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ABSTRACT
Contextual information of persons can be comprised of a va-
riety of different fragments. The sensor-based recognition of
activities, which is one very important part of contextual in-
formation, is very well evaluated in laboratory surroundings
with different sensor configurations. This paper presents the
utilization of locomotion and location information inferred
from sensor-readings in a real-world setting by applying a
system that operates in an opportunistic and unobtrusive
way. We let the rubber hit the road by exploiting locomo-
tion and (in-door) location information in private households
to optimize the energy consumption in terms of autonomous
and implicit control of electronic appliances. By using on-
body and environmental sensor devices, that are not presum-
ably fixed, thus are accessed in an opportunistic manner, our
system is able to safely control devices in terms of implicitly
optimizing the energy consumption. We have conducted a
field study in 15 households, where we have used the loca-
tion and locomotion information of the residents to decide
with a rule-based background intelligence, which electronic
appliances can be safely turned off.
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Keywords
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1. INTRODUCTION
Energy efficiency has gained increased awareness in the

public over the last years, due to the rising prices of energy
and the fact, that it is a scarce resource. The European
Union Action Plan for Energy Efficiency (COM(2006)545)
unveils on an EU wide scale, energy saving potentials of
more than 20% by 2020, achievable without loss of economic
strength or quality of life.
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Basically, this concept is based on a more efficient use of
available energy. Today’s electronic equipment, machines
and appliances, as a matter of convenience, provide fea-
tures to be explicitly switched to reduced energy consump-
tion modes (so called ”stand-by” modes), when not in active
use (but to be instantly ready for use upon explicit user in-
vocation). Through bearing potentials as an energy saving
solution, the analysis of behavioral patterns in several user
studies reports effects towards the exact opposite; with the
ability to just put an appliance in standby mode when not
in use, devices are no longer switched (totally) ”off” which
causes surprisingly high so called ”stand-by losses”.

As a result, the user behavior needs to change towards
a more economical usage of energy, which gained increased
awareness in the public during the last years, but is also a
long term process, or to be more precise, an evolution. To
support the user in this task, we present an energy manage-
ment system based on the opportunistic sensing approach
presented in [6]. Using this approach, we are able to reduce
the standby losses based on the location information of the
user within the household, in combination with his/her cur-
rent locomotions, but without forcing the user to explicitly
switch a device on or off. This enables the unobtrusive con-
trol of electrical power consumers, in terms of automatically
turning them on and off and thus reducing stand-by losses,
without reducing the convenience, the level of living, and
the habits of the user.

The sensor and computer based recognition of user’s lo-
comotion and location were well studied and evaluated in
laboratory settings and can be identified in three areas of re-
search, namely (i) activity and context recognition [1, 7, 10,
11], (ii) (in-door) localization [2, 4], and (iii) energy/power
management in households and smart homes [3, 5, 9]. Sum-
marizing, the best sensor modality for on body activity recog-
nition are accelerometers [8] due to their high accuracy and
their unobtrusiveness. Ubisense is identified as a robust and
off-the-shelf solution for indoor localization [2].

Main contribution of this paper is the fact that we put the
developed methods of this research out in the field. We do
not assume a fixed and static sensing infrastructure to un-
obtrusively control electrical power consumers, as it can be
found in laboratory settings. We utilize sensors in dynamic,
varying environments to infer locomotion and location in-
formation. Using the opportunistic approach [6] allows us
to break the chain of predefining a fixed sensing infrastruc-
ture at design time of the system. This is especially use-
ful for the purpose of saving energy in households as the
available sensing infrastructure changes over time. Relat-
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ing locomotion to different locations enables the possibility
to give locomotion different meaning in different locations
and react accordingly. A vast heterogeneity of already de-
ployed sensors in the surrounding environment is available
in today’s homes. These body or infrastructure based multi-
sensor platforms, like mobile phones or smart watches, can
be utilized without stressing the user to wear or install new
sensors that have to be deployed, maintained and consume
additional electrical power. Households are highly dynamic
and heterogeneous environments in terms of sensing infras-
tructure. Not only the sensing infrastructure itself varies
in different households, also over the time period of a day,
the presence of persons changes and thus the availability of
sensor devices. A robust and flexible system (described in
Section 2) is needed to deal with the varying, dynamic sens-
ing infrastructure to handle multiple sources of information
for locomotion and location to effectively manage energy
consumers in an unobtrusive and convenient way.

