


Tampereen teknillinen yliopisto. Julkaisu 1386
Tampere University of Technology. Publication 1386

Niko Mäkitalo

On Programmable Interactions
Principles, Concepts and Challenges of Co-Located and Social Interplay

Thesis for the degree of Doctor of Science in Technology to be presented with due
permission for public examination and criticism in Tietotalo Building, Auditorium TB109, at
Tampere University of Technology, on the 15th of June 2016, at 12 noon.

Tampereen teknillinen yliopisto - Tampere University of Technology
Tampere 2016



ISBN 978-952-15-3749-3 (printed)
ISBN 978-952-15-3764-6 (PDF)
ISSN 1459-2045



Abstract

Computing machines and humans interacting has long followed similar principles � A
human gives an input command to a machine, which the machine then executes, gives
an output, and waits for the next human input. Thus the interactions are user-initiated,
requiring constant active participation, and much attention. Despite this, the number
of such interactions has kept increasing since computing has now pervaded all areas of
human life. Take mobile devices as an example: they are now considered as magic remote
controllers that enable interaction with the whole world. Hence, people are now glued
to their mobiles, which makes them more detached from their surroundings and other
people nearby. Consequently, there is no need nor desire to socialize with other people
in close proximity. Presently, the physical world and the cyber world are melting into
each other, and new cyber-physical devices are rapidly emerging. This means that an
ever-increasing number of computers are awaiting user input.

This wide array of computing devices and heterogeneous networking capabilities have
great potential for improving the ways human interactions with computing can work.
The problem is that the current ways of implementing software are not well-suited for
implementing interactions where multiple co-located people and devices participate. The
tools mainly support implementing apps where a sole user interacts with the device, and
possibly, remotely with another person. Vendor-neutrality also causes many challenges as
some manufacturers only focus on improving interoperability within ecosystems.

This thesis approaches computing with a novel concept of programmable interactions.
The idea is to consider the interactions as �rst class citizens in software development.
Instead of focusing on how a human interacts with a machine, the focus is on how the
machines in the same space can share resources and jointly interact with each other,
serving the humans � the programmable interactions are based on principles that put
humans into a central role in the interactions. For developing such interactions, the thesis
presents an Action-Oriented Programming model and its runtime environment. Human
and social aspects are considered with a concept of companion devices. These companions
carry personal pro�les about their owners, and represent them for other devices that are
nearby. The devices socialize and interact with each other as well as with their owners
proactively, meaning that they are also allowed to initiate interactions.

The approaches and concepts that are presented form the basis for developing software
where interactions play a key role. These programmable interactions are based on a set of
human-centric principles, and the task of enabling them is highly demanding. Therefore,
enabling programmable interactions should rather be considered as a continuous process
that improves over time. The most crucial challenges have been identi�ed in this thesis
together with a view on how the current technology can be used to respond to them.
Keywords: Programming Model, Co-Located Interaction, Internet of Things, Ubiquitous Computing.
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Chapter 1

Introduction

Interactions are fundamental for operating within the world. They come in many forms,
taking place everywhere and on various levels. At the very least, to interact with the
world an entity needs to be able to detect events, then interpret and act upon them.
Altogether, these give a meaning for the interaction. An interaction can be considered a
process that consists ofsensation � input from the world, anticipation � what events
are expected from the world, adaptation � how to react to unforeseen events, and
action � output to the world. Whereas these four apply to humans [94], similarities
can be found in how computers interact with people as well as other computer. Today
people live in digital world, and interactions are increasingly taking place with computing.
Irrespectively, however, the interactions between computers come from an entirely di�erent
dimension than the interactions between humans, and using the technology requires a lot
of interventions from humans. Consequently, interactions within computing take place on
various levels that remain separate from the way people are accustomed to interacting.

Programmable interactions approach computing from a di�erent perspective: the idea is
that the interactions themselves should play a key role in computing, and they should
follow a fresh new set of principles. From the software development perspective, the focus is
then on implementing enablers that support the interactions between co-located machines,
humans, and the world � as opposed to developing traditional software applications,
where a sole user must pick up the device, open an application, and then actively start
interacting with it by giving input.

1.1 Motivation

The importance of interactions has been recognized from the beginning of the information
age. For instance, J.C.R. Licklider presented his vision ofMan-Computer Symbiosisin the
1960’s, and analyzed some problems of interactions between humans and computers [81].
A few years later, Licklider introduced his idea of an Intergalactic Computer Network,
which eventually led to the development of the Internet [107], and which now enables
billions of people and entities to communicate. On the other hand, in 1991 Mark Weiser
presented his well-known vision ofUbiquitous Computing, which described ambiguous
interactions between humans and their surroundings [142]. According to Weiser, new
goals can be focused on, when things disappear so that they can be used without thinking.

With a view to these early visions, at present a lot of talk is around topics such as the
Internet of Things [7], fostered by heterogeneous and new networking technologies such
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as 5G networks [40]. These concrete examples show how the paradigm of computing is
actually changing at the moment. The world is quickly becoming a place full of computer-
enabled objects that are interconnected [42, 128]. Already now, people with apps on their
mobiles can remotely control di�erent entities such as smart home electronics that operate
within separate networks. Although these kinds of interactions may become useful if
one has a very speci�c task that needs to be done, this forces the human users to act as
servants to the machines. With ever more interconnected and computer-enabled objects,
the situation should be the other way round: Humans should be the centerpieces of these
interactions, but not in the sense of being operators. The entities should be enabled to
interact with each other, and with their joint behavior serve the humans that are present
with them in the same space. Current computing infrastructures, however, do not support
or encourage implementing such interactions, which leaves much room for improvement.

Looking at today’s app stores for mobile devices, there seems to be an app for nearly
every purpose. For instance, Apple’s App Store contains 1,5 and Google Play 1,6 million
apps at present [122]. Despite these vast numbers, the apps only employ a single device
at a time, and only little, if any, attention is paid to human-to-human, or entity-to-entity
interactions. In particular, interplay with multiple entities and humans present in the
same physical space is completely sorely lacking.

In the last several years, the concept of ecosystems has been proposed for improving
interoperability of devices operating within the same hardware/software environment [15].
However, these ecosystems do not enable actual interactions between and among the de-
vices in the sense that the devices would actually be playing or co-operating with the users.
Instead, the ecosystems are typically targeted tosingle user, multiple device scenarios, and
can lock the user into a single vendor "silo" [128]. For application developers, ecosystem
support is also very limited, and the existing support typically enables synchronizing
data over cloud services. Vendors of the hardware platforms also tend to protect their
ecosystem businesses, and may even set limitations for their platforms that prevent apps
from operating in certain ways. Indeed, this does not promote communication and free
interaction with other entities.

