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1. Introduction

Ubiquitous computing was first introduced in the early 90s by Mark Weiser
upon describing his vision of computing systems for the 21st century [143].
The term ubiquitous means the availability of technology in any place and
at any time [60]. In particular, Weiser envisioned a world of interconnected
heterogeneous devices, ranging from “inch-scale” personal devices to “yard-
scale” shared devices [2]. A ubiquitous system involves the integration
of devices into the physical world in a discreet way to provide different
kinds of services to people. Among the myriad of devices, smartphones are
the most widely used by people to interact with other systems given their
availability and features [8]. Similarly, pervasive displays are increasingly
replacing printed signage, as they are more practical for disseminating
information to users [114]. Indeed, Weiser’s vision has become reality due
to the rapid advances in manufacturing technologies, wireless communi-
cation, and the computing capabilities of devices. As a result, ubiquitous
computing has emerged as an essential paradigm to design systems that
allow people to seamlessly interact with devices and the environment. In
this respect, several factors must be considered to build effective ubiq-
uitous systems. They include ensuring communication robustness, and
designing effective user interfaces [140, 57].

In general, devices in ubiquitous computing employ wireless technologies
to communicate with each other. Several solutions have been devised in
this context, including for initial configuration of devices [118] and mobile
payment systems [128]. Yet, communication through the wireless medium
is much less reliable than in wired networks [57]. This is because wireless
communication is prone to interference caused by other sources of radio
signals nearby. Indeed, these issues affect application performance, for
instance, by increasing the time for data exchange or even causing com-
munication to stop. Camera-display communication is a type of wireless
communication wherein data is transmitted through visible light [98]. Par-
ticularly, the camera of a smartphone and its display can be employed
for transmission by capturing a barcode which contains machine-friendly
data [33]. Camera-display communication enables several novel applica-

17



Introduction

tions, for instance, transmission of sensitive information (e.g., credit card
numbers) [145] and casual data exchange between smartphones [84]. This
option provides several advantages over radio-based wireless technologies,
including resilience to interference and suitability for scenarios where the
radio spectrum is congested.

Furthermore, many devices are employed to display visual information
to people. Beyond the touch-screens used in smartphones and tablets,
pervasive displays offer context-aware information to people in public
and shared spaces [20]. On the one hand, it is crucial to ensure that
display solutions work properly, generally through remote monitoring
solutions [125]. On the other hand, pervasive displays face the challenging
problem of engaging users with limited time and attention, especially for
content that is deemed not interesting nor informative [85]. In addition,
users are constantly performing several tasks on a daily basis, which
makes it difficult for them to focus for a long time [11]. As a consequence,
pervasive displays are not considered enticing enough, therefore, they are
often ignored by users [85].

Certainly, these challenges call to embrace innovative approaches to
realize ubiquitous solutions. Accordingly, this dissertation presents several
solutions in the context of ubiquitous computing to ensure communica-
tion reliability as well as to enhance user experience. In particular, this
research addresses visual communication, broadly defined in the context
of device-to-device and device-to-people scenarios. Specifically, the focus
of the research covers camera-display communication involving mobile
devices and content optimization in pervasive displays. As a consequence,
this dissertation applies methods from two research fields: networking
and human-computer-interaction. In the device-to-device scenario, the
key goal is to ensure effective and reliable communication between de-
vices. Accordingly, a framework is devised for adaptive and bi-directional
communication between smartphones through barcodes. Furthermore,
a novel barcode design is introduced to provide different data based on
the scanning distance by means of color blending. The proposed barcode
enables novel applications in mobile computing, for instance, casual in-
teractions with public displays and augmented reality for retail. In the
device-to-people scenario, this research addresses two key factors involving
how users obtain information from pervasive displays. First, the software
used for pervasive displays must always reach the target audience and also
work properly. This can be accomplished by replicating the content shown
by the display onto other devices, also for monitoring purposes. Therefore,
several methods are explored to access the content shown on a display
from a different device. Second, user engagement with pervasive displays
is particularly challenging as they tend to be ignored, especially when they
do not convey information that is relevant to the users. Accordingly, a mod-
eling approach is adopted to increase users’ engagement by characterizing
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their behavior in front of a screen. To this end, a model is built based on the
information foraging theory to optimize content selection in tiled display
layouts. The results obtained from several studies demonstrate that the
model is accurate to predict the time spent by users actively looking at
the screen. Finally, an inverse modeling approach is applied to infer user
interest from collected data. The model evaluation with both synthetic
and real data demonstrate the accuracy of the prediction. The findings of
this research prove that modeling is an effective approach to improve user
engagement in pervasive displays.

1.1 Research questions

This dissertation aims to answer the following research questions.

RQ1 How can camera-display communication be leveraged to enable
novel applications in mobile computing scenarios? This research question
addresses device-to-device communication by using a visual channel for
communication. Particularly, camera-display communication is adopted
for data transmission in mobile devices. The main idea is to employ
barcodes as a visual communication mechanism, with the display and
the camera of a device as a sender and receiver, respectively. Indeed,
camera-display communication enables novel applications that can be
devised without special hardware, for instance, casual data exchange
between mobile devices [84]. This type of communication is less prone
to interference, thus, it is suitable for environments where the radio
spectrum is highly congested. However, its use poses several challenges,
especially in terms of successful message exchange. Several factors affect
reliability, including ambient light and camera resolution. Therefore, the
solutions presented here employ different techniques to improve commu-
nication reliability between devices. In particular, the research focuses on
exploring techniques suitable for smartphones, considering their limited
computing resources. Accordingly, these techniques consider different
factors (e.g., ambient light, lack of synchronization between devices) af-
fecting communication performance. In addition, novel barcode designs
are explored to achieve properties that enable innovative applications,
such as distance-dependence.

RQ2 What methods can be used to replicate visual content onto different
devices in pervasive systems? This research question addresses both
device-to-device and device-to-people communication by exploring prac-
tical methods which can ensure that content reach users. Pervasive
displays have been increasingly employed for content dissemination. In
some cases, the content shown on a display needs to be replicated at
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different locations, for instance, to increase coverage in certain areas
or for remote monitoring purposes. A key consideration is that modern
displays have access to the Internet, and software for showing content
on displays is implemented as web applications. While remote desktop
protocols such as VNC [111] can be employed for this purpose, replication
methods should be targeted to web-based applications and should also
have limited overhead. Therefore, this research aims at exploring differ-
ent web-based methods for content replication while also determining
their suitability for certain application scenarios.

RQ3 How to enhance user’s engagement towards content shown on non-
interactive pervasive displays? This research question addresses device-
to-people communication by adopting an effective approach to entice
user’s attention in pervasive displays. In fact, user engagement in perva-
sive displays is an important topic, widely studied in the state of the art.
This is because people usually tend to ignore displays when passing by.
Consequently, displays are not adequately supporting content dissemina-
tion. Enticing user attention in non-interactive displays is particularly
challenging as explicit interactions (e.g., gestures) are not supported.
One approach to increase user’s engagement consists of employing exter-
nal devices to enable interactions with the display, for instance, mobile
devices [87, 89, 88] and eye trackers [46, 74]. However, this approach
requires explicit user interaction and might not be practical in certain
scenarios. Instead, the solutions presented here focus on the content
shown on a display to ensure that it is interesting. Accordingly, computa-
tional methods are adopted to model users’ behavior and therefore select
the content to be shown on a display based on users’ interest.

This dissertation proposes novel approaches to answer the aforemen-
tioned research questions. First, the proposed solutions focus on imple-
menting innovative applications for mobile computing scenarios. Publica-
tion I proposes a framework for adaptive and bidirectional camera-display
communication between smartphones through the use of color barcodes.
Next, Publication II introduces distance-dependent barcodes, which pro-
vide different data depending on the scanning distance. Furthermore,
several solutions are devised to leverage the benefits of pervasive displays.
Publication III explores different schemes for replication of web content
in pervasive displays. Next, Publication IV presents a solution to address
the problem of user engagement in tiled display layouts by ensuring that
the content shown therein appeals to the users. Finally, Publication V
presents a simple yet accurate approach for inferring user’s interest in
the content shown on pervasive displays. To this end, it adopts an inverse
modeling approach wherein the optimal interest values are found based on
user data. Table 1.1 summarizes the research questions and the related
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publications.

Research
question

Publication Summary

RQ1
I Framework for adaptive and bi-directional

camera-display communication between smart-
phones

II Novel barcode design to provide different data
depending on the scanning distance

RQ2 III Efficient web-based methods for content replica-
tion in pervasive displays

RQ3
IV Foraging models to optimize content selection in

pervasive displays
V Accurate estimation of user’s interest on perva-

sive displays through inverse modeling

Table 1.1. Research questions addressed in this dissertation and summary of the related
publications.

1.2 Methodology

This dissertation largely relies on system prototypes that realize the pro-
posed solutions. Using prototypes allows to observe the system operation in
real conditions and also to identify corner cases. Accordingly, the following
research methods are employed.

• Experimental evaluation. The performance of the solutions presented
in Publication I, Publication II and Publication III was assessed through
several experiments. The goal was to observe how the computing re-
sources of devices are efficiently used. In addition, key performance
metrics are collected to validate the proposed methods under differ-
ent conditions. Accordingly, several iterations of the experiments are
performed for the considered parameter values to achieve statistically
significant results.

In Publication I, the communication between smartphones through
barcodes is assessed in terms of reliability and execution time. To this
end, the experiments are carried out by changing external factors, for
instance, image capture resolution and scanning distance. Moreover, the
distance-dependent barcode solution in Publication II is characterized as
a function of distance. The goal is to determine the ranges of distance
wherein the barcode can be reliably decoded. To this end, different media
and phones are also employed in the experiments.
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In Publication III, the web-based methods used for content replication
from a display to a smartphone are evaluated by considering different
performance metrics. They include both the time taken for replication
as well as the communication overhead. The main goal is that content
replication should be done in short time and without a significant increase
in the network traffic.

• User studies. The solutions presented in Publication II, Publication IV
and Publication V were evaluated through user studies. This approach
allowed to assess the effectiveness of a system towards end users. The
studies included the collection of quantitative and qualitative data to
measure metrics such as interest and time, in addition to the user’s
experience in using a system.

In Publication II, two methods were used to evaluate the user experi-
ence of the proposed solution: a questionnaire and an interview. This
approach allows to analyze the results from both a quantitative and
a qualitative perspective. The participants performed a task by using
the proposed solution and later they were asked to fill a questionnaire
about the related experience as well as their familiarity with related
technologies. Interviews were done using the think-aloud protocol so as
to gather as many insights as possible from participants [92].

In Publication IV, three studies were carried out to validate the pro-
posed approach. First, a survey was conducted to derive parameter
values for use in the proposed model. To this end, data were collected
about user’s interest and time for a set of content items shown on a screen.
Second, a gaze-tracking study was conducted to validate the accuracy of
the model and predict the time a user spent on looking at a screen. Gaze-
tracking studies allow to measure the exact position the subjects fixate
on the screen with high frequency. Therefore, it is an accurate method
to measure the time predicted by the model. Participants were given
instructions about observing the screen when the content shown was
interesting for them. The results report the correlation obtained between
the observed time during the study and the predictions obtained by the
model. Finally, the model was validated in a natural setting through
a field study. This method allows to establish ecological validity of the
system. In this case, there are no specific tasks to perform, thereby users
freely interact with a system. The study leveraged depth data about the
audience for behavioral analysis purposes.

