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Abstract. Why are smart homes not successfully deployed on the market,
even though there are many demonstrator systems in research and industry?
Over the past years, we have built and improved one smart home platform
ourselves and have been involved with many other comparable systems. In this
paper, we share the problems we have come across, and present pragmatic
approaches towards solving them.

Current smart homes tend to be too simplistic (limited in their application)
or too complex (too hard to use or build or maintain). Many research-oriented
systems disregard users’ intent and make decisions for them, trying to ‘“know
better.” Also, current systems require too high up-front investment in technol-
ogy from owners, manufacturers and possible operators.

We suggest using a system architecture with centralized but subsidiary con-
trollers, with open interfaces at software and network levels. Interaction should
be based on different types of highly responsive control devices. Besides tradi-
tional interaction such as turning on lights, they should let the user select
complex scenes, with unobtrusive assistance (prioritizing the presentation of
scenes according to context).

We foresee the greatest chance for commercial success if market players
work together to create the most valuable applications for end users, but keep
their systems open for extension.
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1 Introduction

With the ever-increasing number of smart home demonstrators in research and indus-
try, we would expect a greater market penetration of smart home technology. How-
ever, adoption of smart homes — by consumers and by manufacturers — has remained
slow over the last years. Why is this so? In this paper, we analyze several of the prob-
lems that we believe make it hard to build successful smart homes, and suggest sev-
eral possible solutions from our practical industrial perspective.
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1.1 Owur Background

As a corporate R&D group specializing in software architectures for pervasive
computing, we have been involved in several real-world smart home installations and
public-private research partnerships. One example is ePerSpace [1], a project funded
by the European Union, which developed a highly extensible network-oriented
service architecture to deliver multimedia smart home services to the residential and
to the mobile user. Another is the T-Com House [2], a collaboration with Deutsche
Telekom which involved building and equipping a single-family house in Berlin,
which was occupied by test families for a year and half. At the same time, we have
maintained two smart home integration laboratories at our Munich and Beijing
research sites. From one project to another, we have re-used technologies and main-
tained hardware and software platforms for smart home devices. These projects gave
us many insights and helpful feedback on user needs and technical stumbling blocks
in such a complex evolving system.

2 State of the Art: Current Challenges

As we see it, current smart homes fall into three categories, each with its specific chal-
lenges (see Figure 1). On the one hand, there are optimized special-purpose niches.
These are often foo simplistic to be widely adopted in market. On the other hand, there
are large platforms, which could support many different applications — but those are
too complex — too hard to use, install or maintain. (We plead guilty to having designed
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Fig. 1. Landscape of smart home solutions. Most current systems are too simplistic, too
complex, or too clever, as described in sections 2.1-2.3
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such systems ourselves.) As a third class, there are many research-oriented systems
that disregard users’ intent and make decisions for them, trying to “know better”.
These systems are foo clever and fail to gain the user’s trust. We believe that any
system that tried to fully integrate all possible devices in a fully automatic fashion
(labelled Utopia in the figure), would be both too complex and too clever for real use.
Somewhere between all these mentioned systems lies a sweet spot — systems that users
will actually find useful.

Almost all systems require foo high up-front investment costs in technology from
owners, manufacturers and operators. We will examine these challenges one by one.

2.1 Too Simplistic: Limited Application Scope

Especially many of the industrial smart home projects are too limited in their scope
and serve specialized niches. For example, the serve@Home [3] system offered a
powerful, commercially available remote control and monitoring solution for home
appliances (refrigerators, dishwashers, ovens, washing machines). However, extend-
ing this system to other crafts (e.g. lighting, entertainment) was not part of any
commercially available package. serve @Home was discontinued after several years.

Another class of smart home research projects focuses on optimal user interaction
or algorithms of behaviour inference. Results are often very promising. Regarding
wider dissemination, the tone is, “we demonstrated this on basis of these selected
devices. It could easily be extended to any other.” This sounds good in theory, but
proves very difficult in practice.

Why are the results of these projects hard to transfer into large-scale real-world
adoption? One problem is that they often assemble various devices and sensors into
complex but inseparable units — extending the devices or replacing parts is difficult.
Will prediction algorithms for adaptive environments, such as the MavHome [4], still
work properly, or do they require some additional calibration or learning phase?
Another is that they chose communication media and protocols that are optimal for a
specific application or class of devices (e.g. Powerline for serve @Home), but then
aren’t extensible to others (e.g. Powerline for mobile devices).

