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Abstract

Context: From personal mobile and wearable devices to public displays,
our digital ecosystem has been growing with a large variety of “smart” de-
vices that capture, communicate, and exchange raw data with applications,
thus imposing an ever-changing software architecture.

Objective: We introduce EUPHORIA, a new software architecture design
and implementation that enables prototyping, deployment, and evaluation
of adaptable and flexible interactions across users using heterogeneous per-
sonal and public devices in smart environments.

Method: We designed EUPHORIA by following the requirements of the
ISO/IEC 25010:2011 standard on Software Quality Requirements and Eval-
uation, applied to the specific context of smart environments.

Results: To address adaptability and flexibility, three application scenarios
demonstrate how EUPHORIA could straightforwardly implement practical
prototypes for multiple users, with multiple input/output devices, in differ-
ent environments, thus covering various contexts of use: (1) wearable user
interfaces and whole-body gesture input for a citizen interacting with pub-
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lic displays, (2) multi-device interactions in physical-digital spaces, and (3)
smartwatch-based interaction between a smart connected car and its driver.
We also present a technical evaluation of EUPHORIA from the perspective of
the main factors responsible for the magnitude of request-response times for
producing, broadcasting, and consuming messages inside the architecture.
Finally, we deliver the source code of EUPHORIA that is free to download
and use for research and development purposes.

Conclusion: By introducing EUPHORIA and demonstrating its three ap-
plication scenarios, we hope to foster advances and developments in new
software architecture initiatives for our increasingly complex smart envi-
ronments, but also to readily support implementations of novel interactive
systems and applications for smart environments of all kinds.

Keywords: Context-aware computing, mobile computing; multi-device
interaction, smart environment; smart space, software architecture;
wearable computing.

1. Introduction

The mobile and wearable computing era provides users with an ever-
growing variety of "smart” devices (e.g., smart rings, smart watches, intel-
ligent displays) that, when interconnected to capture, communicate, and
exchange their raw data in a physical-digital ecology of personal and pub-
lic devices and applications, acquire the ability to support a larger variety
of their users’ digital needs [1]. Personal mobile and wearable devices as
well as public displays embed increasingly sophisticated sensors and algo-
rithms that have practically remodeled our digital ecosystem. End users
are confronted with a larger and more complex palette of contexts of use
[2]: the relationships between end users, their on-body devices and off-body
sensors found in public installations become more complex. Software ser-
vices distributed over the web has led to the emergence of a new form of
physical-digital reality, in which asynchronous data collection, processing,
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and interpretation from heterogeneous input/output devices (e.g. using
different operating systems, communication protocols, exploiting Internet-
of-Things) have become the foundation of “smart environments” [3].

Although smart environments are still in their infancy, their immense po-
tential to enable intuitive, fluent, and flexible interaction between end users
and their applications will ultimately integrate user behavior [4, 5]. Conse-
quently, there has been a long-standing interest in the community towards
designing hardware and software architectures to underpin the functional-
ity requirements of smart environments [6, 7, 8, 9]. Among the preferable
design criteria for such architectures are modularity, scalability, and asyn-
chronicity of producing, processing, and sharing events are fundamental to
effective design and efficient implementation of interactions in smart en-
vironments. Nevertheless, the perpetual advances towards more relevant
standards and smarter technology, accompanied by the unprecedented di-
versity of smart wearables [10, 11, 12, 13, 14, 15|, has fostered the need for
deeper exploration of new hardware and software architecture designs. Con-
sequently, there is still room for innovation in effective and efficient software
architecture for smart environments.

In this paper, we address new software architecture designs required by
smart environments to enable adaptable and flexible interaction and to ac-
commodate a wide diversity of present and future input/ output devices.
Specifically, we focus on a software architecture providing asynchronous,
event-driven communication between heterogeneous input/output devices
in ways that are simple for the designer to prototype, the programmer to
implement, and the end-user to interact with. Toward this end, we de-
veloped EUPHORIA! a new scalable, event-driven software architecture en-
abling heterogeneous and asynchronous communications between personal
devices and public installations and services that constitute a smart envi-
ronment. Since we planned to make this architecture as flexible and in-
teroperable as possible [16, 17, 18, 14, 19, 20, 21], we made use of web
protocols and technology, such as http requests and interchangeable JSON
data formats that are leveraged to produce, transmit, process, and inter-
pret device- and environment-specific events through light software inter-
faces. For example, exposing a custom event in Euphoria is equivalent
to running a standard http request, while consuming events is readily
achieved by subscribing to event notifications, implementable in a few lines

!'The name EUPHORIA stands for Event-based Unified Platform for HeteRogeneous
and Asynchronous Interactions.
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Figure 1: Our smart environment scenario showing several users employing a variety
of personal input/output devices and public installations. EUPHORIA enables simple
integration of heterogeneous devices via a scalable, event-driven architecture.

of JavaScript code. The main characteristics of Euphoria are flexibility,
asynchronicity, and heterogeneousness, which foster accommodation of a
wide range of current and future input and output devices. We release the
source code of Euphoria for free for research purposes at the permanent
web address http://www.eed.usv.ro/mintviz/resources/Euphoria, to-
gether with code examples and description of application scenarios. Our
contributions in this paper are as follows:

1. We introduce EUPHORIA, a new software architecture for designing
flexible, heterogeneous, asynchronous interactions with digital content
in smart environments. EUPHORIA implements device- and environ-
ment-specific event-driven production, sharing, and processing using
common web protocols and technology readily accessible from any
web-connected device, such as smartwatches, smartphones.

2. To demonstrate EUPHORIA’s effectiveness for practical usages in smart
environments, we describe three application scenarios involving a va-
riety of devices representative for today’s smart technology: smart
rings, smartwatches, smartphones, motion tracking sensors, a multi-
touch tabletop, and a large ambient wall-display; see Figure 1 for an
illustration of our testing environment in which EUPHORIA was de-
signed, implemented, and evaluated.
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3. To foster and encourage further developments in the community to-
ward software architecture for smart environments, we deliver EU-
PHORIA for free to researchers and practitioners as an open-source
architecture, driving interactions for smart environments with event-
based communications and processing.

1.1. Design and Technical Requirements for EUPHORIA

The discussion so far identified design approaches adopted by prior work
in software architecture design for smart environments. EUPHORIA builds
on this work, but also differentiates in a number of ways. To better under-
stand how EUPHORIA positions in the context of the relevant literature and
developments that we overview in this section, we present a comparative
analysis among prior work according to a set of specific criteria, such as the
software quality properties. To be able to conduct this discussion effectively,
we first outline the design and technical requirements of EUPHORIA.