In Publication V, a web-based survey was conducted to characterize
user’s interest when observing a set of content items. The goal was to
employ real user data to assess the accuracy of the models on inferring
interest. For this purpose, surveys are a practical method, since user
data can be quickly collected.
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• Simulation. In Publication V, the proposed models were evaluated by
using synthetic data. The purpose of the study was to establish if the
proposed models can recover interest values from observed data when
compared to the ground truth. In doing so, this approach allows to detect
any errors in the model fitting before using real user data.

The considered scenario consisted of several users reading the content
items shown on a display. Accordingly, random data were generated by
considering representative values of the time spent by a user in front of
a screen and the interest in each content. Several datasets were created
with different set of parameters. The results report fitness metrics such
as the correlation and prediction errors. In addition, information criteria
are computed for comparing models in terms of complexity and fitting
quality.

• Modeling. To address user engagement in pervasive displays, modeling
is applied to characterize user behavior when observing the content
shown on a screen. Publication IV applies the information foraging
theory [103] to build a foraging model, which aims at maximizing the
amount of information obtained by a user from a display. Similarly,
Publication V presents two models based on the information foraging
theory to estimate user’s interest from viewing time. In this case, an
inverse modeling approach is considered wherein the optimal parameter
values of a model are fitted from observed data. Indeed, inverse models
are accurate in understanding user intentions when interacting with a
system.

1.3 Research contributions

The contributions of five publications are summarized as follows.

Publication I focuses on camera-display communication, which enables
data transmission through visible light. Barcodes are employed to estab-
lish a visual channel for communication by using the camera and display
of smartphones. Accordingly, a framework with three main components
is proposed: a custom color barcode; an efficient decoding pipeline; and an
adaptive protocol for bi-directional communication. A new barcode design
is devised to include special metadata and ease barcode decoding. In ad-
dition, the proposed solution allows data exchange between smartphones
simultaneously. It also integrates a protocol designed for handling chan-
nel errors during communication. Several techniques are explored to
ensure that decoding is reliable despite a limited camera resolution and
the presence of ambient light. The solution is implemented as a mobile
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application that leverages software optimizations to take advantage of
the hardware in modern smartphones. Furthermore, the solution is eval-
uated under diverse conditions in terms of reliability and throughput. A
comparison with the state of the art revealed that the proposed solution
is effective and reliable for bi-directional communication.

Publication II presents a different approach for barcode design. Specif-
ically, the principle of color blending is leveraged to design a barcode
which provides different data depending on the scanning distance. As
a result, such a distance-dependent barcode enables novel use cases in
mobile computing scenarios. One of them, consisting of casual interac-
tions with a public display, is evaluated through a user study. Moreover,
the performance of the proposed barcode is evaluated by considering
distinct types of media: not only displays but also paper. In addition,
different smartphones are employed to scan the barcode so as to evaluate
the decoding reliability. Finally, a comparison with two existing solutions
in the state of the art is performed. The evaluation established that the
proposed barcode can be decoded at larger distances and allows to dis-
tinguish close and far scanners with high accuracy. Overall, the results
demonstrated that the proposed solution is: practical, as it can be used
in off-the-shelf phones; reliable, as it can be effectively decoded in diverse
conditions; and user friendly, as its use does not require much effort from
users.

Publication III investigates several methods for replicating web con-
tent in public displays. The main idea is to have multiple copies of such
content on different devices to extend coverage or for monitoring purposes.
Modern displays fetch content directly from the Internet and display it
through web applications [118]. Accordingly, several web based methods
are investigated to replicate content. These methods are able to lever-
age the web-based nature of the content shown to reduce the network
overhead in replicating content. The proposed solutions are evaluated
in two scenarios, namely, digital signage and interactive applications.
Accordingly, the performance of the different methods is characterized in
terms of application response time, communication overhead, and page
load time. In addition, such methods are compared against a web-based
remote desktop solution. The results demonstrated that the considered
methods significantly decrease the network traffic compared to the re-
mote desktop solution.

Publication IV addresses the problem of engaging users with pervasive
displays. Accordingly, a model based on the information foraging theory
is built to characterize the behavior of users with limited time and
attention in front of a display. The main assumption of the model is
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that users devote attention to content based on their interests and goals.
The proposed approach is applied to a scenario wherein several content
items are shown on a display at once so as to optimize content selection.
Furthermore, three different studies were conducted to validate this
approach. The first study collected user’s interest values for a set of
content items which were later employed by the model. The second study
measured the time a user spent on observing a display by employing an
eye tracker. Such measurements were compared against the predicted
times obtained by the model. The results demonstrated that the model
can predict the time spent by users with high accuracy based on their
interest on specific content. Finally, a field study was carried out to
compare the proposed approach with a typical solution for digital signage.
The related findings showed that using the proposed approach entices
more user’s attention, since more interesting content is shown on a
display.

Publication V proposes a different modeling approach to address the
challenging problem of user engagement in non-interactive displays.
The proposed solution is still based on the foraging model presented in
Publication IV and on the same rationale on user interest. However,
an inverse modeling approach is adopted to infer user’s interest on the
different content items shown on a display. The advantage of inverse
modeling is that the optimal values for a model are found based on user
data, therefore, the results are accurate. Moreover, two foraging models
are proposed for inferring user’s interest and they are assessed through
both synthetic and real user data. First, parameter recovery is carried
out to establish if the optimal parameters of a model can be found, as a
comparison against the true values. Then, a user study was conducted to
evaluate the accuracy of the model with data collected from real users.
The obtained results showed that the proposed models achieve high
accuracy, thereby demonstrating the feasibility of using inverse modeling
in this particular context.

1.4 Structure of the dissertation

The rest of this dissertation is organized as follows. Chapter 2 presents a
solution to enable data exchange between smartphones through camera-
display communication. Chapter 3 introduces a novel barcode design that
provides different data depending on the scanning distance. Chapter 4
presents different web-based methods to replicate content on pervasive
displays. Chapter 5 addresses user engagement with pervasive displays
through models that derive interest on content for optimization purposes.
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Chapter 6 summarizes the contributions of the research and highlights
directions for future research. Finally, the original publications are pre-
sented at the end of this dissertation.
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2. 2D barcodes for device-to-device
communication

This chapter describes the research carried out in the context of camera-
display communication using smartphones. In particular, a mobile ap-
plication framework is developed to support adaptive and bi-directional
communication through color barcodes. Accordingly, an overview of the
framework is provided along with an experimental evaluation of the pro-
posed solution. The findings demonstrate that the proposed solution is
reliable and effective under varying environmental conditions.

2.1 Background

Recent years have witnessed a growing interest in using visible light for
data transmission in different domains [98]. In particular, camera-display
communication employs visible light for data exchange involving a display
and a camera [98, 6]. The key principle here is the use of a machine-
friendly representation of data in the visual domain, which is typically
accomplished with bi-dimensional barcodes, for instance, Quick Response
(QR) codes. Instead of being printed on paper, barcodes are shown on a
display as a sequence of different images [64]. As a consequence, camera-
display communication enables new applications and services leveraging
device-to-device communication. Representative examples include the
initial configuration of devices in the Internet of Things [118] and data
transfer of sensitive information (e.g., credit card numbers) [145].

Camera-display communication offers many advantages over traditional
radio-based wireless technologies. For instance, the visible light channel is
less prone to interference caused by noise and simultaneous access, thus,
it can be used when the radio spectrum is congested (e.g., in industrial
settings [155]). Yet, camera-display communication also poses several
challenges, especially, with respect to decoding reliability [138, 84]. In
fact, different factors affect successful decoding, including, the size of
the barcode at the transmitter, channel conditions, the camera resolution
at the receiver, and its field of view [6]. The main source of errors is
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the path loss, which can be overcome by increasing the resolution of the
barcode, at the cost of a higher processing overhead. Moreover, the lack of
synchronization between devices is another crucial issue in camera-display
communication. In particular, synchronization is difficult to achieve in
unidirectional communication scenarios, as the capture and display rates
cannot be agreed beforehand. These issues have been addressed in the
literature by designing barcodes that can tolerate frame loss caused by
synchronization issues [41, 42] and (or) operate on the frequency domain to
increase reliability [38, 101]. However, these solutions increase processing
overhead which may prevent capturing images at high resolution in real-
time, hence modern embedded systems hardware cannot be fully leveraged.

Based on the considerations above, this chapter introduces the Medium-
Aware Mobile Barcode Adaptation (MAMBA) framework which supports
adaptive and reliable communication between smartphones. Accordingly,
a custom color barcode is devised along with an efficient decoding pipeline
which leverages computer vision methods and modern mobile device hard-
ware. MAMBA adopts an adaptive transmission scheme which can quickly
react to channel impairments and variations in the transmission rate of
the sender. Furthermore, an experimental evaluation is carried out to
evaluate reliability of communication as well as efficiency of the adaptive
protocol. Finally, MAMBA is compared against the state of the art in terms
of execution time. The results demonstrate that MAMBA is effective and
ensures a reliable communication in diverse operating conditions.

2.2 Related work

There is a considerable amount of work in the literature about camera-
display communication [33, 139, 41, 84, 38]. For instance, bi-dimensional
(2D) barcodes such as Quick Response (QR) codes have been embedded into
an image while preserving its appearance [147, 44]. Several studies have
focused on embedding a data stream into visual content – for instance,
a video – in such a manner that it is unnoticeable by end users. Among
them, HiLight [69] encodes data into the alpha channel (the one represent-
ing the transparency value associated to individual pixels of an image),
without modifying the color components of the source video streams [70].
In contrast, InFrame++ [137] employs complementary frames that are
interdependent and consecutively displayed. It also leverages human per-
ception of visual content to make the encoded content “invisible” to users.
ImplicitCode [122] employs a similar approach, however it uses a different
scheme to obtain smooth color transitions in the video stream. Other
research has proposed schemes in which a sequence of barcodes is dis-
played for communication purposes. In this context, COBRA [33] employs
multiple colors to increase capacity and a blur-aware encoding method to
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overcome motion related issues. Instead, RDCode [138] applies an error
correction scheme over a layered code structure to enhance communication
reliability.

Furthermore, there have been several studies to address the synchro-
nization issues experienced in camera-display communication. Zhan and
Tong [151] address inter-frame blur and channel impairments by using
complex patterns and multiple colors. Langlotz and Bimber [64] employ
colors as multiple channels over which codes are displayed several times.
In contrast, LightSync [41] employs inter-frame erasure codes, while Styro-
foam [71] inserts blank frames into the encoded data. Moreover, Strata [42]
applies a layered coding scheme in both the spatial and temporal domain
to support receivers with different capture rates and channel conditions.

Few works have explored the approach of encoding data in the spectrum
of a bi-dimensional code [40]. For instance, PixNet [101] was one of the
first solutions to employ Orthogonal Frequency Division Multiplexing
(OFDM) to encode data in camera-display communication. Specifically,
PixNet splits data into OFDM codes and employs perspective distortion
correction for decoding purposes. Similarly, FOCUS [38] employs OFDM
to design a layered code which supports receivers with heterogeneous
characteristics. Both PixNet and FOCUS are meant for senders with large
screen or displays, thereby showing codes of large size. Moreover, their
approach trades off capacity and reliability in several ways to increase the
communication range.