2.2 Too Complex: Too Hard to Use, Build or Maintain

The second class of smart home research projects comes from the area of large
distributed systems, e.g. hosted by network operators. One example is ePerSpace,
which we participated in ourselves. These systems, as we are well aware, are often too
general to be of real practical use. The tone is, “our system is so extensible that we
will be able to integrate any kind of application in the future. Just describe these 250
parameters in XML.” This leads to systems that are, for any specific application, too
hard to use, to build or to maintain — so far such systems remained in Utopia or
restricted themselves to a limited scope as described above.

Too Hard to Use
The key challenge to consumer acceptance (besides price) is usability. An interface
has to be as simple as the classic light switch, but of course more powerful. Within an
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extendible system the connected user interface can quickly become inherently
complex, especially if the user should be able to control everything.

We have developed interfaces for full control (e.g. on a PDA or smart phone), and
many users were intimidated. Some of our other approaches concealed parts of the
complexity and were more popular with lab visitors.

An example where specifically tailored solutions can have higher usability than
general ones is multimedia control. Multi-room media streaming solutions, e.g. from
Sonos, Philips, or Apple, are optimized for their purpose, although they cannot
control other devices such as lights.

One key factor for usability is responsiveness. Commands must have immediate
effects, and immediate feedback on the interaction device. System architectures that
involve several layers of marshalling, converting and dispatching events in a distrib-
uted network are at a challenge here (we built one of those).

Too Hard to Build

The more device types are included and the more a system is capable of, the more
heavyweight it will become. The architecture of such a generic system becomes in-
creasingly difficult for developers, making systems hard to build. Also, such generic
systems consume more resources (production cost, electricity) than specialized ones.
For example, adding even a simple service (a TV program guide) to the ePerSpace
service management platform required hundreds of lines of hand-written XML.

Sometimes these hurdles are sourced out to gateways and bridges, which reduce
complexity to a common denominator, in most cases according to protocol or service
type. But systems that abstract all their devices in this fashion only defer problems to
the gateways; they do not solve them.

The KNX electrical installation standard [5] is successful in commercial buildings,
but not yet so in residential markets. Besides the price of the devices, commissioning
costs are an issue. Programming KNX devices (which can be programmed to do
almost anything) requires an expensive software tool, ETS, and a professional training
in how to use it. Not many professional electrical installers are trained yet.

Too Hard to Maintain

The more complex a system is, the harder is it to maintain. In the KNX example, ETS
is good for protecting the market share of trained electrical installers, but bad for end
users who want to reconfigure their smart home themselves. These users would go for
a system such as Peha Easyclick [6], which is less powerful, but more easily config-
ured. Or for a media system based on DLNA [7], which does not leave much space
for frustrating configuration, but is restricted to its specific field of application.

2.3 Too Clever: Trying to Know Better Than the User

Many research systems address the issue of inferring the user’s intent and attempt to
control devices accordingly, by use of sensors, rules, and learning techniques. As an
example, the Neural Network House [8] claims to essentially program itself. This is
done by observing the inhabitants and anticipating and accommodating their needs.
Discomfort has to be expressed by overriding the environment’s choice.
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If such a system achieves 100% accuracy, it’s wonderful. But when it doesn’t (and
no system does), users want to know why it is acting the way it is. This can be further
complicated by conflicting strategies, e.g. saving energy and meeting the users’ inten-
tion. “Smart” is fine for users, but “haunted” is not. In our experience, trying to infer
the user’s intent just leads to frustrated users. This effect has been observed before in
other application domains, such as with Microsoft’s Office Assistant [9].

Some problems do not occur until the experimental system leaves the lab. Most
prediction systems are limited to a single domain. Others suffer from different calibra-
tion techniques and potential error rates. It is hard enough to transform original data
from different research groups to a common basis — and this gets worse when data
comes from different types of devices. Most researchers use only identical devices
when testing their systems, neglecting real-world heterogeneous systems. But the less
reliable and comparable a prediction system, the worse the result is, which leads to
poor user experience. Thus, most users face prediction systems very critically.

2.4 High Up-Front Investment Costs

Users, manufacturers and operators want value for their money from smart home
systems, and they want it quickly. But currently, up-front investments are prohibitive.

There are several cases of companies discontinuing their smart home activities.
serve@Home was described above. More recently, in May 2009, Nokia discontinued
its own smart home activities and licensed the previously developed Home Control
Center technology to There Corporation [10].

Although reasons for these product discontinuations are rarely given, we suspect
the high up-front investment costs for the companies as the root cause.

