





Figure 5: One screen of the ALIS Mobile
application, showing a master light
control for the Dining area.

schedules, carpooling options, and data on the
performance of their electric car.

MOBILE DEVICES

The mobile application provides feedback and control to
the residents of the home from their pocket - a
simplified remote house control. The mobile application
was developed for the Apple iPhone and iPod Touch
(Figure 5) as an extension of the desktop web
application and is currently being ported to other
mobile platforms such as Symbian. It offers a subset of
the features available in the web application, with each
feature redesigned for use on a mobile device. For
example, the controls available from the mobile
emphasize ease of use through logical groupings. These
“master” controls allow the resident to adjust the lights
for a whole room, or shades for a whole house fagade,
with a single control. More fine-grained control of
individual fixtures is still available, but a hierarchy of
control makes the most commonly used items easily
accessible.

INFORMATIVE ART

ALIS also includes unique informative art approaches to
providing feedback. The Ambient Canvas is one
example of this approach: an informative art piece
embedded in the kitchen backsplash (Figure 6). It
gives feedback on the use of resources such as
electricity, water, and natural gas. As opposed to
typical graphical displays that may use numbers or
charts to convey information, the Ambient Canvas
combines LED lights and filters of various materials to
produce light effects on the kitchen backsplash. This
subtle feedback on performance and energy efficiency
does not require active attention on the part of the
resident, and integrates into the home cohesively. In

this context, informative art is intended to promote
awareness of resource use to assist and influence
sustainable in-the-moment decision-making.

Figure 6: The “"Ambient Canvas” kitchen backsplash display.

Conclusion

While we realize that information and ubiquitous
technologies may play a powerful role in encouraging
conservation, the design of these systems for effective
home use faces critical challenges. We are exploring
these design parameters through an integrated range
of user interfaces on different platforms, from smart
phones and web browsers to embedded and ambient
displays, each designed to support sustainable
decision-making in the home. We have operationally
tested the system in two very challenging public
showcases, where more than 100,000 people have
visited and interacted with the live systems. From these
experiences, we have already learned several important
lessons:

1. Aesthetics are critical, both for those who build the
environment (architects and interior designers) and
those who live in them. We underestimated how



challenging it would be to discover an “aesthetic”
system that would please all stakeholders.
Interactive developers must work closely with
home designers and residents, as there are many
visions of where specific interfaces and displays
actually fit in the home.

2. Automation is problematic: even the suggestion of
introducing it makes people worry about complexity
and loss of control. Designing systems that balance
occupant control and comfort with optimal
efficiency is critical if we expect residents to adopt
these approaches.

3. We have received strong responses to the “non-
screen” ambient displays. Visitors have been very
enthusiastic about the Ambient Canvas, especially
seniors. The overwhelming message was that
attractive displays that do not require “looking up
information on a computer” hold great interest for
residents. What these displays should look like is
still an open question, spanning the pragmatic
considerations of information visualization with the
idiosyncratic constraints of personal aesthetic taste.

Future Work

Our future work will focus on building from these
insights. We currently plan thorough evaluation of the
system in a real-world context. Starting in October
2010 and through the next three years, West House
will serve as both a technology research space and an
occupied living lab. Resource sensing will be extended
to incorporate natural gas and wastewater monitoring.
Studying residents in this fully functional home in a
vibrant neighbourhood will enable us to evaluate a
variety of approaches, and engage with occupants and
community members to further develop our

understanding. We also intend to expand the range of
experimental feedback devices, including development
of the smart alarm clock and informative art in digital
photo frames. We anticipate this ongoing work will
contribute to the field in the following ways:

1. Extend knowledge of interactive interfaces for in-
home technological systems that support
sustainability;

2. Explore the impacts of awareness, understanding,
practical action, integrated control, data logging
and community interaction on resource use
decisions;

3. Improve the products, processes and services that
support occupants in integrating these information
tools and systems into their living spaces.
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Abstract

Modelling a house’s thermal properties and interactions is a
difficult task, normally involving surveys and long periods of
measurements. | propose a system which can learn all of these
properties, or some aggregate representation, dynamically with
very little to no input from inhabitants or trained personnel. This
means the system would have to use what ever basic
monitoring data was available to it and from this data create a
model for each room and their interactions. This system must
infer where a heating source is, and the way each heating
source can affect the house individually and in tandem with
multiple other sources. This shall allow for rapid deployment
into unknown houses which rather than learning the behaviour
of its occupants, learns the behaviour of the building itself.

Background and Related Work

Everyone in their lives at some point has been told to turn off
light switches when they leave a room and to turn the central
heating down to a lower temperature. This saves money, the
environment, and cuts down your carbon emissions which in the
current economical and political climate may help you avoid
possible future green taxes. This then becomes a problem of
working out the savings to comfort ratio in your own head with
sluggishly responding systems that skew your decision making.
To know the best way to heat your house, office, or warehouse
you must understand how the building interacts with the outside
air, the ground, and its interior rooms. This requires a model of
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the house where the heat transfer coefficient (U-value) of every
wall is known, which is a differential value, as well as the
thermal clamp of each room [1] which is the constant thermal
dissipation which may stem from floors and neighbouring
dwellings, and the heat gained from solar flux which is the total
energy from the sun.

The literature is full of modelling techniques for houses, but
most are focused on how heat transfers through certain
materials and with incredible detail [2, 3]. Modelling techniques
which focus on large interactions, like a house, normally simplify
the process by making the model very simple, usually by
treating the house as a single thermal mass[1], or making it
very detailed by surveying the building to be modelled and
every material's U-value.

Modelling a house as a single thermal shell may give accurate
results on a predicted average house temperature, but within
homes there is a need to know the room by room temperature
and the transfer coefficients of each interface. In a house with
multiple occupants individual temperature needs may very
possibly change on a room by room basis, and so a finer
granularity is prudent within a model. This assumption of a
single shell hides a lot of useful data away, as certain internal
rooms may hold heat for a very long time, or a select few
outside rooms may be the leakiest of the house.

Pakanen and Karjalainen [4] provide an energy consumption
tool for buildings of flats where they can work out a fair energy
allocation based on how much heating you get from your own
flat and from surrounding dwellings. Their system only wishes to
calculate static heat flows between flats rather than in situ
measurements, and so they have detailed measurements from
within the flats to determine the modelling parameters. Their
system does not deal with heat sources just heat flow, but it is a
very accurate system for that. The process does require every

room being modelled to be at the same temperature for a period
so the static flows can be calculated, which when transfered
into a domestic setting becomes a little involved.

For large scale deployments of software which models any
house, a large degree of flexibility is required. It is completely
unfeasible that every house in the world can be accurately
surveyed for floor plans, U-values, and outside temperatures.
Even if a survey could be done, once sensors are placed into a
house their positions would need to be mapped perfectly and all
the values gathered from the survey would have to be inputted
somehow. This would mean time from trained personnel, which
would be expensive, or time from the inhabitants, which would
require a bit of training for a skill they would never have to use.
Every time the house changes, modifications to the survey
would be needed. As shown in studies by Boait and Rylatt [5]
standard thermostat and central heating controls are already
difficult to use properly, so a complex system of inputting many
variables is somewhat out of the question.

For a reasonable level of flexibility and for a generic system to
be created, techniques such as machine learning and state
estimation can be used. This of course is not a simple solution,
but similar methods have been tried although in a less generic
manner such as Mozer’s Neural Network House [6].

Challenges

As costs should be brought down to a minimum, simple sensors
should be used when deploying within a building. So a main
challenge of the project will be to create an aggregate model
using minimal sensor information. As little as a temperature
sensor for each area should be able to provide enough data to
calculate the thermal properties of a house on a room by room
basis. For each room the following properties are needed: an id
of some sort, knowledge of the neighbouring room’s ids, the
temperature model, and if it has a heat source.
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The thermal model of each room would initially be composed of
the following properties: temperature trends, a heat transfer
coefficient for each neighbour interface, and a thermal clamp.
However, each room will only have a measured temperature
with which to work out these properties, which is where the
continuous fine grained data and some assumptions come in.
Using known quiet times in the data, constraints upon thermal
clamps and U-values can be calculated to allow the model to
evaluate itself against the measured data. Heat sources can be
discovered by monitoring the temperature differentials for any
abrupt change. Spaces which are not heated will have
temperatures based upon solar flux and any heat from
surrounding rooms. Windows and doors need special
consideration, as when closed will mimic a normal wall, but
once open it will change their behavior considerably.