Web technologies, on the other hand, have long been based on open standards, and hence
o�er tools for implementing applications in more vendor-neutral ways � in contrast to
native apps where one platform’s apps cannot be run on other platforms. However, even
though the communication is built-in to the Web, the interactions still happen in the
same way as with with native apps. Also, the Web browser essentially is an app itself and
only o�ers a sandbox for interactions. For these reasons Web apps su�er from the same
and even more limitations than native ones. Despite these limitations, however, Web
technologies can still have advantages over native apps [127], and be used for enabling
some interactions. Moreover, Web technologies can teach a lot how software should work,
and about standardization for enabling vendor-neutral interactions in the future.

Consequently, all this raises the question of whether the current ways of implementing
software are feasible for enabling interactions within the modern computing environment?
This doctoral thesis approaches the interactions from a programming model perspective.
The programming model is designed to take the most out of today’s computing environment
by utilizing di�erent resources from a diverse set of the computer-enabled devices and
heterogeneous networking technologies. Many devices now enable sensations and actions
that allow them to interact with humans, their environment and each other. Some of
these even go beyond human abilities. The devices, however, need to be programmed to
be able to anticipate events and then to react to them. The ability to adapt, on the other
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Figure 1.1: Programmable interactions put into context.

hand, can improve over time by observing the users and by learning.

Programmable interactions are based on four fundamental principles according which the
interplay between humans and machines shouldbe social, be personalized, be proactive,
and be predictable. Figure 1.1 depicts some example scenarios about the programmable
interactions in di�erent contexts. These novel interactions are built with a model named
Action-Oriented Programming which is especially targeted for implementing the inter-
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actions between computing machines that are co-located within the same space with
humans. Thus social aspects are an important part of these interactions. The computing
machines then respect the social relationships between humans while they are interacting,
and they may also appear in human-like ways for the co-located people by interacting with
modalities that humans are accustomed to interact with each other. A concrete example
could be a car navigator and a mobile phone using voice modality to communicate the
user that that the two are negotiating about the destination.

For making the interactions personalized, the information available from cyberspace can
be utilized in the physical space. Also, digital content is now an essential part of human
life, and thus user-generated digital content is important for making the interactions
more personal. Such interactions have then a lot of potential for enriching social behavior
and aiding people in their everyday activities. Concrete examples of these types of
programmable interactions include sharing life events and activities similarly than people
now share them in social media, but now the sharing takes place in face-to-face encounters.
The devices may for instance help people �nd other with similar interests in a conference,
automatically exchange contact information, and even help in breaking the ice in some
situations. Typical use cases include for example social games.

In many ways programmable interactions reconsider the current concept of app � the
boundaries have been removed, they are not tied to any speci�c platform or device, and
they are not necessarily used actively by the user. Instead, programmable interactions
proactively take place between co-located humans and machines. Hence, these interactions
can be considered as some kind of ambient intelligence [108] since they can be used for
changing the state of the physical world based on humans’ preferences and ongoing activ-
ities. A concrete example could be adjusting the atmosphere of the physical environment
where certain activity, like a social game, is ongoing.

Since people are not accustomed to this type of novel approach where interactions with
technology take place proactively, it naturally will take some time to adapt to the
new principles. For this same reason, it is important to pay special attention to the
predictability of the interactions, and that the users may trust the system. Moreover, it
is also important to make the user feel that they remain in control over the technology,
and enable them to adjust the level of proactivity.

1.2 Research Approach

This doctoral thesis consists of seven included publications, and an introductory part
that draws these publications together. The following section introduces the research
questions of the thesis. Then, the research methods used in the included publications are
described.

1.2.1 Research Questions

The main contribution of this thesis is to explain how interactions can be made pro-
grammable. These interactions can open unlimited opportunities and enable completely
new types of interactions between humans and technology. Conversely, enabling pro-
grammable interactions is not an easy task since they are based on a demanding set of
principles. Moreover, many limitations exist regarding current hardware and software
platforms. These technological limitations, together with the principles of programmable
interactions, set challenges for enabling such interactions. For these reasons, enabling
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programmable interactions should be considered a continuous process with many problems
to solve and challenges to face.

The main research question of this thesis can be formalized as follows:
What are the challenges of enabling programmable interactions?

This main question, however, remains hard to answer as many aspects of programmable
interactions are not yet imagined. Hence the thesis aims at identifying as many of these
challenges as possible, and then describes the approaches taken to respond to these
challenges. In addition to the main research question, three other more speci�c research
questions of the thesis are:

Q1: What should the programmable interactions be like, and why?

Q2: How to harness the various resources of each device?

Q3: How to enable proactivity in social interactions?

The answers to the research questions are summarized in the conclusion of this thesis.

1.2.2 Research Methods

Design scienceresearch method is often used in information system research while de-
signing novel artifacts for problems that have not yet been solved, or while designing
more e�cient artifacts for problems that have already been solved [54]. As ensuring
the artifact’s utility for the problem is important, the designed artifact must be vali-
dated before it has been transferred to practice, or the performance of the implemented
artifact evaluated afterwards [143]. The thesis includes three novel concepts reported
in Publications [I], [IV] and [VI]. These concepts and their features were developed in
an iterative process, and the developed features of these concepts were validated and
evaluated in workshops and meetings with professionals before and after implementing
them. The principles that form the basis for programmable interactions were designed
in collaboration with another research group studying similar concept than the author
of this thesis. These principles, reported in Publication [I], are used for answering the
research question Q1. Since validating an artifact beforehand can be challenging, other
methods have been used for evaluating the artifacts after the concepts have been realized.

Proof of concept is one of the most common methods in information systems research
for showing that introduced new or improved concept can be realized in practice [28].
This method was used by the author of this thesis for showing that the designed concepts
for enabling programmable interactions can be implemented. The proof of concept
implementations helped in identifying the challenges related to programmable interactions,
and hence answering the main research question of this doctoral thesis. Publication [III]
describes four proof of concept implementations that were build for showing how the
proactivity of the social interactions can be improved in practice (Q3). These proof of
concept implementations have also helped in answering the research question Q2 regarding
the computing and connectivity resources of the di�erent types of devices.