We designed the EUPHORIA software architecture for handling devices
and software applications within a small smart environment consisting in no
more than tens of consumers and producers in order to cope with scenarios
such as smart rooms or in-vehicle interaction. Several handling techniques
and quality properties (Figure 2) were adopted, two most salient being:

H1. The Event-Response System (ERS) technique for multi-threaded di-
alogues [22] enables physical, hardware, and software changes that
occur in a smart environment to be readily detected and integrated
in the business logic of the EUPHORIA software architecture. In this
technique, events can be generated by any entity ranging from the
end user to any software/hardware component and handled through
event listeners in a way that preserves decomposition principles [23]:
high level of abstraction, high internal cohesion, and low coupling.

H2. Asynchronicity of data processing [6] enables appropriate handling
of unpredictable time-response behavior of entities within the smart
environment.

We also adopted the following four quality properties for EUPHORIA by
relating to the Software Quality Requirements and Evaluation (SQuaRE)
ISO/IEC 25000 series of standards [24, 25], as follows:

Q1. Adaptability, which subsumes Scalability, measures a system ability to
adjust effectively and efficiently to changes occurring in its context of
use, e.g., new hardware and software modules. Adaptability repre-
sents a key characteristic of EUPHORIA, which, by definition, needs
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Figure 2: Visual overview of the two handling techniques (H1 and H2), the four quality
properties (Q1, Q2, Q3, and Q4), and the four contextual properties (C1, C2, C3, and
C4) adopted for the design of the EUPHORIA software architecture.

to accommodate various types of input/output devices for smart en-
vironments. Two levels of scalability are relevant in the case of smart
environments: scalability with respect to the size of the messages
exchanged and scalability with respect to the number of consumers
consuming these messages.

Q2. Modularity evaluates the degree to which changes occurring in one
sytem component determine changes to occur in other components,
which is important for low coupling [23]. Modularity is important for
EUPHORIA to facilitate integration of diverse input/output devices.

Q3. Flexibility represents the system ability to be used reliably in new
contexts of use, particularly those which were not specified in the ini-
tial requirements, without any external intervention or with a limited
one. EUPHORIA should be flexible to implement a variety of applica-
tion scenarios for smart environments with as little as possible changes
in its architecture.

Q4. Interoperability refers to the degree in which two or more systems
are able to work together toward a common goal, such as exchanging
data. Interoperability enables a heterogeneous smart environment,

6



composed of different input/output devices, to operate effectively.

A set of four contextual properties was also adopted in order to shape
the EUPHORIA architecture to the specific needs of designing flexible and
adaptable interaction in smart environments:

C1l. Web-based refers to adherence to common Internet standards and
protocols for data processing and exchanging, such as the JSON format
for parsing messages.

C2. Adoption of open source standards and technology refers to the
property of relying on open source technologies that preserve public
accessibility and free usage of the resulting environment.

C3. Smart environment oriented refers to capability of supporting in-
teractions between different users, their various personal devices and
surrounding public displays, all in a smart environment.

C4. JavaScript oriented refers to the usage of JavaScript as the default
description and programming language shared by all EUPHORIA mod-
ules. Beyond this capability, any language that implements WebSock-
ets technology can readily be used to connect to and use the features
of the EUPHORIA architecture.

The next section presents a comparison between several prior software ar-
chitectures for smart environments based on these design criteria, quality
properties, and technical requirements.

2. Related Work

In this section, we discuss prior work in software architecture related to
interactions in smart environments. We rely on this prior work to inform the
design principles, approach, and technical requirements of the EUPHORIA
software architecture. To this end, we start by conducting a requirement
elicitation and we identify the main factors that make EUPHORIA original
and unique with respect to prior work. We also rely on our discussion of
prior work to introduce the conceptual framework of our design approach
by highlighting relevant definitions and engineering approaches of software
architecture for smart environments. We do so by connecting to prior work
from software architecture design, smart environments, and designing inter-
actions for ecosystems of smart devices.



2.1. Event-driven Software Architecture Design

The EUPHORIA architecture implements the principles and concepts of
Event-Driven Design (EDD) to support ERS [22], while also sharing other
characteristics with object-oriented, client-server, and layered software ar-
chitectures. To understand this design approach, we start with a brief
overview of the related work in this area.

The term “software architecture” generally refers to an abstract, yet im-
plementable, structural and functional description of a software system [26].
Due to the central role played by the software architecture in the lifetime
of an application, a vast amount of literature addresses this topic: eight
architectural styles accompanied by various combinations and adaptations
[27] resulting into a consolidation into an comprehensive meta-model [28].
In the area of engineering interactive systems, a similar attempt has been
made which resulted into the Arch/slinky metamodel, which structures the
software architecture of any interactive system into five components [29]: a
dialog controller ensures the sequencing of asynchronous events from and
to the functional core of the application and from/to its interaction toolkit,
respectively via two independence modules: a functional core adapter and
a presentation adapter. Acting from the functional core, the architecture
directly determines the general behavior, limits, and advantages of the final
software product. To this end, a software architecture usually consists of
several components that are connected through data flows [30].

A first attempt to introduce event-driven software architectures (EDA)
belongs to [31], who were the first to coin the concept of the transaction
center as a software component that is “able to get (obtain or respond to)
transactions in raw form, analyze each transaction to determine its type,
dispatch on type of transaction, [and] complete the processing of each trans-
action” (p. 225). EDA architectures consist of four layers: producers, emit-
ters, an engine, and consumers; see [32]. A formal distinction is made be-
tween the concept of an “event,” a change in state that occurs at a precise
moment in time at the producer level, and that of a “message,” an event
notification that travels from the emitter to the consumer [33]. By con-
struction, an EDA is well suited for implementing applications supporting
low coupling [23] between components that communicate with each other
asynchronously [34, 35].

The EDA approach has been demonstrated suitable for a wide range
of applications, and especially for highly interactive systems [36], from net-
worked sensors [37, 38] and smart grids [39, 40] to handling business process
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management systems [41, 42] and running operations in smart cities [43, 44].
Three-dimensional visual reconstruction using trains of events with very
high temporal resolution [45], simulations of spiking neural networks [46],
and integration of smart multi-agent [47] are among other recent applica-
tions for which EDA played an important role. All these applications rely on
the same set of design requirements, including responsiveness, asynchronic-
ity of events, and heterogeneousness of data sources.