Another challenge of this project is evaluation. Five or six
datasets may be acquired but anymore becomes impractical
and expensive, so whether simulations can help verify the
system works will have to be investigated. However, simulations
have the distinct disadvantage of not containing anything you
did not account for, and so a number of real world deployments
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response of a house. NASA STI/Recon

[2] G Jones. Steady-state heat transfer in an insulated,
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may be necessary for a full evaluation, and to create accurate
simulators.

Outcomes Of The Project

This project aims to create a thermal model which uses, at first,
detailed structural knowledge including, if any, the position of
windows and doors. Then, once that model is conforming to the
measured building, begin removing prior data and adding in
functionality to equate the missing data and build an equivalent
model.

The overall aim is to create a system which can be deployed
into any building with sensors in every room and a central
server which will learn the properties of the building using
modelling techniques developed in the field of heatings and
buildings. Once a buildings behavior is measured, or equated,
to a large degree of accuracy it then becomes possible to
predict how a building will then react to situations which are not
necessarily easy to produce on the actual building. With this
ability as a platform applications for actuation then become
possible.
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Abstract

The core concept of many energy awareness systems is that
providing feedback about energy consumption will lead to
significant energy savings. Although some systems inte-
grate other interventions (than feedback) like goal-setting,
rewards, or comparison, there is no structured mapping from
the findings of behavioral psychology to such systems. This
raises the question if and how such interventions can con-
tribute to change our behavior and sustain these changes
in the long run. In the field of human-computer interaction
(HCI) some researchers argue that common feedback-based
systems are not suited for promoting long-term behavioral
changes towards a more energy efficient lifestyle [5, 8]. This
seems to be true, when taking into account the fact that peo-
ple differ widely in their attitudes, motivations, knowledge
etc. I argue that it makes sense to take into account the pe-
culiarities of people when designing smart energy systems.
Further, I present ongoing research considering the role of
the user and the relevance of motivation within the context
of an ubiquitous smart energy system.
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Introduction

Advancements from the field of ubiquitous computing will
open up great possibilities for the design of smart energy
systems. Currently, energy efficiency is - or is becoming - a
huge hype but the potential of integrating energy efficiency
into ubiquitous systems is still waiting to unfold. Ubiquitous
computing and the possibility to integrate information and
knowledge into our everyday environments has the poten-
tial to contribute to an energy efficient lifestyle. If such an
environment would be able to understand the specific goals,
attitudes and motivations of its users, it could react according
to these parameters.

In this paper I present ongoing research that aims at pro-
viding a link between behavioral psychology and ubiquitous
computing. I argue that in order to support long-term behav-
ioral change towards a more energy efficient lifestyle, smart
energy systems need to take into account user-specific at-
tributes, especially motivation. Changing behavior and sus-
taining it, is not a simple matter of providing feedback. We
rather need to know about a persons motivation, knowledge
and attitude beforehand, and then can think of a suitable in-
tervention. Further, I describe our ubiquitous office system
that we employ to collect user data related to energy con-
sumption.

The Role of Interventions

Regardless of the current hype about energy awareness and
efficiency, the question of how to motivate behavioral change
towards energy efficient behavior, is subject to research for
quite a long time now. Abrahamse et al. [1] provide an
overview of 38 studies on interventions aimed at household
energy conservation, many of them reaching back to the
1970s. These studies examine different interventions (e.g.

Lhttp://www.microsoft-hohm.com/
2 http://www.google.com/powermeter/about/

goal setting, information, feedback, rewards, and combina-
tions of these) and resulting effects on peoples’ energy con-
servation efforts. While most of these studies resulted in en-
ergy savings reaching up to 15%, Abrahamse et al. also add
that [...] underlying determinants of energy use and energy-
related behaviors have hardly been examined [...] and that
the problem of sustaining the behavior has not been tackled.
Furthermore, the attitude and knowledge of people towards
pro-environmentalism was not subject to most of these stud-
ies.

While Abrahamse et al. review various kind of interventions,
Darby [3] focusses on the role of feedback and comes to
the conclusion that direct feedback provided by some kind
of monitor or display can support savings from 5-15%. But,
similar to Abrahamse et al., Darby also points out that in order
to establish an intrinsic motivation to save energy, additional
interventions might be helpful.

The Leading Role of Feedback

Current developments in the research community as well as
in the industry, have a clear tendency towards feedback-
based energy awareness projects and/or tools; a band-
wagon that also the big industry players did jump on. Mi-
crosoft Hohm! and Google Power Meter? both provide to
the user real-time power consumption information, following
the assumption that increased awareness induces behavioral
change.

Research projects cover ambient hardware feedback like in
[6] and [11] as well as software based systems. The eMe-
ter system [12] connects a mobile phone with a smart meter
to provide real-time feedback. Jahn et al. [10] present an
energy aware smart home system that provides device-level,
real-time feedback and control functionality. EnergyLife [9]
combines feedback information with goal setting and aware-
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ness tips. Both, feedback and tips are available for single
devices as well as for whole households.

The Need for Personalization

While I strongly believe that providing feedback to the user is
useful and can help him to change his behavior, I also think
that this is just the very basis of achieving long-term behav-
ioral changes. Abrahamse et al. [1] point out that the early
studies did not take into account the users’ motivations, atti-
tudes, and knowledge. Darby [3] speaks of the environment
and social factors.

If we want to support long-term behavioral change, we need
to take into account that people are different; they have dif-
ferent goals, attitudes, motivations, levels of education etc.
For someone who is completely indifferent to his energy con-
sumption, fine-grained feedback might not be the right per-
suasive technique. He might rather need some information
on the consequences of his behavior. The case is likely to be
different with a person that devotes her whole live to sustain-
ability.

Other researchers take a closer look at models from behav-
ioral psychology. Froehlich [5] and He and Greenberg [7]
state that feedback itself does not necessarily lead to sus-
tained behavioral change. He and Greenberg point out that
[...] changing consumption behavior is a psychologically, so-
cially and culturally complex problem.

Riche [14] and He et al. [8] take a closer look at the pro-
cess of behavioral change. Both consult the Transtheoretical
Model of Change (TTM) [13], which describes the process of
behavioral change as a hierarchy of stages to pass through.
This process can roughly be described as a change of attitude
and a new behavior that can replace problematic behavior. In
detail the actor undergoes several stages, namely:

1. Precontemplation (Actor is uninformed and unaware,
unwilling to change behavior)

2. Contemplation (Actor is aware about his problematic
behavior and intends to change)

3. Preparation (Actor is planning to take action)
4. Action (Actor is changing his behavior)

5. Maintenance, Relapse, Recycling (Actor tries to sustain
the new behavior)

He et al. [8] apply the TTM to energy feedback technology
and provide a motivational framework describing goals (i.e.
how to motivate the actor to move on to the next stage) and
recommendations (i.e. how technology can help to reach a
goal) on how to step up in the process of behavioral change.
I believe that applying the TTM to energy feedback sys-
tems is a promising approach and that ubiquitous computing
provides the appropriate base technology to develop user-
centred smart energy feedback systems.

The User, the Motivation and the Ubiqui-
tous System

With the rise of ubiquitous computing more and more smart
devices, sensors, and actuators will be embedded into our
every-day environments whether it be the home, the office
or public spaces [15]. I believe that such environments can
be exploited to motivate energy conservation (or more gen-
eral, pro-environmental) behavior, in a way that takes into
account the individuality of the user. Allowing a system to
classify a user according to e.g. the stages defined in the TTM
could contribute to developing tailored interventions, fitting
a user’s personal attitude.

Froehlich et al. [5] describe the gap between environmental
psychology and HCI and discuss relevant issues. One ques-
tion that remains open is, how to model behavioral change
and stages of motivation. I argue that to foster behavioral
change, as a first step it is of the utmost importance to know
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the user and his current stage of motivation. Our goal is
to track the user’s energy-related behavior in an ubiquitous
office environment and derive certain facts e.g. his current
stage of energy usage, his level of knowledge or his stage of
motivation according to the TTM.