Action research method in information system research is sometimes used together with
design science method for evaluating and improving the designed artifact in its real
context [69]. Action research is a cyclic and iterative process consisting of �ve phases
as depicted in Figure 1.2. The process starts from diagnosing the problem. Then after
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5) Specifying 
Learning

4) Evaluating

2) Action
Planning

1) Diagnosing

3) Action
Taking

Figure 1.2: Action research is a cyclic and iterative process [124].

planning and taking actions for solving the problem, the results are evaluated, and the
lessons learned are speci�ed. One of the characteristics of action research is that the
researcher is in some way involved in the research process. Since the programmability is
one of the key aspects of programmable interactions, action research method has been used
for improving the programmability aspects over the years. The process has been iterative
in the sense that several MSc students have used the programming model, middleware,
and capability frameworks, described in Publications [IV] and [II], for developing software
for various purposes. The author of this thesis has participated in the processes by giving
guidance when that has been needed, and by �xing bugs and implementing new features
when needed. Working with the students has helped evaluating the programmability of
the approach, helped improving the approach further as well as identifying the challenges
of enabling the programmable interactions. Publication [II] describes the current state of
the programming model.

Case studymethod is an empirical approach to investigate phenomena in their real-life
context, especially when the boundaries between the phenomena and the context are
not clear [27, 145]. Case study was used in Publication [V] to get input from outside
developers from the concept presented in Publication [IV], and the model for programming
the interactions. In contrast to the action research, where working with the students was
done with familiar students, the idea of the case study was to arrange one clear use case
where the role of the researcher was minimized. In the case study the developer team
was given only a short ten-minute presentation about the concept, and then free hands to
implement what they themselves wanted. Afterwards the developers were interviewed
to get their feedback about the concept, programming model, and especially about the
programmability. Interviewing is a commonly used method in case studies for gathering
feedback from the participants. The case study helped in identifying the challenges
related to enabling programmable interactions, that is the main research question of
the thesis. Moreover, the case study also revealed some developer ideas about what the
programmable interactions should be like (Q1).

Literature survey method was used to get an overall idea about the most crucial features
of content management in distributed and heterogeneous environments. The results of
this survey were used for evaluating the concept and the proof of concept system described
in Publication [VII]. These results were later used for de�ning a blue print architecture
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presented in Publication [VI]. The survey and the proof of concept implementation both
helped studying how the binary resources of various devices can be harnessed for the
purposes of programmable interactions (Q2).

1.3 Technical Contributions

Most of the candidate’s technical work for enabling programmable interactions has been
published under open source and are freely available. The following lists the systems,
but their contributions for enabling programmable interactions are described later in this
introductory part as well as in some of the publications.

Orchestrator.js (OJS) is the technical counterpart for the theoretical contribution of this
thesis, the abstract programming model. Together they form the main contribution of this
thesis. OJS enables the programming of interactions for various purposes, and on multiple
platforms. It is an open source, JavaScript-based middleware containing a Web-based
integrated development environment and a runtime environment. The whole system has
been completely implemented by the author of this doctoral thesis. The system is up and
running in ( http://orchestratorjs.org ), and the open source code freely available from
GitHub ( https://github.com/nikkis/OrchestratorJS ). Moreover, several device-end
frameworks have been implemented by the candidate, and these frameworks are listed on
the OJS website.

Social Device Platform (SDP) is a proof of concept system developed for the Social
Devices concept. SDP was with a joint development of Tampere University of Technology,
Aalto University, and Nokia Research Center. The system consists of a set of cloud-based
components and a client software. The author of this thesis has implemented some of these
components, as well as the client software. The whole open source system is available
from GitHub ( http://socialdevices.github.io ).

VisualREST system was developed by a team from Tampere University of Technology,
where the author worked as a lead developer from the beginning of the project. The
whole VisualREST system is open source, and available from GitHub (https://github
.com/nikkis/VisualREST ).

SocketIO.NetMF is an open source communication library, based on open Socket.IO
protocol. It enables relaying events between Microsoft’s Micro Framework platform
and other Socket.IO enabled entities. The library is available from GitHub (https:
//github.com/nikkis/SocketIO.NetMF ).

1.4 Outline of the Thesis

The introductory part of the thesis is organized as follows: Chapter 2 depicts today’s
computing environment from an interactions perspective, how it’s being researched, and
how the candidate’s work contributes to improving interactions in this environment.
Chapter 3 de�nes the programmable interactions. Chapter 4 describes how the entities
can share their resources for enabling more seamless and social interaction. Chapter 5
describes the programming model for building programmable interactions, and its runtime
implementation for the modern computing environment. Chapter 6 gives an overview of
the included publications. Finally, Chapter 7 concludes this thesis.
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Chapter 2

Computing Environment

For decades, �rst desktop and then mobile computing have controlled the way software
is developed, and as a consequence de�ned how people experience and understand
computing. However, during the past few years computing has become more social. This
has happened due to two major revolutions. The �rst one is the appearance of the public
Internet, and the second one is the emergence of mobile devices. These two together
have enabled completely new ways to be constantly connected and interact with others.
This paradigm where all information is available in any location is often referred to as
pervasive computing.

Today the computing environment is quickly changing. The number of physical entities
capable of participating in computing continues to accelerate. The connectivity is
becoming heterogeneous and available in any location. This forms a basis for a new type
of computing environment where everything is connected, and computing takes place
directly everywhere in our surroundings. The interconnected entities should no longer be
considered as individual devices, but rather as set of resources that form the basis of new
kind of computing. Figure 2.1 depicts the paradigm shift from personal computing to
pervasive computing, and further towards this new computing environment.

Figure 2.1: Paradigm shift in computing.

Ever more entities mean ever more interactions between them. This places the interactions
in a key role in relation to how our devices behave and appear to us. Previously, computers
had mainly been used for supporting remote interactions, where many elements of the
interactions remained hidden. Today, however, we are becoming increasingly connected
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directly to our surroundings. This addresses special challenges for the interactions, since
while we are co-located, the interactions become more perceptible.

This chapter gives an overview of the today’s computing environment from the interaction
perspective. We �rst explore the current environment, de�ning the kinds of interactions
it currently enables. Next, the main research areas related to the study of computing
environments are introduced. Finally, the chapter introduces the author’s visions and
approaches that contribute to improving interactions.

2.1 Exploring the Computing Environment

There are many ways to look at the computing environment of today. From the interaction
perspective, they can be seen to take place within three di�erent worlds: Thesocial world,
which re�ects society, and consists of human relations and communication, thecyber
world, which is an abstract space and the world of inter-computer communication, and
the physical world, where humans, machines, and the environment meet, governed by the
laws of physics. Respectively, the following explores the technological interaction enablers
and needs from three di�erent perspectives that are in this thesis called as theInteraction
Dimensions of Computing.

