commercial TVs have imple-
mented yet. Some efforts were made to overcome that problem, but in the end, each TV
is equipped with a different browser having different levels of implementation of the

HTMLS5 standard and complete compatibility is no easy task.

Another detected concern regarding interoperability was the difference on the strict-
ness that the browser requires of application developers. The same application that
worked perfectly on a Panasonic VIERA 2014, did not even start in a newer Samsung
SUHD 2016. The reason was that the code syntax was not strictly programmed and
things that were assumed negligible for the application to work caused the service go
down with the first file request made to the server. The kind of things that ruined the
application on that TV were, for example, an empty line on the first row of the code of
the requested file containing the HbbTV header and a big amount of file dependencies,
or even the way in which HTML tags were closed (<1ink/> instead of <1ink></1ink>).
With such a high level of programming strictness happening only in some cases, it is
very difficult to build a completely interoperable application. Thus, the rigorous defini-
tion of these requirements would also help towards the spread of HbbTV multi-device
services. It is remarkable that the application has been developed following the stan-
dard rigorously, but in the same way these examples have been identified, other similar

questions could be the problem in some TV sets.

Then, reducing the differences between the wide range of TV set browsers and
defining the minimum required HTMLS5 features could mean decreasing cross-device
differences for broadcast-driven multi-device services for a live programme following
the aforementioned Created Once and Published Everywhere (COPE) concept, instead
of creating multiple applications for each one of the target devices or platforms. Apart
from that, more automatic developments would avoid complex implementation tasks

and adaptation rules definition, that usually fall to broadcasters.
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3.6.5 Answer to question 5: Hardware and processing capabilities
of current TV sets are not powerful enough compared to laptops or
smartphones to run broadcast-driven hybrid multi-device services

smoothly.

Question 5 considered that TV sets could be one step behind other devices in terms of
processing capabilities with regard COPE paradigm based applications.

When classifying the TVs into working or not working devices in the pilot test, the
load point in which all the needed files were requested and the content with the main
menu was rendered has been taken as a threshold. The estimated average loading time
was 30 seconds, which is quite high compared to applications we are used to running
on a computer (10 sec), or even on a smartphone (15 sec). Thus, it is quite possible that
the user, bored while waiting, closed the application or changed the TV channel before
loading was complete.

This makes it clear that TV sets have poor processing capabilities and running any-
thing more complicated than basic streaming becomes a challenge. If we want the TV
set to be the central hub in the connected devices ecosystem, then in order to run these
kinds of applications together with laptops or mobiles, a significant update to the TV
sets’ hardware is required. Manufacturers should consider supplying them with more
powerful resources in order to be able to run technologies as HTML5, Javascript and
CSS smoothly. If not, broadcast-driven hybrid multi-device services, such as the one
described in this chapter, will continue to be too slow in order to retain the end-user,
and they will continue using other devices for that purpose.

A complementary solution to the loading speed of HbbTV applications would be to
save the application in the cache when instructed by the end-users.

Additionally, the application could be maintained running even when the channel
is changed. However, this means some hard negotiating among different broadcasters
competing for the same audience and they are certainly not going to permit content
from the competence to obscure their mainstream.

Finally, taking into account the time required and the difficulties to apply all the
previous recommendations, more efficient developments should be carried out, light

enough to be better processed by the poor hardware provided to the available smart
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TVs. A good example for that would be to generate an automatic adaptation model that

avoids to overload the smart TV with many different contents.

3.7 Conclusions

This chapter provides the definition of an innovative hybrid broadcast-Internet multi-
device service for a live TV programme, its large scale pilot deployment based on the
architecture presented in [Zorrilla et al.15a], and lastly, all the lessons learned and con-
clusions drawn during the large scale pilot with the Public Basque Broadcaster EiTB.

This work presents some questions formulated regarding the large scale pilot in or-
der to provide such a service for live TV programmes, and then provides an answer for
those hypotheses based on the results of the pilot.

The following aspects are the most important conclusions, summarising the lessons
learned when creating and deploying hybrid broadcast-Internet multi-device services

for alive TV programme:

e The whole Smart TV industry, from the specifications and standards to the manu-
facturers, should look into the rigorous definition of some minimum requirements
in terms of both hardware and software so as to decrease cross-device differences
in relation to broadcast-driven hybrid multi-device services. Developers should
also work on more automatic developments that allow to create COPE based ser-
vices that do not require complex implementations and the definition of a high

number of adaptation rules.

e That way, broadcasters, which need time and consensus to upgrade to new
technologies, would change their perception of an immature and unstable envi-
ronment to another one full of opportunities for new business models. Hence,
they would be convinced of the end-user benefit to justify the development of
multi-device experiences and they would start opting for broadcast-driven multi-
device services to enrich TV programmes. They would be motivated to test trial
versions of a wide variety of services, advertising them and ensuring that users

know about their existence, know how to use them and appreciate them.
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* Consequently, users, who at the moment do not see many advantages to the avail-
able HbbTV catch-up services, would also change their mind. They would see
broadcast-driven hybrid multi-device services as comfortable applications that
provide them with information that they would otherwise have to look for on their
own. They would increasingly demand them and would renew their TV set more
often. Furthermore, seeing the trend of second screen consumption habits, surely

these kind of services for certain live programs would be an absolute success.

* Moreover, it has to be said that despite the difficulties identified today, software
and hardware capabilities of the TV sets may improve over time, and be capable
of running hybrid services smoothly on TV sets in a mid-term. The reason is that
manufacturers are supplying more and more advanced features and resources
to their new models, but these upgrades are slower than desired. So if an accel-
eration of the widespread and success of broadcast-driven hybrid multi-device
services is wanted, more efficient and automatic services should be developed,
light enough to be processed by smart TVs at the same level as it is done in the

rest of devices.

* Lastly, it has to be taken into account that every effort for improvement has to
be focused on the user who is the deciding factor in whether the application suc-
ceeds or not. In this context, the user interface design is the key in guiding the
user across all the connected devices that are placed in a three dimensional space.

These conclusions encouraged us to go in depth in a research line focused on the
definition of an adaptation model that automatically generates usable user interfaces of
multi-device services basing its decisions on the characterisation of all the involved ele-
ments and a high number of design factors. The mentioned adaptation model is seen as
a tool to ease broadcasters the adaptation of their contents to any connected device or
set of devices being used simultaneously, taking into account the context information
and ready for the technological updates that will undoubtedly arrive. All of this will be
managed through the definition of some parameters instead of a high number of ex-
plicit rules and the model will allow to run the adaptation process efficiently in all the

connected devices. This work is presented in Chapter 4.
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Adaptation methodology and
model

4.1 Overview

New audiovisual experiences involve several contents through multiple Internet-
connected devices. The TV is still the central hub of the living room, but it is often used
simultaneously with other screens. Consequently, the user has the chance to enjoy dif-
ferent contents at once across multiple devices. However, no existing adaptation models
are available to dynamically adapt such a multitude of contents to multi-device contexts.
To address this gap, this chapter proposes a novel multi-device adaptation methodol-
ogy to build adaptive user interfaces for multi-screen hybrid broadcast-broadband TV
experiences that is extensible to any kind of content, device and user, and is applicable
to different contexts considering technological evolution.

The proposed methodology is the outcome of an extensive research arisen from a
previous collaboration with broadcasters in the multi-device media service pilot de-
scribed in Chapter 3. This deployment has shown a set of lessons learned among which
stands out the need of a usable user interface that guides the user across all the con-
nected devices and bases its decisions on an efficient adaptation model built on top of

the identification of the main user interface elements and design factors.
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Additionally, preliminary evaluations have been performed to carry out the compo-

nentization of a broadcast service, make the typification of devices possible and study
different aspects of the layouts shown in connected devices. These preliminary evalua-
tions together with the previous deployment have guided the whole research towards
the mentioned methodology. Taking all of this into account, the methodology provides
a model which is formally described together with examples of its implementation. Fi-
nally, the methodology has been validated in terms of quality, efficiency and universality

including all the results at the end of the chapter.

4.2 Overview of the adaptation methodology

The aim of the adaptation process is to provide a suitable distribution of the contents of
a hybrid broadcast-broadband programme into different devices’ screens in the living
room. This content should be provided proactively and responsively, according to the
context conditions and changes.

The proposed adaptation methodology aims to define a general multi-device adap-
tation model for hybrid broadcast-broadband services, such as the one deployed for the
pilot experience described in Chapter 3. However, instead of creating specific adapta-
tion rules for each TV programme, they are made extensible for any kind of situation:
any kind of TV programme or content, any device type, and any kind of UI layout
template, to be used by any kind of user and in any context, and applicable even if tech-
nological changes occur (including new devices going further than AR/VR headsets or
smart watches, new context conditions, new ways of interaction with TV or media, etc.).

This novel methodology identifies the elements, properties and criteria that
should take part in the adaptation process [Zorrilla et al.15a] [Dominguez et al.17]
[Zorrilla et al.13] [Dominguez et al.18] [Dominguez et al.19]. More specifically, our ap-
proach is based on the definition of a general adaptation model that allows efficient
implementations to be derived for the target multi-device broadcast environments. The
effect of the context in the final user interface outcome is also considered. Figure 4.1
shows an overview of the approach.

In the following Sections, the adaptation model is described in detail, while a spe-
cific implementation of the model is presented in Section 4.6. The adaptation model is

described in three main parts:
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Figure 4.1: Overview of the proposed methodology
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1. Identification and characterisation of the elements of the user interface (Section
4.3).

2. Aflexible, modular, two-step characterisation of the adaptation process based on

the aforementioned Ul elements (Section 4.4).

3. Finally, the role of the context as a drive of the adaptation process, which will be

described on the basis of the implementation example (Section 4.6.6).

To summarise, three types of elements of the user interface have been identified.
On one hand, a hybrid broadcast-broadband media service will have different pieces of
content, such as the main programme (typically the broadcast), other media resources
(multi-view live cameras, on-demand complementary content, etc.) and other types of
information (statistics, graphics, banners, etc.). This work refers to all these elements
related to the content as components. On the other hand, the devices that end-users will
use to consume the content are also crucial elements to build an adaptive multi-device
user interface. Finally, every screen taking part in the multi-device experience needs to
visually organise the components in the display, assigning a location, size and aspect
ratio to each of the components, creating user interface layouts.

Regarding the adaptation strategy, the adaptation is divided into two goals:

1. Maximising the quality of the distribution of the visual content components across

the connected devices.

2. Maximising the quality of the user interface layout in each device, given the

components assigned to it.

Then, the adaptation can be seen as being composed of two steps that are formalised
as functions in the adaptation model, which we call assignation and representation
respectively.

These two goals are interdependent regarding the general goal of maximising the
adaptation process. However, we address the partial goals separately not only to have a
clearer description of the adaptation model, but also to obtain a framework for efficient
two-step implementations.

The rationale behind this divide-and-conquer strategy is the following:
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* Conceptual simplicity: The adaptation problem is divided in two independent,

well-defined sub-problems.

* Performance: As an optimisation problem, the computational complexity is dra-
matically reduced when the problem is divided, which is crucial in scenarios that
include devices with limited computational resources. Furthermore, decoupling
both goals in a two-step implementation allows for a more efficient distribution

of processing in the second step.

* Responsive answer to context changes: The adaptation can be incremental, of-

ten involving the layout generation in just an individual device.

* A suboptimal result might be preferable: Finding an optimal solution requires
addressing the adaptation problem as a whole. Nevertheless, responsiveness and
low latencies are relevant requirements in a Ul design, and optimality can be

sacrificed if the obtained solution is reasonably good.

* Previous experience: The two-step adaptation was tested in the previous pilot
deployment described in Chapter 3, with positive results. Additionally, broadcast
professionals and researchers that were involved in the pilot can better contribute
to the definition, implementation and validation of the defined model, over-
coming the limitations of the pilot where specific adaptation rules need to be

created.

Finally, regarding the context, the proposed approach is prepared to consider all
possible circumstances that might influence the adaptation process. This context cov-
ers a full spectrum of situations, starting from the preferences and the interaction of
end-users, environmental conditions, including lighting or acoustics, available con-
nection bandwidth or processing capabilities, battery condition on mobile devices, the
number of components that are being displayed on a device, etc. All of these context
situations will feed the adaptation process and drive a new iteration when required.

The following sections formalise the definition of the main blocks proposed in the

adaptation methodology.
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4.3 User interface elements

To provide an adaptive multi-device user interface, it is important to identify the main
elements, which are independent from the context and can be characterised or speci-
fied by the application developer: the content components, the target devices, and the

Ul layouts.

4.3.1 Content characterisation and componentisation

In recent years the trend of componentising the Web [Savage15] has succeeded among
most of the frameworks for Web applications development. “Web components”
[WCSpecl4] is an umbrella term for a handful of new specifications that give devel-
opers the primitives needed to build such interoperable, platform-level features. This
componentisation, or modularisation of the content, allows for building a distributed
system where each component can be easily moved from one device to another. There-
fore, the entire content is divided into logic elements on top of the Web components
standard, following the object-based broadcasting approach [Armstrong et al.14]. Since
a broadcast element (e.g., the main programme, an advertisement or a secondary
video) is supported by a Web component, we will refer to these broadcast elements as
components.
The set of components for a specific hybrid broadcast-broadband programme can
be formally defined as:
C={c1,¢c, ..., (4.1)

For simplicity, we will also refer to a single component as c.
Each component could be characterised in terms of a set of properties [BBCSecScr11]
[Sarkis et al.18], such as:

* Attention: The demand of attention required for that specific component regard-
ing the entire multi-device media service, from the perspective of the content
provider of the broadcaster. For example, the main programme is supposed to

require high attention.

e Interactivity: The degree of interaction that the component allows depending on

its type. For example, a chat component requires high interactivity.
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* Processing Requirements: The CPU/GPU processing and memory demands of a

component (e.g. real-time decoding of H.264 and H.265 video streams).

* Broadcast Requirements: The demand of a broadcast tuner to decode the TV

content.

* Confidentiality: The level of privacy required by a component, since it could in-
clude personal or customised information that might not be of interest for other
viewers in the same physical space. This is the case, for example, of a secondary

video, different from the main programme.