As described in [10] we developed a feedback-based ubig-
uitous system that exploits device-level energy consumption
information and makes this information available to the user
via different kinds of interaction metaphors. This system is
based on the Hydra middleware [4, 2]. The Hydra middleware
framework supports the development of scalable, pervasive
systems of networked devices. It simplifies the development
of such systems by abstracting from the heterogeneity of dif-
ferent network communication protocols, allowing unified de-
vice access on a Web Service layer.

Currently this system is able to track energy consumption on
the level of single devices using Plogg® wireless plugs to ac-
cess consumption data. Further, we employ the Arduino*
sensor platform to integrate more sophisticated energy-
related usage tracking. Thanks to Hydra, we can easily ab-
stract from the specifics of programming for Arduino. We can
just access sensors and actuators via Web Services and thus
rapidly integrate new functionality into our system. Currently
integrated sensors recognize temperature, lighting and pres-
ence of people.

Tracking of data is done in an event-based manner. For en-
ergy consumption data, an event is a significant variation
in the consumption flow. Sensor data are also modeled as
events e.g. switching light on/off. An energy consumption
event contains references to the user, device, room and has
a time stamp and of course a consumption value measured
in watts. As a first step, we will simply track these events in
a number of offices and then analyze the data regarding its
quality for making assumptions about the user.

3http://www.plogginternational.com
“http://www.arduino.cc/

Research Goals

The vision behind this research is that of a ubiquitous sys-
tem that helps users to sustain an energy efficient lifestyle,
regardless of their original attitude and motivation. With the
research described in this paper I aim at providing some rele-
vant answers to the question: How can ubiquitous computing
contribute to change our behavior towards an energy efficient
lifestyle? In detail, these results will be:

1. An approach to classify users. The main goal of track-
ing user behavior within our smart office system is to
derive information regarding their current level of mo-
tivation. I we can classify users according to the TTM,
we could use such classifications to provide adapted
interventions to the user. This would be a huge step
towards really user-oriented smart energy systems.

2. A deeper insight into peoples’ energy related behavior.
By tracking and analyzing user behavior we can learn
when and why people consume energy. Based on this,
we can also try to find out if and why they are wasting
energy. Further, we might learn something about psy-
chological parameters that constitute motivation (atti-
tudes, believes, and values [8]).

3. A development framework for prototyping smart en-
ergy systems. We aim at making our ubiquitous energy
system as open and extensible as possible. The goal is
to have a framework, that allows for fast setups of the
system in different environments, so we are able to run
evaluations with different kinds of input and environ-
mental determinants. Ideally, the system will be able
to manage a set of interventions and support flexible
combination of these.
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Conclusion

I argued that the current trend towards feedback-based sys-
tems that do not take into account people and their motiva-
tion, knowledge, environment, etc. will not necessarily lead
to sustained behavior change. Although there are approaches
to enrich such systems with findings from behavioral psy-
chology, a structured approach is not recognizable. While
of course, considering the individual characteristics of people
is a very complex problem, ubiquitous computing provides a
basis for tracking and analyzing user behavior.

Therefore, I employ a ubiquitous office system to track rel-
evant user events (including power consumption of devices,
lighting, presence, etc.). In the next step I will analyze these
data and try to extract information to classify users. One pos-
sibility will be to map these classifications to the stages of the
TTM.

I believe that taking a closer look at the user and his behav-
ior in an ubiquitous energy system can help to understand
his attitude and motivation towards energy efficiency. An un-
derstanding, which I think is essential for the design of smart
ubiquitous energy systems.
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Abstract

The project SESAME? utilizes smart metering, building
automation and policy-based reasoning to support
home owners and building managers in saving energy
and in optimizing their energy costs while maintaining
their preferred quality of living. In this paper, we
present how user-created policies are being applied to
develop a system of least interference that supports the
user in gaining awareness about energy consumption
habits and saving potentials. Proposed concepts are
currently being implemented and validated in an
extensible demonstrator platform which provides a
proof-of-concept for an innovative technical solution.
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Introduction

The SESAME project uses ontology-based modeling and
rule-based reasoning to address challenges beyond the
smart home control [1, 2], focusing on the new types
of interactions between the user domain and the
stakeholders in the deregulated energy market, a topic
which receives increasing interest at the EU level®?. To
realize energy-efficient smart home that has the ability
to interact with the external information and control
systems of energy suppliers, AMI information providers,
etc., SESAME approach is strongly based on rule-based
reasoning and service-oriented architecture.

Services within the SESAME framework provide
different functionality at different interfaces as
illustrated in Figure 1.

For example, the smart-meter data is published by the
smart metering provider through an external SOAP-
based Web service. On the SESAME system side the
Web service client invokes this service and updates the
knowledge base. Sensors, appliances and displays are
implemented as service-based information publishers
and consumers with published service interfaces. Each
service interface implements a notification passing
capability. This is true also for the service-based

2 EU FP7 Project Intelligent Self-describing Technical and
Environmental Networks (S-TEN www.s-ten.eu).

3 EU FP7 ProjectSmartHouse/SmartGrid (SHSG)3.
www.smarthouse-smartgrid.eu.

interaction between the user and the energy providers
or grid operators.

Utility

Energy
Service
Home Home
Automation Energy
Services Services

Devices ﬁ@
S

Knowledge

Meterin
Base N

O service

Figure 1. SESAME Service Architecture

The SESAME ontology model [3] is the core of the
knowledge base, which is an RDF store that hosts the
instances of the model, and is populated with real data
from different information sources, e.g., sensors,
appliances, the user profile, energy supplier profile, etc.

The ontology is also the basis for the creation of rules.
For the implementation of the knowledge base we use
the Jena, JESS and Pellet frameworks.

In the SESAME concept, the ontology model of the
environment is complemented with the system-level
user specific policies. System-level policies define
different lower-level situations and related actions. For
example a system-level rule may specify threshold
values for a specific sensor and states that a specific
appliance is to be switched on if the sensor reading is
less than or equal to the threshold value. We assume
that system-level rules would be created by a “power
user” well acquainted with the semantics of the devices
and activities, or they may automatically come with the
devices installed in the environment. In the SESAME
project, for the creation of such rules we integrated a
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general domain tool [4]. System level policies are
described in more details in the coming sections.

By customizing the system-level policies, users can
further specify their preferences. Creation of such user
specific policies will happen at the system installation
time or occasionally after the system feedback to the
user, so the user can adjust his/her preferences.

In order to understand the potentials for energy saving,
and how to provide the best support to the user to
create policies, we conducted a diary experiment
presented in the following section.

The Diary Experiment

To gain an insight into behavioral patterns within the
home, four in-depth interviews were conducted with
two men and two women living in individual
households. The sample was not meant to be in any
way representative for a certain kind of cohort, social
class or target group, but was intended to identify
occupancy patterns, device types and their
corresponding usage. Therefore, two time frames have
been analyzed. The interviewees were asked to
describe in detail their appliance usage during morning
time from getting up to leaving for work - a time frame
which is in so far crucial, as morning hours generate
peak loads at the energy providers’ side. Additionally,
participants were asked to describe a typical week in
their lives which was necessary to capture occupancy
and sleeping patterns during workdays and weekends.

From this information we modeled a normalized seven
day period in a single resident household representing
the devices in use, occupancy and sleeping patterns.
The average energy consumption per device-type was
calculated and differentiated by active and passive use.

By applying tariff schemes from the Austrian Energy
Exchange* we also calculated the average energy costs
for a single household per day and per week. These
calculations were crucial as simple scenarios showed
that a change in behavior might lead to a reduction of
energy consumption, but not necessarily to a cost
reduction and vice versa if the prices of the energy
market would be used by the end customer. These
effects have to be observed closely as cost-efficiency
and energy-efficiency do not necessarily correlate
positively.

System-level Policies

Using the findings of the diary experiment, we
investigated in creating system-level polices that are
directed towards achieving the goal of reducing the
costs and overall carbon footprint of the user without
compromising on his/her standard of living. These can
be described under following broad categories: (i) tariff
dependent policies, (ii) device dependent policies, and
(iii) threshold dependent policies. This classification is
not exhaustive, and there are some additional policies
that we define which do not lie in the scope of this
classification.

Tariff dependent policies

Tariff dependent policies take into account the
information on various current and future pricing
schemes published by utilities and available to the
system through its smart meter. A schedulable device,
for example, may be configured by a policy to operate
during low tariff periods of the day.