Cyber
World

Social
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Physical
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Figure 2.2: The Interaction Dimensions of Computing.

2.1.1 Physical Interaction Dimension

The physical dimension is comprised of the enablers for human-entity interaction, as well
as any other interaction that takes place in the physical world. The term "entity" here
refers to all tangible objects that have computing capabilities, or some link to computing.
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From the human-entity interaction perspective, the appearance of the entity is important
and directly related to how humans themselves relate to computing. The following gives
an overview to the di�erent types of entities that exist today. However, many other
types of entities are emerging all the time, and excellent hardware and software tools
enable endless possibilities for building new types of entities. Thus only some of the most
common types of entities are mentioned.

Entities of the Physical World

During the last couple of decades, the computing paradigm has changed from desktop to
mobile computing as technological development has enabled building smaller and lighter
devices that can easily be carried around. Smart phones, tablets, and laptops are now
essential for our daily lives. By the end of 2014 the number of mobile phones worldwide
was estimated to be almost equal to the number of people [18].

Despite the fact that mobile computing has now spread to almost everywhere and for
everyone in the world, a new paradigm shift is already taking place: It has been estimated
that the number of physical objects connected to Internet will reach 26 billion [42], or
even 50 billion [41] by the end of 2020. This trend, namedInternet of Things [7] or
Cyber-Physical Computing, aims at connecting physical things from our surroundings to
the Internet and other networks. Smart home electronics are one of the most visible of
these connected entities, as recently, many end-user products have started to emerge. As
a simple and basic, but yet an interesting example, are smart light bulbs that can be
controlled directly with other devices. This shows how one of the �rst electric devices has
been upgraded to the modern age and can now participate in computing. Although not
all the light bulbs need nor will ever need to be connected to other devices, this example
hints at the large the scale of this emerging new paradigm. Other examples of these
types of ready-for-use physical computing objects are thermostats, air conditioners, water
boilers, di�erent types of lights, relays, switches, security systems, and locks.

Wearable devices are another emerging trend, but from a di�erent track: These highly
personal wellness and health devices enable measuring data about the user’s physical
activity and wellbeing, such as heart rate and calories consumed. This data is then stored
on mobile devices or cloud services where some analysis may be performed. Another,
more advanced instance of wearable computing is the smart watch that enables usage
similar to activity trackers, but also enables similar interactions as current mobile devices.
Consequently, smart watches are often used as companion devices for mobile phones.
Some other examples of emerging wearable devices are virtual and smart glasses, as well
as smart clothing. The former can either aim at showing virtual content over the physical
world (augmented reality), or aim at taking the user deeply into virtual worlds. The
latter aims at embedding electronics and user interfaces into clothing.

Examples of more social-physical technology include gaming and home entertainment
systems. These o�er playful and entertaining experiences that can engage multiple people
in the same space, and can also support interacting them with sensor-based technology.
Moreover, these systems typically o�er SDKs for developers. Whereascomputer-supported
cooperative work (CSCW) has previously been based on online tools, tools supporting
co-located collaboration have now also started to emerge. As an example, Microsoft’s
Surface Hub (https://www.microsoft.com/microsoft-surface-hub ) allows multiple
people to interact locally and remotely with the same big board. These are only few
examples of recently-emerged entity types, and diversity in the physical dimension is

11

https://www.microsoft.com/microsoft-surface-hub


growing every day. Car entertainment systems, social robots, drones, and self-driving
cars are some examples of the next emerging physical entities.

Building New Types of Entities

Multimodal and multisensory integration research studies how several di�erent types of
input components should be utilized together for composing new and improved human-
computer interaction modalities [76]. Whereas in the past researchers had to build
everything from printed circuit boards to writing software from scratch, today many
alternatives are available for prototyping purposes [55]. Gadgeteer (http://www.ne
tmf.com/gadgeteer/ ), Arduino ( https://www.arduino.cc ), and Raspberry Pi (http:
//raspberrypi.org ) are only some of the most well-known prototyping platforms. Many
of these o�er actuators, connectivity, and sensor modules that can easily be used for
building new types of gadgets. Moreover, excellent IDEs and SDKs now make it very
easy to develop software for newly-built entities. For this reason hardware prototyping
has also become popular now among amateurs and online open-source communities, and
made it much easier to implement new types of entities.

3D printing and scanning technologies are also interesting from the entity building
perspective, and is quickly becoming practical for average customers. This means that
it becomes very easy for people to print components or even whole objects as discussed
by Schmidt et al. in [112]. Already today people can either purchase models, or use
CAD design software to design enclosures and objects. Currently, however, 3D printing
technology does not allow printing components from many materials, and hence it still
needs to be used in conjunction with the platforms introduced above for building the
entities. The outcome, however, is that building, distributing, and purchasing intelligent
objects will most likely face a revolution in the near future.

Physical Appearance

From a human perspective, physical appearance de�nes how appealing an entity is to
use, or how ambient it is in its surroundings. Hence, appearance has a direct e�ect on
how humans interact with entities. For instance, according to Weiser [142] things need
to disappear within our surroundings before we are freed to use them without thinking.
Thus 3D printing technology can play a role in helping entities blend more seamlessly
into their environments.

As the number of entities continues to grow, new types of interfaces are needed for
controlling them. Previously, for example, gesture-based controlling has only been
possible in �xed locations and research experiments based on Microsoft’s Kinect platform
(https://dev.windows.com/en-us/kinect ). However, over the years gesture detection
with mobile devices has evolved that can enable new types of human-computer interactions,
and also enable ways of interacting with the devices that are more social [132]. As an
example, the new Apple TV platform now allows controlling games with one’s iPhone as
well as with a gesture-detecting remote controller. Moreover, Google’s current Project
Soli (https://www.google.com/atap/project-soli/ ) studies a chip that can be used
for detecting gestures to support new types of interactions with mobile devices. Also of
interest is Google’s Project Jacquard (https://www.google.com/atap/project-jacqu
ard/ ) which studies embedding interfaces into fabrics.
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2.1.2 Cyber Interaction Dimension

The cyber dimensionencompasses the enablers for entity-to-entity interaction. While a
human and an entity typically interact within the physical world, the entities essentially
require established connectivity to enable intercommunication. Thus the connectivity and
exploitation of heterogeneous networking technologies play a key role in entity-to-entity
interactions. Connectivity on its own, however, does not enable interactions between
entities. For this purpose the connected entities o�er APIs that other entities then use
for remote communication and command. For improving the developer experience, some
hardware manufactures also o�er SDKs with communication frameworks.