Research on bi-directional camera-display communication has received
less attention. CamTalk [145] pioneered using QR codes for securing data
exchange between two smartphones by means of visible light. CamTalk
employs a session-oriented communication scheme similar to the Transmis-
sion Control Protocol (TCP) and data retransmission, thereby ensuring re-
liable data delivery at both ends. Similarly, Montoya and Di Francesco [84]
present a solution for casual file exchange through smartphones. Their
solution is also based on QR codes and includes a file-oriented commu-
nication protocol with selective retransmission to ensure communication
reliability.

While previous studies have explored different barcode designs, solutions
that are adaptive and scalable with respect to the image quality have not
been considered. Consequently, the rest of this chapter presents MAMBA,
a framework that employs bi-dimensional barcodes, as previously done
in COBRA [33] and similar works [138, 41, 71]. Different from existing
works, MAMBA includes several features to enhance the communication
performance and to support adaptivity. Moreover, it applies computer
vision methods that scale decoding with the number of blocks in a source
image instead of the pixels. As a result, these allow to increase capac-
ity with high-resolution cameras of off-the-shelf mobile devices. Such
a feature makes MAMBA suitable for bi-directional communication. In
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Figure 2.1. A MAMBA barcode consists of: corner trackers for delimiting the barcode and
determining its orientation; and a code area containing the source (raw) data.

addition, synchronization issues are addressed by using frame rate adap-
tation, instead of employing a layered data encoding scheme as done in
Strata [42] and FOCUS [38]. In terms of performance, the proposed frame-
work incurs in low decoding overhead as it does not apply the Fast Fourier
Transform which is needed by solutions operating in the frequency domain
such as PixNet [101] and FOCUS [38]. Finally, the proposed framework
supports adaptive bi-directional communication, instead of using fixed
transmission parameters as presented in CamTalk [145] and Montoya and
Di Francesco [84].

2.3 Framework for medium-aware mobile barcode adaptation

MAMBA (Medium-Aware Mobile Barcode Adaptation) is a framework that
consists of three main components: a barcode encoding, an efficient decod-
ing pipeline, and a protocol for adaptive communication. Accordingly, a
color barcode was devised to support the features provided by the frame-
work. A MAMBA barcode is rectangular and consists of square colored
blocks (i.e., black, white, red, green and blue), each comprising a set of
pixels (see Figure 2.1). The proposed barcode is similar to the one in
COBRA [33]; however, MAMBA barcodes support both unidirectional and
bi-directional communication. Moreover, they provide additional features
for scalable decoding and adaptive communication. In particular, each
corner tracker includes a star-shaped locator embedding metadata. Such
metadata contain information about the number of horizontal blocks and
vertical blocks in the barcode. Each corner consists of a set of five by five
blocks, wherein one black block is at the center and the star-shaped locator
is a set of twelve blocks of the same color around the black block. The base
color is set depending on the the relative position of the corner with respect
to the barcode. The code area contains the actual data encoded into color
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Figure 2.2. The decoding process in MAMBA involves pre-processing the image captured
by the receiver to quantize colors and to remove the background. Corner
trackers are next detected to identify the barcode edges, obtain the number of
horizontal and vertical blocks, and correct the perspective distortion. Finally,
the source data are obtained from the code area.

blocks. Accordingly, four different colors are employed: white, red, green
and blue; therefore each block encodes two bits of information. While other
designs [41, 33] employ timing patterns for control purposes, MAMBA
barcodes only rely on the corner trackers and the metadata therein.

Decoding MAMBA barcodes involves the different phases as illustrated in
Figure 2.2. The first step is color quantization of the captured image so as
to reduce the number of colors to only those defined for MAMBA barcodes.
This is done through the use of appropriate thresholds to select colors in
the HSV colorspace. Next, screen identification removes those parts of the
captured image that do not correspond to the barcode. This step is only
executed once when initiating the communication and is meant to speed-up
the subsequent phases, as it is employed to “crop” the captured image to
the portion containing the barcode. The next step is corner detection, which
first detects a black block and then checks if all the surrounding blocks
have the same color (i.e., blue, green or red). When a corner tracker is
found, the edges of the star-shaped locators are next identified. To this end,
an affine transformation [12] is employed to find the blocks containing the
metadata by using the midpoint coordinates of the edges. The next step is
the perspective distortion erasure which offsets the perspective distortion
caused by the relative position of the sender to the receiver [48]. In
doing so, it applies projective mapping which returns a matrix containing
the midpoint coordinates of the blocks in a transformed space. Finally,
as the coordinates of the blocks are known, they are used to obtain the
corresponding bit values of the blocks. The raw message is then formed by
concatenating these values, and finally passed to the adaptive protocol.

The last component of MAMBA is an adaptive communication protocol
designed for bi-directional communication to ensure a reliable data trans-
fer under varying conditions. Such a protocol implements two forms of
adaptivity over a window-based transmission scheme: a frame rate adapta-
tion to overcome synchronization issues between the phones by increasing
or decreasing its display; and a frame length adaptation which tunes the
block size after successful transmission of a window.
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MAMBA was implemented as an Android application. The application is
optimized to speed-up barcode decoding, through hardware-acceleration
and the use of multiple cores for parallel processing.

2.4 Results

The following reports the main findings of the experimental evaluation;
additional details can be found in Publication I. The evaluation included
two set of experiments. The first evaluated the performance of MAMBA
barcodes for a unidirectional communication scenario, whereas the second
considered bi-directional communication. Experiments were carried out by
using two identical smartphones as a sender-receiver pair. Both phones
were attached to holders during the experiments, to accurately set the
evaluation parameters and to ensure consistent results, similar to [145, 84,
38]. Each experiment was run at least five times and around 1,500 frames
were exchanged. Table 2.1 details the experimental parameters used in
the evaluation.

Parameter Description

Mobile device OnePlus 3T
Camera resolution 16 MP
Display rate at the sender 15 FPS
Capture rate at the receiver 30 FPS
Image capture resolution 2K (1,728×2,304 px)
Distance between devices 20 cm

Table 2.1. Experimental parameters used in the evaluation.

The first set of experiments assesses the reliability of MAMBA for uni-
directional communication (Figure 2.3). In particular, Figure 2.3 shows
the obtained results in terms of decoding rate as a function of the block
size. The decoding rate is over 75% in most cases for distances between
the smartphones of 10 and 30 cm (Figure 2.3a). In particular, when the
block size is above 15 pixels and the distance is short, the decoding rate
is close to 100%. It is also clear that all the curves have a similar trend
with a sharp increase in the decoding rate after a certain value of the block
size. However, these results are still comparable regardless of the distance
when the block size is higher than 34 pixels.

Next, Figure 2.3b illustrates decoding rate as a function of the block size
for different capture resolutions. The results clearly show that the decoding
rate improves as the resolution increases. For resolutions of 2K and 1080p,
the decoding rate increases significantly by reaching values above 80%
for block sizes greater than 17 and 18 pixels, respectively. In contrast,
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Figure 2.3. Decoding rate as a function of the block size for different (a) distances between
the smartphones and (b) image capture resolutions.

a resolution of 720p has a reliable decoding rate only when the block
size is greater than 25 pixels. These results highlight the importance of
scalable decoding as higher resolutions cause an increase in the processing
overhead.

The second set of experiments evaluates the impact of adaptation on
throughput and provides a comparison with the state of the art for bi-
directional communication (Figure 2.4). Specifically, Figure 2.4a shows the
throughput for different adaptivity methods as a function of the distance.
In particular, three different methods are used for this experiment: no
adaptation (as a reference), frame rate adaptation, and block size along
with frame rate. The figure clearly shows that the lowest throughput
is obtained when adaption is not used. Instead, the methods including
adaptation perform better by reaching throughput values ranging from
11 to 28 Kbps. Block size and frame rate adaptation achieve the highest
throughput for most of the distances. Moreover, frame rate adaptation
alone performs better than the other methods only for the distance of 20
cm. In contrast, joint adaptation of frame rate and block size performs
better at other distances. These results demonstrate the advantages in
using an adaptive communication protocol, especially for higher values of
distances.

Finally, a comparison of MAMBA with the state of the art is shown
in Figure 2.4b. Prior work [145, 84] has proposed solutions using QR
codes to establish a bi-directional communication between smartphones.
Specifically, MAMBA is compared with the work presented by Montoya
and Di Francesco [84] in terms of execution time. The experiment was
conducted under uncontrolled light conditions and a file of 2 KB was
used. The results show that MAMBA successfully transfers the file in
less time than the other solution (i.e., up to 8 times faster). Clearly, these
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Figure 2.4. (a) Throughput of MAMBA with different adaptivity methods as a function of
the distance between the smartphones. (b) Execution time of MAMBA versus
Montoya and Di Francesco [84] as a function of the distance between the two
smartphones.

results indicate that increasing the block size reduces the chance of packet
loss and, thus, also the execution time. In addition, the execution time
of MAMBA remains stable for all the considered distances, instead of
increasing linearly.

2.5 Conclusion

This chapter presented MAMBA, a mobile application framework for adap-
tive camera-display communication based on color barcodes. The frame-
work employs advanced computer vision techniques and efficient algo-
rithms which can leverage recent advances in mobile device hardware.
Moreover, the proposed framework implements an adaptive protocol which
adjusts communication parameters by dynamic estimation of the channel
conditions. As a result, the proposed approach increases communication
reliability by overcoming the lack of synchronization between smartphones
and the impact of environmental factors (e.g., ambient light). Indeed, the
results obtained from several experiments demonstrate that MAMBA is
effective in a variety of conditions.

As future work, a user study could be conducted to evaluate the usability
of the proposed solution in realistic scenarios, for instance, when users hold
the phone in front of each other. Moreover, further research could be done
to identify novel application scenarios that can benefit from bi-directional
camera-display communication.
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3. Distance-dependent barcodes for
ubiquitous systems

This chapter presents the research carried out in the context of camera-
display communication. Specifically, a barcode was devised to provide
different data depending on the scanning distance. Indeed, such a barcode
enables several use cases in mobile computing scenarios, for instance,
casual interaction with a public display based on user’s role. Accordingly,
this chapter describes the process of creating the barcodes, the results
obtained after a comprehensive evaluation under different conditions, and
the findings of a user study. The results demonstrate that the proposed
barcode is effective, reliable and user friendly.

3.1 Background

Barcodes allow to store a short amount of machine-readable data for
software-based applications in different domains (e.g., logistics [141]). Be-
sides, barcodes are often used by smartphone users, as they can easily
search for resources by simply scanning a barcode, instead of typing text.
Indeed, barcodes can turn a complex interaction into a seamless and intu-
itive user experience [54]. As a consequence, they have been increasingly
used in mobile applications for different purposes, including mobile pay-
ments [128], user authentication [119], embedding metadata into video
streams [149], and as markers in augmented reality interfaces [124].

Furthermore, barcodes have been extended to leverage colors instead of
black and white to increase their capacity [33, 139, 109]. However, the use
of color barcodes in mobile applications raises several challenges, mostly
related to the unreliable color characterization by cameras in off-the-shelf
mobile devices [139, 150]. These issues are caused by the varying envi-
ronmental conditions, the camera settings (e.g., ISO and white balance),
the physical characteristics of the camera (i.e., sensors and lenses), and
the heavy computation carried out by hardware-manufacturers to make
captured pictures more appealing to the users [15].

