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ABSTRACT 
This paper presents four studies on indoor/outdoor 
localization, orientation and navigation in the context of the 
European SmartInside project. The findings of the studies 
are outlined and remaining research questions are 
described. 

Author Keywords 
Navigation; orientation; mobile maps; location awareness; 
location sharing; indoor positioning; haptic guidance. 
 

ACM Classification Keywords 
H.5.m. Information interfaces and presentation (e.g., HCI): 
Miscellaneous; H.5.3 Group and Organization Interfaces: 
Collaborative Computing; D.m. Miscellaneous: Software 
psychology.  

INTRODUCTION 
This paper presents four studies carried out in the context of 
the SmartInside project. The goal of the SmartInside project 
was to develop techniques for and gain insights on 
navigation aids in complex (indoor) environments, such as 
large fairs, airports, or hospitals. In the course of the project 
(2010-2012), we have carried out four studies investigating 
aspects related to (1) usage of large standing maps, (2) 
indoor positioning, (3) evaluation of a mobile map app for a 
large fair, the Paris Air Show, and (4) evaluation of a haptic 
belt for navigation. Rather than presenting the details of 
every study, we focus here on the questions that were 
triggered by specific findings, related to the workshop 
themes of location awareness, location sharing, and human 
sociability in complex, unknown environments.  

STUDY 1: MAP USAGE AT PARIS CAR FAIR 
To investigate how maps are used in a complex environ-
ment, we visited the Mondial de l’Automobile (Oct 7-9, 
2010), one of the largest public car fairs in Europe. The 

show was distributed over eight different pavilions (only 3 
are directly connected), extending in total around 228,000 
square meters. We observed (two researchers taking notes) 
the behaviour of visitors consulting large free-standing 
maps and their use of orientation aids in the halls. We also 
performed interviews with leaving visitors to investigate 
their views on the navigation means available. Findings 
included the following (for more details, see [1]):  

• Many visitors of the fair come in groups, and their use 
of maps reflects this. Among other things, we recorded 
39 episodes of map usage, documenting the behaviour 
of 8 individuals and 31 groups consisting of 2 to 5 
people (mean group size for the group episodes was 
2.42). In 12 of the 31 group episodes, one person took 
the role of navigating captain for the group, but in other 
cases, group use of the maps included many cases of 
communication and collaboration, often in the form of 
pointing actions (clear gestures with the hand or 
something in the hand in a particular direction).  

• Different ways of pointing could be distinguished, e.g., 
single touch, tapping, stroking, or circling. By pointing, 
people directed other people’s attention to a particular 
place on the map or index, which seemed to serve 
various communicative goals: answering queries (often 
implicit) about the location of a point of interest, 
proposing locations to visit, suggesting a route, 
correcting navigational misunderstandings, and 
confirming decisions.  

• People often pointed at multiple things (on average, 
2.68 distinct items per group episode), of different 
kinds. They pointed, in order of frequency from high to 
low, at the maps, at the index, and at other things, 
including arrow signs, building letter signs, stands, 
buildings, stairways and electric walkways. The order 
was often as follows (although often only part of the 
sequence occurred): search whether an object of 
interest is present in the index, search for its location 
on the map, and then translate the information found to 
the real world context in the visible range to establish 
orientation and determine direction.  

• Many people mentioned that they did not separate 
(despite having different interests) because they were 
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afraid of not finding each other back again, and would 
appreciate a mobile map app that shows group 
members’ locations.  

The following issues and questions were raised by these 
findings:  

• How can we support collaborative use of maps 
(including suggestions, clarifications and negotiations 
about destinations and routes) in a mobile context? 

• How do we support synchronization and joint attention 
in map-related group decision making processes, where 
members of a group may or may not be co-located in 
physical space, and may or may not be looking or 
interacting with the same device (e.g., see [2])?  

STUDY 2: INDOOR POSITIONING 
Localization based services are now introduced for outdoor 
scenarios, but such services also have a large potential for 
certain indoor scenarios, such as shopping malls, 
convention centres, medical centres, large museums and 
university complexes. Outdoor localization can rely on 
Global Navigation Satellite Systems (GNSS) such as the 
GPS (U.S.), GLONASS (Russia), Compass (China), and 
Galileo (EU) systems. Yet, indoor those satellite signals 
cannot be received, which means that one has to rely on 
different means. Solutions could be the installation of 
pseudolites [3] or by relying on other ground based signals, 
such as WiFi and GPRS beacons.  

In the SmartInside project, experiments were performed to 
compare localization based on WiFi and GPRS beacons. 
For fingerprinting, we used an HTC Desire smartphone on a 
robot equipped with odometry and laser scanner to provide 
accurate position information. Two datasets were recorded 
over a distance of approximately 500 meters, on the 3rd 
floor of our university, as depicted in Fig. 1, one with 1739  
WiFi and 4055 GPRS measurements, the other with 1623 
WiFi and 4090 GPRS measurements. 

Localization was done by doing a search for each WiFi or 
GPRS measurement in the ground truth set and using the 
position information of the 10 nearest neighbors to update a 
particle filter [4] with 500 particles. For the prediction step 
in the particle filter we assumed constant speed. 

 
Fig 1.   Map of the 3rd floor of the University of Amsterdam 
generated by a robot equipped with odometry and a laser 
scanner, showing the position of the walls as measured by 
the laser scanner while recording the two datasets. One set 
is depicted in green, the other in red. 

 

Results and findings:  

• Using one dataset as ground truth and the other as the 
test set (measurements perceived by a potential user) 
we could localize with an average error of around 2.5 
meters.  

• The precision of localization depends on accuracy of 
the fingerprinting process, characteristics of the 
building architecture, the presence of objects in the 
building, and crowdedness of the network. Also, some 
WiFi network managers vary the strength of WiFi 
beacon signals depending on the number of devices 
that access them. This reduces precision when using 
methods that assume stable signal strengths.  

• The particle filter estimate sometimes gives  multiple 
clusters of possible user locations. For the user 
interface, the decision was made to display only the 
most probable location, the center of the largest cluster 
of particles, to make it easier to interpret for the user. 

• Our SmartInside project partners from industry, Insiteo 
and Silicom, have addressed gateway communication 
methods and modifications of phone chipsets to realize 
an ISM pseudolite solution at Toulouse Blagnac 
Airport. This allows more precise triangulation 
methods for localization than is possible with WiFi-
based methods, albeit at a higher cost for hardware and 
complexity, related to the synchronization of pseudolite 
beacons.  

