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Abstract. This paper is targeted at improving and expanding the understanding 
of the Smart Spaces concept of by the R&D community. Through the identifica-
tion of key properties based on an analysis of evolving trends in the mobile in-
dustry, the developers are provided with recommendations that improve the 
adoption of Smart Spaces. It is especially important to understand how Smart 
Spaces can change the whole services ecosystem and the role that mobile de-
vices will play. 

The paper discusses some core technologies being developed in the industry 
that might play a dominant role in the future Smart Spaces. A special attention 
of the discussion is the latest trend towards a networked inter-device architec-
ture for mobile devices and what new possibilities it opens. With that the dis-
cussion expands into general properties of Smart Spaces. The paper summarizes 
functional and non-functional properties. By understanding the properties and 
their implications to the development and adoption of Smart Spaces, the devel-
opers are better equipped to ensure that the needs of the various stakeholders 
are taken into account. For this purpose, the paper proposes a set of questions 
that can be used to estimate how well the planned Smart Space fares when 
compared against each of the properties. 
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1   Introduction 

Nowadays people are surrounded by tens of various devices that serve different pur-
poses and what is important – most of these devices already have sufficient process-
ing power, memory and communication capabilities, plus advanced internal control 
and management system. This fact gives us an opportunity to revise the basic princi-
ple of how services are organized and delivered to the users. Actually, a similar trend 
can already be observed in the Internet, where the services increasingly offer the user 
the possibility to upgrade related software packages or even replace them by the cor-
responding distributed network services. Another similar trend can be seen through 
the success of global image repositories such as Picasa and the recently announced 
Google repository. Instead of placing all service components to the same physical 
device, services are implemented in a distributed manner with the involvement of 
multiple devices. 

The main research question addressed by this paper is what is the role of mobile 
devices it this global trend and what are the technical and especially non-technical 
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properties that the developers of Smart Spaces should consider. This paper is targeted 
at initiating a discussion on how to facilitate a broad adoption of Smart Spaces. 

The paper is organized as follows. The next section gives a general definition and 
provides an overview of the Smart Spaces. We then make an overview of the core 
technologies that we believe will have a key impact on the Smart Spaces in the near 
future. The subsequent chapter discusses the main points to be considered in the de-
velopment of Smart Spaces. It contains a discussion on issues that we consider critical 
for the success of Smart Spaces as commercial products. The paper is concluded with 
a summary of the main findings, which we hope to also influence the future work in 
the field, and the list of references. 

2   Definition of Smart Spaces 

In the book by Diane Cook and Sajal Das the following formal definition of Smart 
Spaces is given: “Smart Space is able to acquire and apply knowledge about its envi-
ronment and to adapt to its inhabitants in order to improve their experience in that 
environment” [1, 2]. This definition assumes continues interaction of the user with the 
surrounding environment that is targeted in continuous adaptation of the services to 
the current needs of the user. This interaction is enabled by sensing functionality that 
gathers information about the space and the user; adaptation functionality for reacting 
to the detected changes; and effecting functionality for changing the surrounding 
space to benefit the user. Based on the definition the main focus of Smart Spaces is on 
the user. The general view of the Smart Spaces hierarchy is depicted by Figure 1. 

 

Fig. 1. Hierarchical layers of Smart Spaces with user in the center 

Obvious key concepts for any Smart Spaces are mobility, distribution and context 
awareness. These are addressed by the recent advances in wireless networking tech-
nologies as well as processing and storage capabilities, which have moved mobile and 
consumer electronics devices beyond their traditional areas of applications and allow 
their use for a broader scope of services. The significant computing power and high-
speed data connections of the modern mobile devices allow them to become 
information processing and communication hubs that perform rather complex 
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computations locally and distribute the results. This lets multiple devices interact with 
each other and form ad-hoc dynamic, distributed computation platforms. Together, 
they form a space where via a number of wireless technologies the users can access a 
huge variety of services. Similarly, existing and future services form spaces that cater 
for a variety of needs ranging from browsing to interactive video conversations. These 
services surround the user all the time and have access to large amounts of data. Over 
time they can learn the users’ needs and personal preferences, making it possible to 
build even more advanced services that proactively predict those needs and propose 
valuable services in the given environment before the users realize it themselves. 
These layers, each of which can utilize a number of technologies form a smart envi-
ronment (Smart Space). A further important aspect is that Smart Spaces improve the 
interaction between users and their physical environments, allowing more efficient 
consumption of available resources such as energy. 

