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ABSTRACT
We live surrounded by the most varied computing devices, which
may give us the opportunity to combine them to form a unified and
richer user experience. Considering this opportunity, we created
the UnaxY Framework to support the development of applications
with UI components distributed by co-located devices. This paper
is focused on a feasibility study based on two prototype applica-
tions created using UnaxY. We performed user studies to evaluate
concepts associated to this type of applications and the framework
they were based on. We had a special interest in assessing how
managing the application state and collaborating across devices
would be perceived and received by users. The results are positive
and clearly indicate that we should continue developing solutions
that support a generalized implementation of applications with the
user interaction spanning multiple devices.

CCS CONCEPTS
• Human-centered computing → Human computer interac-
tion (HCI); Ubiquitous and mobile computing.
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1 INTRODUCTION AND BACKGROUND
We are "living in a ubiquitous world" as we face widespread ubiqui-
tous computing (Ubicomp) due to the billions of devices shaping the
very fabric of an active world [18]. Nowadays, computing devices
can be found everywhere around people, who are increasingly
using a large number of them in their daily lives. Nevertheless,
applications are typically confined to a single device.

We embrace the vision behind Liquid Software [8, 20]. We con-
sider that it is important and beneficial to take better advantage
of the devices around people by combining and integrating them.
Therefore, we decided to develop a framework that allows the cre-
ation of cross-device applications that have their user interface (UI)
spanning multiple co-located devices by matching their capabilities
with the requirements of each UI component. The initial challenge
for building the framework came from research about combining
mobile devices with situated displays [14, 19]. Moreover, people
also started to spontaneously use multiple screens at the same time
by using mobile devices while watching TV to access trivia and
engage with other viewers [5, 12].

Paternò and Santoro present a logical framework for understand-
ing, analyzing, and comparing features of existing research on
cross-device UIs [17]. Particularly, Paternò published an in-depth
survey of research in this area [16]. Besides that we have found
some previous efforts related with our work. For instance, Liquid.js
enables the development of cross-device applications that oper-
ate on a shared decentralized state using Web-based technologies
[4]. Panelrama and AdaM allow the specification of additional se-
mantics to components which are used to automatically distribute
them [15, 21]. Meanwhile, XDBrowser segments Web pages and
distributes the fragments across devices, while Vistribute is capable
of adapting to a multitude of devices depending on the available
views and data [9, 13].

It is important to understand how people position themselves
when multiple users interact with co-located devices. This lead us
to the concept of proxemics which deals with how people use inter-
personal distance to mediate their interactions [7]. Likewise, users
should expect increasing connectivity and interaction possibilities
as they bring their devices closer together [6]. Saul Greenberg and
his team developed the Proximity Toolkit to test proxemic-aware
applications [10]. They also developed GroupTogether to enable
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co-located collaboration across devices by using sensors in the de-
vices and in the environment to capture the relationship between
users and devices [11]. After studying existing solutions, we also
developed an indoor positioning system (IPS) based onWi-Fi and
Bluetooth Low Energy in order to capture the proxemic relationships
of the devices to enable association and interaction across them [3].

Our work intends to generalize the development of cross-device
applications, which incorporate the proxemic relationships of co-
located devices into their interaction experience. This paper presents
a feasibility study for this vision based on two prototype applica-
tions that was conducted to evaluate the concept behind these
applications and their development using our framework.

2 FRAMEWORK FOR CROSS-DEVICE
APPLICATIONS

This section is only intended to provide a brief overview of the
YanuX Framework just to make the study more understandable. The
YanuX Framework [1] was created to enable the development of
applications that span their UI across multiple co-located devices.
Detailed documentation and source code for the framework com-
ponents and application prototypes can be found at: https://yanux-
framework.github.io/.

Figure 1 shows the framework’s architecture. The components at
the bottom are server-side components and include: authentication
and authorization services (YanuX Auth); a broker to sync data
across multiple application instances (YanuX Broker); an indoor
positioning system (IPS Server) and an integration module that
connects it to the rest of the framework (YanuX IPS Bridge). The
devices running the applications appear on top. Each one hosts
multiple applications (Apps) and access the framework’s services
through a library that can be used in web applications (YanuX
Coordinator). The devices run a service to gather their capabilities
(YanuX Orchestrator) and a client that is part of the positioning
system (IPS Client).