With these considerations in mind, the aim of this research is to design
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(a)
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barcode 1100 1010
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Figure 3.1. (a) A sample distance-dependent barcode representing two distinct bit se-
quences at the same time; (b) when scanned, a near user decodes one, a far
user another due to color blending.

a practical and reliable barcode that bears different information depend-
ing on the scanning distance. Accordingly, this chapter introduces the
novel concept of distance-dependent barcodes, which encode distinct data
based on the distance. Figure 3.1 shows an example of two users scanning
a distance-dependent barcode, each one standing from a different point.
The main idea is that decoding the barcode results in certain data when
scanned by the near user and other when scanned by the far user. This
is achieved by means of color blending, a technique in which two colors
are combined, either at the source or at the captured image, to produce a
third color [132]. Indeed, the proposed technique leverages color blending
on a module level. To this end, different color blocks are arranged within
a module into patterns that are not distinguishable at distance as they
blend into a different color. Furthermore, the performance of the distance-
dependent barcodes was assessed by considering diverse media (e.g., paper
and displays) as well as using smartphones with different camera charac-
teristics. Finally, a user study was conducted to evaluate user experience
in scanning the barcodes. The findings demonstrate that the proposed
solution is easy to use and works successfully under varying conditions.

3.2 Related work

Prior research has proposed several 2D barcode designs for mobile applica-
tions [151, 53]. In addition, color barcodes have been devised to increase
capacity [107, 109] and for streaming data in screen-camera communi-
cation scenarios [33, 64, 152]. Instead, other solutions have focused on
improving decoding reliability in unidirectional screen-camera communica-
tion [138, 139]. In contrast, the proposed barcode provides different data
based on the scanning distance, which enables novel context-aware mobile
applications.
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A few works have presented 2D barcode designs that support different
data streams embedded into a single barcode. This approach is useful to
support diverse capture rates and varying channel conditions in unidirec-
tional screen-camera communication. For instance, Strata [21] applies a
layered coding scheme to provide two data streams: one for receivers with
a low signal-to-noise ratio (SNR) and another for those with a high SNR.
Likewise, distance-dependent barcodes embed two different bit streams
into a single structure. However, the solution presented here employs color
modules distributed across the whole barcode, whereas Strata employs
black-and-white blocks and separate regions as layers.

Furthermore, there are solutions that encode data in the frequency
domain, in which multiple data streams are encoded into a single bar-
code [40]. In this context, PixNet [101] and FOCUS [38] are the most
significant examples. Both solutions leverage orthogonal frequency divi-
sion multiplexing for encoding data. Accordingly, the code spectrum is
divided into multiple subchannels, wherein each channel corresponds to
different frequency ranges. A 2D inverse fast Fourier transform is applied
to decode a barcode. Distance-dependent barcodes, instead, embed differ-
ent bit streams by using the spatial features associated with colored blocks.
As it will be shown later, a distance-dependent barcode is more simple and
effective than frequency-based solutions, including FOCUS [38].

The solution proposed here shares some similarity to research in the
context of computer vision and artificial image generation. For instance,
hybrid images [95] change their appearance depending on the viewing
distance (i.e., a close viewer observes one while a far viewer another).
Specifically, a hybrid image is obtained by overlaying two images: the
high-frequency components are extracted for the close image and the low-
frequency components for the far image. In practice, the result obtained
by hybrid images is comparable to the approach presented here in terms of
distance-dependence. However, hybrid images leverage visual perception
of people to create the illusion of an image that changes at distance. The
approach here, instead, employs a machine-friendly scheme to encode
distance-dependent data which can be reliably decoded by near and far
scanners.

Moreover, several solutions have investigated techniques for embedding
images into machine-readable codes (e.g., QR codes). This can be done by
overlaying a small picture on the barcode or rearranging the blocks therein
to resemble a source image [112]. Other solutions modify a source image
by adding custom structures of machine-readable data while preserving
image quality [44, 147] or embed QR codes into color images [30]. The
above-mentioned solutions only support a single bit stream through a
machine-readable code, whereas the solution presented here encodes two
distinct bit streams into a machine-friendly distance-dependent barcode.

Recent studies [1, 82] adopted color blending similar to the one presented
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here. Their goal was to embed unnoticeable markers into images shown
on a display by relying on imperceptible color vibration. Such an effect is
created when changing the color at high speed while keeping the original
luminance unchanged. While these studies leverage color blending, they
operate on the time domain by changing the colors of a static image shown
on a display. The solution here, instead, works on the spatial domain and
employs color blending for designing a barcode that is distance-dependent
and can also be shown on printed media.

3.3 Distance-dependent barcodes

A distance-dependent barcode contains a bi-dimensional arrangement of
modules, which are square colored blocks of fixed size, each encoding
the same number of bits. The barcode contains two different types of
modules, namely, macro blocks and patterns. Macro blocks are represented
by a single color filling the whole area of a module. These modules are
recognized the same regardless of the distance (i.e., near or far). In contrast,
patterns employ different colors that are grouped as smaller sub-blocks.
In this case, the appearance of the modules change depending on the
distance. When the barcode is scanned at a near distance, the modules
remain unchanged; instead, the colors blend into a third color which covers
a large area of the module at a far distance. For instance, a macroblock
could be black, while a pattern could be red-blue sub-blocks with half of the
module size, as shown in Figure 3.1a. Indeed, the use of macro blocks and
patterns allows to encode two data sequences into a distance-dependent
barcode. As a result, users can obtain different data when scanning it from
a near or far distance.

A module encodes a single bit, which means that the information con-
tained in a barcode is equally split into near and far data. In total, seven
colors are required for encoding the data. To this end, the RGB color space
(i.e., red, green and blue) is used for color selection. For the patterns, red
is selected as one of the colors in the possible combinations, leading to the
red-blue and red-green patterns. The resulting blendings (i.e., magenta
and yellow) are also considered as distinct colors in this context. Moreover,
the cyan color is chosen as a macro block since the blue-green combination
is not used as a pattern. Finally, black is chosen as the second macro
block, because picking another color from the hue circle would reduce the
separation between the selected colors. Therefore, brightness is preferred
instead of hue, that can be considered as another dimension when observed
in the HSL color model [110].

Figure 3.2 depicts the module design employed for the encoding of near
and far data. The figure illustrates a condensed truth table wherein the
column heading refers to the target bit at far distance, whereas the row
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Figure 3.2. (a) Module design for the 1-bit encoding, representing all possible combina-
tions of near and far data. (b) Corresponding modules observed at far distance
as a result of color blending in the red-blue and red-green patterns.

heading refers to the target bit at near distance. The inner cells are the
modules corresponding to the actual bit combinations. Figure 3.2a shows
the modules as recognized by near scanners and at the source. Moreover,
Figure 3.2b depicts the module appearance when scanned by far scanners.
Note that the black and cyan macro blocks remain unchanged between
near and far distances. Instead, the colors blend for the red-blue and red-
green patterns at a far distance resulting in magenta and yellow macro
blocks, respectively.

3.4 Applications

Distance-dependent barcodes enable several applications in different do-
mains, for instance, advertising, collaborative work, indoor wayfinding,
and room access control. The following describes two representative appli-
cations: casual interactions with public displays and displaying product
information in augmented reality.

• Casual interactions with public displays. This use case consists of a
public display which is available for interaction with people nearby [59].
Particularly, users can control the display by using their mobile phone
and show different content on it, for instance, videos and presentation
slides (Figure 3.3). To this end, a distance-dependent barcode is employed
as means for users to establish a virtual link with the content shown
(Figure 3.3a). In addition, such a barcode allows to distinguish users’
roles. The user close to the display becomes the temporary owner, who
can control the content shown on the display and access extra tools
such as speaker notes (Figure 3.3b). Those users farther from the display
become the audience, who can access the displayed content and additional
resources. They can as well interact with their peers and send comments
to the presenter (Figure 3.3c).
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(a) (b) (c)

Figure 3.3. (a) Distance-dependent barcodes for casual interactions with public displays;
user interface for (b) presenter and (c) audience.

Figure 3.4. Distance-dependent barcodes for augmented reality in retail: the user view
in the far range (a) shows a broad description of the area where goods are
located, while that in the near range (b) provides a list of the specific products
close to the user.

• Augmented reality for retail. This use case consists of an application
using augmented reality meant for delivering a better customer experi-
ence. Users can obtain information about the products placed in a store
by pointing to a particular area with their smartphone [102]. In this
case, distance-dependent barcodes are employed as markers to provide
information with different granularity (see Figure 3.4). A user standing
at a far distance can obtain information of different items placed in the
surroundings, for instance, the aisles or shelves nearby (Figure 3.4a).
When the user approaches to the barcode, this can provide specific infor-
mation on selected items, for instance, their price and their availability
(Figure 3.4b). The overlayed information is updated when the user moves
closer to or farther from the barcode. Moreover, the retailer only needs to
print the barcode, attach it to a structure, and link it with the inventory
system.

3.5 Results

This section describes the evaluation conducted to demonstrate the ef-
fectiveness of the proposed barcodes under diverse conditions; additional
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Device Model Features

TV Philips 6520
4K VA panel display,
65 inches

Laptop MacBook Pro (2017)
IPS retina display,
13 inches

Smartphone OnePlus 6
AMOLED display
16 MP camera

Table 3.1. Devices used for displaying barcodes in the experiments.

results can be found in Publication II. In particular, two sizes of barcodes
are considered: a 6.5 cm for printed barcodes as well as for those shown
on an AMOLED display; and 16.5 cm for barcodes shown on IPS and VA
displays. Table 3.1 summarizes the key features of the devices in the eval-
uation. Experiments are carried out in a meeting room with both natural
and artificial light, with a smartphone using the rear-facing camera to
scan the barcode from different positions. The effectiveness of distance-
dependent barcodes is characterized in terms of: separation, as the range
of distance at which data (i.e., either near or far) are successfully decoded;
and reliability, as the number of frames correctly decoded, including those
that are successfully corrected in case of errors, over the total number of
barcodes scanned.

The following schemes in the state of the art are also considered for
comparison purposes.

• QR code-based. This scheme leverages two distinct QR codes placed side
by side, so that one can be decoded from near and the other from far
distance. To this end, different physical sizes and error correction levels
are used on the two barcodes. Both barcodes encode 55 bytes of data.

• FOCUS-based. This scheme employs FOCUS codes [38], encoding data
in the frequency domain. Accordingly, the encoded data is divided into
different channels that correspond to different yet contiguous ranges in
the frequency spectrum.

Figure 3.5a illustrates the reliability and separation of distance-dependent
barcodes as a function of the distance for different media. The average suc-
cess rate is shown below the corresponding bars and the range of distances
with unsuccessful scans is represented by the gray area. The results show
that the separation of the distance-dependent barcode is consistent for
the different media, with only a limited range of unsuccessful scans in
between. In terms of reliability, the different media obtain similar average
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Figure 3.5. (a) Reliability in terms of successfully decoded barcodes as a function of
distance by target zone (i.e., near and far) for (a) different media and (b)
different phones.

success rates with values over 89% for the near and far distance. Clearly,
the barcode size affects the distance ranges for decoding. For instance, the
small barcode is successfully decoded until a distance of 90 cm, whereas
the larger one is decoded up to 3 m. These results demonstrate that
distance-dependent barcodes are suitable for different purposes in several
applications.