The remaining paper is structured as follows; based on
the opportunistic sensing approach described in [6], we have
implemented an energy management system as a use case
of an opportunistic system. The system utilizes users’ loca-
tion and locomotion information to reduce stand-by losses,
and is described in detail in Section 2. To empirically un-
derpin the developed technology we have conducted a field
study (be referred to Section 3) in fifteen domestic house-
holds with a total of 58 participating persons over a period
of nine months. Results show an average energy saving po-
tential of 17% in implicit power management controllable
energy consumption (see Section 4). Finally, we summarize
and conclude the presented work in Section 5.

2. A ROBUST SYSTEM SETTING
The main purpose of this paper is to investigate and de-

velop a robust and flexible system for daily use in real life
situations. In a real-world setting the system has to cope
with (i) different users, (ii) different sensors and (iii) dif-
ferent environmental conditions. The requirements for the
developed system were identified to (i) be able to detect lo-
comotion and location of the present residents in a dynamic
way and to (ii) combine this information in a rule like form
to control the electrical power consumers in the household.

To design and implement the locomotion and location
recognition system, we utilized our approach of an oppor-
tunistic activity and context recognition system as presented
in [6]. Using the opportunistic sensing approach has the
benefit that our system is not pinned to a fixed and static
sensing infrastructure to infer locomotion and location infor-
mation. This is an extremely important fact, as households
are of highly dynamic and heterogeneous nature in terms
of the available sensing infrastructure (e.g., smart phones
and smart watches). The presence of people and thus the
available (on-body) sensing infrastructure changes over time.
Furthermore also the environmental sensors can fail due to
e.g., power loss or physical damage over time.

So we have to separate different layers when we talk of an
opportunistic system: (i) we have to find a way to describe
and utilize the available sensors from whatever kind they are
and (ii) we have to find a way to handle the dynamic sens-
ing infrastructure. In the following we utilize the solutions
proposed in [6] to build a robust system that can handle a
heterogeneous and varying sensing infrastructure over time.
We use Sensor Abstractions and Sensor-Self-Descriptions in

combination with Experience Items [6]. Each sensor is ab-
stracted and describes its capabilities in terms of inferring
locomotion and location information using Experience Items.
The experience item itself encapsulates the complete recog-
nition chain needed to detect the labels it is capable of,
containing all steps necessary to infer context information
out of the raw sensor data and a qualitative value, the so
called Degree of Fulfillment [6] estimating the accuracy of
the recognition process. By using the Experience Items we
can dynamically instantiate the recognition chains depen-
dent on the recognition purpose and the available sensing
infrastructure. So from the systems viewpoint, we see a sen-
sor as a label (locomotion and location) delivering entity
that can be queried for its capabilities and be utilized.

The opportunistic sensing approach allows for the dy-
namic configuration of sensor ensembles [6]. A sensor en-
semble is the set of available sensors that is best suited in a
certain situation to achieve the highest recognition accuracy
according to a recognition purpose. This is an important
feature of an opportunistic system as it makes it flexible
against changes in the sensing infrastructure, as sensors can
spontaneously become available or unavailable (e.g., a per-
son turns his/her smart phone on or off, or leaves the house).

We use the opportunistic sensing approach [6] to recognize
locomotion and location. This allows us to implement a
robust and flexible system that can handle the dynamic and
varying sensing infrastructure of a household to recognize
the locations and locomotions of persons.

To effectively control the electrical power consumers of a
household in an implicit, user centered way, it is necessary,
to capture the manageable devices and control them accord-
ing to their actual status and the activities of the residents.
Therefore, a model has to be developed that generates the
control actions out of the current locomotions and locations
of present house residents and the status of the captured
and monitored electrical power consumers. It was necessary
to develop the concept of Symbolic Locations as shown in
Figure 1 that directly relate the locomotion and location of
a user to the needed or used electrical devices in the corre-
sponding zone.

Figure 1: Exemplarily household of the field study and its
segmentation into energy consumption zones named Sym-
bolic Locations that directly relate the locomotion and loca-
tion of a user to the the assigned electrical power consumers
e.g., Symbolic Location 9 ”kitchen”→c07 (toaster), c11 (wa-
ter boiler); Symbolic Location 8 ”sink”→c09 (dishwasher).
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Based on the model we implemented a background intelli-
gence, that manages the knowledge about which devices are
needed according to the location and locomotion of present
residents, which devices will be needed in the future accord-
ing to the general behavior characteristics of the residents,
and which devices can be turned off safely. The schematics
of the developed system components and their interplay are
shown in Figure 2.