4 http://www.exaa.at/
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Device dependent policies

Device-dependent policies distinguish between certain
device types based on technical specificities and user
behavior. These can be categorized as (i) permanent
devices, which should never be turned off e.g. a fridge,
(i) stand-by devices, which can be turned off, when
nobody is at home or everybody is asleep e.g. TV set,
and (iii) ad-hoc devices, which are needed
spontaneously e.g. lights. These device specific policies
take into account special characteristics of individual
devices that can be harnessed in a way to achieve user
goals of convenience, cost reduction and reduction of
greenhouse emissions. For example, a stand-by device
may be turned off by a policy after 15 minutes of
staying idle.

Threshold dependent policies

These policies are based primarily on the limits put on
certain environmental conditions in and around the
location where the appliances are installed. While on
one hand they provide a better user experience by
enforcing the most preferred environmental conditions
to the user, on the other, they ensure optimal use of
energy resources by the appliances. For example, a
heater could automatically switch on by applying a
policy if temperature falls below 18°C.

User Interaction

To obtain user preferences during the initial setup of
the system, the users will be guided through a set of
questions streamlined with the policy types described
above. The aim is to collect primarily behavioral and
device-specific information, as well as information on
preferences concerning room climate, tariffs and energy
types. Typical question sets could be divided under the
following categories which again do not necessarily

represent an exhaustive classification of possible
questions:

Behavioral questions

Queries seeking policy related information about
normal user behavior fall under this category. Such
questions would seek information like (i) the user’s
waking up times on weekdays, weekends, holidays,
etc., (ii) times for going to bed, (iii) times for leaving
and returning home from work on various days of the
week, (iv) frequency of using dishwasher, washing
machine, iron, cooking plates, etc.

Environment-related questions

These questions gather information about resident’s
choices with respect to various environmental
conditions like (i) desired temperature limits (higher
and lower) in various rooms for various seasons, (ii)
desired humidity limits (higher and lower) in various
rooms for various seasons, (iii) preferred lighting
intensity in various locations, etc.

Tariff dependent questions

These questions gather information about resident’s
choices with respect to (i) preferred type of tariff by a)
provider, b) pricing scheme, c) energy mix, and (ii)
preferred type of energy: a) green energy b) cheap
energy, etc.

Device specific questions

These questions gather information about resident’s
choices with respect to (i) inclusion of schedulable
appliances under the intelligent planning by the system,
(ii) predefined usage of certain devices while out of
home or asleep (i.e. washing machine), (iii) order of
preference of tools for cooling the bedroom , (iv) turn
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off time frame of standby devices after x minutes of
being idle, etc.

The output of the questionnaire automatically maps
into a set of partially predefined system-specific rules.
The Policy Acquisition Tool (PAT) is a policy editor and
engine that will assist a user in modifying the default
policies generated and in creating new policies
according to his/her own habits and preferences [4].
After the user feeds in his/her preferences via the
questionnaire, the default policies of the system are
instantiated and presented in the PAT editor enabling
further modification and/or approval. The PAT tool is a
web application with JSON based front end for policy
construction, editing and saving and a backend
reasoning based on the Python version of Euler
reasoner. It uses the N3 native Kknowledge
representation format.

Evaluation

The empirical modeling of usage patterns performed in
the diary experiment lead to the conclusion that a
policy based energy control could result in energy
savings by simply applying automated turn-off rules to
stand-by devices (saving up to 22%)° and ad-hoc
devices alone when streamlined with the behavioral
patterns of the user. But to fulfill the requirement of
keeping up the resident’'s standard of living an
“approach of least interference” with the normal user
behavior has to be followed. This means that
spontaneous changes in predefined settings (triggered
by the user) should override policies in place and
execute the desired action without delay or pervasive
notification. In addition, regular reports shall help the
resident to discover interdependencies between usage

5 http://en.wikipedia.org/wiki/Standby power

patterns, energy consumption and costs, so that future
decisions can be made on an informed basis.

Estimation of the savings achieved in terms of cost and
energy is the primary tool that evaluates the
effectiveness of SESAME system. A simple formula for
calculation of savings achieved by turning off the stand-
by devices can be used:

S = zni=0di X (hi_ ki), where

S= savings in Euro (per day), i = index of the stand-by
device, n = total number of stand-by devices in house,
d; = cost (in Euro) per hour consumed by device ‘i’ in
standby mode, h; = number of hours (per day) device ‘i’
normally stays in standby mode and ki = number of
hours (per day) device ‘i’ stays in standby mode after
interference from the smart home. Similar formulae are
used for estimating savings of individual policies that
save energy by switching off unnecessary appliances.

To test these concepts in a controlled environment, an
experimental prototype integrated within a box is
created. As shown in Figure 2, it consists of some real
devices, two temperature sensors, a movement sensor,
two electric heaters, a switch, a plug and it has a
capability to integrate simulated and real devices such
as a washing machine, cooking plates, refrigerator, etc.
An integrated smart meter collects real time data from
these in the appropriate scale. System actions on
various appliances pertaining to the default and user
created policies are implemented through a central UCB
controller. The UCB is a universal IP-based control box
which acts as a central control device in connecting and
controlling the operation of various devices.
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Figure 2. SESAME Demonstrator

Conclusion

The project SESAME uses semantic technology in
creating a technical solution that integrates smart
metering and demand management, building
automation and policy-based reasoning and offers an
energy-optimization capability for the energy consumer
and provider. The information used is coming from
sensors from multiple domains, including the physical
sensors (e.g., temperature, light, presence) and the
information sensors from the energy management
domain services, or other sources, such as weather
services, etc. This information is crucial in modeling
user preferences and rules. In this paper, we discussed
policies which users create to specify their preferences
regarding the comfort of living and energy saving
goals. These policies are created by customizing

system-level rules and are used for reasoning in the
SESAME system. Work is underway on assessing
savings achieved by policies that attain their goal by
different techniques including scheduling of appliances
under a variable tariff regime. Special focus is also on
user friendly enhancement to the current interface to
help non-expert users in easily creating, modifying,
deleting and saving their own policies.

Acknowledgements. The work is supported by the
FFG COIN funding line, within SESAME project. The
Telecommunications Research Center Vienna (FTW) is
supported by the Austrian government and the City of
Vienna within the competence center program COMET.
The authors thank SESAME project partners: E-Smart
Systems d.o.o. Belgrade (Serbia), and The
Experimental Factory of Scientific Engineering
(Chernogolovka, Russia) for their contributions.

References

[1] Xu, J. et al., Ontology-Based Smart Home Solution
and Service Composition. International Conference on
Embedded Software and Systems, ICESS’09, 297-304.

[2] Ricquebourg, V. et al., Context Inferring in the
Smart Home: An SWRL Approach. 21st International
Conference on Advanced Information Networking and
Applications Workshops. AINAW'07, Vol. 2, pp.290-295

[3] S. Tomic, A. Fensel, M. Schwanzer, M. Kojic
Veljovic, M. Stefanovic, Semantics for Energy
Efficiency, in Applied Semantic Technologies: Using
Semantics in Intelligent Information Processing, April
2010, Publisher: Taylor and Francis, USA.

[4] Zhdanova et al., A Semantic Policy Management
Environment for End-Users and its Empirical Study,
Networked Knowledge - Networked Media: Integrating
Knowledge Management, New Media Technologies and
Semantic Systems, Springer Verlag (2009).