Figure 3.5b shows the decoding success for different phones as a function
of the distance when scanning a 16.5 cm barcode shown on an IPS display.
The results highlights the impact of the camera specific characteristics,
such as resolution, which varies over different devices. Among them,
the OnePlus 6 supports longer distances with an average success rate of
89%. This is expected, as its camera has a resolution of 16 MP, while the
Nokia 8 and iPhone 7 have lower resolutions – namely, 12 MP and 13 MP,
respectively. Moreover, the Nokia 8 experiences a lower average success
rate at longer distances, as well as a higher standard deviation compared
to the other devices.

The considered state-of-the-art schemes are evaluated next (Figure 3.6).
Figure 3.6a shows the reliability of the QR code-based scheme as a func-
tion of distance, for the two barcode sizes therein. The color intensity
corresponds to the success rates shown on the right side of the figure.
Scanning the small QR code is successful for distances from 40 to 140 cm;
however, the reliability varies between 20% and 100%, which depends on
the lighting conditions in the environment. Moreover, the success rates
are more consistent when scanning the large QR, with values greater than
70%. The maximum achievable distance is of 240 cm which is lower than
the one obtained by the distance-dependent barcode.

Figure 3.6b illustrates the reliability over distance for the different
channels in the FOCUS-based scheme: the lowest the number, the lower
the frequency range. It is clear how channels corresponding to the lowest
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Figure 3.6. Reliability as percentage of successfully decoded frames broken down by type
for (a) QR code-based and (b) FOCUS-based barcodes.

frequency ranges are only partially successful over longer distances. Such a
long range not necessary corresponds to a consistent high success rate; for
instance, data in channel 2 obtains a success rate over 80% only until 140
cm. Furthermore, the distance of successful scans does not significantly
increase as the channel number (i.e., the frequency) decreases. This results
in a limited maximum scanning range and a reduced separation between
near and far data. It is worth recalling that the channels in FOCUS are
partitioned into distinct yet contiguous frequency ranges, instead of being
spatially separated. Hence, reliability is affected by decoding errors near
to the frequency boundaries of adjacent channels. Moreover, FOCUS is
more sensitive to noise, particularly in the higher frequencies, as data are
encoded into a grayscale image.

3.6 User study

A user study was conducted to evaluate the user experience in scanning the
proposed barcode with a mobile application. In particular, the study con-
sidered the use case of casual interactions with public displays introduced
in Section 3.4. In total, 30 participants were involved in the study1. They
were instructed to scan a distance-dependent barcode shown on a display
from different distances. The barcode contained distinct URLs for near and
far viewers. When scanned from a near distance, they let the user become
the presenter of the slides shown on the display; whereas the far users
become the audience, able to access the slides from their own phone. After
completing the task, the participants filled an online questionnaire meant
to characterize their experience in the study as well as their familiarity
with related technologies (e.g., QR codes). To measure user satisfaction, a
Likert-scale was used with 1 denoting “Strongly disagree” and 5 “Strongly

1A movie ticket was given as an incentive for participation
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Figure 3.7. Questions in the user study and Likert-scale responses (N=30).

agree”. The findings indicate that most of the participants found the ap-
plication easy to use, pleasant to use, and efficient (median value of 4) as
shown in Figure 3.7. One possible explanation of these results is that all
the participants were familiar with the process of scanning barcodes with
a mobile phone. As for reliability, the barcode was successfully decoded at
first try for most of the participants, while in few cases the participants
had to scan it again.

Moreover, most of the participants understood the main idea behind the
distance-dependent barcodes. They mentioned that it was very intuitive
and no training was required to perform the task. Few participants, in-
stead, stated that the appearance of distance-dependent barcode did not
make apparent it was an actual barcode to be scanned. Also, the partici-
pants did not realize that the barcode provided different output depending
on the scanning distance. However, this could be easily overcome by using
explicit hints in the environment, as presented in [25, 136].

In general, the participants were very satisfied with the application of
the distance-dependence barcodes. Clearly, the findings demonstrate the
usability of the proposed barcodes in a real scenario.

3.7 Conclusion

This chapter presented a barcode which provides different data depending
on the scanning distance (i.e., near and far). To this end, the color-blending
technique is leveraged to encode the data in the barcode. The evaluation
results demonstrate that the barcode is reliable and works under varying
conditions, as well as on diverse media including paper and displays.
Moreover, the findings of a user study show that the proposed solution is
user friendly and effective.
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In the future, it would be interesting to apply machine learning methods
to further improve the decoding success. Similarly, modeling of color
blending in realistic scenarios would be another promising direction for
further research.
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4. Content replication of pervasive
display applications

This chapter describes the research done in the context of content repli-
cation for pervasive display solutions. To this end, several approaches
are considered and evaluated in two common scenarios: a digital signage
solution and an interactive display system. Accordingly, an overview of
the different approaches is presented as well as a discussion about their
suitability for specific scenarios.

4.1 Background

Over the last years, the proliferation of digital signage has increased
considerably in both indoor and outdoor spaces. Everyday environments
such as shops, airports, companies, and train stations employ displays to
disseminate contextual information, for instance, on current and upcoming
events. Besides, the adoption of technologies such as digital paper [35] and
wireless charging [23] has led to a reduction of hardware costs as well as in
the development of new types of displays with improved power efficiency.

Recent advances in technology have allowed displays to directly access
content from the Internet and the cloud [80, 123]. In addition, current
displays not only support proprietary player technologies, but also web
applications built upon HTML5 and Javascript. The latter paradigm makes
it possible to deploy interactive and responsive applications [94, 37].

Pervasive display solutions often need to replicate content at several
locations, for instance, to increase coverage in large spaces or for remote
monitoring purposes [20, 34]. Indeed, remote access is crucial for display
administrators as they could benefit from a dashboard that simultaneously
shows the content of one or multiple displays in real-time. Another al-
ternative to cloning content is to use a remote desktop solution such as
Virtual Network Computing (VNC) [111]. VNC can be easily used inside
web browsers by leveraging HTML5 WebSockets, however it is not efficient
for replication of web content. This is because VNC only considers the
raw screen as data pixels (i.e., bitmap), therefore it cannot take advantage
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Figure 4.1. Reference architecture consisting of two components: a content server pro-
viding the web application to the display and a management server handling
display administrative tasks. Content from a source web application is repli-
cated onto other devices.

from application-specific characteristics.
Motivated by the above facts, this chapter studies several methods for

effective content replication of a web-based display application. With this
in mind, different applications for digital signage and interactive displays
are considered for the evaluation of the proposed methods.

The approach relies on the reference architecture presented in [119] in
which a pervasive display is connected to the Internet and fetches content
from the cloud (shown in Figure 4.1). This architecture consists of two
major components in the backend: a content server which provides a web
application to the display; and a management server which handles display
configuration, user authentication, and remote management. The main
idea is that content from a source web application is replicated onto other
target devices (e.g., smartphones, workstations and displays). Moreover, an
experimental evaluation was carried out to characterize the performance
of the different methods and their suitability for diverse scenarios. The
findings demonstrate that web-based methods for content replication incur
in lower response time and significantly lower overhead than VNC over
HTML5.

4.2 Related work

Remote monitoring is an essential requirement in display solutions since
it allows to address, for instance, software bugs experienced by the appli-
cation and the display components. Hardy and Alexander [34] conducted a
user study to evaluate a toolkit for multimedia-rich and interactive appli-
cations for projected displays. The authors report that the developers spent
significant effort on debugging tasks which highlights the need of a method
for screen cloning. Similarly, Storz et al. [125] emphasize the importance
of remote monitoring while deploying a system for large-scale networked
displays. The authors specifically point out the benefit for display ad-
ministrators to observe the output shown to users and fix possible faults
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caused by hardware and software components. Although access to parts
of a system can be achieved using remote consoles and virtual desktop
solutions, it is quite challenging to understand what the user experiences
in reality. In this respect, Davies et al. [20] suggest that building white
box components, which follow a publish-subscribe paradigm, is useful to
monitor the internal state of a system. As a result, observing, debugging,
and even extending the features of a system are simplified.

Prior work has evaluated different protocols for cloning displays mostly
in the context of remote desktop access. For instance, Jae Yang et al. [146]
investigate the performance of thin-client platforms including Microsoft
Terminal Services and Virtual Network Computing, while Lai and Nieh [62,
63] evaluate several thin-client platforms under diverse network condi-
tions. In addition, the user experience of thin-client applications based
on real data has also been investigated in the past [131]. However, the
above-mentioned solutions only consider client-server scenarios and proto-
cols that operate on the screen content as a bitmap, whereas the solution
presented here takes an application-oriented approach. Lin et al. [72] eval-
uate the performance of remote display access in a mobile cloud computing
environment. Their work also considers usability and user experience of
remote applications accessed via different remote access solutions such as
VNC. Their findings suggest that VNC cannot provide a satisfactory user
experience when dealing with highly dynamic screen content. However,
the performance evaluation was carried out only with native applications.

Furthermore, the literature has covered different types of solutions for
pervasive displays. Heikkinen et al. [36] report the findings from a long-
term deployment of large public displays. Their system utilizes the Nagios
software for remote monitoring of displays, which collects data about the
status of different resources at the displays, including CPU load, memory
usage, and network connectivity. However, this solution only supports
profiling and debugging tasks, while errors affecting the user interface
are undetected. Lindén et al. [75] introduce a web-based framework to
display multiple content items on an interactive display. Such a framework
supports dynamic partitioning of the display into multiple tiles which are
associated with a specific application. Although their solution is web-based,
it merely runs several applications on a single display and does not repli-
cate content of a display to other devices. Sethi et al. [116] investigate the
requirements for management of cloud-connected digital signage. Besides,
they describe all the phases encompassing the lifecycle of a digital signage.
In their approach, VNC over HTML5 is leveraged for remote monitoring
purposes. The solution proposed here, instead, focuses on content repli-
cation of web-based display applications. To this end, high-level methods
are employed for content replication, which are more efficient than using a
remote desktop protocol.
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4.3 Replication of web-based content

As previously stated, this chapter focuses on web-based applications, which
consist of an HTML document loaded by a browser. As such, content
replication should be efficiently performed by detecting changes in the
source document and updating the target document without having to
transfer the whole document. The following describes different options to
replicate web content from a source display to one or more target devices.

• Mutation summaries. A mutation summary detects the changes be-
tween two revisions of an HTML document, similar to a “diff” between
two text documents [45]. It relies on the Document Object Model (DOM)
representation of a web page and mutation observers [129] to monitor
DOM changes. Accordingly, mutation summaries update the document
structure with the observed differences through a single callback. This
approach only supports propagation of changes in one direction (i.e., from
a source to a target).

• Operational transformation. Operational transformation is a tech-
nique created to support concurrency control in software systems, for
instance, collaborative editing of documents [27, 22]. The main idea of
this technique is to concurrently update replicas of a shared document.
Changes in a document (i.e., insertion or deletion) are represented as
operations. An operation executed on the document results in a new docu-
ment state. The concurrent operations are handled by using a transform
function which determines when to perform transformations based on
two operations applied to a same document, thereby ensuring consistency
across all the replicas.