Figure 2: Schematics of the developed system components
and their interplay. Body-worn sensors are used for activ-
ity recognition, in our case the modes of locomotion (used
sensors are described in Section 3) and in combination with
the energy measurements to detect the location of the resi-
dents. The two dimensional information of Locomotion and
Location is passed into the Background Intelligence where
it is further processed and events are generated based on a
defined Rule Set to switch power consumers on and off.

An implicit system used for energy management, as it is
described here, may never overrule the user. It has to be
an extension and enrichment to the user’s life. It has to act
as unobtrusively as possible in the best case without user’s
notice. But, the users always have to understand what and
why the system is doing something. Only in this case they
will use the system without getting afraid of losing control
over its behavior. In consideration of this fact, we gave the
users the option to read and manage the rule base in a simple
way. Therefore we used a GUI that displayed the ruleset in
a table like form and allowed the users to manually add,
modify and delete rules. This approach puts the user in the
center as it allows to control and alter the rules on which
decisions are based on. So users can adapt the behavior of
the implicit energy management system to their own needs
and their changing lifestyle. The users have, at each point
in time, control over the events generated from the implicit
energy management system. They are in the ”center” of the
system and can control its behavior if necessary.

Summarizing, we have utilized the opportunistic sensing
approach to detect locomotion and location as presented in
[6]. We can deal with a vast heterogeneity of different sen-
sors having different modalities using sensor abstractions.
Furthermore, we can handle the dynamic varying sensing
infrastructure where sensors can appear and disappear spon-
taneously. We can dynamically instantiate the required ma-
chine learning techniques (recognition chains) using Expe-

rience Items to infer locomotion and location data out of
the raw sensor data streams. So we have a robust system
for the detection of locomotion and location that can utilize
different sensors during runtime of the system to infer the
needed information for implicit energy management. On top
of that robust fundament we put a user controllable engine
in a rule based form that generates the action events neces-
sary to turn electrical power consumers on and off safely (as
shown in Figure 2). Both, the locomotion and the location
information of users, are used to trigger the corresponding
action events. During the design of the background intelli-
gence we focused on the user as the ultimate control instance
of the system. The human always has to be in the center
to make such a system successful. So, at each point in time
the user has the possibility to ”overrule” the decisions made
by the implicit energy management control system.

The setup of the presented system used during a field
study to underpin the suitability for daily use is shown in
Section 3.

3. EXPERIMENT DESIGN
The main contribution of this paper is the real world uti-

lization of locomotion combined with location information to
implicitly reduce standby losses caused by electrical power
consumers. We described a robust system (see Section 2)
operating in an opportunistic way capable of utilizing the
best available set of sensors in terms of recognition accuracy
at each point in time to get locomotion and location infor-
mation of the residents. By utilizing this two-dimensional
information, a background intelligence generates the neces-
sary action events to turn energy consumers on and off safely
and thus avoid energy losses.

We show that such a system can be used in the field with
different people, different sensing hardware and different set-
tings. We designed an experimental setup in form of a field
study to show (i) that our system is applicable in a real world
setting and (ii) it can be used to increase the efficiency of en-
ergy usage. To highlight the flexibility of the opportunistic
sensing approach, the field study consisted of 15 households
with a total of 58 participating persons. Having a high diver-
sity between the households and the participating persons,
we can not assume a common, fixed and static sensing in-
frastructure. This made it the ideal scenario to show the
flexibility of the opportunistic sensing approach in the ”real-
world” used to implicitly control electrical power consumers.

The first design issue was to decide which sensing sys-
tems should be used during the field study. As we abstract
and self describe each sensor (as explained in Section 2),
we could have used each sensing device capable of inferring
the needed locomotion an location information. To have
a comparable result, that is not affected by different hard-
ware components, we decided to take a subset of the possible
available sensors as the ”pool” for the opportunistic sensing
approach. We decided, for the on body worn sensors used
to detect locomotion, to use a wrist worn 3-axis-acceleration
sensor and a smartphone as a multi sensor platform. Our
system decided during runtime which is the most accurate
sensing ensemble (one of the two sensors, or both combined)
in terms of achieving the highest recognition accuracy, and
configured it accordingly for each user.

Inferring location information is not a trivial task espe-
cially in indoor environments. Again, we abstract the loca-
tion sensors and could have used any available technology.
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We decided to use the Ubisense Location system as this is
an off-the-shelf and highly accurate technology [2].