* Geolocation necessity: To allow for personalised, location aware setting of the

content of a component.

* Concentration: The cognitive load demanded by the viewer to assimilate the in-
formation provided by a specific component. For example, concentration demand

is higher for a social content than for an advertisement.

* Source: The creator of the component content, which is relevant, for example, to

characterise the user generated content.

This set of properties could be extended to other properties depending on the use
case, but we will consider them as stable and independent from the environment, and
we will refer to them repeatedly. Nevertheless, for generalisation purposes, we define a
set of formal properties:

PC =1{p1, P2 PNp} 4.2)

As we will see, the set of properties can be adapted in a flexible implementation. For
example, to describe a simple implementation where Np = 3, we will consider the
properties p; = attention, p, = interactivity and ps = processing requirements.

For a given component c, a property vector P€|[c] represents the values of each prop-
erty, normalised in the range [0, 1]. In our example, for a component c (e.g., the main

programme) the property vector could be:

PC[c] =11,0,0.2] (4.3)
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which means that the component would fully require attention, would not require any

interactivity and would present a low processing demand. Note that for simplicity we
are using the same notation for both the set of properties and the property vector.

All of the components in a service could be evaluated in terms of properties that
would be quantified differently depending on the content type. To simplify the assigna-
tion of the property values to each of the components across the adaptation process,
a classification of the components in component types enables predefining a set of
property values to each component depending on its type.

In general, the set of component types is defined as T¢, and we consider a surjective

function that maps each component onto a component type:
TC.c—T1¢ (4.4)

Therefore we can, without loss of generality, associate the same property vector to every

component of the same type:
PLT ()] = Plc] (4.5)

An automatic typification of components is proposed and used in our implementa-

tion (see Section 4.6).

4.3.2 Device characterisation

Applications developed using Web technologies can be run on laptops, desktops, tablets,
smartphones, smart TVs and even on consoles or other types of present or future devices.
The only requirement is a Web browser and typically a connection to the Internet.

Formally, the set of active devices in a given multi-device experience can be defined

as follows:

D:{dl)dZ)---deD} (46)

Again, there are a variety of properties that allow for differentiating one device from

another and very useful to be considered during the adaptation process. For illustrative
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purposes, here an informal set of properties are defined that can be used to characterise

current devices:

* Screen Size: The size of the display of the device. Trivially, the TV would have a
large size and smartphones a small one. However, this property could integrate
other features such as resolution or use distance. In this case it would then be

better to consider the apparent size of the screen device.

e Input Capabilities: The features and mechanisms that a device provides for
interaction. Current Connected TVs have low input capabilities, since all the
interaction is through the remote control, while laptops, through the availability

of keyboard and touchpad, have higher input capability.
* Processing Capabilities: The processing and memory capabilities of a device.

* Graphic/video Capabilities: The rendering and video decoding capabilities of a
device. Note that current technologies use GPUs for both processing and graph-

ic/video support.

* Broadcast Capabilities: The broadcast tuning and decoding capabilities of a

device.

 Privacy: The level of privacy that a device provides in terms of enabling the ability
to not share the content in the display with other viewers in the same physical

space.

* Mobility: The degree to which a device can be in any location of the living room,
which depends on factors such as the size/weight, the power supply or the need

for an antenna.

* Geolocation capability: The capability of a device to be auto-located, which can

boost a personalisation of the contents.

* Connectivity: The level of network connectivity that a device is provided with,
e.g., 3G/4G/5G, Bluetooth, WiFi, etc.
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* Environmental sensors availability: The capability of a device to obtain physical

or user context values such as the orientation or ambient luminosity. Note that a

camera can be considered to be a generic sensor.

* Aspect Ratio variability: The set of different aspect ratios provided by the device.
A TV provides a fixed aspect ratio, while smartphones and tablets can be turned

90°, providing a second aspect ratio.

To generalize, we define the set of device properties as:

PP =1q1, 2, ..., Gng} (4.7)

For a given device d, a property vector represents the parametrisation of a device
in terms of properties. Again, considering a simple implementation where Np = 3 and
g1 = screen size, ¢, = input capabilities and g3 = processing capabilities, a device d
(e.g. a Smart TV with a large display and limited interaction and processing capabilities)
could be characterised as:

PPld1=11,0.2,0.2] (4.8)

Characterising a device by its properties can be more easily performed using typi-
fication of the devices. For example, since most current devices can be classified into
smartphones, tablets, laptops and Smart TVs, we could assign the same predefined
properties values to all the devices of the same type. This means that, for instance, the
screen size of all the smartphones could be characterised with the same value, which is
much smaller than the value for the screen size of TVs.

Formally, we define the set of device types as TP and, similar to what it has been
done for components, we consider a surjective function mapping each device to its

device type:
IJ?.:D—TP (4.9)

and thus, we can assign the same property vector to every device belonging to the same

device type:

PPLT?(d)) = PPla] (4.10)
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As we will describe in Section 4.6, in a web multi-device environment such as the one
we are considering, Web technology provides mechanisms that allow for an automatic

typification of devices.

4.3.3 Layout characterisation

Today devices present a set of components to the user as efficiently as possible. The
way those components are presented in the screen is called the layout. In terms of our
adaptation model, a layout is a mapping of a subset of the set of components C on the
screen area of a device d € D.

Formally, a set of possible layouts is defined as:
L=1{l,ls, ..., In,} (4.11)

Each layout [ € L can be defined in terms of a set of properties. Relevant layout

properties are the following:

Time sharing: At a given time ¢, only a subset of Cy. is shown, thus each compo-

nent is given a time slot of the screen resource.

* Space sharing: Components share the screen area, so a component should be

reduced in size to fit a fraction of the screen.
* Overlapping: A component may overlap other components.

* Scrolling: A component may shift smoothly, vertically or horizontally, across the

screen. Note that when scrolling, the screen area is shared in both time and space.

* Distortion: Components may be distorted to fit the assigned space of the screen
both in scale and aspect ratio. If distortion is not provided, either the component

should be cropped or an unused area is left.

* Prioritisation of the components: Components can be given different ranks, pri-
oritising some over the others, which can be performed spatially (assigning more

screen size) or temporally (assigning longer time slots).
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Moreover, a set of specific layout parameters are also relevant for a layout selec-

tion, including the minimum size of a component, maximum number of components
to show at a time, etc. Note that these parameters are related to some device proper-
ties (e.g., screen size and resolution), component properties (e.g., attention) and user

context (e.g., vision capabilities), among many others.

Again, to provide generalisation, we define a formal set of properties that charac-
terises a layout:

Pl =1{r, 12y, T} (4.12)

For a given number of components to show in a device, the variety of ways to or-
ganise them in the screen is very extensive. Even if temporal sharing is ignored, when
searching for a layout solution to allocate n components in m possible locations, the

number of possible layouts, Ny, is [Sears93]:

m m!
Np = n=———n! (4.13)
( ) n!(m-n)!

Managing such a number of combinations can be prohibitive when using devices
with limited computational resources, as is the case of our target environments. To cope
with this problem, we will again use typification. Specifically, we generate a bounded
set of layouts on the basis of a reduced collection of layout types or templates. Examples
of generic, well-known, user-accepted layout types or templates are Picture-in-Picture,
Split and Carousel. Note that a layout template can be characterised by the given set of
layout properties. A detailed description of the aforementioned templates, which we

use in our implementations, will be provided in Section 4.6.

In general, a layout template can be defined as a spatio-temporal scheme contain-
ing shapes that represent placeholders to be replaced by components at that location of
the screen. The set of available layout templates is denoted as T and a function maps

the layouts onto layout templates:

gZ.L- Tt (4.14)
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4.4 Adaptation Model

Once the elements involved in the multi-device user interface adaptation are identified,
an adaptation model can be presented. As mentioned in Section 4.2 our aim is to pro-
vide a flexible, modular adaptation model for which efficient two-step implementations
are possible.

In an adaptation process, the different properties of components, devices and lay-
outs are combined to distribute the components among the connected devices in each
moment, and, for each device, a layout for the assigned components is generated.

Our proposal is based on the two partial goals defined in Section 4.2, which will be
independently reached through the assignation and the representation steps. Formally,
the adaptation / can be defined as a composition of two component sub-functions

assignation (denoted #) and representation (denoted A5,):
%2%10%2 (4.15)

To properly define /) and #, in addition to the aforementioned primitive UI el-
ements (i.e., components, devices and layouts) we introduce two new, intermediate
elements.

The first of these elements is the assignment. Let A be the set of all possible combi-
nations of the distribution of elements of C on D. An assignment, a € A, is represented

as:

a=1{(d1,C1),(dz,C2),...,(dny, Cnp)} (4.16)

where C; < C represents a subset of the system components. As an example, the assign-
ment shown in Figure 4.1 would be {(d,,{c1,c7}), (d»,{c2, c3, ¢4, c5}), (ds3, {c6})}.

The second intermediate element is a set of layout Np-tuples, denoted as LN which
represent the layouts applied to every device in an assignment. Thus, a layout tuple

1% € L? for an assignment would be:

1=, b,...Inp) (4.17)

On the basis of these elements, an adaptation function can be formally defined as:
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H:CxDx AxL— (A, LNP) (4.18)

Regarding the assignation and representation functions, .# makes use of the com-

ponent and device set, C and D, to produce an assignment:
JO:CxD— A (4.19)
while ./ outputs a layout tuple to represent the elements of an assignment:
Fb: Ax L— LNP (4.20)

In the following we will describe in more detail assignation and representation.

4.4.1 Assignation

The objective of the assignation is to define which component to show in which of the
connected devices at each moment. For that, an assignation function is defined on the
basis of the affinities between devices and component types.

The affinity between a component and a device is defined in terms of the compo-
nent and device properties. For each property pair (p;, g;) an affinity value is assigned.
For example, the component property attention would have a high affinity with the
screen size, and a low affinity with the interaction capability of the device. Instead, a
high affinity should be defined between the component property interaction and the
device property interaction capability. For a given application environment, affinities
can be established, e.g., upon usability tests.

Affinity values are represented by an affinity matrix Ay = {Np x Ng}. Then, the affin-
ity of a component ¢ with a device d could simply be calculated as the product of vector
properties and the matrix A¢. For notation convenience, we define an affinity function

</ that can be used to obtain the affinity of a component ¢ with a device d:

o (c,d) = PC[c] x Ar x PP[d] (4.21)

resulting in a scalar value that represents the affinity between component ¢ and device
d.
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As an example, consider three devices, tv, smartphone and laptop, as candidates to
hold a component (main programme, denoted M). We will consider three component
properties: attention, interactivity and processing requirements, and three device prop-
erties: screen size, input capabilities and processing capabilities. We now estimate the

requirements vector for M, i.e., the property values for this component, as:
PC(M) =1[1,0,0.2] (4.22)

which means that our main programme requires full attention and some processing
(such as for rendering HD video), but it does not have any interaction requirements.
Additionally, we estimate the screen size, the input capabilities and the processing

resources for each device:

PPltv] =11,0.2,0.2]
PD[smartphone] =10.2,0.7,0.7] (4.23)
PPllaptopl =10.7,1,1]

Finally, the affinity matrix could be the following:

1 0.1 02
A=10 0.6 0.1 (4.24)
0.2 03 0.7

Note that the values chosen for the elements of A, although intuitive, are used only
to provide an illustrative example.
To decide an assignment, the values from Eq. 4.22, 4.23, 4.24 can be plugged into

Eq. 4.21, obtaining the following scalar affinity values:

o (M, tv)=1.14
< (M,smartphone) =0.558 (4.25)
& (M,laptop) =1.02

which shows that the TV is the device with the highest affinity with the main programme
component.
Despite the fact that «f provides a simple order relation for the assignation function,

in practice (as we will discuss in Section 4.6) a multidimensional comparison could be
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preferable. This comparison can be computed explicitly using the second multiplication
of Eq. 4.21:

Apx PPd] (4.26)

This equation calculates, for each device, a vector whose elements can be directly
mapped to the component’s property vector. Following the example from before and

applying Eq. 4.26, we obtain the following values:

Ag x PP[tv] =[1.06,0.14,0.4]
A x PPismar tphone] =[0.41,0.49,0.74] (4.27)
Asx PPllaptop] =10.8,0.7,1.1]

The affinity between a component and a device type can then be inspected visually,
as shown in Fig. 4.2. The plot shows the properties for the main component M (in blue)
and the vectors obtained from Eq. 4.27. From the figure it can be appreciated that in
the example the TV appears to be the most suitable device for the main programme
component, since differently to the other devices, the curve representing the TV (in red)
contains the one representing the main programme requirements, P¢ (M) (in blue). Us-
ing different values for the affinity matrix would have changed the shapes of the curves
representing the different devices. By changing the affinity matrix depending on the
use case, different criteria could then be applied to decide the best assignation. A more

detailed example will be shown in Section 4.6.

4.4.2 Representation

The objective now is to establish how components are organised in the devices’ screens
for a given assignment. Therefore, the representation function #, will be applied
for each device in D. In general, the problem of layout optimisation is NP-Hard
[Drira et al.07] [Singh and Sharma06]. To (partially) circumvent this complexity, in Sec-
tion 4.3.3 we have introduced layout typification to consider a restricted set of layout

templates. Nevertheless, a number of variables remain, mainly:

e Layout template
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Attention

S

Processingreqs. Interactivity

® P(M) W TV Smartphone M Laptop

Figure 4.2: A visual representation of the affinity between component M and three device

types.

Component types

¢ Component properties

Device type

* Device properties

Number of components to be shown

Criteria for the quality of the layout

Many other parameters could be added (aesthetics, user and physical context condi-
tions...) which for simplicity are not considered here. Furthermore, the typification of
components and devices will remove the component and device properties from the
list.

All these simplifications result in a model for layout generation that will be applica-
ble in environments with limited devices and where responsiveness is a requirement.

The model of a layout generation includes the following elements:
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* aset of components C; c C.

« adevice d; € D of type 9 7 (d;) where the layout is generated.
« aset of layout templates, T' = {1, to, ..., tn, }.