• Ad hoc approach. Content in real-time applications can also be repli-
cated without using any of the specific foundations explained before. The
replication can be done by employing an event-based communication
scheme and a publish-subscribe paradigm. The WebSocket [28] protocol
is typically used for bi-directional real-time communication in web appli-
cations. It supports an event-based communication between client and
server and a publish-subscribe paradigm for interaction between parties.
Socket.io library [108] is a known solution using the WebSocket protocol,
which is meant for real-time web applications.
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Figure 4.2. Application response time for the digital signage scenario using (a) operational
transformation and (b) ad hoc approach.

4.4 Results

The evaluation considers the following deployment scenarios: a digital
signage application which displays diverse content (e.g., text, images,
videos) as a slideshow; and an interactive display application, particularly
a mall navigation system in which users can also search for informa-
tion about stores and events. A smartphone was employed as the target
device. Both applications used different Javascript libraries for the ap-
proaches discussed before: Rafael Weinstein’s implementation of mutation
summaries [142], ShareJS [32] for the operational transformation and
Socket.io [108] for the ad hoc approach. In addition, noVNC [81] — an
HTML-based client — was considered for comparison purposes.

The following metrics are considered in the experiments: (i) application
response time; as the time elapsed since an event occurs at the source until
the related content is updated at the target; (ii) communication overhead;
as the number of messages generated by the web application during a
given time interval; and (iii) page load time; as the time taken to show the
entire content of a web page on the screen, which includes loading all the
used resources (i.e., images, stylesheets, third-party libraries) to render
the web page.

Figure 4.2 depicts the application response time for the digital signage
scenario using different methods. The average response time is below 300
ms, a significant but still acceptable value for a user according to [131].
Figure 4.2a illustrates the results obtained using the operational trans-
formation. The results clearly show that the application response time is
higher than with the ad hoc approach, achieving values greater than 90
ms. Instead, using the ad hoc approach results in significant lower delays
with values below 100 ms for the considered update intervals, despite the
large spread observed as shown in Figure 4.2b.
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Figure 4.3. Communication overhead for the digital signage scenario using (a) mutation
summaries and (b) VNC over HTML5.

In terms of communication overhead, the mutation summaries obtained
the lowest overhead compared to the other approaches, as shown in Fig-
ure 4.3a. Publication III presents the results obtained for other approaches.
The figure clearly shows that the overhead is low for all the considered
update intervals, although the variance is higher for intervals of one and
five seconds. Moreover, using VNC over HTML5 incurs in higher overhead
compared to mutation summaries (i.e., 200 to 300 ms in contrast to 20 to
30 ms) as shown in Figure 4.3b. This occurs as VNC adopts a low-level
approach that only considers the content as a bitmap, as opposed to an
HTML document.

Next, Figure 4.4a depicts the page load time results for the digital signage
scenario with the considered approaches. From the results, it is clear that
mutation summaries obtained the shortest page load time with a value
of around 550 ms. Instead, the operational transformation and ad hoc
approaches require almost twice as much time to load the web content
(i.e., about one second). The reason for this is that mutation summaries
rely on DOM mutation observers [129] which are already implemented
by web browsers. As a result, the mutation summary library requires
few dependencies, therefore the loading time is shorter. In contrast, the
implementation of other approaches require many more dependencies:
ShareJS uses 7 libraries with a total size of 6.6 Mbytes, whereas Socket.io
uses 6 libraries with a total size of 4.6 Mbytes.

Finally, Figure 4.4b reports the application response time for the interac-
tive display scenario. The mutation summary approach is not considered
in this scenario, as it provides no support for remote control of a web
application. The results indicate higher values of response times for the
operational transformation compared to those obtained by the ad hoc ap-
proach. Indeed, the operational transformation obtained values up to 800
ms in some cases, whereas the ad hoc approach remained steady below
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Figure 4.4. (a) Page load time for the digital signage scenario. (b) Application response
time for the interactive display scenario.

500 ms. Therefore, the ad hoc approach is suitable for this scenario, as the
average response time is well below the one-second threshold considered
annoying for a user [131].

4.5 Conclusion

This chapter presented several methods to replicate the content of web-
based pervasive display applications. Accordingly, an experimental evalu-
ation was carried out by considering two applications: a non-interactive
digital signage and an interactive display system. The results show that
mutation summaries are suitable for replication of web applications as
long as they do not need to be remotely controlled. Moreover, the ad hoc
approach based on Socket.io outperforms the one based on the operational
transformation in terms of response time, although the performance of the
latter is also satisfactory. In any case, the web-based replication schemes
significantly reduce the network traffic compared to VNC over HTML5.
Future work could explore solutions for automation of fault detection and
recovery of malfunctioning displays.
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5. Content optimization for pervasive
displays

This chapter presents the research carried out to enhance user engage-
ment towards pervasive displays. To this end, computational methods are
employed. In particular, different models are proposed to optimize the
content of pervasive displays by considering users’ interests. Accordingly,
several studies are carried out to validate these models in diverse con-
ditions. The results demonstrate that the proposed approach effectively
entices pervasive display audience by showing interesting content.

5.1 Background

The use of pervasive displays in public spaces has increased considerably
over the last few years. Such displays convey contextual information to
passers-by, in such a way that they become aware of important matters
in a short time [20]. Yet, engaging users is a challenging task in this
context, since users tend to ignore displays which they do not consider
interesting [85, 83]. In general, solutions for digital signage display content
as a slideshow, one slide at a time [99]. Another approach consists in
partitioning a display into several tiles, each showing different content [73].
In this case, it is important to determine the criteria for selecting and
showing content on a display, since displaying many tiles may cause users
information overload [18].

Researchers have studied different methods to enhance user engagement
towards displays. They include dynamic content adaptation [127], content
personalization [21], multi-touch interaction [100, 47], and proxemics (e.g.,
distance, orientation) [17, 78]. In addition, the use of external devices has
also been leveraged to enable different forms of interaction, for instance
with push buttons [134], cameras [86], eye trackers [46, 74, 56, 136, 153]
and mobile devices [87, 89, 88, 58, 10].

While extensive research has addressed enticing users’ attention to per-
vasive displays, limited effort has targeted exploring methods suitable
for non-interactive displays. These are indeed very important as they
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Figure 5.1. Overview of tiled displays. Different types of content are shown in the tiles
that form a layout. At a certain time, a display shows a slide containing
multiple content items at once. Layout generation and content assignment
leverage computational methods to increase user engagement.

are also prevalent in current deployments [18]. One approach is to esti-
mate users’ attention by using tracking devices along with computer-vision
methods [4]. The key idea in this approach is to determine user’s level
of attention based on the head posture and gaze direction when standing
in front of the display. However, tracking devices collect information only
about users based on their movements, irrespective of the content shown
on the display. Moreover, research conducted to estimate attention has not
yet provided a solution to generate more engaging display content. Model-
ing is a promising approach to design display solutions with interesting
content.

With this in mind, a modeling approach is proposed here to maximize the
amount of information that a user obtains from a display. In particular, the
proposed approach focuses on non-interactive displays showing multiple
content items at once (Figure 5.1). A key consideration is that users are
rational (i.e., utility-maximizing) but have limited time, as it is the case in
real deployments [97]. As a consequence, the proposed solution relies on
the information foraging theory (IFT), a quantitative model of a rational
agent with limited time who searches and consumes information, similar
to animals foraging for food [103].

This chapter proposes a model to describe the time spent by users to
look at a display in terms of their interest. To this end, several studies
are conducted to measure the accuracy of the model as well as to validate
the approach in real settings. Next, an inverse modeling approach is
considered to estimate user’s interest from viewing data. As a result, two
foraging models are introduced for recovering interest values. Such models
are evaluated through both synthetic data and data collected from a user
study. The obtained results demonstrate the feasibility of using models to
address user engagement. Indeed, this approach facilitates the design of
solutions to deliver content relevant to users.
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5.2 Related work

User modeling is a widely employed method to solve complex problems
in HCI research [96]. For instance, the information foraging theory
(IFT) has been applied to characterize user’s behavior in terms of choices.
The main idea is that users (foragers) seek among several sources of
information and choose one with the aim of maximizing information
gain [103]. A similar pattern has been reported in studies involving users
seeking for information inside their mind [130, 39]. Furthermore, IFT
has been applied to several domains, including image retrieval [49, 76],
recommender systems [115], Web search [26, 105, 133], visualization
dashboards [135], focus+content visualizations [104], and programming
tasks [55, 61, 66, 67, 65, 93]. In contrast, a model based on IFT is proposed
here to design interfaces that show interesting content on displays by
maximizing the information gain.

Several studies have employed models to estimate user interest in the
context of Web search through the use of click data [13, 77, 121, 154]. In
particular, the use of behavioral data has proven useful to improve Web
search results [3]. Shen et al. [121] present a framework to offer person-
alized Web search results by using a collaborative-filtering method, an
approach involving data collection on the behavior as well as item pref-
erences from many users. Similarly, Liu et al. [77] adopt collaborative
filtering combined with data obtained from user profiles to provide person-
alized news recommendations. Moreover, Qiu and Cho [106] implement an
algorithm to learn users’ interest from their click history based on their
preferences. Other studies [79, 148] incorporate additional features such
as the dwell time, which provides insights about the time needed by a user
to read the content. Instead, the approach proposed does not require any
user input, thus it can be applied to non-interactive scenarios as well.

Inverse modeling has drawn attention from HCI researchers in the last
few years. The main idea behind inverse modeling is that the optimal
parameter values of a model are determined based on user’s behavioral
data. Inverse models have been shown to be effective to characterize users’
actions in several contexts including keyboard layouts [50] and task inter-
leaving [31]. Indeed, research has investigated new methods to determine
model parameters from user’s data. For instance, Approximate Bayesian
Computation (ABC) [52] is a solution devised for computing posterior dis-
tributions of parameters, also useful to understand the identifiability of
models. A recent study [51] has demonstrated that ABC is more efficient
than non-Bayesian methods of inverse modeling in the context of cognitive
models. However, inverse modeling has not been applied to the context of
pervasive displays. Hence, two foraging models for inversion are proposed
here for a challenging scenario wherein several content items are shown
on a display at the same time.
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Research has also addressed deriving user attention in the context of
pervasive displays. The use of tracking devices (e.g., Kinect) along with
machine-learning methods has been proposed to estimate users’ attention
based on their facial features [91]. Features such as head orientation
and gaze direction are generally employed to determine whether a user
is looking at a display. For instance, Schiavo et al. [113] estimate users’
interest based on a set of conditions (i.e., distance from the screen, head
pose, and social context). Other solutions, instead, replace tracking devices
with off-the-shelf cameras to estimate user’s attention. For instance, Aster-
iadis et al. [7] present a system that can estimate the level of attention or
frustration through head posture and gaze. AggreGaze [126] employs an
appearance-based gaze estimation method to derive spatio-temporal user
attention on pervasive displays. This approach provides more accurate
information about the area of the display a user is focusing on, however, it
has only been evaluated with video content. Other works have leveraged
portable devices to display advertisements based on user’s preferences. For
instance, MyAds [24] employs RFID tags to collect data and display rele-
vant advertisements according to user profiles. Similarly, BlueScreen [120]
leverages mobile devices equipped with a Bluetooth transceiver to adver-
tise interesting content to users. Instead, Müller and Krüger [88] use
several features to estimate interest such as time, location, and the num-
ber of people looking at a display. While the above-mentioned solutions
show content according to user’s preferences, their operation require user
intervention as people must carry a phone or an RFID tag, which might
not be practical in certain scenarios. Moreover, the information obtained
from such devices is only limited to physical features of a user’s response
regarding the display. As a consequence, no information is leveraged with
respect to the content itself. In contrast, the approach presented here
focuses on the actual content shown and is able to distinguish which items
are relevant to a certain audience.