Investing in a System Architecture
For a system to be successful (not too simplistic), it has to be extensible. But up-front
investment in system architecture for this and creating standards is expensive. Com-
panies (both manufacturers and operators) will shy away from this investment until
their own prospective market share is promising enough. But business models are still
unclear at the moment, and these determine how a system has to be designed with
regard to its extensibility and its ability to integrate further crafts or services.
Architectures differ according to who may extend a smart home’s capability; the
user, an operator, both or others? This covers considerations about frameworks such
as OSGi [11] for dynamic service handling at a central point, or restricting the inte-
gration of new devices to those being controlled through a single communication
path, e.g. per UPnP. Creating a flexible system that offers a good mixture of every-
thing, or even allows cutting out only the components that are required for a given use
case, is incredibly challenging.

Investing in a System

Consumers currently have to pay a very high price in adding smart home technology
to their new homes. Unfortunately, this applies to new buildings and retrofit solutions,
and to homeowners as well as tenants. New homeowners are often short on money,
and will not want to increase the size of their mortgage. Existing homeowners will
shy away from the effort of retrofitting wiring in the home. Tenants do not wish to
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invest in an apartment that does not belong to them. Thus, the technical solutions
must make it easier for each of these groups of residents to invest in smart home tech-
nology (e.g. using easy-to-install wireless devices).

3 Approaches

Not claiming to have found the universal answer to all questions, we believe that the
following six approaches can relieve of some of the above challenges. Of the six
approaches, three affect the system architecture, two affect usability, and the final
approach concerns business models.

As a running example to illustrate these approaches, we describe our current dem-
onstration system installed in our labs in Munich and Beijing — either as it is, or as we
now know it should be.

3.1 System Architecture with Centralized but Subsidiary Controllers

Whether to use a centralized architecture or one with distributed peer-to-peer control-
lers has been a matter of much debate in the past. Commercial systems often use a
central home server or home gateway which controls all devices. Examples are Gira
HomeServer [12] or the ePerSpace home gateway [1]. The advantage of a central
server is that it provides a single point for implementing integrative applications.

Several research systems have suggested implementations based on peer-to-peer
controllers, e.g. [13]. In principle, such systems can be more robust, since there is no
single point of failure. In practice, manageability is a serious issue.

Our approach follows standard practice in building automation: the automation
pyramid. A central home gateway or server runs a software platform for its applica-
tions, exposes wired and wireless IP network interfaces, and provides the central inte-
gration point. In our lab system, this is based on OSGi technology. Powerful devices
supporting IP networking can be connected to it directly. In our case, this includes
UPnP media servers and user interface clients. Other devices, i.e. ones that do not
support IP networking, require a bridge or subsidiary controller. For example, in our
lab installations, lighting and blinds control are automated by KNX, and a KNX/IP
interface provides the necessary physical network translation between the wired KNX
and wired Ethernet interfaces. The home gateway runs a software module that handles
the KNX communication at IP level and exposes its functionality to the rest of the
software platform.

In practice, many functions will not require intervention of the home gateway. For
example, switching on light using a KNX switch is handled entirely on the KNX
twisted-pair bus. The home gateway only observes the KNX actions for monitoring
purposes, in order to keep its internal representation of devices’ status up to date.

This principle of subsidiarity keeps the system simple. Our design rule is to use the
simplest technology that will perform the task and allow further integration.

Of course, this principle applies to other technologies as well — DALI lighting
automation, ZigBee wireless sensor nodes or LON devices. In each case, a subsidiary
controller and network bridge is required, as well as an appropriate driver module for
the home gateway.
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For special-purpose markets, a home gateway (or a home server without additional
networking functionality) can be built including hardware interfaces for KNX, DALI,
ZigBee, etc. Since there are so many competing bus technologies on the market, this
will only pay off once the installed base reaches a critical size.

The advantage of running controlling software on a central gateway is that it is
always on and connected to the home IP network as well as the internet. This allows
attractive business models for telecom operators. However, for business models that
should be independent of telecom providers, the central software can run on any other
embedded device in the home that is always on and connected to the home network.

The central home gateway and its connected devices are shown in Figure 2.

3.2 Open Interfaces at Software and Network Levels

No single manufacturer will be able to supply all components of a complete smart
home system. Thus, interoperability is of the essence to succeed on the market. We
suggest that interoperability be standardized at three different levels of interfaces. One
is a software API level on the home gateway. The other two are network levels
between devices. All of these are based on open standards, of which there are many in
the smart home arena. A forthcoming ISO specification document [14] shows a
taxonomy of standards in the smart home domain.
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Fig. 2. Proposed smart home software and system architecture with example devices, drivers
and applications. The different types of interfaces are shown in gray.