3   Overview of the Related Core Technologies 

Sensors play a key role in the development of Smart Spaces as   the main sources of 
the context describing the physical world. Multiple sensors allow the continuous ob-
servation of the characteristics of the space, which can be collected and processed by 
a number of devices, which in turn allows the required actions to be taken. As a result, 
we can automate many services that currently require overprovision of resources or 
human intervention. The success of the Smart Spaces concept thus depends on 
whether a standard solution for information representation and communication be-
tween the sensors and processing devices will be applied. 

Another source of massive amounts of information is the World Wide Web, which 
is especially important when there is a need for interpretation of the obtained informa-
tion, access to generic data and so on. From this respect the main enabler for Smart 
Spaces is the semantic web [3] and its underlying technologies, such as Resource 
Description Framework (RDF) [4]. It provides information representation, including 
structure and semantics, in a machine readable form. The Semantic Web is an enabler 
for creating a true web of information and opens the door for the creation of 
sophisticated Smart Space services where most of the informational interactions 
happen in an automatic fashion. It completely changes the nature of applications from 
the current monolithic to highly distributed, mobile and agent-like entities. 

Devices need to act as information processing and storage units and the resulting 
services need to be delivered to the consumers. We believe that the mobile device, 
due to being available to users and possessing significant internal processing power 
and data storage, should be a central component of the personal Smart Spaces. For 
interaction between the mobile device and the smart objects surrounding it, the most 
efficient approach seems to be the expansion of intra-device connectivity solutions. 

Unfortunately, there is today no existing optimized interface in the mobile industry 
similar to ISA [5], USB [6], PCI [7] or PCI Express [8] available in the PC world. 
This has strong historical reasons, especially the need to optimize device performance 
as much as possible. As a consequence, a large number of sometimes incompatible 
interface alternatives exist for connecting purpose specific components, and strongly 
monolithic mobile device architectures include extension busses such as I2C [9] and 
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SPI [10], which provide a bandwidth of at most a few Mbit/s. The current situation 
contradicts the target of easy expansion outside of the device. 

Out of the listed PC world solutions including also FireWire [11], SATA [12] and 
eSATA, the most important standards from are PCI-Express and USB. Neither fits 
well for the mobile industry due to being designed with different requirements in 
mind. However, USB is being used as an external connection interface for mobile 
devices and other peripherals. Especially the USB 3.0 standard might carve out a 
niche in the mobile industry if it is aligned with the currently developed core mobile 
device technologies. The PCI-Express was designed and optimized as a solution with 
backwards compatibility to PCI. Since the PCI interface is not used in the mobile in-
dustry, it is unlikely that it will become a key technology for future Smart Space de-
vices although the technology and industry convergence is still an open story. 

Another very interesting angle concerns the technologies developed in the space 
industry. SpaceWire is a standard for high-speed links and networks for use onboard 
spacecraft. The standard is free for download from the ESA [13] and after a thorough 
study and modeling we have found that this technology has a good potential for intra- 
and inter-device communications. However, a number of restrictions made it sub-
optimal for mobile devices. Among the most critical limiting factors one can mention 
that PHY used DS coding, which doesn’t scale well in terms of bandwidth of a single 
link; also the standard has minimal support for Network layer functionality and no 
definition of the Transport layer; it does not have Quality of Service (QoS) support; 
and finally uncertainty about its future made us drop it from the list of candidates. 