Connectivity

As mobile devices have greatly evolved and new types of devices have emerged, so too
has the networking side. Figure 2.3 illustrates the growth of mobile-cellular subscriptions
according to ITU [18]. In developing countries the mobile-cellular penetration was
estimated to be 90%, and in developed countries 121%. The numbers of mobile-cellular
subscriptions in developed countries between 2005-2014 show that the growth has almost
stopped. A similar trend can also be seen regarding mobile phone subscriptions in
developing countries. Considering these numbers, it can be estimated that a great deal of
the world’s population already has or will soon get constant Internet connectivity. The
number, at any rate, will most likely go up in all countries, since other new entity types
can also utilize the mobile networks. This type of connectivity is typically referred as
Wide Area Network (WAN) as it enables communication around the world.

Infrastructure-based networks, like the aforementioned mobile cellular networks, enable
indirect communication between entities. Today for example LTE networks o�er tremen-
dous transfer rates at a reasonable price. Another form of indirect, infrastructure-based
networking is Local Area Networks (LAN) that can also o�er wireless access points with
Wi-Fi technology, and thus are called Wireless Local Area Networks (WLAN). LAN
technology allows communication between entities within a limited area, but typically also
o�ers access to WAN. Mobile-cellular and Wi-Fi technologies o�er the basic connectivity
and backbone for communication. However, considering the vast development in the
physical dimension, it becomes essential to consider other communication possibilities as
well.

Direct device-to-device (D2D) connectivity today is fortunately well represented, and can
be supported by several options. Moreover, these network types are typically infrastructure-
free, and work in an ad hoc manner. Some examples of D2D communication are personal
area networks (PAN), where the idea is to form network around the user. Some of the
most well-known examples are classic Bluetooth (BT), Bluetooth Low Energy (BLE),
Near Field Communication (NFC), and Wi-Fi Direct (or Wi-Fi Peer-to-Peer). ZigBee
and Z-Wave, on the other hand, are low-energy technologies that are typically used
for enabling communication in home automation systems. In addition, wireless sensor
networks (WSN) are constantly being developed for various purposes [6, 79, 103]. Recent
examples include vehicular networks [71] for use in self-driving cars, and underground
networks [5] with applications in agriculture.

Fixed-price mobile broadband connectivity and WLAN connectivity available in places
where people spend most of their time have changed the ways people interact. However,
device-to-device networking will become increasingly important not only because it enables
faster communication, but also because it can make communication more secure. In
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Figure 2.3: Mobile-cellular subscriptions, total and per 100 inhabitants [18].

addition, because the public Internet may sometimes be a hostile place, not all locations
o�er proper Internet connectivity [ 111]. According to Benincasaet al., the next generation
of mobile applications will operate in highly dynamic environments such as heterogeneous
wireless networks [11]. This claim is easy to adopt considering that within the coming
decades we will be surrounded so many di�erent types of physical objects that it simply
would not make sense to communicate everything through Internet. Conversely, not all the
entities even have support for Internet connectivity. In 5G, the network infrastructures
may already automatically support utilizing heterogeneous local area networks and
simultaneous use of multiple connections.

Seamless Usage of Multiple Devices

Application Programming Interfaces (API), together with the pervasive Internet, have
enabled more seamless use of multiple devices. In many ways various APIs are now
de�ning how software is implemented as many software implementations are based on
synchronizing data over Internet-based services. Today hardware manufacturers o�er their
own cloud services for keeping information synchronized across the di�erent entities of
individual users. For supporting interoperability between devices from di�erent vendors,
manufacturer-independent services have also been introduced. Typically however, these
services mainly focus on data interoperability between entities.

Lately, however, device vendors have started to utilize other networking technologies
for supporting interoperability between their ecosystem devices. For example, Apple’s
Continuity technology aims at enabling one to continue the same task when the user
switches from one device to another. Thus, when two devices are near each other, a device
can suggest opening the same currently open document or website on another device.
Although this example is mostly limited to synchronizing data, it still shows how network
technologies can interoperate: Bluetooth technology is used for transferring information
about proximity, and Wi-Fi is used for transferring the actual data.
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Connectivity Supporting New Types of Multi-Device Interactions

Entities with connectivity and di�erent input and output componentscan interact with
their surroundings. As an example, sensors enable measuring data from their environment
and their users. On the other hand, screens, speakers, actuators, etc. enable outputs to the
physical space, as well as to their users. While interacting with people and physical space
happens with these input and output components in the physical dimension, interactions
with other entities typically require connectivity and takes place in the cyber dimension.
This also includes relaying the results of processing and input operations from one entity
to another. The entities’ components (input and output), and their other abilities to
store and process data, are calledresources.

The ability of these physical objects to interact with people and their surroundings enables
building new types of interaction capabilities. As an example, touch screens revolutionized
the way we interact with many entities today. However, devices are still typically used one
entity at a time. When the surroundings become �ooded with a wide variety of entities,
the number of possibilities for interaction between and among them will be nearly endless.
By connecting and harnessing multiple entities they can all act as one [84], or, allow
many users to participate in the same interaction. Moreover, as the entities have di�erent
resources, they can participate in the interactions in di�erent roles, and the interactions
can utilize only some of their resources. For example, while playing a game at home, it
makes sense to select the big screen TV, and still use the home theater receiver for the
audio, unless it has been reserved for other purposes, like playing music at the same time.
Harnessing, however, requires clever ways of recommending and con�guring entities to
their roles in the interactions based on their resources (e.g. [98]).

Smart home and home automation systems are timely examples of more advanced con-
trolling of physical entities. Whereas smart home systems mainly o�erremote interfaces,
home automation systems o�er tools for automating the control of these entities based on
the user’s actions. Smart home systems, however, are not a new topic but have already
been studied for years, and for this reason vendor-neutral systems have been developed.
Some of these older approaches include for example Wink (http://www.wink.com/ ) and
Smart Things (http://www.smartthings.com/ ). The idea in all of these systems is es-
sentially the same: home electronics are connected to a centralized gateway that mediates
messages from the input devices (typically a mobile device) to them. Part of the control
can be automated with mobile apps that these systems o�er.

Recently, some mobile platform vendors have started o�ering more advanced software
development kits (SDKs) with communication frameworks that can be used for building
more advanced applications that communicate with other entities. Naturally, however, all
of the entities need to have a similar framework and support the same protocol in order
to communicate with each other. One of the most recent examples is Apple’s HomeKit
approach (https://developer.apple.com/homekit/ ) which enables the user to control
their HomeKit-compatible electronics via Apple ecosystem’s devices. For example, iPhone
and Apple TV enable commanding the electronics with voice modality by their Siri
assistants. Also, Google is developing its Weave protocol for controlling its Brillo and
other Internet of Things devices (https://developers.google.com/brillo/ ).