40



Monitoring Smart Building Performance Using
Simulation and Visualisation

Kris McGlinn

Trinity College Dublin
2 College Green
Dublin 2, Ireland.
Kris.McGlinn@cs.tcd.ie

Marcus Keane

National University of Ireland,
University Road,

Galway, Ireland.
Marcus.Keane@nuigalway.ie

Edward Corry David Lewis
National University of Ireland, Trinity College Dublin
University Road, 2 College Green
Galway, Ireland. Dublin 2, Ireland.
E.Corryl@nuigalway.ie Dave.Lewis@cs.tcd.ie

Declan O’Sullivan

Trinity College Dublin

2 College Green

Dublin 2, Ireland.
Declan.OSullivan@cs.tcd.ie

Eleanor O’Neill

Trinity College Dublin

2 College Green

Dublin 2, Ireland.
Eleanor.ONeill@cs.tcd.ie

Abstract

Building energy certification standards require that
modern buildings meet strict energy consumption
targets. However, energy managers do not currently
have the necessary tools to monitor building
performance. In this paper we introduce a tool-set that
supports simulation and Vvisualisation for energy
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performance monitoring. The Performance Framework
Tool (PFT) enables an energy manager to specify
specific scenarios e.g. monitor zone temperature, and
can produce energy performance indicator metrics for a
building model. The Pudecas simulation and
visualisation platform has been integrated with the PFT
to provide monitoring of buildings with embedded
sensors (Smart Buildings) at the design stage.
Underpinning these tools is the Industry Foundation
Classes (IFC) building information model (BIM). The
discussion in this paper will specifically focus on the
relationship between the performance simulation and
visualisation models, and the building information
model.
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Introduction

In March 2007, the European Council set clear goals to
reduce total energy consumption by 20%. The building
sector is responsible for 40% of total EU energy
consumption’ and so will need to set ambitious

'http://ec.europa.eu/research/industrial technologies/lists/energ
y-efficient-buildings_en.html
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objectives in terms of energy reduction. Performance
based assessment of building operation during the
design process for accountable energy usage will play a
significant role in meeting this objective[1]. Monitoring
building energy performance requires embedded
technologies which measure aspects of the building
environment relevant to energy consumption, like the
effect of user behaviour on heating, ventilation and air
conditioning (HVAC) systems [2]. We refer to buildings
with embedded technologies for monitoring the internal
environment as Smart Buildings (SBs).

To analyse SBs at the design stage requires SB
simulation. A large number of building energy
simulation programs have been developed to date,
more recently becoming more sophisticated and
focussing on whole-building simulations. These provide
users with key building performance indicators such as
energy use and demand, temperature, humidity, and
costs [3]. However, significant gaps still remain in
current knowledge and tools. For example, there is a
lack of tools which monitor energy usage into the
operational phase of the Building Life Cycle (BLC),
which makes it difficult to determine if the building is
meeting its original performance requirements. Also,
the impact of user behaviour on building energy
consumption at design stage is difficult to monitor [2].

Drawing on the experience of the ubicomp community,
Virtual Reality (VR) has been employed to conduct
evaluations of applications which require contextual
data from sensors, e.g. location [4], [5]. In this paper
we look at the integration of the Performance
Framework Tool (PFT), a civil engineering tool for
defining building performance objectives, with a VR
based ubicomp simulation and visualisation platform

(Pudecas) [6], [7]. Central to our approach is a shared
Building Information Model (BIM) called the Industry
Foundation Classes (IFC).

Background and State of the Art

Building Information Modelling

The Building Information Model (BIM) is a well
established idea within the building industry. It
describes a model for storing all the information
relevant to the BLC (which defines the life of a building
from design, through occupancy and on to demolition)
[8]. The BIM extends through the entire life cycle, and
therefore performance metrics defined during the
design stage, can be wused to conduct further
monitoring during operation. In order to realise the
acceptance of BIMs, the International Alliance for
Interoperability (IAI) is developing the Industry
Foundation Classes (IFC) standard. IFC has the
potential of enabling service engineers to collaborate
between heterogeneous disciplines, improving
interoperability, reducing costs and overall design
quality. Currently, IFC is also the only BIM that is an
accepted ISO standard.

Smart Building Simulation

The use of intuitive visualisation of monitoring results
from performance simulation and assessment has been
identified as an enabler to easy and quick interpretation
of results [1]. Research efforts within the ubicomp
community have looked into developing user centric
simulated smart environments [4], [5] and these have
demonstrated their usefulness when developing and
evaluating applications which make use of sensed data.
As yet, these approaches have not looked specifically at
the use of an industry accepted standard like IFC to
model their simulations or applications across the BLC.
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Figure 1 Performance Framework Tool

Figure 2 SimConViz Building Monitoring

Within the building performance analysis community,
simulation models can be divided into two groups [1].
Those based upon physical (or deterministic) simulation
models which use building geometry to build calculation
models and those which use statistical (or empirical)
calculation models. Physical simulation requires an
expert who understands the tools and the process of
importing the necessary BIM data to configure the
simulation.

Statistical calculation models are derived from
measured data which drive simulations that can then
be applied to a range of buildings under certain
assumptions (e.g. that building systems behave in a
similar manner under similar conditions). For example
sensor data, like location, can be simulated [9] which in
turn can provide contextual data to applications [10].
The benefit of statistical models over physical models is
that once the initial models are created they can be
applied quickly to other buildings without the need of
detailed building geometry at an early stage of design.
When more fine grained analysis is required additional
parameters can be added.

Monitoring Tool for Building Assessment

In this section we introduce the simulation and
visualisation based monitoring tool for SB assessment
(Figure 3). Firstly we discuss the Performance
Framework Tool (PFT) which enables an energy
manager to specify building operation scenarios.
Following this we discuss the Pudecas platform which
has been integrated with PFT and which includes the
Virtual Reality Smart Building (VR SB), the SimCon
Generator, the SimConViz monitoring tool and
underlying statistical models. Finally we discuss how
IFC supports the combined toolset.

archiCAD -4
5 &
5a

Building Modelling

SimConfig Tool
Building Configuration

Physical Sensors

SimConViz

Design and Commission Phase Building Performance Monitoring

Figure 3 Monitoring Building Performance

Performance Framework Tool

There is significant loss in information throughout the
building lifecycle [11], particularly around the client’s
brief and initial design information. As a project moves
through the BLC, information used during the
construction phase is lost as the building becomes
operational. Information is passed between
professionals in a minimalist manner, resulting in
information loss and degradation in quality. This is
particularly true for HVAC design intent, which is rarely
carried through to the operational phase. The
Performance Framework Tool (PFT) seeks to provide a
framework for the capture of the building energy
performance within the context of the BIM. By
capturing design intent and operational characteristics,
comparisons can be made with actual performance
data, gathered during the operational phase, or
simulated performance data.
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This task requires a formalised, structured approach to
the definition of energy performance within buildings
and a means of appending this definition to a
standardised BIM, using Industry Foundation Classes
(IFC). A formal data transformation method has been
defined by O’Donnell [12]. This method builds on
previous work by Hitchcock, [13] defining the
performance aspect concept, aimed at informing
building operators about their decisions. Performance
aspects are linked to performance objectives, which
qualitatively describe a particular aspect of building
performance. Objectives are in turn quantified using
performance metrics which provide benchmark values
for this performance. When taken together, a scenario
can be described as a collection of performance
objectives, grouped by performance aspect and
evaluated using performance metrics. By linking these
performance metrics to gathered sensor or simulated
data, it is possible to evaluate the qualitative objectives
and gain an understanding of how a particular scenario
is performing.

In this way, a structured overview of building
operation, throughout the BLC, can be established,
based on the original design intent. The next stage of
the process is to accurately define the scenario
methodology within the BIM. Design intent requires
that the building operates within certain parameters.
For instance an overall Energy Usage Intensity (EUI), in
kWh/m?/yr will give a certain picture of the potential
performance levels of the building. Several factors
contribute to this figure. By considering these factors in
detail and identifying operational parameters for these
components, a far greater understanding can be gained
about the building operation. For instance, is a boiler or
Air Handling Unit operating within defined parameters?

By capturing design intent within a structured
framework, an ongoing analysis can be carried out
using building operational data. Building optimisation
and fault detection are two significant benefits from this
type of analysis. Building management systems tend to
gather large amounts of data from various sources.
Typically this data is discarded on a 24/48hr basis. By
capturing this data and comparing it against design
intent, a greater understanding of building performance
can be gained. The Performance Framework Tool allows
the energy manager to break down the building
operation to its constituent parts, benchmarking the
performance of each. It serves to provide a framework
capable of creating, storing and accessing this context
sensitive formally transformed data across the entire
building life cycle. By formally capturing design intent,
using a structured framework, within the context of a
standardised building information model, the
operational phase of a building becomes as much a part
of the building as the roof or the foundation. By
aligning this framework with relevant data streams,
building performance can be monitored and optimised.

Pudecas Smart Building Simulation and
Visualisation

Interactive Virtual Reality Smart Building

During the design phase of an SB, i.e. pre-construction,
real data outputs cannot be generated; therefore,
simulation of the building environment is necessary.
The Pudecas VR SB provides first person interactive
environments for conducting user centric building
performance monitoring early in the design phase. It
provides dual functionality to the Pudecas platform.
Firstly, it maintains the global state of the world
including information about the precise location of
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simulated users (avatars). Secondly, it generates XML
encoded messages to the other components and
monitoring tools which make up the Pudecas platform.
This VR simulator is a modification of the popular Half-
Life 2 games engine [14]. Multiplayer simulations allow
up to 32 users to interact simultaneously in the context
of the virtual world.