Software Interfaces: Application and Driver Interfaces

For APIs on the home gateway, we suggest standards based on a commonly accepted
component platform such as OSGi or .NET. The software interfaces must cover at least
two layers, shown in gray in Figure 2: an application interface, and a interface support-
ing different types of drivers. In our demonstration systems, we have created a family
of OSGi-based smart home interfaces. Other research groups have done the same
thing. Vendors such as Prosyst [15] have started creating their own implementations.
Domain-specific standardization, e.g. within the OSGi Alliance, is required here.
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High-Level Network Protocols Based on IP
Between devices, network-level integration standards are required. For the most
general compatibility, these should be based on IP.

In our demonstration system, we use the UPnP family of standards (including
DLNA extensions), which have become state of the art in industry and in the con-
sumer market. Thus, the user (or technician) can easily add new crafts, as long as they
support UPnP. Other emerging, sometimes competing standards here are DPWS
(Device Profile for Web Services) or IGRS (Intelligent Grouping and Resource Shar-
ing). In practice, a home gateway may well need to support several of these.

Subsidiary Control Networks: Low-Level Bus and Low-Level IP Protocols
Addressing each light in a house directly is prohibitively expensive, and raises scal-
ability issues. Thus, subsidiary control networks, e.g. DALI for lighting, are still
required, and as described above, different industry standards exist for low-level pro-
tocols. Device manufacturers should adhere to these, and they should be extended,
where necessary, to allow better control and monitoring by central controllers. To
connect subsidiary networks to the gateway, a bridge or controller must expose this
protocol at least partially as IP. Some protocols, e.g. KNX, already support mappings
to IP. These are generally distinct from the high-level IP protocols such as UPnP.

Better Inter-Standard Harmonization Needed

Unfortunately, different standards are governed by different internation bodies with
different members and interests. Work between the standardization bodies, e.g. UPnP
Forum and OSGi Alliance, has been done, and has resulted in interoperability stan-
dards such as the OSGi UPnP base driver specification [16]. However, more work is
required here, since such inter-standard standards often end up as a lowest common
denominator. For example, in the OSGi UPnP base driver, there is no standard “lan-
guage mapping” between UPnP actions and Java methods, which would be fairly
simple and could greatly improve the standard’s usability for programmers.

3.3 Optimize for Responsiveness

Users want immediate response from devices in their homes; they’re used to it from
simple light switches. Turning on all lights in a house, for example, should be instan-
taneous. (For effect, dimming them on simultaneously might be even more pleasant,
but reaction to user commands should still be instantaneous.)

Therefore, when choosing implementation technologies, one should optimize to-
wards responsiveness. This means using lightweight technologies where possible;
re-marshalling method calls from one XML format to another is likely to cause un-
necessary delays, especially when operating on an embedded system. Commands
should be sent concurrently instead of sequentially, if the target device or bus allows
this. Even waiting for acknowledgments should be considered carefully.

For event handling, it means avoiding chattiness and optimizing for event bursts. In
this context, event handling (e.g. from environmental sensors) is harder than one
might think. On average, eventing is rather infrequent. But when the environment is
modified, multiple devices have to be controlled, and this leads to a cumulative firing
of events. For simple events (as they occur for example on the KNX bus) this may be
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easy to deal with. But for a real smart home, event types are more complex, carrying
more detailed content. Batched events are beneficial here, that are sent to subscribed
parties only. These should be compacted and allow parsing only details of interest.

An open question is the missing standard for such an eventing system. The event-
ing model of UPnP, as we have discovered ourselves, does not scale beyond several
dozen devices. Thus, turning on 30 UPnP binary lights simultaneously was prohibi-
tively slow in one of our demonstration systems and forced us to use non-standard
UPnP device profiles. One interesting option would be a “smart home profile” or
“industrial profile” for UPnP or DPWS, which would be backward-compatible, but
specialized for scalability, just as DLNA is for multimedia purposes.

3.4 Interaction Principle: Intentionally Invoked Scenes, Prioritized by Context

In the effort to make increasing complexity manageable without trying to know better
than the user, we chose the following control principle. We bundled all control possi-
bilities into scenes according to recurring activities and typical environmental states.
The user can manually invoke scenes (“dinner”, “relax”, etc.). Of course, in practice,
a list of scenes can become very long. To make selection easier, we use prediction of
what scenes will most likely be used next. This produces a weighting for all scenes,
allowing the system to display only a clearly arranged number of scenes, emphasized
in style to express the assumed probability.

In contrast to systems that act autonomously and assuming a user’s intervention as
training data only [8], we propose that the user makes a conscious choice. This may
be simplified to an acknowledgment which starts the most probable scene, e.g.
through a gesture. This follows the recommendation in [17].