The development of the new standard for mobile industry was started by the MIPI 
alliance [13]. The new standard was targeting PHY with 4 pins for the bi-directional 1 
Gbit/s link with ultra-low power consumption. As a result, the targeted solution has 
Bit Error Rate (BER) of 10-14 (i.e. 1 error every 30 hours at link speed of 1 Gbit/s) for 
chip-to-chip connections, making it impossible to ignore transmission errors as is 
done with PC busses. The corresponding protocol stack solution, UniPro, provides 
mechanisms for detecting errors and recovering from them, as well as many other 
capabilities such as node discovery, QoS, network management. UniPro provides 
many opportunities for the efficient handling of intra- and inter-device connectivity. 
To enable the integration of the mobile device and its surrounding equipment, the 
potential of a wireless extension of the MIPI UniPro has been identified and is being 
researched.  The development of this extension will support the device federation 
concept, making all surrounding devices in the Smart Space into logical sub-modules 
of the mobile device internal network. Such a low-level device interconnect will 
significantly speed up communication and reduce power consumption, but any 
potential drawbacks of the approach are still to be discovered and investigated. 

A further enabler technology is the Network on Terminal Architecture (NoTA) 
[15], a modular service-based interconnect-centric architecture for embedded devices 
with the basic underlying paradigm similar to what is used for Web Services. NoTA is 
based on the Device Interconnect Protocol (DIP) that can be implemented for various 
physical interfaces ranging from MIPI high speed serial interfaces to wireless 
transports, e.g. Bluetooth. NoTA core, DIP and related system services are open for 
all interested parties. A number of ideas of various services and solutions on top of 
NoTA have already been proposed. A number of related publications are available, 
and a good general overview and further references can be found in [16]. 
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Another very interesting technology is called the Multi-device, Multipart, and Mul-
tivendor (M3) framework. M3 can be built on top of NoTA or other communication 
platforms. It extends the principles of rapid product innovation of Internet mash-up 
services to cover services in physical devices. We recommend  two papers onM3 de-
scribing an example of workload balancing for RDF store below the semantic infor-
mation brokers (SIB) [17] and providing the high level definition of the related Smart 
Spaces architecture [18]. 

4   Main Points to Consider in the Development of Smart Spaces 

This chapter describes properties that we currently see as relevant. As described pre-
vious chapters, the technical enablers are finally available and adopted by the con-
sumers. Therefore, the main emphasis is on non-technical properties that primarily 
address challenges related to usability and commercial deployment rather than spe-
cific technical problems, although they can be often addressed by technical solutions. 
We feel that this is beneficial for the R&D community because despite their impor-
tance to the broad acceptance of the research results, the properties typically become 
relevant only later during the development process. 

4.1   Technical Properties 

The product properties of Smart Space systems can be split into two categories. Func-
tional properties are dependent on the functionality that the Smart Space should offer 
to its users, and are outside the scope of this paper because our assumption is that 
Smart Spaces can be used to provide arbitrary functionality and therefore the desired 
composition of these properties varies case by case. The R&D community is already 
adequately addressing non-functional properties such as resource awareness and secu-
rity, which may be difficult or expensive to incorporate into the solutions once the 
products have been deployed.  

There are further technical properties that are not related to any particular Smart 
Space as a single product, but rather to the efficiency of the process that creates them 
as a group or category of products. The following elaborates on these in more detail 
and presents questions that can be used to estimate how well a work-in-progress 
Smart Space can be productized. 

Interoperability of the devices and services in the Smart Space is critical since 
Smart Spaces are unlikely to comply with a single particular architecture. For a spe-
cific Smart Space, it is possible to create a successful stand-alone system that fulfills 
its business objectives. However, in the absence of adequate interoperability mecha-
nisms the Smart Space will not be able to achieve economies-of-scale and ecosystem 
benefits that come from cost efficient mass production and ability to maximize the 
value add of investments through specialization and reuse. Questions: 

1. Is the Smart Space composed of components that interoperate using a clear set of 
common interfaces (low integration effort of planned system)? 