2.2. Software Architectures for Smart Environments

Previous work provided various definitions of what a smart environment
is from the perspective of creating visions for ubiquitous computing [48, 1]
and ambient intelligence [49], but also for providing practical guidelines for
designing the user experience in such environments [50]. In this work, we
rely on the definition of [51], according to which a smart environment is
“a small world where all kinds of smart devices are continuously working to
make inhabitants’ lives more comfortable” (p. 3) Particularly, we address
the aspect of implementing smart environments by focusing on the specific
part referring to “all kinds of smart devices” and their interoperability and
ability to communicate seamlessly. Furthermore, we connect to the vari-
ety and richness of devices from the vision described by [48] of a “physical
world richly and invisibly interwoven with sensors, actuators, displays, and
computational elements, embedded seamlessly in the everyday objects of our
lives and connected through a continuous network” (p. 694). To this end,
EuPHORIA addresses the practical aspects of implementing applications for
smart environments by integrating the functional and operational diversity
of input/output devices into flexible, adaptable interactions, while respect-
ing asynchronicity and supporting device heterogeneousness.

Special attention has been devoted to EDAs for the conceptual foun-
dation of smart environments [43, 52, 19]. EDAs are suitable for such
applications since smart environments consist of numerous heterogeneous
sensors and devices interacting with each other in ways that are not al-
ways deterministic. From wearable sensors and gadgets, such as smart
rings [11], finger augmentation devices [53], and armbands [54] that enable
always-available input to smartwatches [16, 15|, health-monitoring smart
belts [55], and smart clothing [56], there is a wide range of mobile, wear-
able, and embedded technology to integrate smart environments. Moreover,
these devices need to communicate with complex installations, such as sys-
tems that track people’s location and movement inside the environment [57],
producers of multimedia content [58], or very large systems implementing
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crowd-computer interaction [59] and mass-computer interaction [60]. Low-
level parameters provided by devices and applications within a smart en-
vironment can be further used to access high-level, contextual information
on behalf of context-aware software [61, 62]. For example, reliable infor-
mation about the health or the emotional state of a user usually emerges
from more than one sensor. Multiple variables need to be measured across
various channels, such as physiological data (e.g., blood pressure, skin con-
ductance, respiratory rhythm), audio (e.g., the tone or the pitch of the user’s
voice), and video (e.g., the face expression, body posture, or body gestures);
see [63], or [? | for example. Collecting, processing, integrating, and inter-
preting such complex data in real-time in a unified manner becomes critical
to realize the transition from raw data to information and knowledge. As
EDA can handle heterogeneous and asynchronous data collection and pro-
cessing, they represent an appropriate choice for implementing the software
components of a smart environment.

There has been a significant trend in the community to provide high-level
information, such as emotion [63, 64|, activity [65, 66], or gestures [9, 67]
through abstract software components in smart environments. For instance,
the Gesture Profile for Web Services architecture (GPWS) of [8] is an
event-driven architecture that supports development of gesture interfaces
for smart environments by integrating third-party gesture recognition ser-
vices. Such an approach, specific to software-oriented architecture design,
hides from the developer all the complex pattern recognition techniques re-
quired to detect and recognize gesture input and allows developers to focus
on prototyping interactions. More recently, [9] developed Gesture Services
for Cyber-Physical Environments (GS-CPE) by extending the GPWS ar-
chitecture of [8]. GS-CPE is a novel, event-driven, service-oriented frame-
work that implements personalized gesture recognition and user identifi-
cation. [7] introduced a software architecture to implement interactions
with spatially-indexed media in smart environments that instantiate map-
pings between digital content and specific regions of the physical space.
The event-driven architecture design approach has also been applied for
real-time activity recognition within a smart home [65] and for collabora-
tive environments [21]. EDA flexibility enables readily integration of data
processing and interpretation algorithms into the functional core of applica-
tions, such as specialized detectors to assess the similarity of activity events
or complex machine learning approaches, such as Support-Vector Machines
(SVM), for recognizing users’ activity patterns in real-time [65].
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2.3. Current Software Architectures for Designing Interactions in Smart
Environments

Interacting in smart environments poses many challenges. While it is
simple to immerse users and their devices in the same environment, achiev-
ing straightforward and demanding interactions remains challenging. While
people can interact with each other through speech and body language, de-
vices need more formal contexts and structures for communication. For
this reason, prior work has explored natural language interpretation [68],
gestures and whole-body movements [67], emotion recognition [64, 69], or
the interpretation of electrical brain signals [70].

The “nomadic gestures” [71] introduced a shift of perspective in terms
of the reusability of gesture commands across ambient interactive systems,
which can download users’ gesture preferences on the fly and adapt their
internal gesture set accordingly, thus representing a first step towards trans-
ferring gestures across devices for a same user. “Smart-Pockets” [72] is an-
other attempt to make interactions between users and ambient interactive
systems simple and intuitive. With Smart-Pockets and their extension in
the form of “Smart-Containers,” users can access their personal digital con-
tent by pointing to various pocket locations on their body or accessories [72].
The short access time (similar in magnitude to the production time of touch
gestures) and the high accuracy rates for recognizing Smart-Pockets actions
make this technique viable for retrieving digital contents.

The continuous miniaturization of computing devices has created the
need to investigate new interaction modalities. For example, [73] employed
a touch-sensitive wristband to enable text entry on a smartwatch. The au-
thors showed that a multi-tap keyboard layout superimposed on the wrist-
band was appropriate for entering short text. Hands-free interaction with
small wearables was investigated as well [74]. Gaze interaction for smart-
watches by tracking eye movements [17] has also proved to be a robust and
highly accurate technique. In addition, smartwatches have been used to as-
sist interactions with smartphones. For instance, DUET coordinates motion
and touch input of both devices in order to extend their visual and tactile
output [16]. However, despite innovative solutions and promising results,
such previous attempts have focused on immediate functionality, leaving
room for many improvements in terms of the interoperability, standardiza-
tion, and scalability of the interaction.