Summarizing, the sensor setup in each household con-
sisted of a Ubisense system to gather location information
in the defined Symbolic Locations of each (present) resident,
a smart phone and a wrist worn 3-axis-acceleration sensor
per person to infer locomotion information. The availability
of all three sensor systems (if a Ubisense tag is accounted
as being a sensor) varied over time. Our system decided op-
portunistically which sensors to utilize to infer locomotion
and location information depended on the available sensors
to achieve the highest possible recognition accuracy at each
point in time.

To measure the energy consumption of each observed de-
vice and the possibility to turn it on and off remotely, we
utilized a ”simple” adapter that is plugged between the de-
vice and the power outlet. This adapter can act on the
one hand as a sensor, measuring the power consumption of
the attached device and on the other hand, as an actuator
to remotely turn the attached device on and off. Measur-
ing the consumed electrical power of the attached device is
highly important as it ensures on the one hand to measure
the consumed electrical power and on the other hand to only
switch off devices that are not used at the moment. Nobody
wants the microwave oven for example to be turned off while
warming the food for dinner.

To get a reliable and comprehensive dataset for further
offline analysis, we extended the system setting explained
in Section 2. Beside the described realtime capabilities we
added a software component capable of recording the trans-
mitted data from the sensing ensembles and the energy con-
sumed by the individual electrical appliances. This allows to
operate our system in two different modes, namely (i) the
real-time mode were we implicitly control electrical power
consumers and have the ability to capture the data of the
sensors and the actuators, and (ii) the simulation mode were
we can playback the pre-captured data of the dataset as if
real sensors were attached to the system. In utilizing this
captured data in the simulation mode, we were able to calcu-
late the real energy saving potentials of the described system
during the field study as shown in Section 4. The calcu-
lations are based upon what would have happened if the
system had not been in place.

By detecting the presence and the locomotion of a user in a
defined Symbolic Location (as shown in Figure 1), the back-
ground intelligence can, based on the defined rules, generate
the control commands that are further sent to the ”adapters”
to turn the attached electrical power consumers on and off
remotely.

Utilizing the high value of the two dimensional informa-
tion over only the single locomotion or location information,
we built a precise body of rules for each household defining
when devices can be turned off safely. The initial set of
rules was defined during the setup time of the system by
interviewing the residents in combination with knowledge
already gathered during the field study in terms of rules de-
fined by other participants. The initial rule set was then
extended during the use of the system by the residents to
make the system fit their personal needs.

The field study was conducted with each of the 15 par-
ticipating households for a time period of two weeks. The
position of each resident of the household (up to four), in
up to two rooms that were further segmented individually in

Symbolic Locations was recorded (mostly kitchen and living-
room as the majority of user controllable electrical power
consumers were located there). The recording interval was,
dependent on the rate of change of the position data, up to
30 samples per second. In addition to the position data, the
locomotions of each participant and the power consumption
of up to 20 devices were recorded to get a comprehensive
dataset for further offline analysis. Again, the recording in-
terval for the locomotion information was dependent on the
rate of change and the interval for the electrical power con-
sumers was set to one minute. The field study took place
in Upper Austria from Dec. 2009 to Dec. 2010 with non
scientific but mostly technologically interested people.

4. RESULTS
The empirical results obtained from the data captured

during the conducted field study are presented in this Sec-
tion. The analysis of the data using the simulation capabili-
ties of our implicit energy management system impressively
highlight the potential of using an activity and context based
approach to reduce power loss due to standby times of elec-
trical power consumers. Table 1 shows the potential energy
savings per household during the field study. The highest
potentials of saving energy can be identified in consumer
electronics and in electric lightning. In these two device cat-
egories, implicit energy management is exceedingly effective
in frequently reaching a 50% reduction of energy loss.

Analyzing the collected data of the 15 households includ-
ing the data of the 58 participating persons during the field
study (consisting of energy consumption per device, the lo-
comotions of the persons and their time in the defined sym-
bolic locations), it was possible to calculate the absolute
potential energy savings. The potential average energy sav-
ing over all 15 households in the field study was about 21,5
Watt per hour, respectively 17%.

5. CONCLUSION
Within this paper we have presented and evaluated the

real-world utilization of the two-dimensional contextual in-
formation containing location and locomotion of persons.
We let the rubber hit the road by focusing on accessing and
utilizing this information in an ”out-of-the-lab” setting of a
conducted field study within households in terms of implic-
itly optimizing the energy consumption. We implemented a
robust system capable of recognizing the (in-door) location
and locomotion information of persons in their homes, with-
out presumably defining the required sensing infrastructure.
The opportunistic approach lets us be as flexible and ro-
bust as possible by enabling the unobtrusive utilization of
on-body and environmental sensor devices to achieve a high
degree of acceptance among the residents.