5.3 Display foraging model

The following outlines the display foraging model devised to characterize
the interest of a user looking at a tiled display layout. Accordingly, it first
introduces the relevant background, particularly, the key aspects of the
information foraging theory the model is built upon.

The information foraging theory [103] characterizes a rational agent
searching and consuming information while maximizing the information
gain. A source of information is referred to as a patch, which is associated
with a gain. Several patches are available in an environment which are
separated by a given distance. The agent (or user) spends a certain time
moving between patches and consuming information within a patch.
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Figure 5.2. The display foraging model determines the order in which a rational user
would visit tiles. The bottom part shows the sequence of tiles perused by the
user in a layout. The top part shows the gain functions for the content in the
respective tiles and the time needed to move from one tile to another.

The IFT comprises several models, among which the patch model and the
diet model are particularly important. The patch model predicts the time
an agent spends within a patch before moving to another one. The optimal
time for leaving a patch is when there is no further increase in the net gain,
since the informative content in the patch has been exhausted. Instead, the
diet model determines which patches the agent should visit and in which
order, by considering that the overall gain is maximized before leaving the
environment. The criteria for visiting a sequence of patches is given by the
profit value associated with each patch. Accordingly, patches are ranked
by profitability – the higher the better.

The display foraging model combines the above-mentioned IFT models to
determine the order of visiting the patches (i.e., tiles) and the time a user
stays in each of them to maximize their information gain (Figure 5.2). At a
certain time, the user could visit a specific tile or move from one to another.
The user takes time tb for moving between tiles and spends time tw within
a tile by consuming its content. A key assumption in this model is that a
user can decide not to attend to the display. This behavior is modeled by
adding an exit tile which is not associated to any “physical” tile. Such a tile
also has an information gain, which is high for a busy user and lower for a
user who is, for instance, sitting in a waiting room. The gain of the exit
tile is compared to the others to determine which tiles to visit in a display
layout.

In the IFT, the information gain is represented as a logarithmic function:

g(t) = a · ln(t)− b (5.1)

Here, the gain g is affected by the following parameters: a, defining the
slope of the function; and b as its offset on the vertical axis. The gain
parameter values can be obtained by using curve fitting given an empirical
distribution of a tile. In this case, a user study was conducted to obtain
those values (see Section 5.3.1).

At certain point, the gain does not increase any further or only very slowly,
thus the user should consider moving to another patch. The optimal time
to stop foraging in a certain tile can be obtained by using the marginal
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value theorem [14] and the rate of gain:

R =
g(tw)

tb + tw
(5.2)

The optimal time t∗ to spend within a tile is when the instantaneous
increase in the gain is equal to the rate of gain:

g′(t∗) = R (5.3)

where g′(t∗) is the first-order derivative of the gain function evaluated at
time t∗. By solving the equality, the optimal time tw = t∗ within a tile can
be determined as follows

a · ln(t∗ − tb)− b

t∗
− a

t∗ − tb
= 0 (5.4)

A formulation specifically targeted to pervasive displays is required to
determine the IFT parameters for the display foraging model. The time
between tiles tb is derived based on the characterization of human gaze [9].
In particular, the time between tiles is equal to the sum of two components:
the saccade duration tf which represents the time required for the eye to
find a content item shown in a tile; and time tr taken to identify a type of
content. To this end, the characterization of saccade duration proposed
in [9] is employed to derive tf and the value of tr is set to 400 ms, as
previously done in [16]. The time between tiles is then expressed as

tb = tf + tr = 37 + 2.7 · α+ 400 (5.5)

where α represents the angular distance between two tiles expressed in
degrees.

Furthermore, the time tt spent within a patch can be determined through
two components. The first refers to the parameter a which is determined
for a specific content in terms of the interest i. The second relates to the
geometry of the tile, specifically: the area s occupied by a content within a
given layout; and the aspect ratio r of the tile. The relationship between
these parameters can then be expressed as

a

i
+

b · s
r

= tt (5.6)

The main intuition is that a user will spend more time if the content is
interesting, and the time for reading the content is proportional to the tile
size, weighted by the aspect ratio of such a tile. In the equation, only the
interest i is unknown, as the coefficients related to the tile geometry can
be derived from the layout shown by the display.

As for the b coefficient, the optimal foraging time from Eq. (5.4) is lever-
aged, thereby obtaining

b =
i · r · tt · (tt · ln(tt)− (tb + tt))

i · s · (tt · ln(tt)− (tt + tb)) + r · tt (5.7)
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Figure 5.3. (a) Setup of the controlled user study: a 24” display, the Tobii Eye Tracker 4C
and a laptop running the display foraging systems as well as collecting gaze
data; (b) Correlation between the total foraging time predicted by the display
foraging model and that observed through gaze tracking in the controlled user
study.

where tb represents the time between a tile and the next one, which is
obtained as described earlier.

5.3.1 Controlled evaluation

The following describes a survey-based study conducted to obtain the
parameters used in the display foraging model. In addition, this section
presents a user study based on gaze tracking, conducted to assess the
accuracy of the proposed model in a controlled environment. Further
details of the evaluation can be found in Publication IV.

Estimation of gain parameters through survey data. A survey-based
study was designed to collect data aimed at measuring interest and time
spent on reading content. Indeed, the data collected was later used as
an input to the proposed model. For the study, a set of 28 layouts were
produced. Specifically, 15 distinct content items were used from the data
sources defined in a university scenario which were eventually assigned
to the individual tiles in the layouts considered. Furthermore, specific
tiles were selected based on their geometry (i.e., size and aspect ratio) as
well as their frequency in the set of considered layouts. The main goal
was to choose different tiles with the same content for the survey. In total,
99 participants were involved in the study1. Participants were asked to
answer two questions by using a 5-point Likert scale, in which 1 corre-
sponds to “Strongly disagree” and 5 to “Strongly agree”. The first question
was related to how interesting is the content shown to a user, while the
second was about the time needed to read a content. The average values
collected for the first question were employed to quantify the coefficient
i in Eq. (5.6). Moreover, the second question was employed to derive the
time a user would spend on looking at a particular tile. The time values
were then employed in Eq. (5.6) to assign the value of tt coefficients.

Gaze-tracking-based user study. A controlled user study was carried to

1Movie tickets were drawn as an incentive for participation
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Figure 5.4. Setup of the field study: a 55” TV, a Microsoft Kinect v2 and a workstation to
store user data.

validate the display foraging model and evaluate its accuracy. To this
end, gaze measurements were collected to obtain the total foraging time
based on the time spent by a user on each tile shown on the display. In
total, 30 volunteer participants were involved in the study. The gaze
data were recorded by using a Tobii Eye Tracker 4C mounted on a 24”
display with a resolution of 1920×1200 pixels. Figure 5.3a depicts the
setup used for the experiment. To ensure the accuracy of the experiments,
the height of the display was adjusted and placed at a distance from the
participant within the recommended range of the eye tracker. To assess
the accuracy of the model, a comparison was carried out between the total
foraging time predicted and the total foraging time observed with the gaze
tracker. Figure 5.3b illustrates the correlation between the observed and
predicted values for the total foraging time. The R2 was calculated to
observe how well the model explains the variability of the observations,
from 0% to 100%. The model obtained a value of 66%, which indicates
a strong correlation between the observed/predicted values. The figure
clearly shows the effectiveness of the model when the observed foraging
times are between 15 and 25 s, corresponding to predicted foraging times
between 35 and 60 s. Such values correspond to layouts composed of many
tiles (from 4 to 7). Overall, the model was able to successfully characterize
users looking at the display, especially considering how complex is to model
human behavior.

5.3.2 Field study

A field study was conducted to assess the ecological validity of the proposed
approach in a realistic scenario [97, 19]. To this end, the guidelines pre-
sented by Alt et al. [5] were considered to determine the interest of people
on the slides shown by the proof-of-concept system. Moreover, a baseline
was considered for comparison purposes. Such a baseline consisted in a
typical digital signage application displaying a slideshow, in which one sin-
gle piece of content is shown for each slide, similar to Veenstra et al. [134].
The content items used in the slideshow were selected without any specific
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Solution Samples Ignores Glances Reads & Stays

Baseline 885 95.04% 4.17% 0.79%
IFT-based 871 90.56% 7.52% 1.92%

Table 5.1. User behavior in the field study for the considered solutions: baseline and the
proposed IFT-based system.

criteria, whereas the proposed solution generated a sequence of slides with
interesting content items selected to be part of a tiled layout.

The study used a 55” LCD display on a floor stand at the eye level of
the audience and a Microsoft Kinect v2 to capture depth-frame data of
people standing or passing in front of the display (Figure 5.4). The content
changed every day and the considered topics included weather, news, and
tweets. Data were collected during working hours for four weeks. The
baseline solution was deployed first and there was a 4-day pause before
deploying the IFT-based system. In total, 120 hours of video were recorded
and manually analyzed to observe the behavior of passers-by, following the
methodology in Müller et al. [86, 90].

Table 5.1 presents the results obtained with the baseline and the IFT-
based system. The analysis considered only those passers-by captured
in the field of view of the Kinect at a distance up to two meters. Three
patterns of user behavior were identified from the videos: (1) passers-by
walking without noticing the display, (2) passers-by glancing the screen
while passing by, and (3) passers-by standing in front of the screen for read-
ing. For the analysis, the time elapsed was considered as an indicator of
interest [43], which was observed in the following patterns: users standing
in front of the screen for more than 3 s, and users glancing the content on
the screen for less than 2 seconds.

The results show that the total number of people walking around in
the area is similar in both scenarios. As expected, the majority of the
passers-by ignored the display, because of the well-known display blindness
phenomenon [85, 19]. However, there was a significant difference between
the baseline and the IFT-based systems in terms of interest χ2(2, N =

1, 756) = 13.1, p < 0.05, d = 1.98. Indeed, almost twice as many people
glanced at the display with the proposed solution, compared to the baseline
χ2(1, N = 1, 756) = 8.05, p < 0.05, d = 1.96.

In addition, several situations were observed while analyzing the videos
for the IFT-based system during the field study. Users spent an average of
5 seconds by looking at the screen, similar to the value reported in [43, 97].
In some cases, users observed the display for more than 30 seconds. This
behavior did not occur for the baseline, which is consistent with the results
reported by Veenstra et al. [134]. Moreover, users standing in front of the
screen attracted others to glance at the screen while passing by, a similar
behavior observed for interactive displays [100]. Some passers-by walking
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in front of the screen returned when they noticed that the content changed.
A few people even took pictures of the screen before moving away.

5.4 Inverse foraging models

So far, user interest on specific content items has been employed to optimize
display layouts. The following introduces two models devised to infer user’s
interest. Such models are employed to recover interest parameters by using
an inverse modeling approach.