Some smart environments need to operate a large number of sensors and
devices and, thus, networks of wireless sensors have been proposed [75]. For
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instance, the Mobile Agent Platform for Sun SPOT of [76] implemented
mobile agents to enable flexible programming of interaction rules within an
ecosystem of sensors. The Vi-SMAR®t system [21] showed that the combi-
nation of smart environments and multi-agent systems was an appropriate
solution for integrating various combinations of sensors. The open-source
platform of [77] and the BodyCloud software system of [14] focused on sen-
sor networks located on the user’s body. BMF-WSANSs,; a Building Man-
agement Framework for Wireless Sensor and Actuator Networks [78], is
another platform that allows rapid development and flexible management
of monitoring applications in smart environments. A step forward was made
by offering an entire "ready to use” platform as starting point for complex
smart infrastructure development. The Future Internet Lab (FIWARE Lab)
represents a management solution for cloud federation whose main goal is
to keep configuration settings at minimum possible [79]. Several federation
management tools such as Pegasus (Platform as a Service Component),
DCA (Deployment and Configuration Adapter), and Monitoring Middle-
ware work together in order to minimize the development and deployment
effort. However, this solution targets an area beyond EUPHORIA’s goal since
it contains up to 14 running nodes on four continents [80].

A promising approach to design novel interactions in smart environ-
ments relies on the ability of smart devices to sense their surroundings,
such as to enable “proxemic interaction,” a concept first employed to ad-
dress inter-human communication [81]. For example, a hand-held device
can exploit spatial relationships, e.g., orientation and distance, between it-
self and its users, other devices, and even uninstrumented physical objects
from its vicinity in order to establish a communication context [82]. This
context further enables a dynamic form of proxemic-aware knowledge and
control in relation to the surrounding entities [83]. A smart environment
built on top of an EDA architecture can leverage the advantages of prox-
emic awareness since it is able to detect and integrate state changes in a
unified manner [20]. The spatial characteristics of entities that interact in
a smart environment can be measured using various techniques. For ex-
ample, localization of users can be achieved with video cameras, such as
the Microsoft Kinect sensor. The XDKinect framework [20] is an exam-
ple of an architecture that facilitates development of cross-device applica-
tions by delivering a time-based application programming interface (API)
for whole-body gesture interaction. XDKinect also features a configurable,
multi-modal software module to capture gesture and speech commands. [84]
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Table 1: Comparison table of related work in chronological order of appearance.

employed the “Proximity Toolkit” of [82] and a Vicon motion tracking sys-
tem to design remote controls for ubiquitous computing ecologies. Their
work investigated several interactive scenarios and showed the reliability of
such a framework for interacting with appliances and devices from a smart
environment. The Microsoft Kinect systems was also used with wearable
sensors in the Mobile@OIld platform [85] to assist elderly people to maintain
a healthy lifestyle in the comfort of their homes.

A comparison among related platforms and software architectures for
smart environments discussed up to this point is presented in Table 1. For
this comparison, we used the four qualitative properties (Q1 to Q4) and the
four contextual properties (C1 to C4) as differentiating factors to highlight
the unique features of EUPHORIA. Each entry is depicted Table 1 based
on Harvey’s balls as follows: a ball with a single quarter denotes that the
criteria is qualitatively fulfilled by at least one feature, a half ball denotes
that the criterion is qualitatively fulfilled by more than one feature, a three-
quarter ball denotes that the criterion is qualitatively fulfilled by many fea-
tures which can be combined, a full ball denotes a total fulfillment. Based
on our estimation, we also compute an average score for each criterion in
order to overall characterize the investigated previous work. This compar-
ative analysis was performed based only on data available in the accessible
literature. No quantitative measurement was actually performed in order
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to obtain a similar analysis because this would have required the actual
usage and benchmarking of all these environments, which are themselves
heterogeneous and inconsistent with each other. In the next section, we
describe how these features were implemented in the software architecture
of EUPHORIA.

3. Euphoria Software Architecture

We present the blueprint of the EUPHORIA software architecture by
focusing on details that are relevant for smart environments, such as our own
environment depicted in Figure 1 . The core design approach of EUPHORIA
revolves around the production, transmission, detection, and consumption
of device- and environment-specific events, which we define as significant
changes in the state of a hardware or software module that is part of the
smart environment [33].

Figure 3 illustrates the architecture design adopted for EUPHORIA with
its main components highlighted: PRODUCERS, EMITTERS, PROCESSING-
ENGINE, RECEIVERS, and CONSUMERS, according to the model of event-
driven architectures [32]. We designed EUPHORIA with separation of con-
cerns between its functional blocks (quality property Q2) and the thickness
of its adaptation layers (Q1). Also, following the principles of event-driven
(H;) software architecture design [31, 33, 32], the information about events
triggered by PRODUCERS are collected, packed into messages, and exposed
by EMITTERS to the next layer. Afterwards, messages are processed and
dispatched by the PROCESSING-ENGINE to third-party RECEIVERS AND
CONSUMERS, who will interpret the messages according to their inner busi-
ness logic and take appropriate action in the smart environment, e.g., an
event detected by a smartwatch worn by the user on their wrist will result in
an item being selected on the large display in front of the user; see Figure 3.
A message transmitted through EUPHORIA consists of a header with meta-
data (e.g., the device name, device address, and the name of the event),
and a message body that contains the relevant data for the event. Figure 4
illustrates four examples of messages of various complexities produced by a
wearable armband, a smartphone, and two environmental sensors.

The PRODUCER is the component for which a relevant change in state
is notified to the architecture in the form of an event. Producers are instan-
tiated by input devices (e.g., motion sensors from the environment, smart
mobile devices and wearables, etc.) or by software services (e.g., a partic-

ular gesture command has been detected for a particular user by a gesture
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Output Software
Devices Applications

RECEIVER

Message-Access-Layer

ENGINE

Subscription Notification

Message-Processing-Service

Publication-Center

EMITTER

Message-Expose-Layer

Native SDK

Input Software
Devices Applications

PRODUCER

Figure 3: The layered architecture of EUPHORIA, an event-based software architecture
for designing interactions in smart environments. EUPHORIA consists of event producers,
emitters, a processing engine, and event receivers and consumers. Numbers @ to @
represent dataflows that are discussed in the text.

recognition service from the web). For PRODUCERS that are instantiated
by input devices, events refer to any physical change in their states that
are relevant to the environment, such as the press of a button or a change
in the orientation of the wrist for a smartwatch. Software events can also