2. Is the Smart Space providing an interoperability mechanism for non-predefined 
components (low integration effort for extensions or enhancements)? 

3. Is the Smart Space constructed from components that can be re-used in other Smart 
Spaces (lower risk for invested effort, support for evolution)? 
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4. Is the Smart Space allowing all components to be implemented using any technical 
solutions (low adaptation effort by developers and businesses)? 

5. Is the Smart Space composition implementable using easily available and well 
known development methodology and tools (efficient development effort)? 

All "yes": high interoperability; All “no”: low interoperability, more standard solu-
tions should be adopted to lower the development costs. 

Smart spaces are inherently versatile as unique combinations of devices and ser-
vices serving some purposes in a particular context. The nature of Smart Spaces as 
systems deployed in a physical space also make it more expensive to upgrade them in 
a managed fashion as time goes by. It is important to be able to easily extend the func-
tionality of the Smart Space as it emerges over time. Questions: 

1. Is the Smart Space providing access to Internet functionality as de-facto standards? 
2. Is the Smart Space based on popular device platforms and Internet solutions? 
3. Is the Smart Space supporting the addition and modification of components? 
4. Is the Smart Space applicable to components with a wide performance range? 
5. Is the Smart Space supporting use of functionality from a different Smart Space? 

All "yes": high extensibility; All “no”: low extensibility, later enhancements should 
be supported, or access to complementary or additional functionality provided. 

The complexity of developing and operating the Smart Space determines how eas-
ily many other properties can be improved. Logical complexity increases the risk  
involved in starting to develop it as a product, whereas implementation complexity 
reduces efficiency of installation, maintenance and upgrading. Questions: 

1. Is the Smart Space logically coherent and simple for an average developer? 
2. Is the Smart Space installable and maintainable cost efficiently by a non-expert? 
3. Is the Smart Space following a logical classification, supporting marketing efforts? 
4. Is the Smart Space adhering to a governance model to manage features and IPR? 
5. Is the Smart Space available in verified configurations, for distribution channels? 

All "yes": simple to develop and operate; All “no”: the development and operation 
should be made easier. 

4.2   Non-technical Properties 

For the adoption of Smart Spaces it is crucial to go beyond the technology enabler 
development, demonstrators and small trials. Smart spaces must address real and eve-
ryday consumer needs in a way that generates demand for the technical solutions. In 
particular, their accessibility needs to be targeted to suit the intended users of the 
various Smart Spaces, and the Smart Space must promise enough commercial added 
value compared to the costs involved. 

We are presenting a set of further questions that can be used subjectively to esti-
mate how a Smart Space addresses some key properties. If some property is addressed 
particularly weakly, the researcher or developer may want to determine whether that 
is intentional or whether to focus available resources to improve that. 

The first property to focus on is the generality or specificity of intended users, be-
cause the brief first impression must convince the intended user of the value that the 
Smart Space can provide, and being attractive to more potential users will increase the 
chances that more will become users. Questions: 
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1. Can the expected user be from any age group (flexibility and reception of novelty)? 
2. Can the expected user be of any occupation or life situation (habits, social needs)? 
3. Can the Smart Space be used with any level of attention (effort/means to interact)? 
4. Can the Smart Space be used with any level of technical skill? 
5. Can the Smart Space be used regardless of the level of mental or physical abilities? 

All "yes": intended for a very generic user and thus a potentially large user base, 
adoption more determined by the rest of the properties. All “no”: requires a very spe-
cific user type, other circumstances (e.g. location) need to make it likely that such 
users would be available in sufficient numbers to make the deployment successful. 