The following issues and questions were raised by these 
findings:      

• To what extent could a user make sense of more 
complex predictions (of one's own but also other 
people's locations) as provided by the particle filter is 
something that should be assessed empirically.  

• Can we counteract, circumvent or compensate for these 
sources of imprecision, or should they be communi-
cated to users as such, so that they become more 
knowledgeable about their reliability?  

• With respect to sharing of location information, it is 
not only a matter of precision, but also privacy - a user 
might want to grant friends access to specific 
information about his/her location while only sharing 
less specific information with others.  

STUDY 3: MAP APP FOR PARIS AIR SHOW 
We tested a mobile map application (developed by Insiteo, 
a company specialized in indoor navigation solutions) that 
was especially designed for the Paris Air Show at Le 
Bourget Airport, France. The Paris Air Show contains a 
complex fair layout, a large number of exhibits (~2000 
exhibitors), a large area (130,000 m2 of rented space), and 
requires visitors (~47,000 per day) to move between 
multiple buildings.  
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The functionality included an overview map of all halls and 
outdoor spaces, hall-specific maps of the fair, a graphical 
visualization of the user’s current position, graphical 
visualizations of the current locations of people who share 
their position with the application (the MeetMe feature), 
services such as route planning to a selected destination, 
and information about fair exhibitors. 

Findings from this evaluation included (for more, see [5]): 

• People were enthusiastic about the system, showing 
their location on a map, as well as the location of 
stands, and locations of other people (MeetMe) 

• People could succesfully find locations of stands, and 
another person using the map app on a mobile phone 

But, on the other hand: 

• People had problems determining where they were (in 
the unknown environment of a large fair) - showing 
one's position on a map does not guarantee good 
orientation.  

• People varied widely in how much they paid attention 
to their environment (e.g., in most cases, not making 
use of navigational aids in environment, in some cases, 
getting lost in navigation, even bumping into people).  

• For some, searching and trying to meet another person 
(whose location they could see on the mobile map) 
resembled playing a game in which they controlled the 
dot representing their own position by walking around. 

• Relating information from one map (on the mobile 
phone) to another map (a paper map) was not 
straightforward, due to different graphical conventions 
used, in terms of colour coding and orientation (north 
up vs. aligned with main axis of building).    

These findings raise the following issues:  

• Orientation (in the sense of knowing one’s location, 
and what is where in the immediate environment) and 
navigation (in the sense of knowing where to go) are 
perhaps not as tightly coupled as described in the 
traditional wayfinding literature [6, 7], and may 
therefore require different forms of support.  

• Different wayfinding tasks may be served by other 
modalities such as audio [8] or haptic feedback [9, 10, 
11], instead of, or in combination with visual maps.  

STUDY 4: HAPTIC SUPPORT FOR NAVIGATION  
In a recent experiment, described in more detail in [12], 
Steltenpohl and Bouwer have studied the use of haptic 
guidance for navigation on bicycles, using a system called 
Vibrobelt. The system consists of a belt around the waist 
with eight vibrotactiles (front, back, left, right, and the four 
directions in between), controlled by a location-aware 
smartphone app, and gives tactile navigation instructions to 
the next waypoint and the destination, incorporating 

information about direction and distance. Twenty 
participants evaluated Vibrobelt, while cycling a route with 
each system through a residential area. For comparison, 
they cycled another route with a graphical map app running 
on a smartphone mounted in between the bike’s handlebars.  

Findings include the following: 

• All participants were able to reach their destinations 
based on the haptic guidance, albeit slightly slower 
(14%, on average) than in the visual condition (in 
contrast with findings for haptic guidance for 
pedestrians by Pielot and Boll [11]). On average, 
people’s preferences for both applications (Vibrobelt 
vs. visual map app) were equal, with three participants 
indicating an absolute preference for the tactile system. 

• In the visual condition, participants spent on average 
28% of their time looking at the screen, while cycling.  
Complaints included having to look at the screen, 
finding it difficult to operate the device while cycling, 
and low visibility of information on the screen due to 
reflection. Two near-accidents (requiring braking to 
avoid collision or making others do the same) occurred 
in the visual condition, compared to none in the tactile 
condition. Still, people liked the route overview and 
familiarity of the visual system, and this seemed to be 
associated with better route recall when asked to draw 
the route on a map afterwards. 

• In the tactile condition, most (12/20) participants 
reported feeling less distracted than in the visual 
condition. Vibrobelt was appreciated for several 
reasons, including its intuitive usage, being fun and 
exciting to use, presenting the right information at the 
right time, and allowing them to focus on the 
surrounding traffic. This was associated with lower 
error rates, on average, for recognizing pictures taken 
along the route. Points of critique included the intensity 
of the vibrations (often found too low) and the 
difficulty of differentiating between waypoint and 
endpoint information, which was encoded differently in 
the vibration signals.  

This raises the following concerns:  

• Feeling distracted by having to look at, search for, or 
interact with information on a mobile phone is a 
serious concern for people in a mobile context, e.g., 
navigating in traffic. This is true for people cycling [12, 
13], but also in cars [14, 15], and for pedestrians [5, 
11].   

• Haptic interfaces can provide guidance for navigation 
[11, 12] that may lead to a reduced feeling of 
distraction, but more experimentation is necessary to 
test this thoroughly empirically.  

• More experience is needed by developers and users to 
arrive at systems that are intuitive to use while being 
able to handle complex, dynamic information, 
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including information about waypoint and endpoint, 
and direction and distance, as described here, but also 
information about Points Of Interests (e.g., see [13]), 
the presence of other people [5, 16], and traffic 
information.  

• How to combine haptic signals with visual and other 
modalities effectively is another matter to be explored.  

CONCLUSION 
We have presented findings from and reflections on four 
studies carried out in the context of the SmartInside project, 
to provide insights into the ways in which people interact 
with maps and other forms of support for localization, 
orientation and navigation. 

Clearly, technical improvements are still required to 
increase localization precision and reliability. In addition, 
more research is necessary on how people can (and perhaps 
should learn to) divide (or combine) their attention between 
mobile devices (i.e., a virtual environment) and their 
current physical environment. A mobile map with auto-
mated position information seems able to draw so much 
attention away from the environment that users can get ‘lost 
in navigation’. Multimodal solutions, such as the haptic belt 
discussed in the section about study 4, can perhaps provide 
part of the solution.  