15



message{2} V message{2} V

header{3} P deviceName :MYO Armband #1 header{3} » deviceName :Smart Phone #3
deviceIP :192.168.0.9 deviceIP :192.168.0.5
eventName :Gesture eventName :Touch-Select
timestamp :1493376106270 timestamp :1493376183594

body {2} P gesture :TwistRight body {4} » touchTime :267
acceleration{3}p x 0 1.221 touchPressure :0.62

Y : 0.613 touchLocation {2} » x: 273
z :-0.121 y: 361
orientation {3}p azimuth : 0.196 devicelocation{3} P x: 2425
pitch :-0.184 y: 578
roll : 1.254 z: 1587
message{2} Vv message{2} V¥

header{3} P deviceName :Vicon #1 header{3} P deviceName :Kinect #1
deviceIP :192.168.0.7 deviceIP :192.168.0.6
eventName :Right-Hand eventName :Bob-Skeleton
timestamp :1493376183681 timestamp :1493376182723

body {3} P modelInfo{Z} Vv body {3} P joints{ } v

name :Right-Hand SpineBase {1}Plocation {3} »...

pointingMarker tA SpineMid {l1}plocation {3} »...

orientationSegment:ABCD Neck {1l}»plocation {3} »...
markers {4} V¥ e

A{1l} » location {3}p... ThumbRight{1}»location {3} »...

B{1} > ... bones {14} Vv

c{1l} > ... ArmUpLeft {2}Pjoints [ |

D{1l} | S orientation{Z}p...
segments {1} Vv e

ABCD{2}» markers: [A,B,C,D] FootRight {2}Pjoints :[...]

» orientation{3}p... orientation{3}p...

Figure 4: Examples of JSON messages of various complexity: a message containing accel-
eration and orientation data collected from a Myo armband (top left); touch input data
reported by a smartphone (top right); motion data tracked by a Vicon system (bottom
left); and a message containing a Microsoft Kinect skeleton (bottom right).

be produced in relation to changes in the condition of some software appli-
cation. Software events prove useful for debug phases, running simulations
for the environment, or for integrating complex software logic provided by
third-party libraries and services, such as those available on the web. Char-
acteristic to event-driven architectures, one feature of EUPHORIA is that
distinct layers are unaware of the inner working details of the other layers
of the architecture (Q2). For example, it is not important for PRODUCERS
to know which components, if any, will process and consume the events
they produce. This feature facilitates seamless integration of new devices
and software applications into EUPHORIA, including those yet to appear or
be developed in the future, such as devices for mobile augmented reality [86],
without any modification in EUPHORIA’S main core.

Once an event has been produced, the event triggers the instantiation
of a message (see dataflows @ and @ in Figure 3), which travels to the
next levels of the architecture. In the case the event was produced by an
input device, the EMITTER is built around that device’s software develop-
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ment kit (SDK) that delivers the required software components to collect
the specific parameters of the event (e.g., the properties of a touch on a
touchscreen, the orientation of a motion-sensing device, etc.; see the exam-
ples illustrated in Figure 4). The EMITTER collects event data and packs
them in the form of messages which are delivered to the higher layers of
the architecture. A message consists of a header with metadata (i.e., the
event type and the identification of the producer) and a message body with
details about the change of state (e.g., the button that was pressed, new
orientation data of the device, the type of gesture performed by the user,
new position coordinates from a motion sensor, etc.). While the header of
the message has a fixed structure, its body depends on the type of device
and the event that was produced. In most cases, the Message-Expose-Layer
(see Figure 3) needs to be implemented in native code, although some SDKs
or software applications may already offer higher-level interfacing options
for a given input device. The EMITTER and RECEIVER are the interface
between the EUPHORIA core and the variety of devices and software ap-
plication we want to connect each other. In order to expose or receive a
message there is a need for a software conversion between a PRODUCER or
CONSUMER centric model to a generic, EUPHORIA centric model. The uti-
lization of well established and optimized technologies such as http or JSON
leads to an adaptation layer as thin as possible while conserving flexibility
and interoperability. In fact, the EMITTER and RECEIVER are the only
levels of architecture that have to be implemented by developers. Since the
EMITTER component is required for every input device to be integrated in
applications that will run in the smart environment, we designed it as gen-
eral and reusable as possible (according to quality properties Q3 and Q).
In a raw form, the EMITTER only consists in the code necessary for en-
capsulate specific properties in a standardized JSON representation and for
sending this message through a common http request. Feeding our archi-
tecture with an event is as simple as requesting the delivery of contents from
a specific Uniform Resource Locator (URL): the query string represents the
event message.

The PROCESSING-ENGINE is the core component of EUPHORIA. Its
main responsibility is to receive messages from EMITTERS (see dataflow @
in Figure 3) and to dispatch them to the appropriate CONSUMERS that
have registered to receive those specific types of events. In our implementa-
tion, the PROCESSING-ENGINE is run by a node. js web server®. The event

’https://nodejs.org/en/
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messages collected by the Publication-Center are unpacked by the Message-
Processing-Service; see Figure 3. Before receiving any notification, a new
CONSUMER must register with the PROCESSING-ENGINE by following the
protocol of a Subscription module. As part of the subscription protocol,
the CONSUMER will specify the type of events it requires and the corre-
sponding PRODUCERS. Once registration is completed, the PROCESSING-
ENGINE will automatically notify the CONSUMER about those events that
meet the requirements agreed during subscription. By performing both reg-
istration and notification, the PROCESSING-ENGINE and the CONSUMER
rely on WebSockets mechanisms, a set of communication protocols that en-
able full-duplex, TCP-based sessions between a client and a server [87, 88|.
The Message-Processing-Service (Figure 3) routes the messages to the ap-
propriate CONSUMERS and also converts the data in the JSON (JavaScript
Object Notation) interchangeable format (Q4). The PROCESSING-ENGINE
is completely unaware about the internal structure of producers and con-
sumers. This abstraction supports both scalability (Q1) and the ability to
integrate heterogeneous input devices (Q4).