The framework allows users to store multiple application states
(resources) per application that can be shared to allow collaboration.
Therefore, we have developed a component to assist with the man-
agement of multiple resources (Figure 2). The automatic distribution
of components takes into account the restrictions defined by the
developers along with the proxemic relationships and capabilities
of the devices. However, we created a component that allows users
to change the distribution of UI according to their preferences (Fig-
ure 3). The last column indicates if the distribution for a particular
instance was determined automatically (pressed green state) or
modified by a user (unpressed red state).

3 FEASIBILITY STUDY
Our study was composed of two phases. The first one was mainly
focused on experimenting with the reusable components that were
introduced into our solution (see Figures 2 and 3). The Calculator
prototype was purposely built to be as simple as possible to keep
the focus on those components. The second phase was intended to
study a more realistic scenario to better explore the collaboration
capabilities and the concept of cross-device applications. Therefore,
we developed a prototype called JuxtBoard, which is a pin board
application with support for taking multimedia notes.

3.1 Calculator and JuxtBoard Prototypes
The Calculator is split into two components: a screen with a line for
the current arithmetic expression and another line for the current
result; and a keypad with the numerical digits and the basic opera-
tions of a calculator. They can be shown in the same device (Figure
4) or separately (Figures 5 and 6). If users scroll down, they will
find the resource management and components distribution elements
(Figures 2 and 3, respectively). Moreover, we envisioned a scenario
where the screen component is displayed on larger screens that
primarily serve as output devices. The keypad component should
be placed on personal devices to perform the role of input devices
(e.g., a smartphone).

The JuxtBoard application allows users to manage collections
which contain notes of different types. Each note can be either a
text, image or video note. The UI has three components that can
be distributed by multiple devices: the List shows previews of each
note (Figure 7); theNote displays a note in full-screen (Figure 8); and
the Edit component allows to edit a note (Figure 9). The resource
management element allows users to manage resources representing
collections of notes that can be shared to enable collaboration.
Meanwhile, the components distribution element can be used to
distribute UI components. The scenario designed for JuxtBoard was
to let users manage notes using the List and Edit components on
personal devices. If a large display is available, the Note component
would be displayed there for a better viewing experience and to
foster collaboration between multiple users.

3.2 Participants and Design
Regarding the user study with the Calculator, we had a total of 13
participants and for the JuxtBoard based study we had 27 partici-
pants. The user studies took place in a University campus, so most
participants were young adults. We acknowledge these samples
are not representative of the general population. Nevertheless, the
results should generalize well for this population group and they
can be indicative of a current general trend and a strong perspective
of the future.

In both cases, participants were told that they had to collaborate
with another user to perform some tasks. The role of the other user
was performed by a researcher. The test setup consisted of a PC
connected to a large display and two smartphones. Each participant
sat in front of the display showing the application and received a
smartphone logged in with the same user account. The researcher
would take the other smartphone, which was logged in with a
separate account, and sit besides the participant.

In the case of the Calculator, the test started with the PC monitor
showing the screen component like in Figure 5 and the smartphone
of the participants showing the keypad like in Figure 6. The par-
ticipants went through scenarios in which they had to use the
application to collaborate with the researcher. ForJuxtBoard, the
tasks were performed twice to compare the application in single
device mode, i.e., using a smartphone to display all components,
and in cross-device mode, i.e., using the smartphones to display the
List and Edit components and a large monitor to display the Notes
component. Half of the participants tried the single device mode
first and the other half the cross-device mode.
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Figure 1: YanuX Framework Simplified Architecture

Figure 2: YanuX Resource Management Element

Figure 3: YanuX Components Distribution Element

After using the prototypes in cross-device mode, the partici-
pants were asked to move away from the large display and the
researcher accompanied them. In the case of the Calculator, the
smartphones started to show both components, like in Figure 4,
because there was no longer a large screen in the vicinity. Therefore,
the smartphones fell back to showing the screen on a sub-optimal
display. In JuxtBoard, the Note component started to be shown on
the participant’s and researcher’s smartphones because they were
no longer facing the monitor or they were too far away from it. In
both studies, participants were told to move to the initial position
and to take notice that the initial distribution was automatically

reestablished. They could then experiment with the manual dis-
tribution of UI components and with resetting the distribution to
automatic. Finally, they were asked to fill a questionnaire about
their experience.