For other purposes where location awareness or sharing 
plays a role, application designers should realize that 
orientation and sense making of maps can not be taken for 
granted, and that people’s use of information from maps 
often takes place with a great deal of communication, both 
verbal and non-verbal (i.e., pointing), both on a map, and 
off the map. More research is desired into these 
collaborative aspects of navigation to design location-aware 
services that exploit and support our perceptual, cognitive 
and social abilities to deal with maps and location-based 
information. 
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ABSTRACT
We present an integral HCI approach that incorporates eye-
gaze for location-awareness in real-time. A new augmented
reality (AR) system for knowledge-intensive location-based
work combines multiple on-body input and output devices: a
speech-based dialogue system, a head-mounted AR display
(HMD), and a head-mounted eye-tracker. The interaction de-
vices have been selected to augment and improve the naviga-
tion on a hospital’s premises (outdoors and indoors, figure 1)
which shows its potential. We focus on the eye-tracker inter-
action which provides cues for location-awareness.

ACM Classification Keywords
H.5.2 User Interfaces: Input Devices and Strategies, Natural
Language, Graphical HCIs, Prototyping

Author Keywords
Augmented Reality, Navigation, Realtime Interaction

General Terms
Experimentation, Human Factors, Performance

INTRODUCTION
We propose a new multimodal interaction system that can
also learn important, task-relevant (visual) information for
location-awareness. The multimodal interaction system com-
bines multiple on-body input and output devices: a speech-
based dialogue system, a head-mounted AR display, and a
head-mounted eye-tracker. The interaction devices have been
selected to augment and improve the indoor and/or outdoor
task by interpreting navigation cues of users (doctors, pa-
tients, or visitors) in hospitals. The user is able to learn
individual objects (such as a specific navigation sign or for
example the position of a sonography device as a point-of-
interest) by looking at it and just saying ”this is object x,” this
is the department’s sonography device (in room y)”. Accord-
ing to this input (we use automatic speech recognition and
eye-gaze provides information about the user’s focus of at-
tention) a ”cognitive” map can be automatically constructed
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and queried for location-based real-time information presen-
tation in the HMD. For example, in the medical domain, dur-
ing examination, the patient’s medical record can be shown
and the previous sonography findings can be highlighted. We
firmly believe that exploiting user-gaze can help alleviate the
problem of object identification with mobile eye-tracker fo-
cus which, in turn, provides very useful point-of-interests
for automatic location-awareness. In fact, location-awareness
can play a crucial role for automatically inferring context fac-
tors in multimodal interaction and reasoning systems. These
potentials should be exploited in a mobile navigation envi-
ronment and in the context of future, intelligent HCI environ-
ments. We hypothesise that object recognition through mo-
bile eye-gaze interpretation has the capacity to eliminate the
need for GPS or RFID based indoor and outdoor localisation
methods for location-awareness.

RELATED WORK
Motivated by previous findings showing the relevance of eye-
gaze in multimodal conversational interfaces, we extend the
passive input idea to active user input in the AR realm. This
also extends the work of using the gaze information to re-
solve the ambiguities of users speech [10]. In general, eye
tracking technology has been used to help automatic language
processing, for example to evaluate the role of eye-gaze in
multimodal reference resolution [5]; eye tracking technology
has been used in intelligent user interfaces (IUIs) more and
more frequently. For example, the task of conversing with
the user based on eye-gaze patterns [6] introduced a nice idea:
the possibility to sense users’ interest based on eye-gaze pat-
terns and manage computer information output accordingly.
Our motivation (in the learning phase) comes from indica-
tions that eye movements during object naming indeed reflect
linguistic planning processes [4]. Our approach differentiates
mainly in how the eye-gaze is being recorded and interpreted.
In our case, we use a mobile, head-mounted system where the
objects are interpreted for location-awareness. Every object
point to a specific location even if there are two similar de-
vices or navigation signs. Most importantly, the recognised
objects are input to a reasoning procedure which infers the
location of the user. For example, when we identify specific
navigation signs and a sonography device (by interpreting the
user’s gaze and recognising the focussed objects), we can in-
fer a patient examination task in the sonography examina-
tion room. Object recognition is a very powerful clue for a
location-aware system because those objects (constantly) re-
ferring to a location, e.g., a room, can be turned into precise
location markers. This requires a learning step which we also
implemented with the help of a speech dialogue system.
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SPEECH-BASED POI LEARNING STEP
Over the last several years, the market for speech technol-
ogy has seen significant developments and powerful commer-
cial off-the-shelf solutions for speech recognition (ASR) or
speech synthesis (TTS). For industrial application tasks such
medicine discourse and dialogue infrastructures are available
[7].

We use a full-fletched conversational interface to learn objects
at locations to recognise them. The user comments have an
exophoric nature. This means, the named objects refer to the
visual, extralinguistic environment. In learning mode, the de-
ictic eye focus gestures are generally understood as pointing
gestures that indicate real objects, directions, etc. The dialog-
ical interaction, however, can be enhanced to allow for com-
municative functions apart from the learning activity. The
integrated framework achieves an important objective: it is
capable of combining the linguistic dialogue domain with the
physical mobile eye-tracker (and HMD combination.)

A reaction and presentation module (REAPR) triggers the
context-dependent eye-gaze interpretation software. Other
context factors, such as patient and examination context, can
be smoothly integrated into the context model. When the
user says ”that’s the specific navigation sign Frauenklinik
(women’s clinic), department 2.4”, we interpret the spoken
utterance in combination with the eye-tracker’s focus point.
In our scenario, we focus on the multimodal dialogue inter-
actions that are directly relevant to the active learning part of
the eye-tracker scenario:

1. The user activates the microphone button and starts the
ASR. (With the head-mounted mobile eye-tracker, eye ges-
tures can be used.)

2. The user says: ”learn a new POI,” which issues a respective
command in the multimodal interface and the eye-tracker
connection.

3. Upon object recognition, REAPR gets informed about a
new POI and remembers the database instance which is
stored in the service backend.

4. The user starts the ASR again.

5. The user says: ”that’s the specific navigation sign Frauen-
klinik (women’s clinic)” which we fuse into an object im-
age database command now containing the object’s classi-
fication features and the name of the newly created patient
database instance.