2.1.3 Social Interaction Dimension

The social dimension encompasses the technical enablers for human-to-human social
interaction. Traditionally, the interactions have taken place within the physical world.
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However, people are social creatures by their nature, and thus from the beginning of the
computing era computers have been utilized for communicating with other people [138].
When the public Internet enabled remote communication, it created newcyberspaceswhere
new types of interactions and collaboration in real-time were made possible. Moreover,
mobile devices have allowed computing to become detached from �xed locations, enabling
constant connectivity.

Living in Two Worlds

Ubiquitous Internet connectivity has now totally changed the way people interact. Even
the traditional mobile technologies are being replaced by new ones. A survey made by
the Finnish Communications Regulatory Authority shows that the usage of traditional
SMS messages and phone calls have started to decrease because of the emerging social
technologies [134]. Social media, instant messaging, dating services, online collaboration
tools, and other types of mobile and Internet applications are basic examples of these
virtual world technologies.

Constant connectivity, however, has its costs; it has become clear that being constantly
connected and online is changing the way we socialize, react, and relate ourselves to our
surroundings. For instance, our ability to focus and concentrate has changed, and we
have become more detached from our surroundings [14]. Thus, it can be said that in
many cases the technology can actually separate people from other people and from their
surroundings; it is common to see people gazing their mobiles, possibly communicating
with someone remotely rather than face-to-face with people nearby.

As pointed out by the physical dimension, computing devices have typically been highly
personal, and used solely by their owners. As with highly personal devices and their usage,
digital life has become equally private. As of yet, no major social media service has been
designed to support and to be used together with other people nearby. Hence, interactions
in the two worlds remain separate, and consequently, it can be said that at present people
live and socialize in two di�erent worlds, physical and virtual, simultaneously.

Human Involvement

One of the goals of social technologies is also human involvement in computing. The entities
can become social by understanding their owners and other humans more deeply. Whereas
this might sound like a future technology, already today mobile phones, networking
technology, and Web services gather tons of information about people’s behavior. This
information is then used for suggesting products or activities, typically for commercial
purposes (e.g. advertising). Data mining is typically done by performing data analysis
on big data that can be gathered based on network tra�c or users’ physical locations.
This collection of such private data has raised concerns in many people and governments.
At the same time though people, voluntarily or through ignorance, are giving up their
privacy in exchange for free services.

Despite the fact that these social media services have their �aws and have changed the
way we communicate, they can o�er improved access to social knowledge [116]. This
information can then be utilized in many contexts, and within other dimensions. For
example, data about social relationships can o�er essential information related to security,
like improving trust and privacy. In social media people share their activities with a
certain group of people that they trust and with whom are willing to give up their privacy.
In many cases the sharing happens among closest friends, but not necessarily with the
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entire social network. Considering that users have entrusted a certain group of people, it
could be assumed that the same item could be shared among that group in face-to-face
situations as well. However, considering the highly personal nature of our current digital
life, this may not apply in all the cases as people communicate in di�erent ways in
cyberspace compared with physically co-located situations.

Socially Appearing Entities

From a software development perspective, connectivity or computing capabilities alone do
not make an object social. It is the program controlling an object that has the greatest
potential to make an object appear more lively or smart for the user.

Although the social technologies of today primarily support socializing among humans,
the entities are getting more and more autonomous and intelligent. The digital assistants
are an example how the entities can already appear in a more social way for the user.
The most recent examples of these assistants are Facebook’s M, Microsoft’s Cortana,
Google Now, and Apple’s Siri. The latter one works across Apple ecosystem devices, as
shown in Figure 2.4. Although some of these assistants can suggest activities for the user
based on previous activities or locations, typically the assistants only o�er a new kind of
interface. Nevertheless, these digital assistants do not yet o�er advanced interactions or
applications for multiple co-located people and devices.

Figure 2.4: Siri on Apple Watch.

Another example of socially appearing entities is the emerging social robotics technology
(e.g. https://www.aldebaran.com/ ). The vast development of arti�cial intelligence
and controlling of embodiments may allow these types of autonomously moving social
entities to walk among humans relatively soon. The arti�cial intelligence research of
social robotics looks into how robots could become self-aware. Furthermore, research has
been carried out for generating personalities for these robots [35].

From the interaction and social appearance perspective, the physical dimension becomes
important. For example, with assistants the feeling of social appearance comes from
the voice modality, which is the natural way for people to communicate with each other.
However, the �aw of the assistants seems to be that they don’t take the user into account
fully in a social sense. For example, from a social interaction perspective, the assistants
focus on serving only one user at a time, instead of considering other nearby humans or
entities.

17

https://www.aldebaran.com/


Ownership

When the paradigm changes and computing becomes more ambient and ubiquitous, we
will also need to rethink the concept of ownership. For example, mobile phones and
wearable devices are highly personal, but a tablet can be shared among a family. Another
example of such device is the new Apple TV that the whole family shares and also uses
together. Whereas programming applications for these devices (e.g. for personal mobile
phone and shared tablet) may not be that di�erent from a technical perspective, the
applications should be totally di�erent from social and user experience perspectives. In
the future, more of these types of semi-public and public devices are likely to be seen.
Then, from an interaction perspective, this would mean that the people are allowed to
use, interact, and borrow resources from the available entities in their surroundings, thus
making the computing more social.

2.2 Related Research Areas

There are many research areas around the topics of this doctoral thesis. Some of these
research areas overlap, have similar goals, and the di�erences are minor. Therefore, these
areas are hard to distinguish from one another. The following gives an overview of some
of these areas, and describes how these areas are related to each other as well as to
interactions in general.

Social Computing

In 1994 Schuler gave a de�nition for social computing: "Social computing describes any
type of computing application in which software serves as an intermediary or a focus
for social relation" [114]. In 2007 Wang et al., however, extended the de�nition of social
computing as "Computational facilitation of social studies and human social dynamics as
well as the design and use of ICT technologies that consider social context" [138]. Thus
this de�nition also contains theoretical underpinnings for supporting social aspects, as
depicted in Figure 2.5 from their publication. Moreover, Wang et al. claim that the idea
of social computing can be tracked back to Vannevar Bush’s paper "As We May Think" in
the 1940’s [138]. In the article Bush introduced a device named memex, a communication
and memory device.