The RECEIVER is any third-party software application that requests
events from the smart environment to run its functional core. The RE-
CEIVER establishes a WebSocket connection with the PROCESSING-ENGINE
using the Message-Access-Layer (see dataflows @ and @ in Figure 3). In
addition to the filter list of the types of events and associated PRODUCERS,
the RECEIVER can also specify other optional parameters, such as a min-
imum time interval between receiving two consecutive events of the same
type to prevent intractable accumulations of events to handle at once. This
practice also serves to prevent the overloading of the network with unnec-
essary or redundant traffic. One important goal is to maintain a very thin
layer (low coupling) between a RECEIVER and the PROCESSING-ENGINE so
that any existing software application can integrate with EUPHORIA with
a minimum coding effort (Q1 and Q2). To this end, we decided to im-
plement the Message-Access-Layer using the industry-mature technology of
WebSockets, enabling thus real-time and asynchronous data transfer (H1)
between the PROCESSING-ENGINE and the RECEIVER. Once received, the
message triggers a specific action on the CONSUMER which is the fifth layer
of the architecture (see dataflows ® and @ in Figure 3). This tier consists in
output devices and software applications that users interact with directly. It
is the output interface between Euphoria and the outer environment. The
implementation details of CONSUMERS are locked within the RECEIVER
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layer to make the ENGINE as decoupled as possible.

4. Technical Evaluation of Euphoria

4.1. Experiment

We conducted an experiment to evaluate the technical performance of
EUPHORIA by quantifying the effect of several key factors (message size,
device type, and the complexity of the smart environment) on the real-
time performance of EUPHORIA for creating, transmitting, and processing
events. Besides reporting results on technical performance, we also use our
measurements to estimate the upper bound of the workload that EUPHORIA
can effectively process under the constraints of real-time operation, which
we defined as instantaneously-perceived response.

4.1.1. Ezperiment Design

We are primarily interested in the temporal performance of event pro-
cessing in EUPHORIA, which we evaluated using the REQUEST-RESPONSE-
TiME dependent variable defined as the average time, expressed in millisec-
onds, required for an event to be processed by the EUPHORIA architecture,
from its creation by a PRODUCER until its consumption by a CONSUMER.
Our technical evaluation experiment was a within-subject design with the
following three independent variables:

1. MESSAGE-SIZE, interval variable with five experimental conditions
representing message sizes ranging from 64 bytes to 16 Kbytes in a
geometric progression with common ratio 4, i.e., 64, 256, 1024, 4096,
and 16,384 bytes, respectively. MESSAGE-SIZE represents the amount
of information contained by an event created, transmitted, and pro-
cessed by EUPHORIA; see Figure 4 from the previous section for exam-
ples of messages. Our null hypotheses for the MESSAGE-SIZE are that
the size of message does not influence the request-response time and,
consequently, that there is no relationship between the two variables.
In addition, the alternative hypotheses are that larger messages will
require more time to process and that the variation will follow a linear
dependency:

Hyp: The message size does not influence the request re-
sponse time.

Hyq: Larger event messages will be processed in EUPHORIA

with longer request-response times.
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Hag: There is no relation between size of an event message
and the time required to process the event.

Hai: A linear dependency exists between the size of an event
message and the time required to process the event.

2. DEVICE-TYPE, ordinal variable with three conditions representing de-
vices with low-end, midrange, and high-end processing capability; see
the “Apparatus” subsection next for details. We control the DEVICE-
TYPE variable in order to understand the effect of computing capabil-
ities on REQUEST-RESPONSE-TIME, with the following hypotheses:

Hsy: There is no relation between the resources available
on a PRODUCER or CONSUMER and the request-response
times.

Hsi: The more processing resources available on a PRO-
DUCER or CONSUMER, the shorter the request-response times.

3. ENVIRONMENT-COMPLEXITY, interval variable, representing the num-
ber of CONSUMERS running requests and receiving responses in EU-
PHORIA at the same time. To understand thoroughly the implications
of the number of consumers on the real-time performance of Eu-
PHORIA, we varied the complexity of the environment from 1 (one
consumer) to 101, by following an arithmetic progression with the
common difference 10, i.e., 1, 11, 21, ..., 91, and 101 consumers. Our
hypotheses for ENVIRONMENT-COMPLEXITY are:

Hyo: The number of consumers simultaneous connected to
EUPHORIA does not influence the request-response times.

Hy41: Environments with a larger number of consumers will
cause longer request-response times in EUPHORIA.

Hsp: There is no relation between the number of consumers
and the request-response times.

Hs;: The number of consumers from the smart environment
and the average response time follow a linear relationship.

Both MESSAGE-SIZE and ENVIRONMENT-COMPLEXITY variables are di-
rectly linked with the quality property of scalability. The DEVICE-TYPE
variable measures the quality property of flexibility since it address the
capability to handle various hardware and software devices.
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4.1.2. Methodology

We varied the SIZE and content of each message event and randomized
the order of DEVICE-TYPES and the COMPLEXITY of the environment. As
a default benchmarking scenario, every message generated by any PRO-
DUCER was broadcasted by the EUPHORIA architecture to all CONSUMERS,
which enabled us to measure time responses in conditions of maximum
network load. We found that the results were slightly different on differ-
ent repetitions and that is why we choose to average the obtained values
over multiple runs. We empirically ascertained that the results remains
the same in the case of batches larger than 1000 iteration. Thus, we ran
1000 repetitions for each combination of MESSAGE-SIZE X DEVICE-TYPE
X ENVIRONMENT-COMPLEXITY, resulting in 5 x 3 x 11 x 1,000 = 165,000
experimental trials.

4.1.8. Apparatus

The ENGINE of EUPHORIA ran on a 64-bit Intel Core i7-4510U CPU
with 2.60 GHz, 8 GB RAM, and Windows 7. PRODUCERS, EMITTERS, RE-
CEIVERS, CONSUMERS, and simulation modules were implemented on the
following mobile devices, representing the three conditions of the DEVICE-
TYPE independent variable:

1. Samsung Galaxy S III, a smartphone with 32-bit dual-core Cortex A9
CPU @1GHz and 1GB RAM, running Android 4.1 (our low-end CPU
condition). 1GHz CPUs are now common on many wearables, such as
smartwatches (e.g., Samsung’s Gear Fit 2), while the A9 ARM CPU
has been superseeded by more advanced architectures; see next.

2. Samsung Galaxy Tab 4, a tablet with 64-bit quad-core Cortex A53
CPU @1.4GHz, 1.5GB RAM, running Android 4.4 (our midrange con-
dition). Compared to the A9 architecture, A53 has more CPU cores,
higher CPU frequency, support for 64-bit applications, hardware-assisted
virtualisation, dynamic frequency scaling, and an enhanced Floating-
Point Unit. More RAM memory and an improved operating system
imply better performance.