3.3 Results and Discussion
We present a summary of the responses to some domain specific
questions (Q1-Q5were asked in both user studies, while Q6-Q8were
asked only in the Calculator study). Table 1 presents the relative
frequency of the level of agreement (Likert scale from 1 - Strongly
Disagree to 7 - Strongly Agree), median (x̃ ), mean (x̄ ) and standard
deviation (s) of the answers. The results are generally good, with a
high level of agreement with the statements.

The results of Q1 and Q3 are indicative that our system reacts to
input according to user expectations and that our indoor positioning
solution can keep up with the changes in the proxemic relationship
of co-located devices. Moreover, Q2 confirms that distance between
devices can be used to determine if devices are related. The auto-
matic distribution of UI components was also within expectations
according to Q4. Meanwhile, Q5 and Q6 indicate that it was easy to
change the components distribution and to reset the distribution to
automatic. Nevertheless, we received feedback about making the
Auto buttons more predictable and to improve their visual cues. Q7
and Q8, which focused on managing and sharing application states
(resources) got very good results. However, in the Calculator, some
users expected that after creating a resource the application would
automatically switch on to it. This was fixed for the JuxtBoard
study.

The Calculator obtained a SUS (System Usability Scale) score
of 87.69 [2]. This value is well above the threshold of 70, which is
generally considered to be the minimum for an acceptable level of
usability. It is within the range of Excellent usability corresponding
to a solid B grade. Even if we consider the lower bound of the 95%
confidence interval ([80.43, 94.95]) it can be considered a Good rat-
ing. JuxtBoard got a SUS score of 85.68 for the single-device mode
and 89.87 for the cross-device mode [2]. These are also Excellent
scores corresponding to a B grade. These ratings remain unchanged
even if we consider the 95% confidence intervals of [83.31, 88.04]
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Figure 4: YanuX Calculator – All compo-
nents

Figure 5: YanuX Calculator – Only the
screen component

Figure 6: YanuX Calculator – Only the
keypad component

Figure 7: JuxtBoard running on PC with all components manually assigned
to it. The List component is shown in the bottom half.

Figure 8: JuxtBoard – The Note component.

Figure 9: JuxtBoard – The Edit component.

and [86.53, 93.22], respectively. Although relatively close, the re-
sults show that users have a preference towards the cross-device
mode. A paired sample t-test has a p-value of 0.003 which is below
the common threshold of 0.05 required to reject the null hypothesis.

Participants were also asked to rate their preference between
the two interaction modes they experienced. For this question, a

positive integer between 1 and 3 meant an increasing preference
towards the cross-device mode; a negative integer between −1 and
−3 meant an increasing preference towards single device mode;
and a 0 means no preference between the two modes. Table 2
summarizes the responses to these questions.
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Table 1: Summary of Domain Specific Questions (Calc for
the YanuX Calculator and JB for the JuxtBoard application)

App 1 2 3 4 5 6 7 x̃ x̄ s

Q1: The time it takes for the application to react to my input is
adequate.
Calc 0.0% 0.0% 0.0% 7.7% 7.7% 38.5% 46.2% 6.0 6.23 0.93
JB 0.0% 0.0% 0.0% 0.0% 7.4% 40.7% 51.9% 7.0 6.44 0.64

Q2: Distance is a good measure of how closely related two devices
are.
Calc 0.0% 0.0% 0.0% 15.4% 7.7% 23.1% 53.8% 7.0 6.15 1.14
JB 0.0% 0.0% 0.0% 0.0% 7.4% 40.7% 51.9% 7.0 6.44 0.64

Q3: The shared display reacted to my presence is quickly enough.
Calc 0.0% 0.0% 0.0% 0.0% 23.1% 38.5% 38.5% 6.0 6.15 0.80
JB 0.0% 0.0% 0.0% 3.7% 3.7% 44.4% 48.1% 6.0 6.37 0.74

Q4: The automatic distribution of UI elements across devices is
adequate.
Calc 0.0% 0.0% 0.0% 0.0% 15.4% 38.5% 46.2% 6.0 6.31 0.75
JB 0.0% 0.0% 0.0% 7.4% 7.4% 37.0% 48.1% 6.0 6.26 0.90