In our conception, attention reflected by the eye-gaze is
guided by top-down, memory-dependent, and anticipatory
mechanisms, such as when looking at a sign to get the right
direction. In such a case, attentional salience can be scored
with the eye-tracker, and computational heuristics (gaze-
points do not significantly deviate from one another, then we
assume a fixation on a location-relevant object) help to iden-
tify objects in such situations. Attentional salience scores ac-
cording to the eye-tracker’s gaze position can potentially be
integrated and optimised.

Figure 2. Specific navigation sign

EYE-TRACKER AND HMD SETUP
Over several decades, researchers investigated a lot in the area
of eye tracking and gaze-based interfaces. As a result of re-
cent progress of this research area, a light-weight and com-
pact mobile eye-tracker is available today; it enables us to
use gaze as an interface in various scenarios [9, 1].

In our multimodal dialogue system, we use the SMI Eye
Tracking Glasses (ETG)1 in order to recognise which POI
object the user, for example the doctor, is looking at in the
examination room or the patient is looking at while navigat-
ing through the hospital premises. In the HMD scenario, we
also obtain further information about the gaze position’s POIs
in the HMD.

ETG is a binocular eye-tracker, which captures the images of
both eyes and computes the gaze position in a scene image
(which, in turn, is captured by the scene camera located in
the center of the glasses.) In order to obtain accurate gaze po-
sitions, the user is required to do a system calibration before
using it. The calibration is done by looking at one (or three)
point(s) indicated by the system. Brother recently released
a product (Airscouter), a new head mounted display whose
feature is the transparency of the display. The user can still
see the environment through the display. We combined this
HMD with the ETG.

OBJECT / SIGN RECOGNITION
In this system, we combine an object recognition framework
with the eye-tracking system in order to recognise the naviga-
tional POI being examined, i.e., to provide the user with the
image-content-based automatic navigation capability.

Perceptual salience of the cues provided by the eye-tracker
(focus) is a natural by-product of the sign reading process.
The context-dependent interpretation of the eye tracker sig-
nal, i.e., the object recognition procedure, works as follows
(figure 3):

1. The scene image and the gaze position are obtained from
the eye-tracker. Then we:

2. Crop the region of gaze with fixed size of window.

3. Extract local image features from the cropped region. We
use SIFT (Scale-Invariant Features Transformation) [3].

4. Execute a nearest neighbor (KNN) search and find the near-
est feature vector from the database (to improve the speed
of search, we may later use an approximate nearest neigh-
bour search like [2] once distinctive feature are identified

1http://eyetracking-glasses.com/
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Figure 1. Hospital Premises and Navigation Signs

Figure 3. Object / Sign Recognition Process
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on a larger population) for each feature vector from the im-
age.

5. Sum up the KNN search results for each feature vector.

6. Return the object label that has the highest sum total as
a result (if the sum total is below the threshold value, no
result is returned).

7. Send label and further retrieved information to the REAPR
display context which triggers the presentation of real-time
results in the HMD.

DISCUSSION
There has been a considerable body of work in psycholin-
guistic studies about the link between eye-gaze and speech, as
well as between eye-gaze and internal cognitive processes: it
is often said that eye-gaze is a window to the mind. One of he
most interesting implications would be that eye-gaze can be
used to infer cognitive states and may allow for better mutual
grounding theories. As the gaze carries information about the
focus of a person’s attention, not only navigation-awareness,
but even deeper cognitive processes of the user may become
visible and interpretable for a AI-based conversational inter-
face or navigation machine. In some way, our on-body head-
mounted design with eye-gaze based object/attention recog-
nition paves the way towards machines that ”look through the
eye of the beholder.” Attending to multiple objects at vari-
ous depths along the direction of the gaze may also obtain
additional POIs and concepts for a context-dependent infer-
ence step that might help to leverage the simple navigational
reasoning of departmentSign + sonographyDevice ⇒
examinationRoom or computerScreen + software +
patientFace ⇒ patientF indingProcess. A huge progress
could be attributed to future and full generic object char-
acter recognition (OCR) rules while ”reading” a sign:
Department4, Room24 ⇒ location”near”4.24.

CONCLUSION
In this paper, we have presented an integral approach that in-
corporates eye-gaze for location-awareness in real-time. In
addition, the HMD allows a direct feedback for the user,
for example navigation instructions or additional location or
situation-based information display. We combined multiple
on-body input and output devices, namely a speech-based di-
alogue system (for the real-time learning scenario), a head-
mounted augmented reality display, and a head-mounted eye-
tracker, and implemented a specific navigation application
context which shows its potential. Our first tests indicate that
our mobile gaze-based localization method can provide ade-
quate location awareness when coupled with a tailored inter-
pretation system. Currently we use a simple nearest neigh-
bour search method but this can be extended to an approxi-
mate nearest neighbour method such as [2], in order to expand
the size of the test database of POIs as location objects to be-
come productive. Our multimodal interaction system com-
bines a mobile eye-tracker with a head-mounted display, and
this can now be evaluated in combination with speech-based
interaction for its task-based usability [8]. Issues with multi-
plexed messaging (e.g., poly-social reality), an evaluation of

divided attention, and OCR sign reading is subject to future
work.
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ABSTRACT
The accuracy of a positioning system is often coupled with its
costs, e.g. a costly (and dense) infrastructure leads to a higher
positioning accuracy. A current trend in indoor positioning
are so-called opportunistic systems, which use an already ex-
istent infrastructure, e.g. WiFi access points. These systems
are known for an accuracy in the range of several meters. In
a retail scenario, this accuracy may be sufficient for so-called
macro navigation (finding the right area in a shop of a spe-
cific item) but insufficient for micro navigation, i.e. finding
an item in a shelf. Especially location-based services cannot
be established due to the inaccuracy of the positioning. In
addition to this, installed sensors in such environments can
detect user interactions, however they often cannot identify
the person who is interacting. For example, in our Innovative
Retail Lab (IRL), shelves are instrumented with RFID read-
ers, which enable the detection of product placing or removal
without identifying the interacting user. In this paper, we
describe a method that enables the fusion of such an oppor-
tunistic positioning system with shelf interactions and user-
related information, such as the contents of a shopping list,
to derive a better position estimation on the one hand and an
identification and disambiguation of user interactions on the
other. This fusion approach is based on Dynamic Bayesian
Networks (DBNs). The paper points out how the fusion can
be used to provide location-based services.
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MOTIVATION
The supermarket of the future should provide additional ser-
vices for customers as well as for employers and store man-
agers in order to compete with online shopping. Web shops
have the advantage of knowing users and their actions when
they login to the system. The information about users en-
able services adapted to their needs and preferences. In phys-
ical stores, users can be identified using special devices or
services, which can for example be installed on their mobile
phone. This requires the handling with a further device, e.g.
by scanning the barcode of a product. In comparison to on-
line shops, physical stores have the advantage that users can
physically interact with objects before buying them and they
are independent of a delivery service.