* aset of layout quality (and efficiency) criteria, to be defined next.

From a formal perspective, our approach consists of defining a set of abstract quality
criteria, Z, with associated quality expressions py for all criterion k in Z, and a general
expression that combines all the quality expressions. In section 4.6.5 we will describe
the list of particular criteria used for evaluating the layout model.

The quality of a layout of C; on d; for a layout [/ presents the following general
expression:

B, d;, Cp) =[] a* (4.28)
k

where wy is an empirical coefficient that describes the relevance of criterion k € Z in the
global quality of a layout, and ay is the outcome of the specific function that evaluates

the criterion k:

ap=pr,d;,C;) (4.29)

The goal now is to determine the layout template that maximises the quality func-
tion. To simplify this, we will assume that for a given template ¢ € T' there is a layout 1*,
such that < (I*) = ¢, which is optimal in . In other words, we leave the task of find-
ing, for a given template, the best possible layout of a set of components on a device
to the implementation. As we will show, this assumption is reasonable if the imple-
mented quality criteria are based on simple geometric parameters, which are intuitive
and usual.

Therefore, the problem of selecting a layout template for C; on d; can be formulated

as:

]=1--NLT

fj: max ,B(l;‘,d,-,Ci) (4.30)

As an example to illustrate layout selection in the model we are defining, we con-

sider three layout templates: Carousel, PiP and Split. These templates are widely used
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Quality comparison of different layouts

w= Carousel == Pip Split

Quality of the layout

Number of components

Figure 4.3: Example of qualities comparison of different layouts for a laptop

in practice and are representative of both space- and time-sharing layouts. In the
absence of an extensive user evaluation, our previous experience [Zorrilla et al.15a]
[Dominguez et al.17] suggests that there are some specific criteria that could make the
user prefer one template over another, such as the rate of components shown on the
screen, the ability to represent each component in its entirety or the efficiency in the

use of the screen area.

As we will explain in detail in Section 4.6, we have used the aforementioned criteria
to calculate the layouts qualities according to Eq. 4.28. Figure 4.3 shows the resulting
qualities of the three layout templates. Eq. 4.30 will decide the best layout template de-
pending on the number of components to be shown. From the picture it is clear that,
using the criteria above, PiP is the best layout for a low number of components, but it is
surpassed by Split in cases where the number of components matches the number of
cells provided by the Split template. Moreover, the Carousel layout is the best layout

when there are more than 7 components to show on a laptop.
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4.5 Evaluation Model

In this Section we present an evaluation model for the proposed two-step adaptation.

In Section 4.2 we argued that the benefits of a two-step adaptation are at the cost of
obtaining sub-optimal results. This is inherent to the decoupling of the goal of the adap-
tation into two partial goals that are optimised separately and does not guarantee an
optimal global adaptation solution. This is because the optimal adaptation could result
from an assignment not considered as the best in the assignation step, and thus is not
evaluated in the representation step.

In order to set the quality of the solutions obtained by a two-step approach, we will
consider the global optimal adaptation solution as a reference. Note that exploring all
the solutions space in search of the global optimal solution may not be feasible as an
implementation option for an adaptation method in a system with limited devices and
real-time constrains such as ours. In Section 4.7 we will provide a quantification of the
computational costs to illustrate this.

The approach for our evaluation model is based on ranking the two-step results
in relation to the global optimal solutions, according to a quality metric. This metric
is computed as the mean of the individual quality of the adaptation for every compo-
nent in C. Note that the metric involves two criteria that match with the defined partial

adaptation goals:

1. The quality of the assignment of the component, i.e., the affinity of the component

with the assigned device.

2. The quality of the representation of the component on the assigned device screen

for the layout selected.

Let & be a function that evaluates the quality of the adaptation for a single compo-
nent c € C given an assignment a = {(d1, C1), (d2, Cy),...,(dn,, Cnp)}. Let [; € L% be the
layout applied to element a; = (d;, C;) in a. We evaluate the overall adaptation quality
of ¢ as the product of the assignment quality and the representation quality. In general:

&E(c,a;) =& (c,d;i)-Ex(c,ai, 1) (4.31)

The point now is to provide an estimate for both &1 and &.
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4.5.1 Evaluating component assignment

In Section 4.4.1 we argued about the multi-objective nature of the assignment problem.
Since comparing multi-dimensional figures is cumbersome, for our evaluation model
we apply the scalar expression of the affinity calculated by function &« according to
Eq. 4.21. Note that this is a worst-case estimate for the real assignment performed by the
assignation step, since introducing constrains in the assignment, as represented in the
example of Figure 4.2, could prevent choosing the best ranked assignment according to
Eq. 4.21.

In summary,

(c,d;) ifceC;
& (c,d;) = (c,dy) ilce g (4.32)
0 otherwise

4.5.2 Evaluating component representation

Eq. 4.28 defines a function § that outputs the quality of the representation of an as-
signment a; = (d;, C;) using a layout /;. As we have shown in Section 4.4.2, quality is
measured in terms of the set of criteria on the basis of geometric parameters. Because
for a layout the entire set of components C; should be considered, to obtain an estima-
tion of the quality of the representation of an individual component ¢ € C;, we will take
Eq. 4.28 and assume that every component in C; has the same impact on the quality of

the representation of C;, i.e.:

pd;,d;, Ci)

& (c,a;,l;) =
2(c,ai, ;) C]

(4.33)

4.5.3 Calculating the overall quality

Combining Eq. 4.31, 4.32, and 4.33, we determine that the quality of adaptation of a
component c € C for an assignment a; = (d;, C;) to be represented by a layout /; results

in the following:
o (c,d;)B(17,d;,C; .
©dDbu; ! ifce C;

&(c,a;) = ICil (4.34)
0 otherwise
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Eq. 4.34 can be applied to every component ¢ € C for any adaptation solution,

i.e., whatever combination of assignments and possible layouts. The overall quality
of an adaptation # = (C, D, a, L*) can be estimated by the addition of the individual
estimations calculated by Eq. 4.34. The resulting expression is:

1 X

&”*(C,D,a, 1% = —
Np i=1

P, di, i) Y ,Qﬂc,d,-)] (4.35)
|Cl| VceC;

Observe that, for simplicity, in Eq. 4.35 we are assuming that c € a;.

4.6 Implementation

In Section 4.3 and Section 4.4 we described a model for multi-device adaptation in
hybrid broadcast. The model is aimed at being general enough to allow for specific
implementations, including particular sets of components, current and forthcoming de-
vices, or alternative layout templates. On the other hand, the outputs in the adaptation
strongly depend on a set of parameter values that should be configured upon the use of
the system in a real deployment, either by manual setting or by an automatic learning
process.

The aim of this section is to provide a comprehensive description of how an imple-
mentation can be derived from the model.

For this, we describe an implementation of the model based on a set of categorised
components, devices and layouts that we consider as representative and reasonably
complete for current hybrid broadcast broadband services.

Furthermore, a reduced subset of the defined element properties has been imple-
mented for this prototype, which can be easily extended as we will show in Section 4.7.
As already mentioned in Section 4.4.1, the parameters have been chosen to intuitively
make sense. Obtaining them using a machine learning approach or by conducting a
user evaluation, although it would be convenient when deploying a real application, is
outside the scope of this research. As described in Section 4.2, for efficiency reasons, we
apply our adaptation model to follow a two-step implementation. Step 1 is in charge of
selecting an optimal assignment of components to devices in terms of affinity criteria.
Step 2 is executed in each device to find an optimal layout for the assignment of compo-

nents to the device. Note again that in Step 2, the layouts evaluation is conditioned by
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the previous assignment decision in Step 1, hence a global optimal adaptation solution
could not be reached by this two-step approach. Instead, a reasonably good solution is
acceptable for our purposes, while the two-step approach brings better responsiveness
and less energy consumption. Furthermore, considering the dynamic behaviour of a
multi-device context, the system could apply small corrections whenever the context
changes, providing agile, incremental assignations.

In the remainder of this section, the specific component and device types considered
are described, as well as the layout templates used. For that, the carried out prelimi-
nary evaluations are also described which have prompted the considered element types.
Then, the implementations for Step 1 and Step 2 of the adaptation process are described
regarding the specific scenarios considered, the solutions provided, and trade-offs taken.
Finally, a mechanism for triggering the adaptation process is described with the aim of

preserving an acceptable adaptation quality upon context changes.

4.6.1 Component types and properties

Nowadays, several content types can be found on TV programmes and Internet. In
order to be able to distribute them intelligently across the different devices used si-
multaneously in a multi-device experience, a componentization and a typification is
needed. In order to do that, a componentization of traditional TV programmes which

are candidates of becoming multi-device TV programmes was carried out.

4.6.1.1 Componentization of a TV programme

We conducted a research [Dominguez et al.18] to provide component typification. The
work proposes a way of componentising hybrid broadcast-Internet media services,
based on a methodology that analyses the contents of different TV programmes and
groups them in terms of the component properties we have defined in Section 4.3.1.
Next subsections provide the methodology followed as well as the componentization

results.

4.6.1.1.1 Methodology

The criteria to select the broadcast emissions to be analysed was to bound the amount
of emissions to those that are watched by the highest audience volume. That way, the
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contents obtained as a result were contents that the audience is used to find at present,

having the least impact on the experience and contributing to the usability of the final
adaptation model. Taking this into account, the selection of the emissions was done as

follows:

1. Selection of the 5 countries in European Union with the highest population,
being Germany, France, United Kingdom, Italy and Spain the countries fulfilling

that condition.

2. Selection of the most viewed TV channel from each one of the previous
countries. [AudGermanyl8], [AudFrancel8], [AudUK18], [AudItaly18] and
[AudSpainl8] show that ZDE TF1, BBC, RAI 1 and Telecinco were the most

watched channels in each country in 2016.

3. Selection of the most appropriate programmes to promote social interaction.
Some programmes are more suitable for interactive experiences [Geerts et al.08]
due to the large amount of content they show or the motivation they generate for
the user to share his experience in social networks. From a list of 18 programme
genres based on the EBU [EBUWeb20] classification, the most suitable genres to
promote a social interaction are: News, soap, quiz, sports, reality show and talk
show. The suitability is evaluated depending on how much people talk and share
during and after the TV show. All of them were initially considered but soap and
reality show were finally discarded since soap are not designed to be componen-
tized and reality shows are focused on other type of social interaction, different
from what we are looking for. Therefore, the four programme types that were

analysed could be described as follows:
e News: Daily scheduled programme that reports current events. News is
reported as a series of individual stories and can include a variety of contents.

* Quiz: Programme in which a single or a group of contestants compete in

answering questions.

e Sports: Programme in which a sport competition is broadcasted, preferably

live.
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* Talk show: Programme in which a panel of guests discuss various topics

such as politics, celebrities personal life or news summaries.

4. Selection of one emission per programme for each type and country. One em-
mission per programme was considered to be enough since all emissions of the
same programme followed more or less the same structure. Emissions from 2016

or 2017 were searched online in order to ensure contemporary content.

5. Selection of the first 30 min from each emission, which experimentally was ver-

ified to be enough to identify the type of elements that could appear on it.

6. Check the impact of advertisements in both public and private channels. The
previous programmes selection included both public and private channels, which

would allow to detect the mentioned impact.

Table 4.1 shows the summary of the analysed emissions per country, channel and

programme type.

4.6.1.1.2 Resulting component types

As aresult large list of different elements were identified for each programme type. All
of those elements are included in Table 4.2 in an extensive way and the most represen-
tative can be found in Figure 4.4. As can be seen, the four type of programmes show
a variety of elements along the emission. Pictures 1 to 4 in Figure 4.4 show different
video signals for live connections, participant cameras or videos sent by the users while
Pictures 5 to 12 in Figure 4.4 show other elements appearing along the emission such
as advertisements, headlines, text, data, questions, classifications, or twitter content.
Some of these elements in Table 4.2 and Figure 4.4 exhibit certain degree of similarities
that suggest the componentization of a TV programme.

Following this criteria, 8 components types were identified to be used when the TV

programme evolves into an interactive multi-device TV show:

1. Main programme: The mainstream audiovisual content that drives the experi-

ence.

2. Advertisements: Business-related resources advertising something within the TV

programme.
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PARO MAYO

4 PARO 111.908
TOTAL PARADOS 3.461.128

Figure 4.4: Examples of different elements found in the analysed emissions
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Table 4.1: Summary of the selected emissions

Country | Channel Type Programme
News Heute journal
German JDF Quiz Der quiz champion
y Sports Ski
Talk show Heute show
News Le journal de 13h
Quiz Money drop
France 1H Sports Football
Talk show | 24 heures en question
News News at 10
Quiz Impossible
K BB
v ¢ Sports Golf
Talk show Sundays politics
News Telegiornale TG1
Quiz Leredita
1
Ttaly RAL Sports Cycling
Talk show Agora
News Informativos Telecinco
. . Quiz Pasapalabra
Spain Telecinco Sports MotoGP
Talk show | El programa de Ana Rosa

. Secondary videos: Additional videos sourced by the broadcaster.

. Banners: Additional information including notifications, headlines and small

texts.

. Static Data: Elements that show relevant data, longer-texts or images, that might

not bring interaction by the user.

. Interactive Data: Elements that show relevant data, diagrams or tables that might

bring interaction by the user.
. UGC - User Generated Content: Additional videos generated by the viewers.