As we did not aim at changing the residents’ explicit be-
havior towards a more energy-aware operation of electronic
appliances, but to unobtrusively assist them in their daily
living, we have defined a rule-based background intelligence
that autonomously controls devices in terms of optimized
energy consumption. Input for this background intelligence
is the two-dimensional contextual information (location and
locomotion) of the users in their homes recognized in an
opportunistic way. By utilizing a (user-) defined body of
rules, the opportunistic recognition of this information lets
us control electrical devices safely, without decreasing the
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Potential Energy Saved per Household
0-01-1102 0-02-1111 0-03-1111 0-04-1110 0-05-1111 0-06-2200 0-07-1102 0-08-1102

15.5% 14.7% 19.3% 23.0% 10.1% 22.2% 36.2% 24.5%
0-09-1111 0-10-1111 0-11-1110 0-12-1111 0-13-2200 0-14-1102 0-15-1111

21.3% 13.6% 60.8% 8.0% 3.9% 4.8% 13.3%

Overall 19.4% (stdev: 14.2%)

Table 1: Potential energy savings in households during the field study using the developed implicit energy management system
as described in Section 2 and 3. Outliners of the field study are highlighted in gray. The Household ID in form of x-xx-xxxx
encodes with the first number that it was a private household (0), the second number identifies in chronological order the
code of the household, and the last four digits show the number of man, woman, boys and girls in the household. The energy
saving potential relies on the kind and amount of installed devices in the observed Symbolic Locations.

user comfort. For evaluation purposes we conducted a field
study in private households.

We deployed our system in 15 homes (with 58 participat-
ing persons), and collected data over two weeks each. We
achieved an overall average saving potential of 17% as fur-
ther offline analysis showed. This is an impressive result,
and there could still be further potential to increase the
saving for a specific household, since the rule-based part of
the background intelligence could be supplementary adapted
and improved towards the specific needs and peculiarities of
the residents of a particular household.

We showed that it is possible by utilizing, in an oppor-
tunistic way, already deployed sensors in smart homes (e.g.,
smart phones) to infer locomotion and location information
in a flexible and robust way. Utilizing this two-dimensional
information we implicitly controlled the energy consumers in
households. Without affecting or changing the level of living
of the residents, it was possible to save, on average, 17% of
electrical power. During the short period of two weeks user
behavior began to change to a more energy aware behavior
as they realized how easy the waste of the scare resource
”electrical power” can be avoided resulting in a more effi-
cient and economical usage electrical power. Bringing our
approach out in the field can be seen as a small step for the
residents of the households due to its unobtrusiveness, but
as a large step towards reaching the overall energy saving
potentials of 20% on an EU wide scale.
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D. Roggen, G. Tröster, H. Sagha, R. Chavarriaga,
J. del R. Millán, D. Bannach, K. Kunze, and
P. Lukowicz. The opportunity framework and data
processing ecosystem for opportunistic activity and
context recognition. International Journal of Sensors,
Wireless Communications and Control, Special Issue
on Autonomic and Opportunistic Communications, 1,
December 2011.

[7] B. Logan, J. Healey, M. Philipose, E. M. Tapia, and
S. Intille. A long-term evaluation of sensing modalities
for activity recognition. In 9th international conference
on Ubiquitous computing, UbiComp ’07, pages
483–500, Berlin, Heidelberg, 2007. Springer-Verlag.

[8] J. Mantyjarvi, J. Himberg, and T. Seppanen.
Recognizing human motion with multiple acceleration
sensors. In Systems, Man, and Cybernetics, 2001
IEEE International Conference on, volume 2, pages
747 –752 vol.2, 2001.

[9] J. Paradiso, P. Dutta, H. Gellersen, and E. Schooler.
Guest editors’ introduction: Smart energy systems.
IEEE Pervasive Computing, 10:11–12, January 2011.

[10] D. Salber, A. K. Dey, and G. D. Abowd. The context
toolkit: aiding the development of context-enabled
applications. In Proceedings of the SIGCHI conference
on Human factors in computing systems: the CHI is
the limit, CHI ’99, pages 434–441, New York, NY,
USA, 1999. ACM.

[11] E. Tapia, S. Intille, and K. Larson. Activity
recognition in the home using simple and ubiquitous
sensors. In Pervasive Computing, volume 3001 of
Lecture Notes in Computer Science, pages 158–175.
Springer Berlin, 2004.

77