Q5: Changing the distribution of UI elements to suit my needs is
easy.
Calc 0.0% 0.0% 0.0% 0.0% 23.1% 23.1% 53.8% 7.0 6.31 0.85
JB 0.0% 0.0% 3.7% 3.7% 14.8% 37.0% 40.7% 6.0 6.07 1.04

Q6: I could easily figure out how to reset the UI distribution to
automatic.
Calc 0.0% 0.0% 7.7% 7.7% 15.4% 0.0% 69.2% 7.0 6.15 1.41
Q7: It was easy to add, rename or remove resources (application
states).
Calc 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 100% 7.0 7.0 0.0
Q8: I could easily share resources (application states) with other
users.
Calc 0.0% 0.0% 0.0% 0.0% 0.0% 23.1% 76.9% 7.0 6.77 0.44

We wanted to assess if adding a cross-device mode would make
it more difficult for people to use the application. Q1 and Q2 do
not give a clear advantage to any interaction mode, with most
participants considering it to be easy to perform the basic tasks of
the application in either of themodes. Therefore, enhancing existing
applications with cross-device interaction should not significantly
hinder their ease of use.Q3 andQ5 were used to assess if users found
the addition of more devices to be advantageous in collaborative
situations. The responses of the participants give a clear advantage
to the cross-device scenario for this type of usage, hinting that
these are the scenarios in which this type of experience is valued.
Conversely, Q4 show us that when users are alone they may tend
to use a single device. However, there is a significant percentage
of users choosing 0 (neutral) or 3 (maximum preference for cross-
device).

4 CONCLUSIONS AND FUTUREWORK
We have briefly presented the YanuX Framework along with two
application prototypes, which were used to perform the feasibility
study in two phases. We wanted to evaluate how potential end users
would receive the concepts promoted by our research. We allowed
users to easily manage the distribution of UI components according

Table 2: JuxtBoard: Summary of Single Device vs. Cross-
Device Mode

-3 -2 -1 0 1 2 3 x̃ x̄ s
Q1: In which mode was it easier to manage the collections of notes
in the application?
0.0% 3.7% 0.0% 59.3% 18.5% 14.8% 3.7% 0.0 0.52 1.01

Q2: In which mode was it easier to manage the notes in the appli-
cation?
0.0% 3.7% 0.0% 59.3% 11.1% 18.5% 7.4% 0.0 0.63 1.15

Q3: In which mode was it easier to collaborate and show notes to
other users?
0.0% 0.0% 3.7% 3.7% 3.7% 22.2% 66.7% 3.0 2.44 1.01

Q4: What is your degree of preference between the two modes
when using the application to perform tasks alone?
22.2% 33.3% 3.7% 14.8% 7.4% 0.0% 18.5% -2.0 -0.74 2.18
Q5: What is your degree of preference between the two modes
when using the application to perform tasks in collaboration with
other users?
0.0% 0.0% 3.7% 3.7% 3.7% 14.8% 74.1% 3.0 2.52 1.01

to their preferences. We also enabled users to manage and share
multiple application states (resources) to enable collaboration.

The results and feedback we received were largely positive with
users demonstrating interest in our vision and in the possibili-
ties opened by cross-device applications. Most of the participants
showed enthusiasm while taking part of our user studies due to
the novelty, usefulness and perceived advantages of a way to have
their applications seamlessly integrate across all of the devices they
use in their daily lives.

The framework along with its system components, the indoor
positioning system and the application prototypes performed ade-
quately according to responses to the questionnaire and to spoken
feedback. For instance, the applications were responsive enough to
the user input and to their movements. Users found it intuitive that
the distribution of components across devices changes according to
the distance between them and their relative orientation. Notwith-
standing, the participants found it straightforward to manually
change the distribution if they so desire. They were also able to
manage multiple application states and to share them to collaborate
with the researcher. Users preferred to use the cross-device inter-
action mode for collaboration, but many were comfortable with
using it alone since the mode was not perceived as being needlessly
complex.

Given the promising results, we find that it is feasible to keep
developing this type of applications by using a framework that
simplifies their development and an indoor positioning system that
captures the proxemic relationship of the devices. We will also
continue to refine the framework to support more scenarios. We
intend to enable the distribution of UI components and integra-
tion between distinct applications on multiple devices. We plan
to develop more complex applications and continue studying how
people can benefit from these applications. Moreover, we will also
conduct studies with developers to evaluate if they can understand
how to build applications using it.
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