. Social content: Additional information coming from the opinion of the viewers

(social networks, a quiz, etc.).
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Table 4.2: Summary of the identified elements in the analysed emissions

News

Quiz

Sports

Talk show

Main video signal
Live connection
Pre-recorded
videos

Interviews

UGC

Programme name
Presenter name
Journalist name
Name of the inter-
viewed person
Headlines

Live, place
On-screen graphic
Weather

Maps

Statistics

Text

Twitter content (A
tweet overlapping
a Twitter page)

Main video signal
More than one
contestant at the
same time
Contestant presen-
tation video
Contestant info:
name, job, place
Time

Attempts
Scoreboard
On-screen graphic
Questions (differ-
ent subjects, musi-
cal, fill in the gap,
photos, etc)
Answers  (true/-
false, 4 options, fill
in the gap)

Info for the casting
Prizes (for the con-
testant, for the au-
dience)

Audience partici-
pation (answer by
sms, hashtags to
follow)

Adverts (other pro-
grammes, first re-
leases)

Main video signal
Different angles,
athletes or race
points, on board,
etc

Interviews
Replays: plays,
overtakes, laps, etc
On-screen graphic
Small detail clas-
sifications (fastest
lap, distances,
scoreboard, start-
ing line)
Extended classifi-
cations
Tournament info
Schedule
Circuit,
information:
name, curves,
kms, records,
mountains, etc
Athletes, coach,
teams info
Weather

Previous results
Performance
info(speed,
tance, time)
Audience partic-
ipation  (raffles
by call or sms,
hashtags to follow,
WebSite)

Adverts (products,
brands)

stage

dis-

Main video signal
News

Interviews

Live connections
Debate  partici-
pants

UGC

On-screen graphic
Headlines

Name of the per-
son talking

Info of the person
talking

Breaking news
Time

Politician’s cites
Newspapers head-
lines

Statistics

Graphs

Text

Audience partic-
ipation (hastags

to follow, answers
by call or sms, an-
swers by Facebook
or Twitter)
Adverts (other pro-
grammes)
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An example implementation of our model can be based on this set of component
types, or a subset of it. Every component c¢ € C in the multi-device experience is labelled
with one of the aforementioned types, which provides a straightforward implementa-
tion of function . Then, assigning property values to ¢ can be systematically made
from predefined values that are mapped to component types. For a simple prototype
implementation, we will use three of the component properties defined in Section 4.3.1:
attention, interactivity and processing requirements, following the example initiated in

Section 4.4.1.

4.6.2 Device types and properties

In the context of hybrid broadcast-Internet media services, such as the one described in
Chapter 3, there are usually four types of devices involved, also called core devices or
core screens [Nagell5]. We are talking about smartphones, laptops, tablets and Smart
TVs. These devices will be the basis for our implementation, even though the model we
have defined is able to incorporate other types of devices, such as smartwatches, VR/AR
headsets or future incoming HCI devices.

Device properties will be generically assigned to the considered device types. Most
of the properties can be theoretically obtained from the scripting capabilities of Web
browsers, frameworks or libraries. However, this is sometimes not possible and often
provides false positives, making such information unreliable. Finally, device typification
must be performed at run-time.

In this context, we conducted a research in which we used the information about
the device made available by the browser to implement device typification. The work
[Dominguez et al.19] analyses the existing tools for Web-based device type detection. It
also compares three different methods for automatic device type detection using the
User Agent of the browser and basing their knowledge on different learning systems
and statistical models. And finally, it provides an empirical comparison of the selected

methods.
4.6.2.1 Analysis of existing tools for Web-based device type detection

There are numerous open source and proprietary libraries or scripts that detect specific

features and the type of devices. Most of these tools compare the User Agent against
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Table 4.3: Examples of User Agent strings

Device type | User Agent example

Mobile "Mozilla/5.0 (Linux; Android 7.1.1; Moto G (5S) Plus
Build/NPSS26.116-64-8) AppleWebKit/537.36 (KHTML,
like Gecko) Chrome/66.0.3359.126 Mobile Safari/537.36"
Tablet "Mozilla/5.0 (Linux; U; Android 2.2; en-gb; GT-P1000
Build/FROYO) AppleWebKit/533.1 (KHTML, like Gecko)
Version/4.0 Mobile Safari/533.1"
Desktop "Mozilla/5.0 (X11; Linux x86_64) AppleWebKit/537.36
(KHTML, like Gecko) Chrome/71.0.3578.98 Safari/537.36"
TV "Mozilla/5.0 (Linux; Tizen 2.3; SmartHub; SMART-TV;
SmartTV; U; Maple2012) AppleWebKit/538.1+ (KHTML,
like Gecko) TV Safari/538.1+"

a database or a token list of specific terms and return a device type. A User Agent is a
string identifying the browser and operating system to the web server. Table 4.3 shows
an example of User Agent for each device type. As can be seen, the contents of the User
Agent field vary from browser to browser and although it contains tokens which provide
valuable information about the browser and device, a standardised User Agent format
does not exist. Moreover, as the number of Web-enabled devices increases, the variety
of different User Agent strings grows.

Since none of the existing libraries provide details about their accuracy retrieving
device features, a dataset [UADataset19] of 3228 User Agent strings was assembled and
for each library described in [Dominguez et al.19] it was computed the accuracy in de-
tecting the device type. The User Agent strings in the dataset were categorized into four
classes: desktop, mobile, tablet or TV. The distribution of the devices in the dataset is
shown in Table 4.4, while the results of the evaluation are available in Table 4.5. The
value N/A was used in the table in case the library did not detect that particular class of
devices. The best results were achieved by Categorizer.js (a deprecated library) with an
accuracy of 91.8% while Detectizr.js was the library with the worst performance since it
detected the device type correctly only 31.8% of the times.

Methods as the aforementioned require updated databases and token lists for iden-
tifying correctly new devices, which is a very high maintenance task doomed to fail at
some point in the future. Consequently, more efficient and advanced methods, which

require less upkeep, are needed.
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Table 4.4: Independent dataset distribution by device type

Device type | Number of UA in dataset
Mobile 1000
Tablet 1000
Desktop 1000
TV 228
Total 3228

Table 4.5: Accuracy of existing device type detection libraries

Method Device | Dev. Accuracy | Total accuracy
Categorizr.js Mobile 0.903 0.918
Tablet 0.988
Desktop 0.997

vV 0.332
UA-parser.js Mobile 0.835 0.618
Tablet 0.927
Desktop N/A
TV 0.506
Detectizr.js Mobile 1 0.318
Tablet 0.007
Desktop 0
TV 0.083
Mobile-detect.js | Mobile 0.748 0.632
Tablet 0.516
Desktop N/A
TV N/A
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In the next Subsection three device type detection methods are proposed based on

the analysis of the User Agent string, but instead of doing a simple comparison against
a database, they use more advanced and automatic methods that can detect a device

even if the given User Agent does not exist in the database.

4.6.2.2 Methods for automatic device type detection

This subsection presents the three selected methods in order to face the Web-based
automatic device type detection and the carried out empirical comparison after having

implemented them.

4.6.2.2.1 Device type detection based on automatic User Agent string recognition

Since the goal was to obtain the device type from the analysis of the User Agent string,
different techniques for text classification were considered. This included algebraic
models, classical statistical models and machine learning models. In order to carry out
an empirical comparison of different methods, both in accuracy and performance, one

method from each group was selected:

1. Vector space model amongst algebraic models: this method was selected due
to its simplicity as the baseline model for User Agent based device classifica-
tion. It is based on the vector space retrieval mode which consists on performing

comparison and retrieving objects that are likely to satisfy the query of the user.

2. Logistic regression amongst classical statistical models: this method was selected
because it is a standard method used for text classification. It is based on a linear
model that can be trained extremely fast and its results are easy to interpret and

are often very good.

3. Neural network amongst machine learning models: this method was chosen
because of the recent success of deep learning methods in the area of text process-
ing. The main idea is that a neural network, having the ability to analyse complex
manifolds in multidimensional spaces, could represent an improvement over a
linear model (such as logistic regression) in case the distribution of the input data
is strongly non-linear. On the other hand, a neural network does not offer an

explanation of the output.
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Table 4.6: Initial dataset distribution by device type

Device type | Number of UA in dataset
Mobile 103,021
Tablet 52,942
Desktop 62,101
TV 1,011
Total 219,075

Therefore, each approach uses a different method to output a device type class label
when a User Agent string is given as an input. The starting point for the implementa-
tion of the three device type detection methods was the publicly available Browscap
dataset [BrowscapSource20], which will be referred as the initial dataset. This dataset

was processed in different ways in order to implement each mentioned method.

4.6.2.2.2 Empirical comparison of device type detection methods

In this section an empirical comparison of the three implemented methods is provided.
As mentioned in Section 4.6.2.2.1, the starting point for the implementation of the three
device type detection methods was the Browscap [BrowscapSource20] dataset, which
provided thousands of User Agents strings and their corresponding devices and whose
distribution is shown in Table 4.6.

Once the methods were implemented, the analysis consisted on checking and com-
paring the accuracy of the implemented methods and also on testing the performance

of all of them. The accuracy of the three methods has been compared through:

* A cross validation: in order to assess the generalisation ability of each method
on a part of the input User Agent dataset which was not used to build the mod-
els. Table 4.7 shows the results obtained in the cross validation. As can be seen,
the three methods achieved a high accuracy and the three methods get good re-
sults, being the neural network the best one with an error rate of only 0.4%, versus
about 1.3% of the other two methods.

* A test with an independent dataset: in order to check how the methods will per-
form in real conditions. This dataset was collected by the authors. It was the

same dataset used to compute the accuracy of existing solutions as described in
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Table 4.7: Cross validation results

Method Accuracy
Vector space model | 0.9873
Logistic regression 0.9868
Neural network 0.9959

Table 4.8: Obtained accuracy with an independent dataset

Method Accuracy
Vector space model | 0.8175
Logistic regression 0.9483
Neural network 0.9538

section 4.6.2.1 and is provided in [UADataset19]. Table 4.8 shows the results ob-
tained with the independent dataset. Vector space model was expected to be the
worse model as the method just compares the distances to the User Agents in the
datasets. The lower accuracy in this case might be due to the validation set being
more similar to the training set than the independent test set. The method which
achieved the highest accuracy is the neural network, although the logistic regres-
sion model obtained a comparable accuracy. Both logistic regression and neural
network achieved results above the state of the art. Finally, Figure 4.5 shows the
accuracy results by each method split by device. As can be appreciated, vector
space model was the worse method regarding all devices types. Logistic regres-
sion was the best one detecting mobiles and TVs and and neural network was the

best one detecting tablets.
The performance was tested by checking the time required by each method:

 To provide the result of a prediction: Table 4.9 provides the average value for each
method. As can be seen, vector space model method was much slower than the
other ones returning a result, since it had to calculate the similarity of the query
with all the User Agents in the dataset. Logistic regression and neural network
present similar results. In these cases, the computational cost of the classification
was much lower than in the former. All in all, the three methods could be valid
when talking about response time, since the obtained values would not affect the

user experience.
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Vector Space Model Logistic Regression Neural Network
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Figure 4.5: Accuracy by device and method

Table 4.9: Average time required to process the result of a prediction (on CPU)

Method Time average (s) o?
Vector space model 0.0512 1.1818E-07
Logistic regression 0.0006 1.19E-07
Neural network 0.0007 2.52E-08

» To train the employed model: Table 4.10 provides the average value for each
method. As expected, the vector space model was the method that requires the
least time. The reason was that it does not strictly learn, but it tokenises the
dataset and calculates the weight of each term of the User Agents in order to have
a prepared dataset when a query is received. Logistic regression was the second
fastest model. Its learning process consists on updating the coefficients of a poly-
nomial expression according to the terms of the User Agents in the dataset. It
needed seven times the time needed by the vector space model, but the obtained
accuracy was considerably better. Finally, neural network method was the slowest
training the model and it needed approximately seven times the time needed by
the logistic regression to train the model. However, as training is a one-time cost,
this result does not exclude neural networks as being a candidate method for de-
vice type detection. More complex User Agent strings will increase the overhead,

but it is not easy to envisage a real scalability problem.

Additionally, the potential of improvement was analysed. There are several possibil-

ities to improve the accuracy results obtained by the methods described, probably
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Table 4.10: Average time required to process or learn on the initial dataset (on CPU)

Method Average time (s) | o0°
Vector space model 4.1186 0.1683
Logistic regression 29.91243 0.3169
Neural network 212.2969 2.1452

being the neural network approach method that can be improved the most since
enhancements can be applied across several dimensions. For instance, tuning the
hyperparameters of the network (number of layers, dropout rate, etc.) is a standard
way of increasing the network performance. Recurrent neural network architectures
such as LSTM [Gers et al.99] are more suited for processing of text sequences as they
keep memory of previous input data and thus are likely better than a standard neural
network as the one presented above.

Therefore, in this part of the research we used the information about the device
made available by the browser to implement device typification. Nevertheless, there are
device properties that are related to usage patterns, such as the degree of privacy of a
device, which cannot be obtained from the browser and have not been integrated in
our implementation. For this prototype implementation, we will use three of the device
properties defined in Section 4.3.2: screen size, input capabilities and processing capa-
bilities. Since the screen size is a key property for layout generation, we will provide a

specific definition for this property in Section 4.6.5.

4.6.3 Layout templates and properties

In Section 4.3.3 we described a strategy to reduce the combinatorial possibilities in
the generation of layouts. Following the usual typification approach, a reduced set of
template layouts is used.

The template to be used in each specific situation will depend on a huge range of
parameters and criteria that have to be analysed, such as the device type, the number of
components to be shown, the empty space in the screen or the possibility of overlapping

components.
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4.6.3.1 Analysis of parameters in layout templates

In order to guide the research and analyse the parameters to take into account when
choosing a layout template, a study was carried out and published in [Zorrilla et al.15b].
The following subsections summarise the cited work focusing on the user tests con-

ducted and the results obtained.

4.6.3.1.1 User tests

The main objective of the user tests was to see the effect of the following parameters in

the user interface:

* The device: As happens in a single-device application, the target device is very rel-
evant to build a responsive Web application. In the same way, the devices involved

in a multi-device application are expected also to be relevant.

¢ The number of Web Components: The quantity of pieces of information to be

shown in that device can affect on how to present the content.

* The nature of the application: This parameter could be important to decide the
arrangement of the user interface. For instance, if there is a main video and re-
lated information on the device, or if the video is being displayed on another

device and that device is being used only for extra information.

* Other devices being used at the same time: We wanted to know if having a sec-
ond device being used simultaneously has an impact on how the user wants to

arrange the components in the first screen.
To find out the influence of each parameter, they were enclosed to these options:

* The device: Three different devices. A Motorola Moto G Smartphone in portrait
mode, A Nexus 10 tablet in landscape mode, and a Samsung UE40C8000 TV.