• Display forager. This model defines the total time spent in a layout as
a function of the different tiles contained therein. Each individual tile
k with an aspect ratio r occupies certain area s within a layout l. A
content item has an interest value i and is assigned to a tile. This model
is similar with that devised in Montoya et al. [29]. However, it employs a
single gain function – with related a and b parameters – to characterize
user gain for a certain layout. Accordingly, the total time Tl is the sum of
the individual tiles k shown in the layout:

Tl =

K∑

k=1

al
ik

+
bl · sk
rk

(5.8)

• Tile forager. This model is a simplified version of the display forager.
The rationale of this model is that the tile size is the main factor enticing
user’s attention. In other words, a larger tile contains more informative
content, leading to higher interest. Moreover, this model assumes a
linear relationship between size and interest, unlike the display forager.
As a result, the model is linear and only has few parameters, which eases
inversion and prevents overfitting.

The time spent on a layout is defined as a linear relationship between
the area s of a tile and the interest i of a content item which is shown on
such a tile. Hence, the total time Tl is calculated as the sum of the times
of individual tiles k multiplied by a parameter α to be estimated, thereby
obtaining

Tl = α

K∑

k=1

sk · ik (5.9)

5.4.1 Parameter recovery

The models were first evaluated by using synthetic data, to verify identi-
fiability. This means that the model parameters describing user interest
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Tile forager Display forager

Number of
layouts

Content
items

AIC BIC RMSE R2 AIC BIC RMSE R2

6 5 27.27 20.64 1.342 0.789 36.59 27.44 1.008 0.771
14 5 41.39 30.72 1.015 0.816 72.57 56.32 1.378 0.826
14 8 60.70 51.41 1.425 0.832 97.37 88.70 2.376 0.850
20 8 70.79 61.90 1.258 0.848 115.98 107.94 1.662 0.872

Mean 50.04 41.17 1.260 0.821 80.63 70.10 1.606 0.830
SD 19.47 18.84 0.177 0.025 34.32 35.53 0.579 0.043

Table 5.2. Evaluation results obtained for the considered models with synthetic data.

can be accurately recovered from data. To assess the models, the correla-
tion between the recovered parameters and the truth values is calculated;
the stronger the better [144]. Moreover, two cases were considered for
evaluating the models: estimation of user interest for five content items,
using 6 and 14 layouts; and estimation of user interest for eight content
items, using 14 and 20 layouts. Publication V details the generation of the
synthetic data.

The following metrics are computed to assess accuracy: the root mean
square error (RMSE), expressed in the same units as the interest values
(i.e., from 1 to 7); and R2, which explains how well the models fits the data
in a range between 0% and 100%. Moreover, the quality of the models was
compared by using the following metrics: the Akaike Information Criterion
(AIC) which expresses how well the model fits the data without overfitting;
and the Bayesian Information Criterion (BIC) used for model selection
by considering the number of model parameters. In both cases, the lower
values the better the model.

Table 5.2 shows the results obtained for the two models. For the first case
of five content items, both models achieve similar accuracy with six layouts,
with R2 above 0.75. However, the display forager obtains a lower prediction
error, with an RMSE value of 1.008. There is a significant increase in R2

when using 14 layouts. The display forager obtains a value of 0.826 while
the tile forager obtains a value of 0.816. In this case, the latter has a
lower prediction error with an RMSE of 1.015. For the second case of eight
content items, the display forager obtains high accuracy values, with R2

over 0.85, when using 14 and 20 layouts. Instead, the tile forager obtains
smaller prediction error values by obtaining RMSE values of 1.425 and
1.258 for the cases of 14 and 20 layouts, respectively.

In general, both models were effective to recover the modeling param-
eters, as shown by the obtained results. The tile forager obtained lower
values for the prediction error (average value RMSE of 1.260) and the AIC
(50.04 on average). Similarly, the BIC value was lower for the tile forager
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Layouts RMSE R2

2 0.134 0.560
3 0.147 0.613
4 0.156 0.704
5 0.143 0.787

Table 5.3. Model accuracy obtained by the tile forager as a function of the number of
layouts per user (N=16).

when compared to the display forager (average value of 41.17).

5.4.2 Empirical study

An empirical study was conducted to assess the accuracy of the inverse
foraging models through the use of real viewing data and realistic display
settings. Accordingly, sixteen volunteer participants were recruited to view
tiled display layouts showing multiple content items. The participants
were asked to fill in a questionnaire to rate a set of different content
items observed throughout the experiment. Those ratings were used as the
ground truth for comparing the predictions obtained by the models. During
the experiment, the viewing time on each layout was also measured.

The following summarizes the main findings of the evaluation. The same
metrics reported in the previous section were used, with the exception
that the interest ratings are expressed in a scale of 0 to 1. Publication V
describes all the results obtained for the considered models.

The sensitivity of inverse foraging to the number of layouts shown to
users was analyzed by assessing the model accuracy. To this end, the
observations collected per user were combined to create different datasets
wherein the number of layouts varied (i.e., from 2 to 5 with a step size of
1). In this case, 11 interest values are estimated along with the additional
parameters (see Section 5.4). Table 5.3 describes the accuracy results
obtained by the tile forager as a function of the number of layouts presented.
The results show that the RMSE gradually increases as the number of
layouts increases too, except for the case of 5 layouts, wherein the RMSE
decreases to 0.143. Moreover, the values of R2 significantly increase as the
number of layouts grows. The lowest R2 value (0.560) is obtained when
two layouts are presented, whereas the maximum value (0.787) is achieved
when showing five layouts, as done in the user study. Figure 5.5 depicts
the correlation results obtained when users observed five layouts. The
results clearly show a strong correlation between the values predicted by
the tile forager and the interest ratings given by participants during the
user study.

These findings demonstrate that even with a small number of layouts, the
proposed model can achieve accurate results in predicting user’s interest.

66



Content optimization for pervasive displays

0.3 0.4 0.5 0.6 0.7 0.8
Observed interest ratings

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Pr
ed

ic
te

d 
in

te
re

st
 ra

tin
gs

Figure 5.5. Correlation between the interest ratings predicted by the tile forager and the
interest ratings expressed by the participants in the user study.

5.5 Conclusion

This chapter addressed the critical problem of engaging users with perva-
sive displays. The focus of this research was on displays showing multiple
content items in tiled layouts which are non-interactive. In this scenario, it
is more challenging to entice user’s attention as explicit interactions such
as gestures are not supported. Accordingly, a model based on the infor-
mation foraging theory was introduced for selecting interesting content
to be shown on a pervasive display. The rationale of such an approach is
to characterize human behavior of rational users with limited time and
attention to describe the amount of information obtained from a display.
The validity of the proposed model was assessed through several stud-
ies. A user study based on gaze-tracking demonstrated that the proposed
model can accurately predict the time spent by a user when looking at a
display. Similarly, the results obtained from a field study showed that the
proposed solution can engage more users than using a typical digital sig-
nage solution. Moreover, the proposed approach was extended to address
the problem of engaging users with pervasive displays by using inverse
modeling. To this end, two different models were presented to estimate
user’s interest based on viewing time data. The results obtained from both
synthetic data and an empirical study demonstrated that the models are
accurate in predicting interest.

As future work, it would be interesting to conduct a field study to evalu-
ate the accuracy of the inverse foraging models in a more realistic scenario.
Additionally, the use of a contextual-bandit technique [68] could comple-
ment the proposed approach to optimize the selection of content to be
shown on a display.
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6. Conclusion

This dissertation addressed visual communication in ubiquitous systems,
broadly defined in the context of device-to-device and device-to-people
scenarios. In particular, the research presented here focused on camera-
display communication for mobile devices and context optimization in
pervasive displays.

First, a mobile application framework was devised to support reliable and
adaptive bi-directional communication between devices. Such a framework
includes three major components: a color barcode design; an efficient decod-
ing pipeline leveraging efficient computer vision methods; and an adaptive
protocol for bi-directional communication. Adaptation of communication
parameters allows to mitigate synchronization issues between devices as
well as the impact of external factors (e.g., ambient light), thereby ensuring
the reliability of data exchange. The results demonstrated that the pro-
posed solution is efficient and robust, since it can operate under a variety
of environmental conditions.

Second, a novel barcode design was proposed as an enabler of new use
cases in mobile computing. In particular, the barcode employs the color
blending principle to provide different data depending on the scanning
distance. The proposed solution was evaluated in diverse conditions by
using different type of displays in addition to paper as media bearing the
barcode. Moreover, a use case of casual interactions with a display was
evaluated through a user study to assess the user experience in scanning
the barcode. The results demonstrated that the proposed solution is user
friendly, practical and reliable in different scenarios.

Third, different methods were investigated for replicating web content
in pervasive displays. The key idea was to create a copy of the content on
a pervasive display onto different target devices (e.g., smartphones, and
other displays). Indeed, content replication is a key feature for pervasive
display solutions, as it allows to increase the coverage of target audience
and to perform remote monitoring tasks. Accordingly, an evaluation of
several methods was performed to determine the most suitable to use
according to different scenarios. The results demonstrated that using web-
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based methods for content replication incurs in lower delays and overhead
compared to web-based remote desktop solutions.

Finally, a modeling approach was proposed to address the key challenge
of engaging users with pervasive displays. Specifically, the approach
targets a non-interactive display wherein several content items are shown
at the same time. The goal was to provide interesting content to users as
described by the information foraging theory while maximizing the amount
of information gained from a display. Accordingly, a display foraging
model was devised to characterize the viewing behavior of users with
limited time and attention. The results obtained from several experiments
demonstrated the accuracy of the model to predict the time spent by a
user looking at the display. Similarly, a field study validated the proposed
solution under real conditions and compared it to a typical digital signage
application. Based on the related findings, further research was carried
out to apply inverse models for predicting user interest given a display
layout. To this end, two models were proposed, still drawn from the
information foraging theory. The accuracy of the models was evaluated
with both synthetic data and real data from a user study. The findings
established the feasibility of using inverse models to predict user interest
on the content shown.

6.1 Future work

The research presented on bi-directional communication between devices
leveraged barcodes to ensure a reliable communication in different scenar-
ios. Indeed, the use of custom barcodes for camera-display communication
enables new use cases for mobile computing, which would be an interesting
direction to explore as future research. Moreover, a user study could be
carried out to evaluate the user experience in real conditions.

Furthermore, a novel color barcode design was devised to provide differ-
ent distance-dependent data. The results showed the feasibility of using
the proposed solution in real settings. Further research could be done to
improve reliability and performance of barcode decoding by using machine
learning methods [152]. Also, other methods could be explored to increase
data capacity of the barcode as well as to extend the ranges of supported
distances.

Pervasive displays are increasingly employed for communication with
users [20]. However, displays need to be both accessible and dependable,
otherwise the related content cannot reach users [117]. A key aspect is
to ensure that content is correctly shown on the display. This can be
achieved by monitoring the status of a display in terms of observing the
current output as seen by users [125]. This dissertation presented a study
wherein monitoring can be achieved by using content replication methods.
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An interesting direction for further research is the development of other
features to ensure that displays solutions are always working properly,
such as with automated fault detection and recovery of displays.

Finally, a modeling approach was shown to be effective to improve user
engagement in pervasive displays by selecting interesting content. As
future work, the model accuracy could be improved by including other
sources of information, for instance, a tracking device to gain additional
insights about user behavior. This approach could be validated through
a field study to assess the ecological validity of systems based on inverse
foraging models. In addition, modeling user behavior with pervasive
displays could be extended to integrate other techniques. Among them,
contextual bandits [68] is a particularly promising solution to optimize
content selection.
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Errata

Publication I

In Section 2, the citations referring to RDCode should be [8] instead of

[17].
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