SimCon Generator

The SimCon Generator provides dynamic, interactive,
simulated sensed data on the state of a simulated SB
(e.g. temperature, location). The simulated data
streams are modelled as SimCon Sources through a
usable interface called the SimConfig tool [10]. The
dynamicity of the generated data is the result of
configurable response curves and error distributions.
Response curves define outputs over a given set of
conditions, for example, simulated temperature data
which changes depending on the time. Error
distributions can be used to model expected deviations
in the output to mimic the uncertainty inherent in
sensed data.

Simulating Sensed Data

The simulation models are based upon readings taken
from the Environmental Research Institute (ERI)
building over a one year period?. The ERI is equipped
with more than two hundred sensors and the simulated
temperature data is based upon measurements taken
by three sensors every fifteen minutes for the year of
2008. The SimCon Generator reads in xml data sets of
these readings to create simulated data streams. A
mean value is used to provide a more accurate
representation of the temperature over a given span of

2 http://www.ucc.ie/en/eri/

time (e.g. from 12:00 to 13:00 hours over the month
of June). This value is used as the simulated output and
the standard deviation is used to introduce a variance
in the output using a Gaussian distribution. This data
has been sufficient for early proof of concept testing of
the SimConViz building performance monitoring
(detailed in the next section), but as yet has not been
integrated with the data taken on the state of the VR
SB, which is necessary to provide the interactive
element required for user centric evaluations.

SimConViz

SimConViz provides visualisation of building geometry
and provides a systems view of different aspects of
building state, e.g. temperature and occupancy [10].
SimConViz has been integrated with the PFT tool. PFT
performance metrics are compared against simulated
data streamed from the SimCon Generator. A traffic
light system (highlighted by rings in Figure 2) displays
red when a performance metric is falling outside the
required range and green when it is within the expected
range. This type of visualisation highlights building
performance in an intuitive manner and as such should
be accessible to the range of expected users who are
involved in building monitoring (e.g. energy managers).
SimConViz can monitor both simulated data at the
design phase and also data produced by real sensors at
the operational phase.

BIM Support

The IFC approach which supports this tool-set offers
significant benefits in terms of interoperability and
shared data support. This has meant that the toolset is
based on a standardised data model and enables
interoperability with IFC compliant 3-D CAD tools. IFC
is still limited in terms of sensor definitions and other
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devices of interest to the ubicomp domain. However,
extensions are being developed within the NEMBES
project® to extend the IFC model enabling the toolset
presented here to monitor a wider set of considerations
more relevant to SBs and the concerns of smart energy
management. The NEMBES project has a niche position
in that it has brought together professionals from a
diverse set of disciplines including Civil Engineering,
Architecture, Ubiquitous Computing, Networking, and
Sensor Motes and Hardware.

User Activity and Mobility
(Pudecas VR)

Application Effect / Actuations
(TCD Analysis Tool - TBI)

Performance Framework
Analysis
Quality of
(QeC) (SimGConVis)

ensor Data

Sensor/Device Configuration
(SimConFig, DDS CAD)
Building Layout (IFC,
ArchiCAD)

Figure 4 Environment Information Layers for holistic
monitoring.

From this experience, we have identified a number of
layers within our view of the information model as
shown in Figure 4. Each of these information layers
represents an aspect of the environment and as such
has the potential to impact on the effectiveness of a
SB’s performance. Starting with the Building Layout,
this layer defines the physical configuration of a
building and its spatial relations. Often this is a
constant factor within a design process since many SB
installations involve retrofitting sensor technology. The

3 http://www.nembes.org/

next layer describes the sensors, their location,
positioning and other attributes. The third layer, which
is the least mature in this work, looks at supporting
investigation of building performance in response to
changing quality of sensor data (context). Finally the
top two layers look at performance from an occupant-
centric point of view. As such these layers include
models to support activity and mobility simulations.

Future Directions and Next Steps

A number of directions have been identified to progress
this work. Firstly, we intend to extend the analysis
capabilities to include low level sensor concerns
including the impact of the quality of context (sensor
data inputs) and system behaviour in response to
imperfect context. This will support and account for a
fuller profile of analysis for SB systems; potentially
going further to address more of the building lifecycle.
Secondly, we intend to make more extensive use of the
Pudecas VR SB simulator to investigate the impact of
occupancy levels on building performance. The new
work undertaken as part of this research will draw on
the occupancy and mobility simulation in Pudecas to
drive multi-occupant test scenarios for building
performance analysis.

Conclusion

In summary, in this paper we presented a tool-set and
framework for monitoring SB performance using
simulation and visualisation. Initial integration of the
PFT and Pudecas Simulation Platform has been
completed. In this work we are providing a tool which
can analyse the large data-sets gathered by building
management systems to produce meaningful
assessment of the building’s performance. Simulation
enables designers of these buildings to perform
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assessments prior to the construction stage with a view
to delivering accurate predictions about the buildings
efficiency. Finally, visualisation enables us to provide
an intuitive view of the environment in which the
designer can use their own mental model and spatial
understanding of the building to more easily relate to
the PFT output.
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research data. One significant area that can be
explored, by combining these methodologies, is the
concept of user choice and the associated scope for
reduction in energy consumption.
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Introduction

Domestic energy consumption accounts for about
30% of the UK's total energy usage and is subject to
an active field of research. To date, this research has
tended towards identifying generalizable variations,
often reduction effects, in energy consumption
associated with interventions, social and economic

Copyright is held by the author/owner(s). demographics, attitudes, household composition,
Ubiquitous Computing for Sustainable Energy (UCSE2010) building design and other factors. Such research
Workshop methods require quantitative analysis of sufficiently
UbiComp’10, September 26-29, 2010, Copenhagen, Denmark. large samples. Despite what Crosbie [1] recognizes as
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a long-held appreciation that household energy use
can only be properly accounted for by a cultural or
lifestyle model, quantitative methods and their
restricted account of social and cultural factors have
continued to dominate the field. Where there has
been qualitative research into the social and cultural
influences on domestic energy consumption (e.g. [2]
[3]), it has generally not been associated with fine-
grained energy use data. Thus, we have on the one
hand a multitude of data about energy consumption,
some of which suggests that certain variations in
domestic consumption are due to behavioural
differences but no associated understanding of what
these differences actually are and why they exist. On
the other hand, we are gaining an understanding of
the cultural expectations surrounding energy use, for
example comfort or cosiness, but no detailed
understanding of how this bears out in practice. As
Crosbie argues, a more thorough understanding of
domestic energy use depends on combining
quantitative and qualitative methods.

Proposed Research

The proposed study aims to arrive at a successful and
informative combination of quantitative and qualitative
data to describe relationships between social and
cultural factors, practices in the home and the resulting
energy consumption. Quantitative analysis of data
gathered from ubiquitous computing technologies will
be analyzed in the context of detailed usage data and
findings from qualitative social enquiry. In particular,
two questions, that should help clarify the scope for
and constraints on achieving energy reductions by
changing user behaviour, will be examined:

1. What variation in energy consumption is currently
attributable to individual “choices”?

2. What factors in the social context affects,
constructs and defines those individual “choices”?

Choice is a problematic concept that will need careful
treatment. It presents difficulties both in terms of
defining what a “realistic” choice is and in distinguishing
practices where there are potential choices from that
which is actually experienced by the user as a choice.
The proposed multi-disciplinary approach should be
well placed to draw and probe these distinctions, and
their significance in the resulting energy consumption.

Researcher Experience and Interests

I have a degree in psychology and experience of
applying this discipline to research and develop advice
on communications and technology use for a large UK
public sector organization. Since 2006, my professional
work has centred on sustainability. I have worked on
climate change plans and policies, analyzed carbon
footprints and made recommendations to reduce
energy consumption in a local government organization
and a UK university. I am particularly interested in the
domestic, everyday focus of the proposed study as an
area of change and resistance which is highly
significant to sustainability.
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Abstract

This paper describes the objectives and work program
of the PEEM (Persuasive End-user Energy Management)
project. PEEM is a cooperation of CURE, the ICT&S
Center at University of Salzburg and SalzburgAG and
will run for two years starting in July 2010.