3. Acer Aspire V15 Nitro, a notebook with 64-bit quad-core i7-4710 CPU
@2.50GHz, 12 GB RAM, running Windows 10. Compared to A9 and
A53, the i7 CPU architecture relies on an advanced tri-gate transis-
tor technology that allows low power consumption and high process-
ing speeds. It also offers hyper-threading technology and dedicated
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instruction sets, such as FMA (Fused Multiply-Add) and AVX (Ad-
vanced Vector Extensions).

We have to mention that we chose these devices as being representative for
three generic categories: low-end, midrange and high-end. As of the year
2018, we believe they reflect the computing power segments the end users
have access to and that the obtained results are representative for entire
computing device market. The Euphoria machine and the mobile devices
were connected through a 300 Mbps Wireless N Gigabit router.

4.1.4. Threats to Validity

There are several factors that may affect the validity of the experiment
findings. We discuss in this section the main threats to this validity.

Regarding the construct validity, the three variables have been tested
to their maximum potential values observed in reality: MESSAGE-SIZE has
a maximum of 16,384 bytes, which covers the vast majority of messages
exchanged, although messages containing streamlined big data, such as
videos, could exceed this capability; DEVICE-TYPE covers three kinds of
devices from the most constrained to the most powerful; ENVIRONMENT-
COMPLEXITY is bounded by 101 consumers: a significantly larger amount of
concurrent consumers could probably threaten this part, but the Request-
Response-Time follows a linear regression function of this variable (Fig.
6). So, largely increasing the amount of consumer will not exceed a linear
increasing of the response time.

Regarding the internal validity, we tested EUPHORIA in 165 distinct con-
figurations, one for each combination of MESSAGE-SIZE X DEVICE-TYPE
X ENVIRONMENT-COMPLEXITY. In order to avoid the History and Mat-
uration threats, we blocked the automatic updates on all three devices so
that all the trials are based on the same software configuration. Moreover,
we randomized these combinations with 1,000 repetitions. We could pre-
cisely measure the succession of events in time so as to avoid the Ambiguous
temporal precedence threat. Although we wanted to be as objective as pos-
sible, our experiment may be subject to the Selection bias threat in the
case of DEVICE-TYPE variable: no “generic device” exists since all devices
differ to some extent with other, even similar ones. The same software and
hardware configuration for EUPHORIA was kept throughout the experiment
for avoiding the Instrumentality threat. Moreover, a relative big number
of repetitions was elected in order to compensate some unpredictable influ-
ences.
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In order to strengthen the Ezxternal validity of our experiment we pre-
sented all the required information for a good Replication, including the
software our architecture was build on. However, we did not tested our
architecture against the Generalizability except those 165 configurations.
Future research must be conducted in order to extend the results to a wider
variety of configurations. Although we did not repeat the data collection
procedure to test the conclusion wvalidity, this can be done in a very short
amount of time since all configurations can be replayed.

4.2. Results

Figure 5 illustrates the effect of MESSAGE-SIZE on the REQUEST-RES-
PONSE-TIME performance of EUPHORIA for each condition of the DEVICE-
TYPE independent variable. On average, REQUEST-RESPONSE-TIMES var-
ied between 11 ms (for messages of 64 bytes received by consumers running
on the high-end device) and 141ms (for messages of 16 KBytes broad-
casted to consumers running on the low-end device). These results allow
us to reject hypothesis Hyy and to accept H14: larger event messages are
processed with longer request-response times. The effect of COMPLEXITY
on REQUEST-RESPONSE-TIME is illustrated in Figure 6 for each DEVICE-
TYPE. On average, response times varied from 9 ms (for the condition with
one consumer running on the high-end device) and 113 ms (when messages
were broadcasted to 101 consumers running on the low-end device), with an
average response time of 47.4ms (SD = 45.5ms). These outcomes deter-
mine us to reject hypothesis H4y and to accept hypothesis Hy;. The trends
from Figures 6 and 5 also determine us to reject hypothesis Hzy and to
accept Hsi: more powerful and resourceful devices process messages faster.

Our analysis also suggest a linear relationship between REQUEST-RES-
PONSE-TIME (denoted with 7" in the equations below) and MESSAGE-SIZE
(denoted with M S and ENVIRONMENT-COMPLEXITY (denoted with EC'),
as follows:

low-end: 7= 0.005- MS +0.749 - EC + 14.374
(R? = .877, F = 185.997, p < .001)

midrange: T = 0.004- MS + 0.494 - EC' + 3.376
(R? = .855, F = 152.844, p < .001)

high-end: 7T =0.001-MS +0.152 - EC + 3.862
(R? = .949, F = 482.574,p < .001)
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Figure 5: Average REQUEST-RESPONSE-TIMES, expressed in milliseconds, function of
MESSAGE-SIZE and DEVICE-TYPE. Note: the horizontal scale is logarithmic with base
4.

These findings allow us to reject hypotheses H2, and H5¢ and to accept the
alternative hypotheses H2 4 and H54.

Our empirical results show that EUPHORIA can process messages with
a temporal performance that can be perceived as instantaneous response
by users: under 150 ms average request-response time for the slowest device
(A9 CPU) that processed the largest messages (64 Kbytes) in the highest
density condition (101 consumers) evaluated in our simulations. However,
EUPHORIA was not tested against critical, real time requirements because
it is not intended to behave as a safety-critical system. The main objec-
tive was to prove it is possible to make heterogeneous devices to commu-
nicate each other in a simple and efficient way with a minimum effort of
coding and configuration. The comparative analysis between EUPHORIA
and previous software architectures (Table 2) suggests that this solution is
more compliant with the aforementioned requirements. The quality prop-
erty Q1 (adaptability-scalability) is directly linked with both number and
types of devices and with different sizes for the message body. The mod-
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ularity (Q2) naturally emerges from the layered architecture and from the
loose coupling communication (JSON messages sent through http requests
and WebSockets). Moreover, once the EMITTER or / and the RECEIVER
are implemented for one particular device they can be almost instantly used
(Q3) in the case of similar devices (e.g. having the same operating system
and messages structure. Due to common standardized way of communica-
tion, totally different devices can interact each other (Q4) as long as they
“understand” the basic web languages.