* The number of components: Showing three or six components at the same time.

* The nature of the application: Two different scenarios. At least one of the com-

ponents was a video, or there was not a video among the components.
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* Other devices being used at the same time: Two possible situations. The evalu-

ated device was the only one being used by the user or there was another device

as a companion SCreernm.

Testing images have been created simulating a broadcasted live F1 race scenario with all

the possible combinations of the first three parameters (see Table 4.11 from Id 1 to 12).

Table 4.11: Combinations with the defined parameters

The Other de-
d The device number of | The nat.ure.of vices being
compo- the application | used at the
nents same time
1 TV 3 At least one video No
2 TV 6 At least one video No
3 TV 3 No videos No
4 TV 6 No videos No
5 Tablet 3 At least one video No
6 Tablet 6 At least one video No
7 Tablet 3 No videos No
8 Tablet 6 No videos No
9 Smartphone 3 At least one video No
10 Smartphone 6 At least one video No
11 Smartphone 3 No videos No
12 Smartphone 6 No videos No
13 Tablet 3 Atleastonevideo | Yes, ATV
14 Tablet 6 Atleastonevideo | Yes, ATV
15 Tablet 3 No videos Yes, ATV
16 Tablet 6 No videos Yes, ATV

Apart from these 12 context situations, four more were created to evaluate the “Other
devices being used at the same time” parameter. A TV showing two fixed components
was used and different contexts were presented in a tablet, making the user think about

how to present the content in the tablet, while they were also watching related content

in the TV. These situations are also represented in Table 4.11 from Id 13 to 16.

For each one of the 16 combinatorial contexts, always four different user interface

arrangement patterns were created:

e Grid Layout: Based on the CSS Grid Layout Module Level 1! (see example in

'http://dev.w3.org/csswg/css-grid/
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Figure 4.6: a) A grid template layout example on a tablet in the context with ID number
6. b) A PiP template layout example on a TV in the context with ID number 1. ¢) A menu
template layout example on a TV in the context with ID number 2. d) A horizontal template
layout example on a smartphone in the context with ID number 9.

Figure 4.6a).
* Picture-in-picture Layout (PiP) (see example in Figure 4.6b).
* Menu Layout (see example in Figure 4.6¢).
* Horizontal Layout (see example in Figure 4.6d).

The tests were done with 47 users, one by one, being always an expert presenting
each one of the 16 context situations. The expert gave them a very brief description
of the context and four images showing the components organised according to each

layout. Then he asked the participants for each context:

Which layout would you choose on this moment to see the F1 race?

All the tests were carried out in the Digital Home Lab of Vicomtech, where there is
a similar environment on what it can be find on a living room. From the 47 users, 40
of them were researchers, with expertise on different fields, and 7 of them were admin-
istrative staff people. It took around 15 minutes to perform the test with each user, so
around 12 hours in total, divided in three different days. Figure 4.7 presents pictures

took during the tests.
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Figure 4.7: Images from user tests. In the left a user in front of the context situation with
ID number 16 with the menu layout on the tablet. In the middle a user with the context
situation with ID number 16 with the PiP layout in the tablet and in the right a user in the
context situation with ID number 9 with the horizontal layout on the smartphone.

Table 4.12: Results of the chosen layouts on each situation

Results
ContextId | Number | Percentage of users choosing each layout
Grid Pip Menu Horizontal
1 19|40% 13]28% 14]30% 0102%
2 32| 68% 08|17% 06| 13% 01]02%
3 28| 60% 16 | 16% 03 | 03% 00 | 00%
4 33|70% 07]15% 05| 11% 02| 04%
5 09|19% 26 | 55% 11]23% 00| 00%
6 34|72% 08| 17% 05| 11% 00 | 00%
7 23| 49% 14|30% 07| 15% 03| 06%
8 31| 66% 09| 19% 07| 15% 00| 00%
9 05|11% 04| 09% 20| 43% 18| 38%
10 22|47% 03| 06% 19| 40% 03 | 06%
11 11|23% 08| 17% 09 | 19% 19| 40%
12 16| 34% 08| 17% 15|32% 08| 17%
13 17| 36% 17| 36% 13| 28% 00| 00%
14 28| 60% 07]15% 10]21% 02| 04%
15 30| 64% 06| 13% 10]21% 01]02%
16 33| 70% 03| 06% 11|23% 00 | 00%

4.6.3.1.2 Results of the user tests and conclusions

Table 4.12 presents the answer that the users gave for each one of the 16 contexts. More-

over, it was analysed the behaviour of each one of the users when one of the parameters
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Figure 4.8: Relevance of the four defined parameters

changed, in order to evaluate which parameter changed their mind. This measured if
the user selected a different layout when the context changed. Analysing the relevance
of each one of the four parameters defined, we concluded that all of them are impor-
tant and have a big impact above 45%. This means that at least 21 of the 47 users tested
change the mind when one of the parameters changes in the context.

Figure 4.8 shows that the most relevant parameter is the device, with an impact
above 59%. As happens for “single device” application, it was also expected to be an
important parameter for multi-device applications, where the user is consuming an
application from more than one device at the same time. The number of components
is also very relevant being around 5 percentage points below. This means that it is im-
portant to change the arrangement of the user interface depending the outcome of the
adaptation engine while the number of components to be shown changes.

The nature of the application and the number of devices being used at the same
time are also relevant parameters, both of them around 46%, to take them into account
to develop the final software of the UI Engine.

These results have been published in [Zorrilla et al.15b] and provide a valuable in-
formation in order to have a notion of how a layout should be chosen when creating
responsive user interfaces for Web-based multi-device media services. However, the
results are not conclusive. In order to obtain more accurate results, further research and

more formal user tests are needed, using a real multi-device service instead of images
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simulating it, widening the range of layouts analysed and performing the tests with a

higher sample of users with different profiles. Even so, the tests were useful to lay the
foundation of the research. They showed that while PiP and menu layouts are more neu-
tral, grid layout is very dependent of the components that constitute it. In this context,
a deeper analysis of the grid layout revealed that there are some parameters that make
a layout more or less attractive, such as the scrolling, the empty space or the overlaps.
Therefore, instead of a concrete layout it is important to see that there are some criteria
behind each layout that are related to the parameters in Figure 4.8. For that reason, for
the prototype implementation, we choose a set of layout templates of standard use in
current applications and devices, each one being representative for a criteria. These are
Picture-in-Picture (Figure 4.9A), Split (Figure 4.9B) and Carousel (Figure 4.9C), which

we describe in terms of the properties we defined in Section 4.3.3:

1. Picture-in-Picture (PiP): space sharing template in which a component is shown
in full screen and the others are overlapped with a smaller size over the first one.
PiP shows all the components at the same time to the detriment of the shown
area of the first component (overlapped) and the resolution of the secondary

components.

2. Split: space sharing template in which the screen is divided into a regular grid
according to the number of components. Unlike PiP, there is no overlapping. How-
ever, empty space appears when the number of components does not match the

number of cells established by the template.

3. Carousel: time sharing template in which all the components are organised in a
carousel that allows to left- or right-slide all the elements. Carousel is commonly

used for image galleries.

A summary of the template layout properties is shown in Table 4.13. These properties
derive from the experience achieved in the previous study.

Observe that, contrary to components and devices, for layouts the typification func-
tion < does not have practical interest. Instead, in an implementation the aim is,
given a template t, finding a layout I such that 9 (I) = t and that [ ranks a high quality

in terms of the layout quality criteria explained in Section 4.4.2. Therefore, ideally [ = [*.
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B)

Figure 4.9: Considered layout templates

Table 4.13: Layout properties for each template

Property PiP | Split | Carousel
Time sharing X X 4
Space sharing 4 v X
Overlapping v X X
Scrolling X X X
Distortion v v v
Prior components | v/ X X

4.6.4 Implementing assignation

Step 1 of the adaptation process uses the vectors of properties for both components and
devices to calculate affinities on the basis of the affinity matrix defined in 4.4.1.

In a real deployment, the matrix values should be carefully set, which involves ex-
tensive user evaluation and/or a continuous adaptive learning process. However, the
scope of the present work is aimed at the formulation and validation of an adapta-
tion model. Hence, we have built the affinity matrix with values obtained by polling a
reduced community of users.

Once the affinity matrix and property vectors have been set, the implementation of
Step 1 is quite straightforward. Flexible data structures have been implemented to allow
for adding or removing components or devices and evaluating all their properties.

To assign a given component, once the affinity vectors for each target device were

obtained as represented in Figure 4.2, we follow these criteria:

1. Choosing a device fitting every property, or the highest amount of them. In our ex-
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Figure 4.10: The device fitting every property

ample, the TV would be the selected device for the main programme component

(see Figure 4.10).

2. Minimising under-fitting values. In our example, in absence of a TV, we would

assign the component to the smartphone.

3. Finally, over-fitting values are considered, choosing the device whose affinity

values are the closest to the requirement values.

Different implementations could choose different criteria. An alternative imple-
mentation could consider only the scalar affinity value following Eq. 4.21. In this
case the affinity values would be « (M, tv) = 1.14, o (M, smartphone) = 0.558 and
(M, laptop) = 1.02, being the TV the best device, followed by the laptop and being
the smartphone the last one. Another implementation could be interested in maximis-
ing the usage of resources. Following with the same example, with this implementation
the TV would be the best device, while in its absence the component would be as-
signed to the smartphone and the laptop would be discarded as it would lead to wasting

processing and interactivity resources (see Figure 4.11).
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Figure 4.11: Maximising the usage of resources when there is no TV

4.6.5 Implementing representation

Step 2 uses the assignments obtained in Step 1 to calculate the layout template in each
device.

Our prototype implementation for layout selection is based on the screen size prop-
erty of the device types (we will add the property of input capabilities in Section 4.7).
To properly define the screen size property, we considered the screen apparent area,
denoted as S.

To measure the apparent area of a screen with diagonal / meters and a normalised
1:1 aspect ratio, we situate the screen at the usual watching distance and calculate the
projected area of the screen to distance 1 meter. Note that this results in more realistic
relations than the ones obtained comparing raw screen areas. For example, a screen
with a diagonal size h situated at a distance of [ meters from the user has the same
apparent area as a kh screen at kl meters.

Resolution has been ignored for the screen size definition, since it is not a con-
straint in current devices. However, some ergonomic aspects should be considered in

real deployments. For example, for similar apparent sizes, a TV would provide a more
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Table 4.14: Parameters related to apparent areas of screens

Device Smartphone Tablet Laptop TV
Screen diagonal (cm) 12.5 25 35 150
User distance (cm) 40 50 60 250
Angle (degrees) 17.36 26.58 30.25 30.93
Apparent area, S (m?) 0.044 0.100 0.127 0.132
Comp. min size, S, (m?) 0.02 0.02 0.02 0.02
N. of components, |S/S_] 2 4 6 6

Table 4.15: Screen related layout parameters

Parameter PiP | Split | Carousel
Max N. of main comp. 1 SIS, 1
Insertion frac., F; 0.33 0 0
Insertion min size, S; S./3 NA NA
Max. N. of insertions | F;S/S; 0 0

comfortable viewing distance for the user’s eyes, while smartphones or tablets can be
brought nearer more easily.

Table 4.14 shows an example of the estimated apparent areas for the four considered
device types as well as some related parameters that we explain next.

A relevant parameter for layout generation, specifically for the Split template, is the
minimum apparent size of a component to be comfortably seen by the user, denoted
as S¢. Indeed, this is a user-related parameter that would deserve extensive user eval-
uation, in addition to the ability for configuration and adaptation from user context
parameters. To provide an example to illustrate the prototype implementation of our
adaptation model, we will set S, to 0.02 square meters. This results, for example, in one
half of a smartphone screen at 40cm from the user. For the other devices, Table 4.14
shows the number of minimum size components that would fit into the screen, i.e.,
S/S¢, conveniently rounded to an integer number.

For PiP layouts, two additional parameters are required: the fraction of the screen
area devoted to inserting the overlapped secondary components, F;, and the size of the
secondary components, S; which in general can be smaller than S.. Note that F;S/S;
denotes the maximum number of insertions in a PiP layout. Table 4.15 summarises the

values for the three templates adopted in the implementation of Step 2.
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We have implemented three criteria for the evaluation of the layout quality, accord-

ing to the evaluation model introduced in Section 4.3.3:

* Rate of the components shown (a;): This criterion evaluates the portion of the
components that is shown in the display, and refers to three different aspects: (a)
the portion of the number of components, (b) the portion of the component area,
and (c) the portion of time that a component is shown. Note that Split layouts
rank the highest in every aspects, while PiP is penalised in (b) by the overlapped
area of the main component, and the time sharing layouts, such as Carousel, are

penalised in (c) for the time slice where components are shown.

* Representation of every shown component in its entirety (a,): This criterion
is related with how the components shrink to fit to a specific space slot in the
space-sharing layouts. The criterion ranks the maximum for Carousel, while it
can penalise Split and PiP in two different aspects: (a) shrink in the scale of a com-
ponent, and (b) distortion of the aspect ratio of the component (the last aspect

has not been considered in our example implementation).

* Efficiency in the use of the screen area (a3): Although we are allowing some de-
gree of distortion, in Split layouts the screen is divided in a regular grid that, for
practical reasons, excludes extreme configurations (e.g., many components in
a single row). As a consequence, for some specific numbers of components, an
unused screen area will be generated, which is accounted for as lost space and

penalises this criterion.

Observe that the above criteria, in the framework of the adaptation model defined in
Section 4.4, allow not only for the evaluation of the three pure layout templates we are
considering for the implementation but also for a combinatorial of hybrid layouts, as,
for instance, a carousel showing several components simultaneously, as well as many
others.

Once the three criteria have been defined, the quality of each layout can be cal-
culated as shown in Eq. 4.28. We have performed an empirical set up of the internal
coefficients in the equation to obtain intuitively realistic outcomes, resulting in the qual-
ity graphs in Figs. 4.12, 4.13 and 4.14 for each device type in terms of the number of
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Quality of different layouts in Smartphone

Quality of the layout

Number of components

Figure 4.12: Quality of the layouts in Smartphone in terms of number of components

components to show. The coefficient used for each of the aforementioned criteria has
been wy = 1.4, wy = 0.3 and w3 = 1.2 respectively.