In order to overcome the disadvantage of not being able to
take user-related information into account, physical stores
aim at bringing personalized services into their realm. One
long envisioned service for customers is an automated allergy
checker, which notifies a customer when they are attempting
to buy a product that contains intolerable ingredients. In or-
der to realize such a service, a system at least has to gain the
following information:

1. the item a specific customer has chosen

2. a list of ingredients of the chosen item

3. allergies of this specific customer

A fairly easy way to realize point one is to have customers
scan each product using their smartphones before they are
putting it in their shopping basket (e.g. by scanning barcode,
NFC or RFID). By instrumenting mentioned shopping basket
(or whole cart, like the IRL SmartCart [5]), this process can
be automated. Ideally, such a notification should already oc-
cur as soon as a customer takes an inappropriate item out of a
shelf, i.e. before they put it in the cart’s basket. This is how-
ever easier said than done, at least if the solution should be
affordable as well as acceptable for users (e.g. instrumenting
users with additional sensors, like NFC-reading gloves is not
acceptable). A well established instrumentation in retail-of-
the-future scenarios are RFID equipped shelves, which can
detect if and which item is removed from a shelf. However,
the information provided by the shelf does not contain the
user information including who took the item. In general,
for personalized shopping assistant systems, additional data
has to be acquired or inferred. Of course such an attempt also
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brings up the important question of privacy, which is also con-
troversially discussed in the domain of on-line shops. Within
the present paper, we suggest an approach for information fu-
sion to enable personalized shopping assistance including a
discussion of privacy issues the approach has to deal with.

The paper is organized as follows: in the next section the
needed parts to realize personalized services will be described
on a high level. Section ‘Towards Implementation’ describes
already existent parts of our infrastructure and elaborates on
an early idea on how to fuse existent sensor reading to en-
hance their accuracy and to infer needed data. The paper con-
cludes with thoughts about privacy issues, which will hope-
fully spark a lively discussion on this topic during the work-
shop.

CONCEPT
In principal, the approach consists of the three components.
First of all, the current location of the user has to be estimated
based on a positioning system. In addition, user interactions
have to be recognized and have to be made available for fur-
ther processing. And finally, the gathered data has to be com-
bined to infer information needed for personalization.

Rough Localization
A low-cost approach for obtaining locations of users and ob-
jects are so-called opportunistic systems, which use an al-
ready existent infrastructure, e.g. WiFi. Most of these sys-
tems have to be calibrated in a training phase and their ac-
curacy usually decreases over time, as the infrastructure and
the environment itself changes. The realistic localization ac-
curacy of these systems is in the range of meters, and is thus
more of an estimation of the current area (or room) than a pre-
cise position. Our own approach of an opportunistic rough-
localization system will be described in Section ‘UbiSpot’.

Interaction Recognition
Using sensors in the environment, interactions can be de-
tected. For example, shelves equipped with RFID antennas
can recognize all products labeled with RFID tags. By stor-
ing all detected IDs for each reading cycle, product removal
from the shelf and placing of products into the shelf can be
registered. The interaction of product removal can be used to
present product-related information. Besides visual presen-
tation of such information on a screen mounted in the shelf,
acoustic output can be provided by an accordant service. For
example, the Digital Sommelier [8] reacts on the removal of
a wine bottle by both visual and acoustic feedback. While
the screen displays product-related information including the
current temperature of the wine based on external tempera-
ture sensors, the wine bottle introduce “itself” by verbal de-
scription. These services, however, are not able to provide
personalized information. As described in the introduction,
an instrumentation of customers would enable the identifica-
tion of the person who is interacting with the environment.
But this would neither be affordable nor acceptable by them.
The concrete instrumentation of an exemplary instrumented
environment is described in Section ‘Innovative Retail Labo-
ratory’.

Information Fusion
The idea of the approach described in this paper is to combine
the rough position of the user, the interaction detected within
the instrumented environment, and further knowledge about
the user (e.g. digital shopping list, list of allergies). Based
on this fusion, a more precise user location can be inferred
which, e.g., could be used for a navigation service. In addi-
tion, the combination of an interaction and the customer who
is interacting, enables the provision of personalized services
running either on a device owned by the customer or in the in-
strumented environment. A more detailed description of our
approach follows in Section ‘Fusion with Dynamic Bayesian
Networks’.

TOWARDS IMPLEMENTATION
In order to apply the concept of data fusion to support
location-based services – as described above – to the retail
sector, we combined several components, which we will de-
scribe on a high level first.

UbiSpot
UBISPOT [10] is an opportunistic positioning system as de-
scribed in Section ‘Rough Localization’. In contrast to other
positioning systems of that type, UBISPOT does not rely only
on WiFi infrastructures, but also takes mobile-cell informa-
tion and nearby Bluetooth devices into account. The sys-
tem is thus a so-called Always Best Positioned (ABP) system
(see also [9]), i.e. a positioning system that can make use
of different technologies, combining them when several are
available at the current environment. The core algorithm of
UBISPOT uses Frequency-Of-Appearance (FOA) fingerprint-
ing, which does not rely on signal-strength measurements but
instead uses a statistic of how often different senders can be
detected in subsequent sensor inquiries. As signal strength
measurements are heavily influenced by environmental fac-
tors, like air-humidity or the number of people in the room,
FOA fingerprinting helps to reduce the impact of these fac-
tors. UBISPOT was rigorously evaluated and showed room-
level accuracy in environments with many WiFi access points
available (see [10]). The system outputs the derived location
in form of a unique ID, which is also reflected in a location
ontology, containing additional information, e.g. geometrical
description of the area, shelves present in the area, products
present in the shelves etc..