5. Application Scenarios

We discuss in this section several application scenarios for EUPHORIA,
highlighting its capability for prototyping and implementing interactions in
smart environments of various kinds: (1) wearable user interfaces and whole-
body gesture input for interacting with public ambient displays, (2) multi-
device interactions in physical-digital spaces, and (3) delivering notifications
in smart, connected cars. These three scenarios have been selected for
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Adapt. Modul. Flex. Inter. | Web OS Smart. JS
QL (Q2) (Q3) (Q4) |(C1) (C2) (C3) (C4)

Average 9 9 D 9 9 9 9 D

Euphoria ® o 9 o o ® 9 9

Table 2: Final comparison between EUPHORIA and average score from the comparative
analysis.

their significant coverage of various input/output devices (Fig. 7, which
can be classified according to Buxton’s taxonomy of devices [89]. This
taxonomy is structured along the horizontal axis according to the number
of dimensions supported by the device (ranging from 1 to 3) and along the
vertical axis according to the physical properties sensed (position, motion,
and pressure). Each row is further divided into two sub-classes: mechanical
when the device possesses a mechanical intermediary system between the
user and the system (typically on-body) or sensing when the devices senses
user’s properties (typically off-body). Each column is further divided into
sub-classes depending on the level of sophistication of the device.
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Figure 7: Coverage of devices by the three application scenarios.

5.1. Smart-Pockets: Fast Access to Personal Data for Ambient Interactions

Smart-Pockets represent a set of whole-body gestures that enables users

to access their personal digital content efficiently for visualization on public
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ambient displays [72]. A Smart-Pockets gesture is a movement of the hand
entailing access to some pocket, such as the trousers left pocket or the
right inner breast pocket, followed by a pointing movement of the hand
toward the ambient display. A complementary hand movement from the
display to the pocket stores the respective content back to the user’s pocket
for later retrieval. [72] showed that Smart-Pockets interactions are fast,
can be recognized robustly even under user-independent training, and are
flexible and easily extensible to other containers, such as bags and hand-
held objects, denoted as “Smart-Containers” in [72]. The pocket metaphor
implemented by Smart-Pockets creates a link between physical objects and
personal digital content, useful for fast access to data in smart environments.
In the following, we show how the implementation of Smart-Pockets can be
readily reproduced with the EUPHORIA architecture.

Following the description from [72, p. 6], users’ whole-body movements
are captured with the Microsoft Kinect sensor, which reports, among others,
the position and movement of the user’s body in 3-D as a sequence of
skeleton data; see [90] for details. In our implementation, we opted for the
“explicit segmentation” approach advocated in [72, p. 14] as the preferred
detection technique for Smart-Pockets gestures, where users decide when the
system should interpret their whole-body movements by signaling explicit
“start” and “stop recording” commands. [72] discussed that any device
that can deliver start/stop events to the system, such as through-fabric
capacitive touch input, mid-air devices, or specific hand poses, would be
a good candidate to segment Smart-Pockets gestures in continuous whole-
body movement (p. 14). For the illustration of this specific use case, Smart-
Pockets gestures are segmented with taps performed on the Ring ZERO
device [91], an interactive smart ring that reports finger motion and touch
events; see Figure 8, top.

Figure 8, bottom illustrates the instantiation of EUPHORIA for this spe-
cific implementation as well as examples of event messages. There are two
PRODUCERS to implement for the Smart-Pockets scenario, corresponding to
the two input devices (the Kinect sensor and the smart ring), and one CON-
SUMER, represented by the ambient display. The smart ring PRODUCER
reports to EUPHORIA taps performed on the ring’s button to be interpreted
as start and stop events for the purpose of gesture segmentation. The Ring
ZERO device connects wirelessly to a smart device, where a custom An-
droid application receives ring events via Bluetooth 4.0, filters those events,
and sends taps to EUPHORIA. The Kinect sensor PRODUCER collects the
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header{3} P» deviceName :GearFit
deviceIP :192.168.0.12
eventName :Tap
Web Page timestamp :1493376183729
Ra body {1} » type :short

JavaScript Accessor
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header{3} P» deviceName :Kinect
EUPHORIA ENGINE deviceIP  :192.168.0.13
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Figure 8: EUPHORIA applied to implement the Smart-Pockets technique of [72]: hand
gestures captured by a Microsoft Kinect sensor and segmented using taps on a smart ring
(top image) are processed as events through the EUPHORIA architecture (bottom left)
implemented using JSON messages (bottom right). In this example, the user performs a
Smart-Pockets gesture to visualize a YouTube video link, stored in one of their pockets,
on a large ambient display.
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user’s whole-body gestures and reports them to EUPHORIA as well. The
CONSUMER subscribes to both taps and gesture events and implements the
Smart-Pockets recognition logic: the whole-body gesture recorded between
two consecutive start and stop taps on the smart ring is matched against
a set of Smart-Pockets gesture templates. The recognition algorithm is de-
scribed by [72] in detail, so we won'’t insist on it here. If the match between
the candidate gesture and any of the templates is successful, a correspond-
ing action is executed, such as display the content associated to the specific
pocket onto the large ambient display. Messages travel in EUPHORIA from
the two input devices to the ENGINE thorough a native software layer im-
plemented in Java for Android in the case of the Ring ZERO device and
in C# for Windows for the Microsoft Kinect sensor. An HTML web page
implements the CONSUMER. represented by the public display that plays
YouTube videos of links stored in user’s smart pockets.

5.2. Access to Multimedia Digital Content Anchored to Physical Locations
mn a Smart Environment

New physical-digital interfaces that enable users to access digital content
mapped to the physical space, such as spatial augmented reality [92, 93],
imaginary interfaces [53, 10, 94], or physical loci [95], have introduced a new
perspective on the interplay between our digital and physical realities. A
digital layer superimposed upon the topography of the physical environment
unlocks new possibilities to access and operate digital content. For instance,
digital objects can be dynamically associated with specific regions of the
physical space and accessed with a mere pointing of the hand. Multiple
digital layers can also coexist at once in the same physical space leading to
different experiences for different users.

To demonstrate how our software architecture can be used to readily
implement such interactive scenarios, but also how multiple devices can
render various views of the same content, we designed an instantiation of
EUPHORIA with one PRODUCER and three CONSUMERS. A 6-camera Vicon
motion capture system [96] was employed to track users and their pointing
actions inside an area of 4m x 4m. Three output devices were considered
to display the digital content pointed to by users: (1) a Samsung UE55D
Wall Display with an active area of 13m? and 8K Ultra-HD resolution, (2) a
46-inch Idem Platform Full-HD interactive table, and (3) a 7-inch Android
tablet with 800 x 1280 screen resolution; see Figure