Observe that time-sharing layouts (Carousel) maintain a significant quality level for
a high number of components whereas space-sharing layouts (PiP and Split) are more
suitable for a low number of components, depending on the particular election on the
device type and the efficient fit of the components in the screen (e.g. the quality de-
creases sharply for Split layout when the number of components cannot be arranged in
a grid occupying the entire screen).

In a real deployment, the user can be given a way to control the relative relevance
of each criteria. Furthermore, an exhaustive user evaluation or an adaptive learning
process could find the most appropriated values for the specific deployment and user
profile, showing at the same time the power of generalisation of our model. Regard-
ing the last point, in Section 4.7 we will show the ability of the model to easily accept

extensions and modifications, specifically for including new criteria or properties.
4.6.6 The role of context: triggering the adaptation process

In the previous subsections we have described an implementation of the two-step pro-

cess. The question now is when the adaptation process should be launched, either from
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Figure 4.13: Quality of the layouts in Tablet in terms of number of components
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Figure 4.14: Quality of the layouts in Laptop and Smart TV in terms of number of compo-
nents
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the beginning or only from Step 2 in some specific devices. To address this issue we use

context information.

The information about contextual factors and external event occurrences while us-
ing a service is usually referred to as context [Hussain et al.18]. In our system, context
changes are used to trigger the adaptation process in such a way that the system can
update and maintain the user experience at convenient levels.

Usually, context is divided in three parts: user context, physical context and system
context. In our scenario, the user context includes user preferences and user state (e.g.,
mood or stress level). We will also consider explicit interaction as the user context up-
dates. Physical context parameters can include the location, time, ambient light, and
noise level. Finally, the system context is determined by the state parameters of the
devices, including the battery level, connectivity conditions, etc.

As usual, context information is mainly based on sensors and can be elaborated and
interpreted by a learning process. In this way, a complete context service could be built
on top of our system to boost sophisticated smart environments. Nevertheless, for the
scope of this work, we manage context information as an asynchronous sequence of
events. Either directly or indirectly, an event of the sequence is able to promote a run of
the adaptation process.

To complete the picture (refer to Fig. 4.1), our multi-device adaptation environ-
ment can be implemented as an event-driven system where events can be produced by

different Situations:

1. A change in the component set C. This change can be produced by the broad-
cast programme or by an action of the user moving a component from one device
to another. As an incremental modification, only Step 2 will be executed in the

involved devices.

2. Joining or leaving a device in the device set D, generally involving a rerun of the

adaptation process.

3. A context update. For example, when a viewer moves away from the TV, the
adaptation process could begin the smartphone to move from a complementary

screen to the main element in D. To mention another example, the adaptation

110



4. ADAPTATION MODEL

process could be triggered in the case of a low battery level in a device, forcing a

Situation-2 event.

4. In some cases, described next, an internal event can trigger a complete rerun of

the adaptation process.

The last of the situations refers to the fact that the two-step incremental adaptation
process could sometimes lead to an unbalanced assignation of components on devices.
Devices with many components assigned could rank low for every layout templates in
Step 2 and, furthermore, overloaded devices could suffer resource exhaustion, resulting
in poor performance, such as in video rendering.

A strategy to avoid this situation is considering resource availability in each device
as a system context parameter. When a resource is almost exhausted, an internal event
is produced to rerun the entire adaptation process. Note that the strategy should be
complemented with the introduction of the resource availability context parameter as a
criterion in the assignation step. As Step 1 is implemented iteratively, a low value for
resource availability in a device will prevent assigning a new component to the device

despite the affinity value.

4.7 Validation

This section provides a validation of the proposed methodology for the user interface
adaptation of multi-device media services regarding three different aspects: quality,
efficiency and universality. On one hand, the quality and the efficiency are validated
through the evaluation of the two-step adaptation process with experiments that com-
pare the sub-optimal outcome with the optimal adaptation solution (which requires
exploring the whole solution tree), analysing the trade-off between the adaptation qual-
ity and the computation effort for a responsive implementation. On the other hand, the
universality of the proposed methodology is evaluated taking as a reference an environ-
ment based on the real deployment described in Chapter 3 and analysing its limitations
towards the versatility and flexibility to fit to novel properties, components, devices,
use cases, etc. As described in Chapter 1, the lessons learned with the pilot programme

have been the starting point to develop the hypotheses of this work. In the same way, it
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Figure 4.15: A picture of the deployment of a multi-device media service

has been useful to synthesise the use cases addressed in this section which are seen as a
tool to validate the developed adaptation model.

Figure 4.15 shows a picture of a scenario extracted from the deployment where a
viewer consumes a multi-device TV programme delivered by a broadcaster. A set of use

cases derived from this scenario will be used in the following subsections.

4.7.1 Evaluating the quality of the adaptation process

To evaluate the two-step adaptation process, the proposed model has been imple-
mented [ModellnGithub20] defining a set of components, a set of available devices, a
set of available layout templates, and defining representative properties and parameters
for all the user interface elements.

On the one hand, five properties have been defined and evaluated for each of the
components. Table 4.16 shows the parametrisation performed in the implementation

for all the component types identified in [Dominguez et al.18].
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Table 4.16: Summary of used component types and properties

Properties | Attention| Interactivity Processing | Broadcast Confidentiality
req req
Main 1 0 0.3 1 0
V:iic(;s 0.7 0.3 0.9 0 0.1
Banner 0.8 0.2 0.1 0 0.1
St Data 0.6 0.2 0.2 0 0.3
Dyn Data 0.6 1 0.3 0 0.8
Social 0.3 1 0.3 0 1
UGC 0.3 1 0.7 0 0.9
Adv 0.9 0 0.5 0.8 0
Table 4.17: Summary of used device types and properties
. . Processing . Broadcast
Properties | Screen size | Input cap. Privacy
cap. cap.
Smartphone 0.2 0.7 0.6 0
Tablet 0.6 0.8 0.7 1 0
Desktop 0.7 1 1 0.5 0
SmartTV 1 0.2 0.4 0.1 1

On the other hand, four available connected devices have been parameterised and,

again, five different properties have been defined for each device type. Table 4.17 shows

the parametrisation performed in the implementation for all the identified device types.

Additionally, Table 4.18 shows the affinity matrix which relates the properties of

components and devices.

Finally, three different use cases have been defined, as summarised in Table 4.19,

using a subset of components and devices addressed in the implementation.

Table 4.18: Affinity matrix

. Processing . Broadcast
Screen size | Input cap. Privacy
cap. cap.

Attention 1 0 0 0.1 0
Interactivity 0.1 1 0.5 0.9 0
Processing req. 0.3 0.3 1 0 0
Broadcast req. 0 0 0 0 1
Confidentiality 0 0 0 1 0
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Table 4.19: Summary of the use cases

USE CASE 1
7 Components | Main Programme, Video 1, Video 2, Video 3, Video 4, Dynamic
Data, Social
1 Device TV

USE CASE 2

7 Components | Main Programme, Video 1, Video 2, Video 3, Video 4, Dynamic
Data, Social

2 Devices TV, Smartphone

USE CASE 3

7 Components | Main Programme, Video 1, Video 2, Video 3, Video 4, Dynamic
Data, Social

3 Devices TV, Smartphone, Laptop

Dynamic| | Video4 — Video3 | __
Video?2 ,

Main

Programme

Figure 4.16: Adaptation outcome in use case 1

4.7.1.1 Seven components onaTV

This use case validates the implementation with the aforementioned 7 components
having only a Smart TV. As expected, all the components are shown on the TV and the
Carousel is the selected layout (see Figure 4.16).

The overall adaptation quality following equation 4.35 is &% = 0.28. In this context,
the viewers will be able to mainly follow the TV show, while having the opportunity to
perform a kind of content-hopping using the arrows in the remote control to see the
other components.

It is worth noting that the adaptation value is severely affected by the inclusion of
the Social content. This is mainly due to the high interactivity it requires and the low
input capabilities the Smart TV is supplied with.

Accordingly, if the social content is not displayed, the overall quality for showing the
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Figure 4.18: Adaptation outcome in use case 2

remaining six components on TV will increase to &% = 0.52. On one hand, the qual-
ity of the assignment increases, since the components are more suitable on average,
and on the other hand, the quality of the representation also improves, since with six
components, the TV shows the components with the Split layout instead of using the

Carousel layout (see Fig. 4.17).

4.7.1.2 Adding a smartphone

If a viewer is consuming the aforementioned 7 components using two devices simulta-
neously (a TV and a smartphone), the recommended assignation is to show the main
programme and the four secondary videos on TV, while showing dynamic data and
social components on the smartphone (see Figure 4.18). This scenario represents an
overall quality of &7 = 0.66, increasing the previous values. This mainly occurs because
the components that were less suitable for the TV are now on the smartphone and also
because the TV now has to represent less components, allowing a PiP layout.
Analysing all the adaptation solutions, we found an optimal quality figure &7 = 0.76
showing the social content on the smartphone, while displaying the other components

in the TV using the Split layout (see Figure 4.19).
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Figure 4.19: Best possible adaptation outcome in use case 2

Main
Programme P

Figure 4.20: Adaptation outcome in use case 3

In this case our two-step solution offers a quality close to 90% (0.66/0.76 = 0.87) of
the optimal.

4.7.1.3 Using three devices simultaneously

If a viewer is consuming the 7 components using a TV, a laptop and a smartphone at the
same time (as in Fig. 4.15), with the properties and values specified at the beginning of
this sub-section, the two-step adaptation process provides the outcome shown in Fig.
4.20.

This scenario ends with an overall quality outcome of &% = 0.81. It is interesting
to note that with more devices, the outcome quality increases because there are com-
ponents that fit (almost) perfectly to each of the devices and, with less components on
each device, the quality of the representation improves. A discussion of how easy it is
for a viewer to consume a content from several devices simultaneously could arise here.
Thus, a parameter to penalise the use of multiple devices at the same time could be
added, due to the different factors that could contribute to cognitive load, e.g., those
listed in [Hart and Staveland88].

In use case 3, the overall optimal solution (shown in Fig. 4.21) results in a quality of
&7 =0.85. While the optimal quality figure is marginally better than the one obtained

with the two-step process, it requires evaluating (V. g ¢ =37 =2187) combinations, which
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Figure 4.21: Best possible adaptation outcome in use case 3

Table 4.20: Computational cost
Device | Tablet | Laptop | TV
Latencies for two-step adaptation (s)
Scenariol | 0.011 0.003 0.063
Scenario 2 | 0.026 0.006 0.137
Latencies for optimal adaptation (s)
Scenariol | 0.671 0.240 1.196
Scenario 2 | 9.744 3.179 | 28.680

is much more time and energy consuming. This was checked through an analysis of the

computational efficiency of the model.

4.7.2 Evaluating the efficiency

To analyse the computational efficiency, we ran specific performance tests using both
the two-step adaptation process and the optimal solution search. Two scenarios have
been analysed: scenario 1 considers 7 components, 3 devices, 5 properties per compo-
nent, 5 properties per device, 3 layout types and 3 layout criteria; scenario 2 considers
10 components, 3 devices, 10 properties per component, 10 properties per device, 3
layout types and 6 layout criteria. Table 4.20 shows the time required by each device to
provide a solution to the given scenarios.

In the first scenario, even if the two-step adaptation is much more efficient, neither
method would impact the responsiveness of the user experience. However, in the sec-
ond scenario, the times required to calculate the optimal solution dramatically increase,
resulting in unacceptable poor responsiveness.

As a summary of the validation of the two-step adaptation process, the experiments
show that, when parameterising the proposed methodology with reasonable figures,

the outcome fits adequate multi-device user interfaces, mostly coinciding with the
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outcome of the specific adaptation rules developed by broadcasters and researchers

during the application deployment in Chapter 3 and providing a responsive (although

sub-optimal) outcome efficiently.

4.7.3 Evaluating the universality of the methodology

One of the goals of our adaptation model is to be general enough to adapt to technologi-
cal evolution (e.g., forthcoming devices) and new broadcast trends or user habits, to
simplify developers’ work and allow for adaptive Uls on top of the adaptation system.
That is why the model can be adapted, modified or oriented to other specific use cases
and circumstances, while still following the proposed methodology. We have identified

three main dimensions that could be added or modified:

* Ul elements (types of components, devices or layouts) and properties to adapt

the model to technological and broadcasters’ changes;
e Evaluation criteria, to adapt the model to the user;

¢ Additional context parameters that can improve the user experience. These in-
clude parameters of user context (e.g., location in the room), physical context (e.g.,
ambient light), and infrastructure context (e.g., saturation of device capabilities

due to an excess of assigned components).

In this sub-section, different examples are provided to extend the proposed method-

ology and evaluate its universality.

4.7.3.1 Adding a new property to the component and device types
Consider, following the deployment performed in [Dominguez et al.17], that the Dy-

namic Data component shows vote counting through a complex 3D graph type and
that the Secondary Videos have a high resolution with high decoding demands. In these
cases, strong graphic capabilities would be useful.

This will require an additional property to be considered, called Graphic/video re-
quirements, for the component types, having a value of 1 for Dynamic Data and 0.3 for
the Secondary videos (see Table 4.21). In the same way, an additional property could

be considered for the device types, called Graphic/video capabilities, where TVs and
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Table 4.21: Components parametrisation for Graphic/video requirements

Properties Graphic/video Requirements

Main 0
Secondary videos 0.3

Banner 0
Static data 0
Dynamic data 1
Social 0
UGC 0
Advertisement 0

Table 4.22: Devices parametrisation for Graphic/video capabilities

Properties | Graphic/video capabilities
Smartphone 0.2
Tablet 0.2
Laptop 1
SmartTV 0

mobile devices (both smartphones and tablets) would have a poor value (see Table 4.22)

and laptops would have the highest possible value. The affinity matrix will emphasise

the impact of the Graphic/video requirements with the Graphic/video capabilities (see

Table 4.23).