Innovative Retail Laboratory
We have build up an application oriented retail laboratory for
testing end evaluating new assistance systems for the future
of shopping. This so-called Innovative Retail Lab (IRL) [11,
7] is a living lab operated in cooperation with the large Ger-
man retailer Globus. Based on several sensors, user interac-
tion with objects of the lab can be detected and processed in
several assistance services. Beside sensors and services, also
actuators have been integrated in this lab to work like a pro-
totypical supermarket including mechanisms for responding
to interactions. The sensors can be classified into four cat-
egories, namely electromagnetic sensors (RFID, NFC), op-
tical sensors (cameras, fingerprint), magnetic field sensors
(digital compass), and small sensor nodes (temperature, ac-
celerometer). In the same way, the actuators can be clustered
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in four categories: digital signage (displays, electronic price
labels), augmented visualization (steerable projector, mobile
phones), acoustic output (speech, spatial audio systems), and
electronic gates (roller shutter, entrance/exit gate). The pro-
cessing of sensor information and the controlling of the actu-
ators is realized by several services.

In order to enable sensor fusion and controlling, all sen-
sors, actuators and services are interconnected using an
event-based infrastructure. The Event Broadcasting Service
(EBS) [4] is a server-client based communication infrastruc-
ture. All information to be transferred is encoded in events,
then sent to the server and broadcast to all registered clients.
On the client side, the events are filtered according to their
type passing only those the service has registered for. Af-
terwards, the events are decoded by the event-clients and the
information is provided to the services. The event broadcast-
ing enables the information transmission to multiple services
at the same time, which can process the data simultaneously.
This facilitates the evaluation of new services and updates be-
fore installing them in the physical environment. The EBS is
implemented in Java while the event is encoded in XML be-
fore transmitting to the server. Using XML serialization, also
other programming languages can be used to send and receive
events by implementing the (de-)serialization and filters for
the events. For sensors with only low computing power, a
web interface for sending events is also provided by the EBS
infrastructure. Based on a simple http-request containing all
information to be transmitted, the corresponding event is gen-
erated, transferred to the server and broadcast to all clients.
One specific client receiving and processing all events is the
so-called Management Dashboard [6], which aims at being a
monitoring and controlling tool for smart environments.

Fusion with Dynamic Bayesian Networks
Dynamic Bayesian Networks
Bayesian Networks (BNs) are a computational framework for
the representation and the inference of uncertain knowledge.
A BN can be represented graphically as a directed acyclic
graph. The nodes of the graph represent probability vari-
ables. The edges joining the nodes represent the depen-
dencies among them. For each node, a conditional proba-
bility table (CPT) quantifies these dependencies. Dynamic

Item	  on	  
Shopping	  

List	  

Area	  
Sensor	  

User	  
at	  Shelf?	  

User	  	  
at	  Shelf?	  

Time Slice t Time Slice t-1 Time Slice t+1 

Took	  
Product	  

Product	  
Sensor	  

User	  
at	  Shelf?	  

Figure 1. Dynamic Bayesian Network for the fusion of multiple datasets
for retail applications.

Bayesian networks (DBNs) are an extension of Bayesian net-
works. With a DBN, it is possible to model dynamic pro-
cesses, e.g. processes that evolve over time: Each time the
DBN receives new evidence, a so called time slice is added
to the existing DBN (see also [3]). In Figure 1 the structure
of the Dynamic Bayesian Network that we want to use in our
example application is shown.

In general, nodes in a DBN are ordered from cause to effect.
In our example, if a customer is in a specific area (cause)
(Node User at Shelf) then the positioning system will report
this area with a certain probability (effect) (Node Area Sen-
sor). Being in this area also increases the probability that
the costumer takes out a product from a shelf which is in this
area (effect) (Node Took Product). At the same time, the Took
Product node is also a cause: If the customer takes out a prod-
uct, then the probability for both events, that the product is
on the shopping list (Node Item on Shopping List) and that a
product-sensor reports that action (Node Product Sensor), in-
creases. In our scenario we do not observe the causes but the
effects, i.e. the Nodes Area Sensor, Item on Shopping List,
and Product Sensor. The use of DBNs enable the calcula-
tion of the likelihood that a user is in front of a shelf given
the respective sensor readings. In order to compute the most
likely position of each costumer, we have to combine several
of these DBNs. This approach with modularized DBNs is
similar to the ones as reported in [2, 1, 3].

Smart	  Environment	  
Sensor	  Informa0on	  

Filter	  

Dynamic	  Bayesian	  
Networks	   UbiSpot	  User	  Profile	  

Figure 2. Architecture of the service used for sensor fusion

In order to decrease the number of DBNs to be built and
therefore to reduce the computing power, we filter the sen-
sor information first according to the position calculated by
the location service before passing it to the DBNs. Figure 2
illustrates the data flow between all components used for the
fusion.

DISCUSSION
In this paper, we have presented an early draft of how to com-
bine (or fuse) data stemming from different sources in an in-
strumented supermarket-environment to gain more detailed
information. The bits and pieces of this proposed approach
are already implemented, but the combination is still to be re-
alized. So far we just considered how to do the computations
given that all the necessary data is available and were not tak-
ing care about privacy issues. Before we progress, we want to
discuss this important question of privacy in this workshop.

Figure 3 shows two possible realizations of an overall archi-
tecture. The solid lines depict the realization as an ‘extrinsic’
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Smart Environment 
Server	  

Scenario 1: Extrinsic Service 

Scenario 2: Intrinsic Service 

Sensors	  

Actuators	   Fusion	  Service	  

Fusion	  Service	  

Loca1on	  Service	  

Figure 3. Architecture including information flows for extrinsic and in-
trinsic scenarios

service, while the dotted lines represent an ‘intrinsic’ service.
In the extrinsic case, the shop’s environment and the user’s
personal device would send their data to a central server be-
longing to the shop. All further computation would be done
on this server. This realization comes close to those currently
used in online-shops, but it may very well be argued that this
violates the privacy of the customers.