The next challenge is to make the users aware of the existence of the Smart Space, 
which may be something very purpose specific in a particular physical space, com-
posed of arbitrary physical elements that are not obvious indicators to any user that 
there would be a Smart Space in the area. Questions: 

1. Is the Smart Space associated with a concrete, visible object (position/coverage)? 
2. Is the Smart Space associated with a recognizable or familiar object or person? 
3. Is the Smart Space prominently labeled or indicated (sensory perception)? 
4. Is the Smart Space in a physically and information-wise uncluttered area? 
5. Is the Smart Space in a context occurring frequently with other similar spaces  

(possibility to extrapolate or intrapolate, or to memorize for re-use)? 

All "yes": easy to observe; All “no”: hard to observe or attract attention, existence 
and availability should be bootstrapped to the environment, or communicated via 
some other means such as advertisements or training, until a sufficient level of aware-
ness has been established among the intended user base. 

Users can be aware of the availability of the Smart Space, but were not involved in 
its preparation and do not know that it would offer potentially attractive services or 
value. There is no general means to make all users understand the value of all poten-
tial Smart Spaces a priori, but functional familiarity with their representations may be 
possible. Questions: 

1. Is the Smart Space serving a similar purpose as an associated object (extrapolate)? 
2. Is the Smart Space used in similar ways by different users (examples)? 
3. Is the Smart Space performing in a similar range as the associated object? 
4. Is the Smart Space starting from a common user need in the context (motivation)? 
5. Is the Smart Space involved in the daily habits of its users (likelihood of learning)? 

All "yes": easy to comprehend; All “no”: hard to comprehend, contents and value 
proposition should be communicated via some other means such as instructions, or 
simplified so that the functionality is comprehensible in expected usage situations. 

When the users start to interact with a newly encountered unique Smart Space 
available in a particular location, it may be their only occasion to use the system. It is 
important to serve the intended users by adapting to the interaction types that suit 
them best in the given circumstances. Questions: 

1. Is the Smart Space usable with any modality (ability to serve users at their terms)? 
2. Is the Smart Space usable by interacting with a concrete object (interaction learn-

ing effort)? 
3. Is the Smart Space usable as an extension of existing object functionality (low cog-

nitive learning effort)? 
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4. Is the Smart Space usable with different methods leading to a function (ability to 
serve different user logics and approaches)? 

5. Is the Smart Space usable with a similar effort regardless of the level of expertise 
(ability to serve users of various capabilities)? 

All "yes": intuitive interaction; All “no”: interaction requires meticulous effort and 
should be made easier through more alternatives suiting different users, or better inte-
gration with objects existing in the space or in the user’s possession. 

User interactions with a unique Smart Space can never fully satisfy the needs of all 
intended users: Better adaptation to the individual user’s imported configurations and 
preferences can compensate for the limitations. Questions: 

1. Does the Smart Space provide parameters to configure most of its functionality? 
2. Does the Smart Space identify the parameters unambiguously for portability? 
3. Is the Smart Space linked with user accessible example configurations (ability to 

learn how to adapt the system)? 
4. Is the Smart Space capable of exporting and importing configurations (ability to 

automatically apply selected configurations)? 
5. Is the Smart Space capable of applying partially fitting configurations (portability 

of settings across similar but different systems)? 

All "yes": user specific preferences can be intuitively applied; All “no”: tailoring 
requires meticulous effort and should be made easier by adopting preference descrip-
tions commonly used by comparable users and services. 

The final condition for a successful Smart Space is commercial viability. There needs 
to be a balance between the investments on deployment and operating costs and the 
expected income for all stakeholders. Attempting to estimate these may feel useless, but 
may also help in adjusting the ambition levels of the development effort. Questions: 

1. Is the Smart Space fully sponsored by any of multiple committed business parties? 
2. Is the Smart Space making the contributions of stakeholders visible to their poten-

tial clients (support for advertisement funded business model)? 
3. Is the Smart Space operation clearly profitable after potential costs? 
4. Is the Smart Space composed of elements that are fully reusable in other spaces 

(ability to recoup investments in case of lifetime expiration or failure)? 
5. Is the Smart Space managing the rights of all stakeholders investing in it (reduce 

business risk over the lifetime of the system)? 