Despite these rather broad de�nitions, however, social computing nowadays has an
established meaning, referring to all types of social communication and interaction
that is somehow computer mediated [99]. Nowadays, typical examples include social
media and instant messaging. Moreover, manycomputer-supported cooperative work
(CSCW) applications are often considered as social computing applications as they aim
at supporting the communication and interaction between multiple users to achieve a
common goal [43]. Typical examples include cloud services like Google Docs and Microsoft
O�ce 365.

In traditional social computing, the support for the physical dimension is weak, as it
typically lacks support for face-to-face situations and co-located cooperation. Considering,
for example Facebook or Twitter, the most commonly used social applications, they
almost completely lack support for physical presence or location. In Facebook, users can
check-in to places and tag who else is present in their status updates. Similarly, Twitter
allows de�ning a "context" for a tweet with hashtags. Thus, these social media services
currently neglect the physical dimension.
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Figure 2.5: Wang et al. de�nition of Social Computing research from 2007 [138].

With more and more interactions taking place right next to users, the physical dimension
and proximity are becoming ever more important domains in social computing research.
Thus the real strength of social computing, the technical underpinnings, can also o�er
valuable insights for developing these interactions. Moreover, whereas everything is
becoming more easy to program, this leaves more room for interdisciplinary research.
Today, some emerging technologies, like social robots for instance, already serve as
examples of more physical social computing technology that involves interdisciplinary
research.

Ubiquitous Computing

In 1991 Weiser envisioned in his article "The Computer for the 21st Century" [142]
how computers will work in the next millennium, and called this paradigm Ubiquitous
Computing (UbiComp). The article introduced pads, tabs and boards, which are computers
of di�erent sizes and the basic building blocks for ubiquitous computing. The goal in
ubiquitous computing is to embed and make the technology disappear into the environment
by hiding several, probably hundreds, of these and other types of devices into our
surroundings, where they then would seamlessly communicate with each other as well as
with humans.

Pervasive Computing is a term that is often used interchangeably with ubiquitous com-
puting, and the di�erence between the two is subtle. One way of distinguishing them is
related to Weiser’s vision of things needing to disappear into our surroundings in such a
way that we use them without thinking. Thus, ubiquitous computing is also often referred
to with the term ambient intelligence. Pervasive computing, on the other hand, aims
at making the information on anything available everywhere, which typically requires
having a distributed set of pervasive devices like smart phones and wearable devices, for
instance. Ambient intelligence and embedded devices typically have much more limited
user interfaces than mobile devices though, and thus the UbiComp research often studies
the appearance (or disappearance) of the entities, in addition to novel human-computer
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interaction techniques. Kindberg and Fox mention three important goals for ubiquitous
systems [75]. Firstly, UbiComp software must deliver functionality for our daily activities.
Secondly, this delivery must be done on failure-prone hardware that has limited resources.
Finally, UbiComp systems must be able to operate in extreme conditions.

At present, due to the wide availability of mobile devices and ubiquitous Internet con-
nectivity, the computing landscape looks more pervasive than ubiquitous. However, the
vast development in physical and cyber dimensions o�er opportunities to promote more
ubiquitous computing aspects. Nevertheless, ubiquitous and pervasive computing are
both broad research areas that share many research domains.

Pervasive service compositionsresearch studies how entities of di�erent types can o�er
services, and how these services can be combined into more meaningful compositions in
an automated way. Typically, pervasive service compositions systems follow a service
oriented architecture (SOA) architectural pattern, where the application components
provide their services described so that other entities can �nd and utilize them. As
the task of composing pervasive services is challenging, Brłnstedet al. have de�ned
four main goals for such systems in [17]. These four goals give an idea about the main
research topics of the pervasive service composition domain. The �rst goal is context
awareness, which means that a pervasive system should be able to detect and react to
the changes that take place within the computing environment. Moreover, the system
should also support taking context into account while composing the services, or handling
contingencies. The second goal is to be able to manage contingencies. As contingencies
are inevitable, the system needs to detect when something is not working as expected,
and then o�er support for replacing the services with other services as needed in an
automated way, or support notifying the users. The third goal is leveraging heterogeneous
devices, which essentially means that the system should support utilization of di�erent
types of entities by distributing responsibilities in the composition based on the entities
capabilities. As automated solutions don’t work in many cases, the fourth goal is to
empower users to recompose and con�gure the compositions manually.

Proactive computing is a form of ubiquitous computing, where the goal is to gather
information regarding people to analyze and anticipate their needs [130]. Indeed, this kind
of data mining is currently already being done in the background, without people even
realizing this. For instance, data is collected on people’s Web usage. On the other hand,
many telecommunication operators are already gathering vast amounts of data about
users’ contexts and from their network usage. Similarly, many cloud service providers
analyze users’ content and usage. Typically, this data is then analyzed, and user pro�les
composed based on the results. Often the composed pro�les are utilized for commercial
purposes (e.g. advertising). Slowly, however, proactive computing has begun to emerge
in other types of applications, like the digital assistants discussed above.

The goal is to gather even more precise information about users’ activities, and for
this purpose ubiquitous technology can be utilized. Sensors and other types of physical
entities, for instance, now o�er an e�cient way of gathering vast amounts of new types
and more precise information about people that can possibly be quite intimate. Naturally,
this raises many concerns about privacy, and raises the question of who owns this data?
Despite these privacy issues, proactive computing can o�er many bene�ts for improving
computing. Moreover, the privacy and data ownership issues can be improved by studying
new types of technical solutions.
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Figure 2.6: Computing concepts placed in the interactions dimensions.

Cyber-Physical Computing

Cyber-Physical Computing aims to bridge the gap between the physical and computing
worlds [115, 139]. For this purpose cyber-physical systems (CPS) typically o�er tools for
integrating physical processes into computational processes [80]. Moreover, within their
feedback loops, computational processes can a�ect back to the physical processes. With
this integration, the two worlds can then collaborate and adjust the processes, possibly in
real-time.

Today, in the physical dimension, there are plenty of sensors and devices equipped with
input components for measuring physical processes. Typical examples include health
and wellness devices. However, the cyber dimension gives the possibility to combine
several sensors, and measure vast amounts of data from larger scale physical processes and
geographical areas. For example, processes related to agriculture, tra�c, transportation,
civil infrastructure, weather, and climate can be measured and used as data sources. With
the sensors continually becoming cheaper, it is possible to harness new processes.