In order to protect the privacy of users, the intrinsic version
might be better suited. In this version, all data is collected by
the customer’s mobile phone and the data fusion algorithms
would also be executed on that device. The distribution of
shop data can be done using the EBS, where a user could
subscribe to all shelf-events happening in their current area.
By following this approach, only the user’s device would gain
a better position information of its own user and can identify
its user’s actions and can thus react accordingly. If the user is
willing, they could also share this information with the shop,
e.g. to gain access to other services or to gain price reduc-
tions. However, this would also mean that all the shelf in-
teractions are freely available in the market, which could be
a potential security-breach that could be used for industrial
espionage. A third option not illustrated in Figure 3 may be
to have a trusted service, run by a third party, which collects
data from both, the shop and the customer, and that has the
capability to anonymize certain information while forwarding
them.
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ABSTRACT 

Certain museums can be complicated places to navigate 

within. They may not have a clear path through the museum 

and may offer many alternatives. In order to facilitate 

navigation, we experimented with a variety of techniques 

and display devices on a mobile museum guide. The types 

of techniques examined were photo landmark navigation 

and maps. The display devices we used were a pico 

projector and handheld devices (IPad, IPod). Each 

combination of device and technique leads to different 

reality modality, such as Mixed Reality, Augmented 

Reality, Dual Reality and Virtual Reality.  We examined 

the benefits and disadvantages of the various combinations, 

and report qualitative trends from our experience with user 

experiments and visitor studies. We introduce the term 

Quality of Reality correspondence (QoRc) to describe the 

differences noted. 

Author Keywords 

Indoor navigation, PolySocial Reality 

ACM Classification Keywords 

H.5.1. Artificial, augmented, and virtual realities. 

INTRODUCTION 

Museums are known to be rich in interesting exhibits and 

information. Some museums are complicated places to 

navigate within. They may not have a clear path through the 

museum and may offer many alternatives. The problem is 

complicated even further given the fact that a visitor usually 

has limited time for a visit. Hence visitors usually need 

some kind of navigational aid in order to find their way 

within a museum. The classic navigation aid is the paper 

map of the museum, which is based on the museum floor 

plan and enables the visitor to orient themselves and find 

the way in the museum. However, such paper maps may be 

inconvenient and not easy to use, especially when a group 

of visitors is visiting the museum together. Current mobile 

technology opens new possibilities for supporting indoor 

navigation. The use of virtual reality and augmented reality 

techniques may ease the indoor navigation – enabling the 

visitors to visualize the way from the current position 

towards the destination, see the path, identify a landmark, 

see through walls or overlay navigation instruction over the 

current view – using the devices built in camera or steerable 

Permission to make digital or hard copies of all or part of this work for 

personal or classroom use is granted without fee provided that copies are 

not made or distributed for profit or commercial advantage and that copies 

bear this notice and the full citation on the first page. To copy otherwise, 

or republish, to post on servers or to redistribute to lists, requires prior 

specific permission and/or a fee. LAMDa'13 in conjunction with IUI'13, 

March 19-22, 2013, Santa Monica, CA, USA 

    

(a)                                                    (b)                                                (c)                                                  (d) 

Figure 1. Landmark Directional Navigation step by step 
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projectors installed in the environment – all these provide a 

variety of technological solutions for supporting indoor 

navigation. The paper examines two approaches and 

devices for supporting indoor navigation – using landmark-

based directional navigation and maps on both a mobile, 

personal device and a pico-projector that presents 

navigational information over surfaces in the environment. 

RELATED WORK 

Navigation within indoor museums demands visitors' 

attention and increases their mental load. Technological 

solutions for navigation require both indoor positioning and 

smart navigation information delivery. Positioning may be 

detected by sensors such as RFID, cameras, QR-codes, 

You-Are-Here maps and dead-reckoning [7]. As for 

information delivery, Mulloni et al. [5] present a handheld 

3D indoor navigation tool, using augmented reality within a 

building, assisting personal navigation by using sparse-

localization info-points. The localization is based on coded 

posters (similar to QR-codes) posted on the floor as info-

points. The system is activity-based, taking into account the 

current state of a person, e.g., standing or walking, where 

people navigate through simple activity instructions such as 

"go ahead 20 steps" [3]. Indoor navigation systems based 

on augmented-reality have used several methods and 

devices to present relevant navigation data to users. 

Augmented reality HMI devices include smart phones, 

PDAs, tablets, handheld computers, and projection of data 

on the point of interest. Handheld smart devices or smart 

phones are used to present simple easy to understand 

photos, sketches, icons or text instructions on the screen [5, 

6,9]. Smart devices are used not only to assist in navigation 

but also to recommend personalized routes of interest to 

people as in the case of a museum [8,10]. Handheld pico-

projectors are used to present navigation information on the 

floor of a walking path preventing the need to split the 

attention between the screen of the device and the walking 

path [2].  

INDOOR NAVIGATION ALTERNATIVES 

We experimented and compared two different navigation 

techniques: navigation directions (based on landmarks 

photos) and the use of maps using both iPods and Pico-

projectors.  

Directions 

Fig. 1 shows a typical usage scenario in which a visitor 

wishes to go from the current position to a chosen 

destination. In the example, the user sees the current 

location (Metal hoard, Fig. 1a) and has already chosen the 

destination (Anthropoids coffins). The user prompts the 

navigation by pressing the “Directions” icon on the bottom 

of the screen. After pressing the direction icon, the user is 

then shown the path by a series of images of landmarks. He 

or she can look (scroll) through the list to see how many 

segments exist. On the current position segment (Fig. 1b, 

and 1c) the user sees the next landmark on the top, and the 

previous position image on the bottom left corner. There is 

an arrow overlaid on the previous position image showing 

the user which way to go. The arrow is adjusted according 

to the visitors’ compass orientation. Between landmarks, 

the user gets directional information to progress to the next 

landmark (bottom right corner of Fig. 1b and 1c). As the as 

users advance towards and arrive to a new landmark, the 

screens automatically changes to show the next landmark. 

When the users arrive at a landmark, a popup dialog 

informs the user that she/he has arrived at the destination 

target (Fig. 1d).  

Maps 

An alternative form of way finding in the system is maps. 

The system supports maps at the room level (Fig. 2b), 

              

              (a) Floor view                                         (b) Room View                        (c) Pressing Location on map 

                                                             

                                                              Figure 2. Maps  
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showing the individual points of interest (POI), and at the 

floor level (Fig. 2a), showing rooms. At the room level, 

each POI is a button which when pressed shows an enlarged 

image of the POI and has a button requesting directions to 

the POI (Fig. 2c). 

The current position is marked with a flashing YAH (You 

Are Here) icon. The next destination is marked with a target 

icon. POIs that currently have many people near them (as 

recognized by the system) are marked as congested. All 

symbols used within the maps are described in Table 1. At 

the floor level, the positions of the members of the group 

are marked with an icon containing their name.  