With the aforementioned novel scenario, if we replicate the environment provided

by use case 3, the outcome of the two-step adaptation shown in Figure 4.21, which is the

optimal solution, is obtained instead of the previous one (shown in Figure 4.20), with a

quality &7 = 0.85.

Table 4.23: Affinity matrix considering Graphic/video capabilities and requirements

Scr. size | Inp. cap. | Proc. cap. | Priv. | Broad. cap. | G/V cap.
Attention 1 0 0 0.1 0 0
Interactivity 0.1 1 0.5 0.9 0 0
Processing req. 0.3 0.3 1 0 0 0
Broadcast req. 0 0 0 0 1 0
Confidentiality 0 0 0 1 0 0
Graphic/video req. 0 0 0 0 0 1

119




OPTIMISATION OF THE USER EXPERIENCE ACROSS MULTI-SCREEN
MEDIA SERVICES

Table 4.24: Input requirements for each layout

Parameter | PiP | Split | Carousel
Ir 0.4 0 0.4

Table 4.25: Input capabilities per device

Device Smartphone | Tablet | Laptop | SmartTV
Input cap. (Ic) 0.7 0.8 1 0.3

4.7.3.2 Adding a new criterion for user interface layouts

Apart from the aforementioned visual criteria to select the best user interface layout in
each case (recall that Table 4.14 and Table 4.15 were constrained to parameters related
to the screen area), a broadcaster or content provider may want to consider the intrinsic
interactivity required by the layout itself. For instance, a carousel layout requires the
interaction of the viewer to spin the components of the carousel and select the one to
be seen in fullscreen. This interaction will be the most difficult with the remote control
of a TV, while easiest with a trackpad on a laptop or a touch-screen device. In the same
way, PiP layouts could benefit from this interaction facilities. Regarding the Split lay-
out, however, the interaction is not a relevant parameter according to the opinion of
broadcast professionals and researchers that participated in the deployment described
in Chapter 3. To take these aspects into consideration a fourth criteria a4 has been con-
sidered, named Interactivity compliance and defined as the degree in which a layout is
manageable in terms of interaction when it is displayed in a specific device.

For the calculation of the aforementioned criteria, an additional layout parameter
has been added to those defined in Table 4.15, named Interactivity requirements (Ir)
and defined as the level of interaction required by the layout to be managed by the user.
Table 4.24 shows the values given to Ir for each layout.

Furthermore, an additional dimension has been added to the parameters related to
each device (see Table 4.14) that are considered to calculate the quality of a layout. In
this case the new parameter has been the Input capabilities (Ic) of each device. Table
4.25 shows the values given to Ic for each device.

Figure 4.22 shows the representation of the quality of the layouts in terms of the
number of components for Smart TV devices, after adding the criteria of interaction of

the layouts. Again, this representation follows Eq. 4.28, with k € [1,4] and using w; = 1.4,
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Quality of different layouts with and without Ir (SmartTV)
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Figure 4.22: Quality of the layouts in terms of number of components with interaction
criteria (straight line) and without (dashed).

wo =0.3, wz = 1.2 and wy = 1 as the weights for each criterion, where w, denotes the
weight assigned to the new interaction criteria.

As shown in Figure 4.22, the quality of the layouts changes when using the interac-
tion compliance criteria: the quality decreases for both the Carousel and PiP layouts,
reinforcing Split as the best layout.

Other user interface layouts criteria could also be considered, such as the prioritisa-
tion of a specific component in comparison with the other components represented on
the same screen. For example, the Split layouts seem to harmonise the priority of all
the components shown in the display, even though the position itself could be a way to
prioritise. However, in the PiP layout, the predominance of a component over the other
seems to be much clear. A reasonable criterion could improve the quality of the PiP lay-
out for a device that contains the main programme (such as the TV), while promoting
a more equitable layout, such as Split, for a device that shows some secondary videos
(such as a laptop).

As a summary, this subsection shows that the proposed methodology is general,
flexible and adaptable to any kind of multi-device media service. The model will not

change depending on the use case, it just needs to be fine-tuned by adding or modifying
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parameters.

4.8 Conclusions

This chapter proposes a methodology for multi-device user interface adaptation in me-
dia services, such as a hybrid broadcast-broadband TV programme. The definition of
this methodology provides a general adaptation model as an outcome, which identifies
and characterises all the elements of the user interface, analyses the role of the con-
text, and provides an approach to address the challenge of dividing the process into two
different sub-processes to make it responsive.

The aforementioned research has allowed the model to be formally described and
provides a comprehensive example of how an implementation could be performed.
Reasonable parameters have been used for this, which provide an outcome that co-
incides with the output of the adaptation rules developed by the broadcasters and
researchers during the application deployment described in Chapter 3 and published
in [Dominguez et al.17]. Moreover, the model quality, efficiency and universality have

been validated and the following conclusions have been drawn:

e Suboptimal solutions obtained by the two-step adaptation process are reasonably
good and meet the expectations of broadcasters and researchers. In the use cases

tested they offer a quality of approximately 90% of the optimal.

» The two-step adaptation process is much more efficient than the search of the
global optimal solution in terms of the processing time and hence of the power
consumption. Responsiveness and low latencies are guaranteed through two

sequential steps, but not through the exploration of the problem as a whole.

* The developed model is general enough to be extended to any type of content,
device, context or evaluation criteria and ready for technological changes as well

as continuous adaptive learning processes.
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Fields of application

5.1 Overview

The deployment presented in Chapter 3 and the generalisation of the adaptation
methodology and the model presented in Chapter 4 can be applicable to other fields dif-
ferent from the audiovisual and broadcasting. This means that the same methodology
will provide a variation of the model that could be adapted for each case. More in detail,
this chapter provides examples of two fields in which the applicability of the solution
has been identified, based on a real technological demand from relevant stakeholders,
where the technology has been adapted and transferred to them. In particular, the tech-
nology has been used by a company working in the industry and manufacturing sector,
and by some relevant actors in the field of crisis environments. Next sections describe
how media technologies can improve the actual way of operation in both cases, includ-
ing the challenges to overcome and the research work and deployments completed so

far.

5.2 Industry

Recent developments in information and communication technology (ICT) and the

latest Internet-related technologies are opening up revolutionary possibilities for manu-
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facturing and production. The technology surrounding Industry 4.0 and smart factories

is mainly focused in certain fields, such as the Internet of Things (IoT), industrial big
data, industrial automation, cybersecurity or intelligent robotics. Nevertheless, it is
important to emphasise the relevance of computer graphics and media technologies,
under the umbrella of visual computing as key enabling technologies in smart factories

of the future.

5.2.1 Media technologies and multi-screen media services for opera-

tors in Industry 4.0

This section focuses on the role of the operator in the smart factory, which plays a
crucial role within the vertical integration dimension in Industry 4.0. Smart factories
change the role of operators, making new types of interaction possible between them
and the machines. Therefore, human-centricity becomes a key concept, fostering the
cooperation of machines and humans toward a more efficient and effective human-
automation symbiosis. This concept is related to the Operator 4.0 term mentioned in
[Romero et al.16].

In this context, it is interesting to note that many authors explicitly identify aug-
mented reality (AR) as one of the main Industry 4.0 technologies to empower the
operator [Funk et al.16]. However, being that AR an important aspect with its own
challenges and possibilities, we believe that a broader combination of computer graph-
ics, vision and media technologies can be very important to support operators and
to learn from their actions in new smart factory scenarios. In addition, support from
knowledge-based and intelligent systems is critical in this context. We will present a set
of challenges related to the operator in the context of smart factories along with current
examples of relevant related R&D activities in this field.

Figure 5.1 is an updated version of the figure in [Posada et al.18] and shows the role

of operators in smart factories, where three major challenges can be identified:

1. The first challenge is to support operators performing tasks within a process
or workflow. In this context, AR plays a crucial role with improved experiences,
projecting instructions with the next steps of the workflow onto objects and

tools (Figure 5.1, number 1), or enabling projection-based gestural interaction
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Figure 5.1: Challenges of the operators in Smart Factories

(Figure 5.1, number 2). Moreover, AR technologies and devices can overcome
limitations of operators with disabilities or special needs (Figure 5.1, number 3).
Virtual reality Reality (VR) is also a relevant enabling technology for training

activities.

. The second challenge is to support operators’ understanding and decision-making
in all the activities throughout the production process to provide an adequate
ecosystem to optimally perform tasks. More versatile and enhanced human-
machine interfaces (HMI) are needed, following a human-centred approach and
facilitating analytical reasoning through interactive multi-screen interfaces with
visual analytics. They need to address operators using different screens, such as
shared big screens (Figure 5.1, number 4), and specific machine HMIs (Figure 5.1,
number 5) or personal devices (such as smartphones or tablets). All these screens
must provide a consistent overview of data and information in the form of graphs
or media presentations (Figure 5.1, number 6), personalising the visualisation for
each operator’s role, and enabling ubiquity to address operators’ movement from

one set of screens to another.

. The third challenge is to learn from the operators’ activities to predict specific
situations, optimise the process and better organise the smart factory. In this con-

text, video management capabilities (recording, streaming, etc.) are fully required

125



OPTIMISATION OF THE USER EXPERIENCE ACROSS MULTI-SCREEN
MEDIA SERVICES

with a complete integration of the Manufacturing Execution System(MES) (Fig-

ure 5.1, number 7). On the one hand, video management will enable real-time
supervision of the tasks both from inside or outside the premises, while provid-
ing an enriched reporting of the production process. On the other hand, artificial
intelligence techniques such as pattern recognition and machine (deep) learn-
ing make it possible to learn from operators’ tasks and influence in the process

(Figure 5.1, number 8).

From the three mentioned challenges the second one is closely related with the
work presented in Chapter 3 and Chapter 4 and it leads us to think about how Dynamic

multi-screen dashboards for operators in Industry 4.0 would be.

5.2.2 Dynamic multi-screen dashboards for operators in Industry 4.0

Traditional industrial HMIs are very “static,” mostly based on old (WIMP !) interac-
tion paradigms. More specifically, industrial HMI interaction includes basically some
alarms, basic production output data and production planning, and some sensor infor-
mation. Most of the information offered to operators and engineers is based on static
text, pictures in the best cases, and specially data (diagrams, statistics, etc.), shown in
external screens attached to the machines, in PC stations close to production, or on
normal displays in the shop floor. Production dashboards are a very clear case for this.
In order to have better knowledge of the real production environment, a very power-
ful tool, not sufficiently used in state of the art industrial practice, is needed to capture
and use the relevant events in video. It is noteworthy that there is very little adoption of
video recording, management, search, etc. in real-world factories.

A recent trend is to include mobile devices for dashboards and other functional-
ities to some extent, but the approach is based on expensive rugged hardware that
runs proprietary software solutions with single-screen paradigms, highly rigid and fixed
distribution of information in the screen, and few interaction possibilities.

Our current research example involves the development of a core dashboard sys-
tem for an industrial, export-oriented SME that builds tools for heavy lift operations

and that owns a modular, portable and monitored Test Bench to perform Load Tests.

lwindows, Icons, Menus and Pointers
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This is a typical industrial case: An engineer controlling the load test through a specific

hydraulic system, with its own HMI, while the outcome information of the test is dis-
played through different interfaces in machine-specific displays. A team of distributed
operators is visually controlling the load test and following the different displays, in-
teracting with the engineer to fine-tune the test. As the tests are run in international
locations, the engineer has to physically travel to the sites. This is a case of horizontal
integration of Industry 4.0, in which emerging Internet-based systems allow a deeper
integration between industrial clients and providers, empowering operators and engi-
neers to work collaboratively even in remote international locations, and avoiding the
need of costly physical travel and ad-hoc adaptations of user interfaces. Figure 5.2 and
Figure 5.3 show the pilot tested in this field. In this context, a more versatile and smart

solution was desired, providing:

* An ubiquitous, adaptable and very flexible multi-screen dashboard to monitor
multiple camera views and the outcome data in real time, in order to have all the
information when controlling the load test through the hydraulic system.

* A live adaptable and flexible multi-screen visualisation solution for engineers
around the world to follow the load test remotely, as they were on the premises,
combining graphics and media with all the relevant information in an interactive

and customisable multi-device interface,

* An on-demand inspection solution of the load test, personalising the view and
verifying all the process and the adequate performance of the test, and the gener-
ation of an added value advanced and interactive report as a communication tool

for engineers to learn more about the tools that are being measured.

This provides an adaptable and ubiquitous multi-screen control dashboard, where
different video sources and heterogeneous outcome data are captured and prepared
to be exposed through a Web-based HTML-5 application. All information is shown in
any kind of Web-based device, such as a laptop, a tablet or a smartphone. The pieces of
information and user interface layout is dynamically configured according to the target
device and enables the interaction of the operator. Different devices can be easily asso-
ciated, such as multiple laptops and mobiles being used by the same operator, and the
user interface dynamically adapts to that multi-screen configuration, showing parts of
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the application on each screen, and enabling the operator to move components from
one device to another. Moreover, the operator can move from one place to another in
the premises, dissociating big screens and having all the relevant information in the mo-
bile, while associating new big screens in the new location. Current deployment is well
accepted by operators and engineers as it opens more efficient ways to get information

and communicate the tests.

In a dashboard like the one described in this section, a multi-screen user interface
adaptation model such as the one presented in Chapter 4 could be very valuable since
it could automatically distribute the components among the connected devices, pro-
viding a responsive layout in each of them. Furthermore, if the model was enriched
through a continuous learning processes, the system would know which configuration

is the best for each scenario.

5.3 Crisis environments

Technology can also contribute greatly to crisis environments, especially by enhancing
the interconnectedness between the authorities and the public services and by facil-
itating the rapid exchange of heterogeneous information. Crises take on a variety of
shapes and forms —natural or health disasters, terroristic and criminal acts, technol-
ogy malfunctions, and large-scale accidents— at local, regional, national, and global
levels. Crisis management plans, created and implemented at the organisational level,
typically involve public services and institutional authorities overseeing emergency
response.