The pure raw data itself, however, is only rarely useful, and thus it needs to be processed
to become something more meaningful. Often this process is depicted with the DIKW
Pyramid, where the idea is that the data �rst becomes information, then knowledge, and
�nally wisdom [ 116]. The �rst step to take is typically to pre-process the data for instance
by �ltering, cleaning, or correcting some fault values. Information is then inferred from
the data by for example structuring, organizing, classifying and clustering the data, in
such a way that it becomes something more useful and relevant for the context. Becoming
knowledge depends on the context. The idea is to extract interesting and relevant features
from the information over time, possibly from multiple sources, and understanding how
the variables a�ect the process. Finally, wisdom can be achieved over a longer period of
time with a deeper understanding of why a process works as it does.

Physical-Cyber-Social (PCS) computing is an emerging paradigm which adds a third
dimension to this equation [116]. The social dimension o�ers valuable information
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about humans’ backgrounds and social behavior that can then be considered in these
computational processes. The sources for such data typically include social networking
services and online communities from several di�erent areas. Shethet al. describe an
example scenario related to healthcare. In this scenario the idea is that the humans’ health
and wellness are being measured with several devices and pro�les are composed, not only
by these measurements, but also based on the available background information of these
people, such as age, gender, race, living environment, and so on. Thus this information
helps to de�ne the context for the measurement results, and compare the results to those
of similar people. The goal of PCS computing is to tie these worlds more deeply together
so that the processes will support each other. From the interaction perspective, this
brings the cyber world and physical world closer to each other. According to Nielsenet
al. [97], a lot of sensor data can enable new kinds of research to better understand the
behavior of the people in various kinds of environments.

Summary

To summarize, compared to UbiComp the focus in Cyber-Physical Computing is more
on data mining and analytics. Also, the scale of the performed data analysis is typically
larger in CPS than in UbiComp. In UbiComp, on the other hand, the focus is often more
on the functional and interaction perspectives than in the data analysis itself. Moreover,
according to Kindberg and Fox [75], the world should consist of several UbiComp systems
rather than one system, and thus the boundaries of UbiComp and cyber-physical systems
are di�erent. Whereas a CPS may produce data from a wide range of geographical
areas, a UbiComp system should follow the boundaries of the physical world. Sheth’s
visions [117] and [116], on the other hand, are close to the original vision of Weiser’s
ubiquitous computing [142], but the perspective is more on the computing taking place in
the background which then can support the interactions. Hence PCS computing recalls
Tennenhouse’s de�nition of proactive computing [130]. Nevertheless, these paradigms are
making way for research to become more interdisciplinary.

2.3 Visions and Approaches

The following section will give a short introduction to the three concepts, Social Devices,
Internet of People, and Mobile Content as a Service, reported and described with more
details in Publications [IV], [I], and [VI]. Here, the concepts are described from the
perspective of how they are related to the interaction dimensions, and how they contribute
towards improving interactions within the computing environment.

2.3.1 Social Devices

This chapter discussed how nowadays an increasing number of interactions between people
take place in the virtual world, through several Internet-based services (Figure 2.7,social
� cyber dimensions). At the same time, an increasing number of objects from the physical
world are being connected to the cyber world (Figure 2.7,cyber � physical dimensions).
This enables these entities to communicate with each other, gather information about
physical world processes, as well as control some of these processes.

Social Devices is a concept that aims to improve social interactions that take place in
the physical world, with multiple devices and people co-located (Figure 2.7,physical �
social dimensions). In Social Devices, humans together with the entities form a novel
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socio-digital systemwhere both can participate into the interactions that are initiated
proactively. The aim is that the Social Devices operate with the user in their surroundings,
facilitating and augmenting their daily activities and routines.

Improving the co-located and social interactions requires considering that all the inter-
action dimensions are equally important, as the enablers from each dimension support
the interactions, but from di�erent perspectives. The word social in the concept can
essentially refer to three points:

1. The entities should be able to share their own resources and utilize resources of
other entities that are around them.

2. Leveraging the resources should happen in such a way that it supports social
interactions between the people and entities that are nearby.

3. An entity can appear in social and humane way for humans.

In the concept, all the di�erent physical entities, from single sensors to servers, can be
regarded as social devices. On the other hand, a set of entities, like a sensor network
or home automation system, can be regarded as a single social device, depending on
the purpose. Thus their physical and social appearance can vary a lot. This a�ects
the utilization of the resources of these entities: some of the entities appear in social
way for the humans, whereas some stay more in the background, o�ering information
and resources for processing or storing data. Some social devices are highlypersonal,
used solely by their owners, whereas others are shared devices and remainimpersonal.
Moreover, some social devices aremobile, being carried everywhere by humans or moving
autonomously for instance, and some social devices arestationary. More details about
the concept can be read from Publication [IV].

As interactions between the entities, as well as between the humans and the entities,
are the core of Social Devices concept, a programming model has been designed for
implementing such interactions � Action-Oriented Programming (AcOP) model o�ers
developer-friendly abstractions that help in de�ning and programming the social interac-
tions within contemporary computing environments.

Research Projects

Originally the concept was developed as a joint research work of Tampere University of
Technology (TUT), Nokia Research Center (NRC), and Aalto University during 2011 �
2012 in the Cloud Software Program (http://www.cloudsoftwareprogram.org ).

After the Cloud Software Program concluded, the research work was continued by TUT
in an Academy of Finland funded project (#264422), namedCo-Located User Interaction
with Social Mobile Devices, CoSMo (http://www.cs.tut.fi/ihte/projects/CoSMo/ )
during the years 2013 � 2015. Some of the work was also conducted within another
Academy of Finland funded project (#283276), namedDevice-to-Device Security.

Research and Implementation

In the Cloud SW program each partner of the Social Devices team focused on di�erent
aspects. The Aalto team mainly focused on recommendation and con�guration aspects.
The Nokia team mainly worked on designing the original scheduling and triggering related
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Figure 2.7: In programmable interactions, the focus is on the Physical �Social sector.

aspects. TUT focused on entity coordination and implementing the development and
runtime environments for the programming model that was designed together with the
partners. The concept was designed in collaboration, and resulted in a proof of concept
implementation named Social Devices Platform (SDP) that was introduced together with
the concept in Publication [IV]. SDP consisted of three cloud services, respective to the
three partners, and was developed while having in mind the possibility of it becoming a
real product with Nokia aboard.

Starting from 2013, however, the implementation of the concept has been developed solely
by the author of this thesis. In the CoSMo project, the whole concept was re-implemented.
The new implementation, namedOrchestrator.js (OJS) , is targeted to be more lightweight
and streamlined to better support prototyping of Social Devices applications. At the same
time with the reimplementation, the original AcOP model was developed further. OJS
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