Our concept also leaves room to fine-tune several elements of a scene through spe-
cial devices. There can be knobs used to influence music’s beat, or digital photo
frames presenting photos according to tags placed on some kind of pinboard. This
usually affects devices that would tend to become boring when simply replaying
statically programmed properties any time a scene starts.

Our guiding mental model was that of polite butler. “May I serve the tea, or would
you like the evening paper?” — “Tea please, James. But today I’d prefer green tea.”

An open question remains: how to program these scenes easily? For the end user,
we designed a snapshot system that can save devices’ current state as a scene. More
powerful programming, with sequences of control commands and conditional behav-
iour, require more complex tools. As few users want to program complex scenes
themselves, a business model for technical support or remote service is needed.

3.5 Separate Control Devices with Differing Richness and Modalities According
to Situation and User Expertise

The optimal interaction device for a smart home is a matter of much debate. One
approach is the universal remote control, offered by several companies. Logitech
offers remote controls with infrared and Z-Wave interfaces. Universal Electronics’
Nevo series has additional Wi-Fi networking. Another approach is the set-top box or
media PC as user interface, e.g. Microsoft’s Media Center.
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We contend that there is no such one-fits-all interaction device for smart homes;
instead, users should be able to operate the home through various very distinct inter-
faces. This includes tangible devices (e.g. wall buttons, switches), gesture and voice
control, small displays (e.g. integrated 1-line display on a refrigerator), mobile rich
clients (universal remotes, smart phones) and integration into set-top-boxes and media
PCs. The system should be able to interoperate with all control device classes, cover-
ing units for the different target group. The devices differ in modalities and richness,
and with different devices, different sets of functionalities can be supported.

In our Lab system, we discovered that elderly people prefer to have only concrete
and straightforward interfaces; interfaces with big display and keys but only a small
choice of selection and a very few hierarchies are good candidates here. Seniors also
liked speech control. On the other hand, technically affine people (especially the
younger generation) favour the possibility of rich options, as long as they can also
make simple and quick adjustments.

We developed interfaces for full control (e.g. on a PDA), and all but the most tech-
nical users were intimidated. We then developed other approaches with fewer options,
but less complexity, optimized for use with the scene control system (see Figure 3)
described in the previous section. These were more popular with lab visitors. This
simplification is a two-edged sword — you must hide enough complexity without
trying to know better than the user.

An open question remains: how to ensure consistent look and feel across such a
range of devices?

Breakfast Read|ng
Chill-Out Sleeping

Lunch

Dinner Party

Lunch

) [

Fig. 3. Scene cloud and display-enriched switch as different user interfaces for scene control in
a smart home environment. The most probable next scene, Lunch, is highlighted.

3.6 Business Models: User Value and Extensibility

Beyond technical issues, getting the business model right has proven very difficult for
smart homes. Different models have been tried — retail market, hosted operations,
custom-built luxury homes, and various others. Perhaps the most advanced are emerg-
ing luxury markets with much new building construction. One example is Dubai,
where integrators such as Smart Home UAE [18] offer custom solutions to the hous-
ing industry and to individual investors. However, regional markets such as Europe
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and the USA are very different, both regarding customer willingness to invest in
different applications, and the relative value of new construction vs. retrofit solutions.

The only promising approach we see here is to focus on applications with concrete
added value for the user, but to keep the systems open for extension. For example,
one market study [19] shows that within Europe, end users show the highest willing-
ness to invest in energy-saving and security solutions, as opposed to comfort systems.
Thus, the key to market success is to offer a system for saving energy or an integrated
security system, but to design this so that it uses the open standards described in Sec-
tion 3.2. Then, once the system is installed, users will have the option of adding on
additional applications such as for comfort or home healthcare.

Many new applications will require new collaborations between different market
players. For example, smart metering and energy-saving solutions are currently bring-
ing previously unrelated market players together, such as Google and electrical utility
companies [20].

4 Conclusion

In smart homes, as everywhere else, there is no such thing as a perfect solution. How-
ever, we believe that smart homes are possible for the mass market in the near future,
if a significant number of players in the market and in research act together, following
the recommendations Section 3, and create valuable applications for end users while
keeping their systems open for extension.

This cooperation of disciplines and of industry and academia is vital for success.
On the industrial side, the lead role could be taken by one global player, but more
likely, by a small consortium which can supply the home equipment, the back-end
management infrastructure, and the services (e.g. security) adding value for the user.
If, and only if, the system is kept open for extension, this can lead to widespread
adoption and commercial success, with many other parties contributing device
extensions or future services.
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