In this context, media technologies can facilitate cooperation within response or-
ganisations or the response network, but also can enable wider cooperation such as
citizen collaboration. To achieve these ends, crisis practitioners and crisis managing op-
erators are calling for multi-screen technologies that allow to manage multiple sources
of information that take into account the perceptions, needs, and practices of multiple

users.
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5.3.1 Media technologies and multi-screen media services for crisis

environments

This section focuses on media technologies that ease a more efficient crisis management,
making the exchange of multiple sources of information possible between authorities
and public services.

In this context, it is interesting to note that solutions that allow the distribution of
multiple video signals in any environment by means of low delay adaptive streaming
protocols are important to empower the crisis management. Moreover, we believe that,
again, broader combination of computer graphics, vision and other media technolo-
gies can be very important to extend the information provided by the video signals
and offer to the target viewer the sources that are relevant to make the corresponding
decisions. That way, media, text or image components could be helpful to better un-
derstand what is happening in each moment and allow to manage and organise all the
involved stakeholders, each one with its specific action area. In addition, support from
knowledge-based and intelligent systems are also essential in this field.

Figure 5.4 shows the main challenges to manage a crisis environment backed by

media technologies.

1. The first challenge is to cope with multiple video and data signals coming from
any environment. This includes, security cameras installed in buildings, TV sig-
nals, drones, agents in mobility, data monitored by sensors, social media or even
any valuable data found on the Internet. In this context video management

capabilities are fully required to enable real-time monitoring of the crisis.

2. The second challenge is to provide an adaptable, flexible and easy deployment
multi-screen media service that allows to centralise and manage several infor-
mation sources not only based on video signals but also on data extracted from
the Internet and authorities’ internal data systems. And all of these avoiding to
use proprietary softwares and expensive hardware depending solutions. These
solutions need to address operators using different screens, such as video-walls,

laptops or personal devices. All of these screens, which are used to be able to
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Figure 5.4: Example of a crisis environment
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perform a forensic analysis and look over the occurrences, must provide a consis-

tent overview of data and information taking into account the role of the target

visualiser.

3. The third challenge is to learn from operators interaction to make even faster
the deployment of the needed resources and be able to manage the crisis effi-
ciently from the beginning. Additionally, artificial intelligence techniques over
video signals such as object detection and tracking or face recognition could be

very helpful to create alarms when a relevant event is identified.

From the mentioned challenges the second one is closely related with the work
presented in Chapter 3 and Chapter 4 and it leads us to think about how Dynamic

multi-screen dashboards for crisis environments would be.

5.3.2 Dynamic multi-screen dashboards for crisis environments

Nowadays different data and video system approaches are used depending on the re-
quirements of each scenario. Therefore, solutions are based on video-walls depending
on expensive hardware that runs proprietary software solutions, with highly rigid and
fixed distribution of information in the screens, and few interaction possibilities.

In this context we see another interesting opportunity to migrate recent technol-
ogy advances from other areas with intensive interaction based on dynamic, mobile,
multiple screens toward crisis monitoring scenarios, which remove the hardware and
proprietary software dependencies and provide a wider range of communication and
information sharing possibilities.

A current research example involves the development of a pilot that allowed to mon-
itor an sport event such as the Final Four of the Basketball Euroleague that took place in
Vitoria-Gasteiz. In this pilot, several information sources were managed by an admin-
istrator that had direct view of each source and decided which components to see in
each connected screen both in situ and remotely. Furthermore, he was able to decide
the layout template to represent the information in each case. In addition, a team of
content managers was be able to operate all the range of content sources, including sev-
eral video flows, TV signals, investigation information, reserved data, performed action

register, public cooperation information, suspects’ images, social network entries or
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Figure 5.5: Example of a pilot done in a crisis environment

even any valuable information found on the Internet. Figure 5.5 shows the pilot tested
in this environment.

A similar approach was also implemented to monitor a football match of the Span-
ish league that took place in San Mamés stadium in Bilbao, with the goal of testing a
pilot that allows to monitor some matches of the UEFA Euro 2020 that will take place in
the same stadium.

Again, these solutions provide an adaptable and ubiquitous multi-screen control
dashboard, where different many heterogeneous sources are centralised and prepared
to be exposed through a Web-based HTML-5 application. All the information can be
shown in any kind of Web-based device, such as a laptop, a tablet or a smartphone. In-
formation can be easily controlled, operated and shared through multiple screens being
used by one or multiple users simultaneously and the user interface dynamically adapts
to that multi-screen configuration, showing parts of the application on each screen, and
enabling the crisis managing operator to move components from one device to another
and share the information in accordance with the role of each agent. Moreover, the
system allows agents in mobility receiving or providing relevant information by means

of the mobile phone. Current deployment is being well accepted by authorities and
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engineers as it opens more efficient ways to get information and communicate the tests.

Once again, in a solution like the one described in this section, a multi-screen user in-
terface adaptation model such as the one presented in Chapter 4 could be very valuable
since it could automatically distribute the components among the connected devices,
providing a responsive layout to each of them. Furthermore, if the model was enriched
through a continuous learning processes, the system would know which configuration

is the best for each scenario.

5.4 Common approach

Once the previous fields have been analysed, it is interesting to see how to migrate
recent technology advances from other areas with intensive interaction based on dy-
namic, mobile, multiple screens towards smart factory and crisis scenarios. Table 5.1
shows that the broadcast field that apparently is far away from industry and crisis con-
texts, is quite close in terms of user needs and specifications: we refer to the research
advances in the dynamic adaptation of multiple screen visualisation and interaction for
professional TV experiences, and its synergies with other media (Internet, etc.).

More generally, the common features required by all the cases to succeed (including
the broadcast field) would be:

e Web-based, HTML-5 and Web3D compliant technologies to obtain a fully inter-

operable service.

* Multi-source content management to integrate heterogeneous data into the expe-

rience. Data fusion and the interoperability is based on standards.

¢ Detection and identification of available screens or devices to distribute the con-

tent making the most of the resources.
* Information flow between screens to obtain a seamless experience.

* Dynamic time-based alignment and synchronisation of data sources to obtain a

coherent visualisation of the content across all the connected screens.
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Table 5.1: Analysis of the needs of TV viewers in broadcasting, industry 4.0 operators in
smart factories and crisis managing operators in terms of dynamic multiscreen visualisation
and interaction, emphasising the common aspects

TV spectator needs

Industry 4.0 operator
and engineers needs

Crisis managing opera-
tor needs

Ubiquitous media experi-
ence in TV screen, mobile
devices, tablets, PCs.

Ubiquitous production in-
formation in multi-screen
format

Ubiquitous multi-source
information in multi-
screen format (videowalls,
mobile devices, etc.)

Harmonisation of TV
broadcast signal with
various Internet based
information sources

Harmonisation of het-
erogeneous data sources
(production plan, sensors,
CAD, ERP MES...)

Harmonisation of hetero-
geneous data sources (se-
curity cameras, tv signals,
agents in mobility, sensor
data, social media, news,
etc. )

Dynamic synchronisation
of social network inputs,
Internet updates, multiple
cameras input.

Dynamic synchronisation
of sensor data, product de-
sign and production plan-
ing, even video streams to
be able to perform a foren-
sic analysis and look over
the processes.

Dynamic synchronisation
of video streams, sensor
data, action planning or
social media to be able to
perform a forensic analy-
sis and look over the ocur-
rences.

Personalised experience,
relevant to user tastes and
interests, interaction pref-
erences, devices.

Personalised experience,
relevant to the particular
operator profile and task
requirements.

Personalised experience,
relevant to the particu-
lar crisis managing opera-
tor, authorities and emer-
gency services according
to their role and expertise.

Automatic localized infor-
mation according to envi-
ronment (e.g. in a car, in
TV proximity, in a mobile)

Automatic localized infor-
mation according to spe-
cific machine, location in
plant.

Automatic localized infor-
mation according to spe-
cific problem location.
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* Dynamic adaptation model, to be able to distribute the content across the avail-

able screens and produce responsive and interactive visualisation based on user

profile.

All the aforementioned proves that there are environments with the necessity of this
kind of solutions and in which the methodology presented in Chapter 4 is applicable.
An effort would be required to characterise the components, devices and layouts in

each case in order to generate an specific model in each situation, but the methodology

would avoid the definition of an extensive set of rules.
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6.1 Conclusions

This research work has demonstrated the feasibility to provide a methodology which
provides as an outcome an adaptation model for the user interface of multi-device me-
dia services. Through a two-stage methodology based on obtaining a model from a
previous experience, a general model has been formalised easily adaptable to many
different use cases and scenarios and ready for any technological update.

On the first stage a large-scale pilot deployment of a hybrid broadcast-Internet multi-
device service for a live TV programme has been designed and implemented. First some
questions have been formulated regarding the mentioned large-scale pilot and then
answers have been obtained based on the results of the pilot, which has been used by
more than a thousand of users. This pilot has been useful to validate the Web-based
distributed architecture for multi-device applications proposed in [Zorrilla et al.15a]
and extract some valuable lessons and conclusions to improve several dimensions of

COPE based services among which stand out:

* The interest of broadcasters to provide innovative multi-device services within

some constraints and as long as it does not imply complexity.
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* The need to improve the usability of multi-device User Interface, whose design is

the key in guiding the user across all the connected devices.

In order to face these challenges and go a step further in the development of hybrid
broadcast-Internet multi-device services for a TV show, an automatic adaptation model
that takes into account several user interface elements, design factors and context in-
formation is needed. This would provide as an outcome a near-optimal multi-screen
experience. Therefore, to make a leap towards the automatisation of the adaptation
model, a second stage has been carried out in which the lessons learned from the
previous deployment have been used to adjust the initial hypothesis and to define a
methodology that allows to generate adaptation models general enough for every use
case and technological update. In this second stage, first, a methodology has been de-
fined with different steps to gather the needed information to identify the elements and
design factors considered as relevant in the adaptation process of the multi-device user
interface. With that information a formal model has been defined, including the charac-
terisation of involved user interface elements, the adaptation process and a evaluation
model. Then, implementation examples of the model have been developed in order to
validate it in different terms.

Regarding the characterisation of the user interface elements, three different re-
searches have been carried out, once for each identified element i.e. components,

devices and layouts.

 Characterisation of the components: an analysis of the content of TV programmes
has been done in order to see which contents they show and their relevance. For
that, different broadcast emissions have been analysed taking into account differ-
ent countries and programme types. The analysis has provided as a result a large
list of different elements that have been classified into eight components types
according to their common properties. This has been the typification method for

the content of the service.

* Characterisation of the devices: devices have been characterised through the in-
formation made available by the browser, more in detail, through the User Agent.

A comparative empirical analysis has been done with three different approaches
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of Web-based device type detection which base their knowledge on different learn-
ing systems and statistical models. Therefore, the typification method for devices

has been the use of classification algorithms.

* Characterisation of layouts: layouts have been analysed in a slightly different way.
First, a set of user tests has been carried out to identify the relevant parameters
that suggest the use of a layout template or another. And then, the most repre-
sentative layout templates have been chosen to implement a model based on the

identified parameters.

Regarding the adaptation process, a two-step implementation has been developed
following the rationale behind divide-and-conquer strategy. The mentioned two steps

have been:

» Assignation: selection of the optimal assignment of components to devices in

terms of affinity criteria.
* Representation: search of the optimal layout for each assignment.

This implementation has been completed with an event-driven system to include
context information.

The model has been validated through an evaluation model. A battery of use cases
that involve subsets of the characterised components and devices and the parametrisa-
tion of their properties have been defined and the quality of the resulting user interfaces
have been compared to the optimal. The obtained solutions meet the expectations of
broadcasters and researchers and the use cases tested offer a quality of approximately
90% of the optimal. Furthermore, it has been proved that the implemented solution
is much more efficient than the exploration of the entire combination in terms of pro-
cessing times and hence of power consumption. Moreover, it has been shown that
the provided model is general enough to be extended to any type of content, device or
context and that it is ready for technological changes as well as continuous adaptive
learning processes.

Finally, it has been checked that the proposed methodology which is oriented to
hybrid broadcast-Internet scenarios, can also be valuable for completely different fields

such as industry or crisis environments.
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In summary, this research provides progress beyond the-state-of-the-art for the

optimisation of user interface of multi-device media services, presenting a method-
ology that provides as an outcome adaptation models that take into account several
user interface elements and design factors to dynamically distribute and adapt the con-
tent to multiple devices being used simultaneously, in real-time and in any context.
The provided methodology eases developers the generation of COPE based seamless
and self-adaptive applications, with simple parametrisations being the only task to

accomplish.

6.2 Future Work

During research activities, the literature review, the design and implementation of the
model and the analysis of the results, different aspects were identified to complement

or extend the research presented in this thesis:

* The exhaustive analysis of each parameter, intuitively or reasonably assigned in

the implementation of the model defined in Chapter 4, requires much work.

* Specific requirements or limitations could be added for each use case, such as
the possibility of creating duplicated components during the assignation, as well
as not showing specific non-critical components depending on the context. The
model could easily assimilate these types of requirements on its implementation

by treating it as another component of the same type or removing a specific one.

* New devices and components could be considered such as AR headsets and novel
contents. The integration of these devices and components may set out some

specific challenges.

* An extensive user evaluation could be performed to validate the model from
the point of view of the TV viewer. Performing such an evaluation is probably
premature, as multi-device broadcast-broadband applications are still uncom-
mon and few users are familiar with them. When these types of applications
are commonplace, it will be easier to select a user base to validate the presented

methodology.
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* The role of the context should be analysed more in detail and parameters of the
three defined parts i.e. user context, physical context and system context, could

be taken into account and see the way they could affect to the adaptation process.

* The analysis of the context could lead to learning processes that allow for mod-
ifying or refeeding the model with context information: the interaction of the
viewers in general, personalisation for each viewer, analysing how the environ-
mental factors impact the adaptation preferences, etc. In this way a complete
context service could be built on top of our system to boost sophisticated smart

environments.

* More fields of applications could be explored apart from the ones presented in
Chapter 5. For instance, education could be a field in which multi-device environ-
ments are used. Nowadays tablets and laptops are usually found at schools and
students visualise the lessons and do their exercises by using them. Therefore,
the work presented in this thesis could contribute to generate a service in which
the teacher can manage different contents and share them with the students in a

more sophisticated way.
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