Keywords
Energy Feedback, Ambient Displays, Persuasion

ACM Classification Keywords
H5.m. Information interfaces and presentation (e.g.,
HCI): Miscellaneous.

PEEM

The objective of the PEEM project is to research and
develop new strategies and tools for the home context
that provide energy-related feedback to the costumer
in a persuasive and unobtrusive way. We want to utilize
the potential of ambient displays for reducing energy
consumption without loss of comfort for the users.
Tailored persuasive approaches overcoming limitations
of existing solutions will be developed, prototyped and
experimentally validated with real user in realistic long-
term settings.

Research has shown that detailed feedback on domestic
energy consumption can substantially contribute to
achieve durable effects on energy savings in private
households [1]. However, existing solutions such as
regular energy bills or conventional home energy
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3 Examples for ambient
energy feedback: Power
Aware Cord (top), Energy
Orb (middle), Energy
AWARE Clock (bottom)

displays provide the feedback untimely or in a way that
is difficult to understand. It requires the user to make
mental efforts to translate the available information
into appropriate actions. Furthermore, the information
is not presented in the context where it is needed most
i.e. when interacting with the home appliances or
environment. Therefore the feedback lacks a direct and
tangible link to the consumers’ behaviour. Current
mechanisms also frequently have shortcomings with
regard to long-term effectiveness, as initial results tend
to wear off once the novelty effect is over [4].

PEEM therefore aims at improving the communication
of energy feedback by seamlessly integrating it in the
environment of the user and providing it where and
when it is most useful and efficient. Such an integration
of feedback could increase the comfort of the users, as
no abstract translation and explicit attention towards
achieving the goals is needed. Moreover, positive
effects on the sustainability of behaviour change are
expected.

The main starting point for the study is to explore
persuasive technologies to influence behaviour towards
optimized end-user energy management. Recent
technological progress especially with regard to
computational power, connectivity, availability of data
and equipment cost allows deploying persuasive
technologies in more and more contexts economically.
Hence, advanced strategies of persuasion are
technically possible. The potential of such approaches
have been shown in different contexts (e.g. [2][3]).
Within PEEM we aim to systematically explore the
possibilities of ambient persuasive home displays for
energy savings and develop targeted strategies for
achieving energy-savings in the context home. PEEM

will build on knowledge from existing design concepts
and approaches, three especially relevant examples are
shown on the left.

The developed persuasive ambient displays will be
experimentally evaluated in 30 households in and
around the city of Salzburg. As we are interested in
long-term effects the devices will be in use for 6
months in the households allowing us to differentiate
between initial and sustainable effects.

The project will deliver valuable results on different
levels. First, new prototypes and tools for providing
situated and persuasive energy feedback will be
developed. Second, guidelines on how to best
implement ambient energy feedback in the home
context will be defined and third, an empirical
quantification of achievable effect sizes using
persuasive ambient displays is determined.
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Abstract

When it comes to conserving electricity, it is crucial for
users to understand how much electricity is used by
single appliances. However, the rather technical feed-
back in pure numbers and intangible units of existing
energy feedback systems is not appropriate for most
users. To improve this situation, we present PowerPe-
dia, a system that aims at providing action guiding
feedback beyond pure consumption values. PowerPedia
enables users to identify and compare the consumption
of their residential appliances to those of others. It thus
helps users to better assess their electricity consump-
tion and draw effective measures to save electricity.

Copyright is held by the author/owner(s).
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Introduction

Residential electricity consumption accounts for one
third of the total electrical energy produced [1]. Despite
considerable efficiency gains with respect to the large
and omni-present household appliances (e.g., refrigera-
tors, freezers, washing machines), electricity use for
household appliances in the IEA19! grew by 57% from
1990 to 2005 [2]. Moreover, electricity consumption in
residential buildings is highly dependent on the beha-
vior of the habitants. Virtually identical households
(same buildings with same number of inhabitants, iden-
tical age groups, same location, and a similar set of
appliances) can easily vary by a factor larger than two

19 of 22 countries covered by the International Energy Agency
(IEA) provide detailed insights on household energy use.
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with respect to energy usage [3]. A major burden for
people who are willing to save energy at home is the
lack of information about their energy consumption.
Although, there exist helpful off-the-shelf products that
depict the energy consumption in near real time, they
do not fully meet the user needs, since their represen-
tation is often rather technical and they lack the ability
to put the intangible consumption in a picture that al-
lows users to draw conclusions and effective measures.

In this work, we present a system that tries to over-
come this drawback by providing users with action-
guiding feedback rather than pure numbers. PowerPe-
dia enables users to identify and compare the con-
sumption of their residential devices to those of others.
At the same time, an efficiency ranking shows users
how their appliances perform compared to appliances of
the same category. In addition, general and device-
specific measures to conserve energy can be obtained
from the community and consumer web sites.

Portable energy feedback systems

With the rise of ubiquitous computing technologies,
information provisioning at an increasingly detailed
level becomes possible. In terms of energy feedback,
this has led to systems that provide feedback on the
consumption on household and on device level.

Household-level systems visualize the total residential
electricity consumption with a sensor that is either
installed in the fuse box or at the electric mains. There
exist several commercially available solutions, e.g.,
Wattson [4] or Onzo [5] to just name two. In addition
to displaying the current overall consumption, most of
them also provide other features, such as a presenta-
tion of the historical consumption, accumulated con-

sumption over time, and consumption equivalents
(e.g., CO,). However, with such systems users cannot
determine the consumption of single appliances. Anoth-
er downside is the complex installation due to the re-
quired modification around the electric wiring. Other
work from Peterson et al. [6] builds upon a circuit
breaker box that is to be attached to the fuse box in
order to acquire consumption information per circuit
and propose a user interface on a mobile phone.

Device-level electricity feedback systems can provide
more detailed information about the consumption of
single devices. They are mostly realized as smart power
outlets that are plugged between the power outlet and
the power cord of the appliance that is to be monitored.
In order to visualize the consumption data, systems
such as Kill-a-Watt [7] and Click [8] feature an at-
tached display that often depicts rather limited informa-
tion. Other smart power outlets [9, 10] provide remote
access to the measured data through wireless commu-
nication means and thus enable users to access the
data with their mobile phone for example. However,
feedback is limited to the devices directly attached to
the outlet. To overcome this drawback other research
focuses on the development of systems that integrate
multiple sensors [11]. A gateway is responsible for the
discovery of the smart sockets within communication
distance. The approach facilitates functions such as
remote switching, supports different user interfaces,
and offers local aggregates of device-level services
(e.g., the accumulated consumption of all sockets).
While the concept is interesting, the application of a
large number of current sensors and communication
modules is often too cumbersome and expensive [12].
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In contrast to the systems sketched above, our work
tries to put the energy consumption in a picture that
allows users to better assess and classify the consump-
tion of their residential appliances. In order to conserve
energy, users need action guiding feedback rather than
technical feedback in intangible numbers [13]. For that,
we propose PowerPedia that is based on a smart meter-
ing infrastructure and provides users with appliance-
specific information on the efficiency and energy saving
measures that can be applied to conserve energy.

PowerPedia

PowerPedia aims at providing users a tool that allows
them to determine more about the electricity consump-
tion of their appliances. Most people do not have an
understanding about how much energy is consumed in
their households. In particular, they often do not know
how much electricity is used by a single appliance or
how their appliance performs energy-wise compared to
other appliances of the same device category. In the
following, we first describe the general concept of Po-
werPedia before we present the architecture and finally
the developed user interface.