All "yes": low business risk; All “no”: business risk is high and the ambitions of 
the R&D effort should be considered accordingly. 

The attractiveness must also be made known to developers and users: what it can 
provide them, how well it does that, and how it can be used subsequently. Questions: 

1. Is the Smart Space suggesting potentially useful non-requested functionality (value 
beyond expectations)? 

2. Is the Smart Space capable of recognizing user's interest in similar spaces (ability 
to speed up adoption and distribution through network effect)? 

3. Is the Smart Space detecting and repeating successful usage patterns (automation)? 
4. Is the Smart Space detecting and correcting unsuccessful usage patterns? 
5. Is the Smart Space conveying an image of continuity backed up by credible spon-

sors (trust that it is worth the personal resources invested in using it)? 
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All "yes": further use of the deployed technologies and solutions is encouraged; All 
“no”: further use beyond the immediate reason that the user started to interact is dis-
couraged, and any economies-of-scale benefits are difficult to obtain. 

Finally, for the Smart Spaces to become successful as a broad category of systems 
available in physical locations, it is important to support a healthy ecosystem of multi-
ple actors with versatile development capabilities and business interests. Questions: 

1. Is the Smart Space possible to deploy in multiple combinations (ability to incorpo-
rate elements from multiple vendors)? 

2. Is the Smart Space possible to deploy at multiple levels of quality (ability to adapt 
and apply the space in multiple environments)? 

3. Is the Smart Space exempt from regulatory or other non-user imposed constraints 
(reliability of available functionality)? 

4. Is the Smart Space capable of self-configuration to accommodate enhancements? 
5. Is the Smart Space offering a light-weight licensing for enhancements? 

All "yes": the freedom of building additional or complementary business using the 
Smart Space is unconstrained; All “no”: the Smart Space constrains external innova-
tions, and any ecosystem benefits are difficult to obtain. 

5   Discussion and Conclusions 

The main purpose of this paper is to initiate a discussion on how Smart Spaces could 
be broadly adopted by users in their everyday lives, by paying attention to pragmatic 
product issues. The paper makes an overview of existing technologies that according 
to our opinion will play a key role in the future Smart Spaces. An important observa-
tion is that both efficient communication and service development frameworks have 
to be proposed and widely accepted in order to guarantee the broad success of Smart 
Spaces. It is clear that the Smart Spaces concept is an opportunity for consumer elec-
tronics and services industries to get even closer to the users, proactively assist them, 
and as a result optimize the consumption of critical resources.  

It is natural for mobile devices become the personalized access point and interface 
to the surrounding Smart Spaces due to their availability to the users and their signifi-
cant processing and storage capabilities. For example, the management functionality 
should inform the Smart Space about the user preferences and see how to obtain the 
favorite service of the user from the modules available in the given space. By having 
access to a large amount of personal information (e.g. calendar, email, etc.) and being 
carried by the user, the device can learn about the individual preferences and thus find 
or build up new services and offer them to the user at the most convenient time. 

We have noted that the R&D community is well capable of addressing functional 
and non-functional product properties. However, for solutions intended to be  
deployed commercially as Smart Space products, there are additional properties that 
we encourage researchers and developers to take into account already at an early 
phase in order to increase the probability that their results will end up in the market. 

We have presented properties related to the efficiency of product creation; to the 
usability of arbitrary Smart Spaces in the physical space; and to their deployment as 
commercial products. Within each of these categories we have proposed a set of key 
properties and presented a list of five simple questions that allow the developers to 
subjectively estimate how easy it would be to make the leap from a technical Smart 
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Space solution to a sustainable product desired by users and valuable to businesses. 
We do not expect that the questions would be answered in the affirmative in all or 
even most of the categories for any prospective Smart Space. However, if any of the 
categories scores poorly in any of the categories it should prompt the developer to 
reconsider the assumptions of the R&D effort. Finally, the questions can be translated 
into taxonomy and used for classifying Smart Space concepts and implementations. 
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