General Concept

The goal of PowerPedia is to make users aware how
much energy their residential appliances use. It allows
them to better assess the electricity consumption and
the energy efficiency of their appliances. For that, users
are provided with a possibility to determine the electric-
ity consumption of single devices with simple means
(that is an electricity measurement functionality pro-
vided on a mobile phone user interface). By connecting
a mobile phone directly with a smart electricity meter,
users can determine the current electricity consumption
of single switchable appliances. However, since many

users have no comprehension of intangible units such
as watt or watt-hour, and thus are not able to judge
whether that corresponds to a particularly high or low
consumption, further support is required. Besides mea-
suring the consumption, users can use PowerPedia to
derive further information on the efficiency and specific
energy saving possibilities of devices. By publishing the
measured device to PowerPedia, users can compare the
consumption of the measured device against the con-
sumption of other devices that reside in the same de-
vice category and have been previously published by
others. In addition, device and category specific energy
saving measures can be uploaded. In that way, users
become aware of the efficiency of their devices as well
as of measures conducted by other users or recom-
mended by consumer organizations. In order to keep
track of the most energy-efficient devices of each cate-
gory, PowerPedia embeds a harvester module that
automatically updates the data by incorporating the top
performing devices gathered from consumer organiza-
tions. The harvester also initializes PowerPedia with a
first set of energy-efficiency measures.

eMeter PowerPedia

Har-
sign/ﬁture erver  vester

Energy Serve

/ in

[
ﬁ Gumstix

Smart Meter Android PC
ul ul

Figure 1. Architecture of PowerPedia realized as an extension
to the eMeter system.
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Table 1. Example URIs of the PowerPedia

URI

Method

Action

frecognition

POST

Create new recognition

[device

POST

Create new device

fcategory/Sid/rate/Swatt GET

Gatherthe efficiency

rating of a specific device

[tipsCategary

GET

Get a list of all tips

categories

"user":{

"device":{

id":"96",

"type":"Mini Globe",
"categoryId":"19",

"createdOn":1272312189,

"avgWatts":"7.0000",
"efficiencyrating": {
"count":4,

"position":1,

"best":7W,

"worst":9W,

3
"userId":"5"

"id":"5",
"username":"m",
"password":"x",
"createdOn":1273790766

"name":"Osram - Mini Globe",
"description":"Leistung (Watt)",
"picture":"www.topten.ch/[...]/mglobe-e27.jpg",
"manufacturer":"Osram",

Figure 2. Json represention of a
device stored in PowerPedia.

Architecture

The overall architecture of PowerPedia is depicted in
figure 1. PowerPedia is realized as an additional com-
ponent to the eMeter system, which is described in
more detail in [15]. It consists of two components: the
SignatureServer that stores the information about resi-
dential appliances and a harvester that is used to au-
tomatically update the PowerPedia. In order to access
the provided functionality a stationary and a mobile
user interface have been implemented.

The first component, the SignatureServer, is written in
PHP using the Recess? framework. One of the advan-
tages of Recess is the built-in support for REST [14].
This enables users to access resources using URLs. For
that, every resource is bound to a unique resource
identifier (URI) that can be accessed and modified with
corresponding http verbs (GET, PUT, POST, DELETE).
The final data format of the resource is not defined by
REST, which leads to high flexibility as data can be
represented differently just by adding the correspond-
ing ending, e.g., .html for HTML or .json for JSON. Ta-
ble 1 provides an overview of selected functionalities
that are provided by the RESTful PowerPedia API. It
details the URI that can be called together with the
corresponding http verb to perform the indicated ac-
tion. Figure 2 shows an example of the JSON represen-
tation of device number 96 that is stored in the Signa-
ture. It can be obtained as response by simply calling
the following URL:
http://[serverAddress]/powerPedia/device/96.json

2 www.recessframework.org

The SignatureServer follows the Model-View-Controller
paradigm that is the basis of the Recess framework.
The following models are implemented:

= User: The user model is used to store user authen-
tication information. This includes a username, a pass-
word as well as the first and last name.

= Category: The categories are used to group ap-
pliances of the same category (e.g. lights). Categories
are structured hierarchically, which means that a cate-
gory can have multiple sub-categories.

= Devices: The device model is used to represent a
signature of each device. It contains fields (figure 2) for
the name, a description of the device, a picture, the
manufacturer, the type, the consumption, time infor-
mation, and an efficiency rating. Every device is linked
to exactly one category.

= Recognition: The recognition model is used to store
the data that is collected when users measure the elec-
tricity consumption and subsequently upload it to Po-
werPedia. A recognition is linked to a device and to the
model of the user who uploaded the recognition.

= Devicepersonals: To compute the cumulative ener-
gy and the costs of a device, the user can specify the
usage for every measured device. The model is linked
to the user and the device. Furthermore, the user can
specify the location of the device (e.g. office, home).

The second component, the harvester, is used to initial-
ize the Powerpedia with a first set of devices and ener-
gy saving measures as well as to monthly update the
database with the most energy efficient appliances of
each category. For that, the SignatureServer starts the
update by issuing a GET request to the corresponding
URI of the harvester (figure 3). The harvester then
scans dedicated external consumer organization web
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Signature Server Database

5. Store device

1. GET 4. JSON
Request Response
—-3. HTML Response
2. GET Request:
Harvester

External Website

Figure 3. The harvester ensures
that the SignatureServer holds a
list of the most energy-efficient
devices per category.

sites to acquire and extract the data before translating
it into JSON. After that, the result of the scan is passed
on to the SignatureServer, which updates its list of
devices in the database.

The mobile user interface exploits the functionality
provided by PowerPedia. It is implemented in Java and
runs on the Android operating system. To visualize the
consumption data acquired by the smart meter, the
client sends a GET request to the Energy Server utiliz-
ing the REST-API. The server responds with a JSON
string, which facilitates the parsing of the data in the
application on the mobile device. The same principle is
used to publish new devices to PowerPedia as well as to
acquire facts, such as efficiency or energy saving
measures, of a particular device from PowerPedia.

User Interface

In order to overcome the drawbacks of existing energy
monitoring systems, the Android user interface aims at
making users aware of how much energy their residen-
tial appliances use. Thus, besides basic feedback fea-
tures (e.g., current consumption, historic consumption,
and standby consumption), the interface provides a
measurement functionality that allows users to identify
how much single appliances consume. To put the con-
sumption in a bigger, more tangible picture, additional
action guiding information, such as appliance efficiency
and user-based energy saving measures are provided.
For that, users can publish their devices to PowerPedia
and compare the consumption against the consumption
of devices previously published by others.

The measure view (figure 4 left) allows users to inte-
ractively measure the electricity consumption of single
switchable appliances. To perform a measurement,

users have to initialize the measurement by pressing
the start button. Thereafter, users are asked to turn on
or off the device that should be measured. Within two
to ten seconds, the system will then compute the result
based on the measurement algorithm. That is, besides
regarding the increase or drop in real power, the algo-
rithm also takes the different electric circuits and addi-
tional physical variables, such as apparent power and
power factor, into account. This allows determining on
which line the switching event has occurred as well as
failure detection in the case where two appliances are
switched on at the time. In the latter case, users are
notified to repeat the measurement, and by comparing
the jump after normalization to the previous measure-
ment, the consumption can be identified.

Thereafter, users can personalize the measurement
(figure 4 middle). The user interface offers the possi-
bility to take pictures of the measured appliance, assign
a location, specify a device category and manufacturer,
and adjust its utilization to calculate the incurred yearly
costs. By publishing the device to PowerPedia, users
can compare their measured consumption to the con-
sumption entered by other users as well as to the con-
sumption of the most energy-efficient appliances of the
category harvested from consumer organization web
sites. An efficiency ranking puts the consumption in a
more tangible picture. It shows users the efficiency
rank of their device, information on the best and worst
performing device as well as the number of uploaded
devices in the category.

The tips view (figure 4 right) displays energy saving
measures loaded from PowerPedia. It consists of tips
that can be applied in general as well as specific tips
that relate to the device category of published devices.
The user interface also offers the possibility to upload
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one’s own energy saving measures. Tips can be
checked to indicate that they have been applied. This
allows indicating the percentage of users that already
have applied the measure.

A ® 7:10Am

)

Gauge Histor) | Device JUSHM Tips

Lint Filter

Figure 4. Android user interface. Measure view (left), device
details (middle), energy saving measures (right).

Conclusions and Future Work

In this work, we presented a system that allows users
to interactively explore their energy consumption. The
possibility to upload the measured data to PowerPedia
which serves as a community platform introduces a
social networking aspect to energy feedback systems.
It puts the energy consumption in a broader picture
beyond pure numbers and encourages users to com-
pare the consumption of their devices to those of oth-
ers. As the system continuously updates the database
with the most efficient device types from external sites,
it succeeds to provide user with top rated devices. Be-
sides real power, our system also measures additional
variables, such as apparent power, distortion power,
and power factor. Thus, besides evaluating the proto-
type, future work targets the possibility to gather a
broad collection of appliance signatures that can be
used to automatically recognize switching events of
devices in the load curve.
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