 

Figure 3 – Pico projector 

DEVICES 

There were two types of devices: 1)  a personal pico 

projector, a 3M 160 MPro
(TM)

  attached to an Apple
(TM)

  

iPod touch 4 (running TVOut2) having an output of 30 

lumens (Fig. 3), and  2) a handheld mobile device, both an 

Apple
(TM)

 iPod Touch Gen 4 & iPad 2.   

PARTICPANTS 

There were three groups of participants. The first group was 

composed of the normal visitors to the museum who agreed 

to use the guide on the iPods. The second group was 

students who used both devices in various studies.  The 

third group consisted of museum visitors who were asked to 

use the projector. Those visitors were shadowed in a Talk 

Aloud study. 

ENVIRONMENT 

The combination of directions vs. maps and handheld 

devices gave us a variety of "realities" to examine. In Table 

1 we enumerate the mapping of our conditions to the 

various realities. 

 Device 

 Projector IPod 

Maps I Mixed /Dual Reality II 
Dual 

Reality 

Directions III Augmented Reality IV 
Dual 

Reality 

Table 1. Devices, Navigation Mode, Reality Type 

Quadrant I is considered a Mixed Reality, since on one 

hand we project a form of virtual reality (a map) onto to 

actual reality, it is also a Dual Reality since the person's real 

position is shown on the map.  Quadrant II removes from 

the previous quadrant, the element of being projected and 

augmenting reality, thus it is considered a dual reality Thus 

the virtual reality (a map), is updated from the "real world" 

position. Quadrant III is considered and Augmented Reality 

since we project an arrow onto the space showing which 

direction the user should proceed. Quadrant IV can be 

considered a dual reality, since it shows a picture of targets 

and verbal directions (representing a virtual reality), yet 

also includes the arrow which is responsive to the user's 

movement in the real world, hence dual reality situation. 

OBSERVATIONS 

From the variety of configurations and realities, we indeed 

see that we are clearly within PolySocial Reality[1].  We 

examine each Quadrant for their benefit and disadvantages. 

Quadrant I 

The projector brings the virtual world of the map into the 

real world.  This allowed groups to plan together where to 

go and help each other interpreting the map.  The map icons 

and especially the YAH icon was found useful in 

positioning the group in the virtual world of maps via data 

from the real world. Groups of users would point to the map 

in a number of different ways (point on projection, point 

from a distance, use a finger as a stationary point and move 

the projector)[12] This sense of a shared space was deemed 

important to the users and gave place where users gathered 

around to plan navigation. 

Quadrant II 

Using the map by a group on the small screen of the iPod 

was difficult. In general it led to just one person doing the 

navigating and others following his lead. Again the YAH 

icon led to increased satisfaction. 

Quadrant III 

Directions via the arrow when projected were a useful 

group feature. Having the directions project allowed the 

entire group to participate in finding the target. The lack of 

a "true" connection (latency of 30 seconds) between the 

projected arrow and the person location caused many 

problems with the interface (the location technology only 

provided information concerning proximity to an exhibit 

and not coordinates).  This dissonance was the major source 

of dissatisfaction with the system. In addition there was a 

phenomenon of people scouting ahead to find the next 

landmark, but returning to the projected area (much like 

honeybee scouts). 

Quadrant IV 

Directions on the smaller screen was deemed less useful as 

opposed to being projected, as some user found it difficult 

correlating between the arrow direction on the screen and 

which way the were supposed to walk (perhaps a 3D arrow 

would have helped here). Again the dissonance between the 

instruction and the actual position was a major source of 

dissatisfaction. 

Projectors vs. iPad 

While theoretically both the projector (by annotating the 

real world) and the iPad (by acting as a looking glass with 
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annotations on the real world) provide a way to annotate 

reality. A reported deficiency of the "looking glass" method 

is that ergonomically users tire of holding the device at 

eyesight height as opposed to belt height that projectors 

need to be held.  This however may only be a temporary 

problem of the "looking glass" method, as technologies 

such as Google glasses [11] come into place. "Glasses" 

however may still have the problem of not having a 

"shared" display (they may or may not be equivalent to 

synchronous views on iPods). On the other hand non-shared 

displays provide a degree of privacy. 

Augmentation vs. Virtual Reality 

As we have seen, the usage of most applications today can 

invoke instances of PolySocial Reality. Direction as an 

"augmenting" technology seemed the easiest for most users 

to navigate.  This came at the cost of allowing less freedom 

in terms of navigation choices when compared with the 

"virtual" map setting. Dual reality applications that were 

primarily based on a virtual world (i.e. maps) were less 

sensitive to the connection with the real world (YAH in 

maps that did not update quickly, was not as critical as the 

compass arrow in directional instructions).  We also did 

experiments with showing multi-media content; here 

visitors had less of a preference for augmenting 

technologies; though admittedly the technology's 

presentation of content did not take advantage of having a 

"Dual Reality" aspect to it (e.g. an arrow pointing to a part 

of the exhibit). ). A useful way of thinking of this 

sensitivity is Quality of Reality correspondence (QoRc) 

which consists of accuracy, stability, latency, and update 

frequency. Accuracy describes how accurate the 

representation (e.g. position) of one reality is within 

another. Stability describes the reliability and timeliness of 

delivery of the representation information. Latency refers to 

the delay in delivering the representation information. 

Update frequency refers to how often the information is 

updated. 

CONCLUSIONS 

Novel technology opens new opportunities for indoor 

navigation. Visitors to the dense and sometimes challenging 

museum environment may benefit from these novel 

technologies, as demonstrated by our work. The use of 

individual mobile devices to support indoor navigation, as it 

supports outdoor navigation, is the most common approach. 

However, group navigation support may be achieved by the 

use of mobile projectors or by interaction with large 

displays. As technology will improve, more applications of 

augmented and virtual reality with differing QoRcs may be 

used for supporting visitors on the go, enabling them to 

blend the navigation instruction into the real environment 

and personalize them as needed. 
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ABSTRACT
In this paper, we propose a method for finding intervals of
nursing activities from accelerometers and audio on mobile
sensors which are attached to nurses in reality. If we can
find the intervals of nursing activities correctly, it helps the
data to be used for machine learning for activity recognition.
We have extracted the times of nursing interactions between
nurses and patients by A) recognize walking activity from ac-
celerometers, B) recognize if s/he is in the patient’s room or
not at each time duration divided by walking activities, from
the environmental noise levels of sounds, and, C) for the du-
ration where s/he is assumed to be in the patient’s room, ap-
ply voice activity detection by fundamental frequencies using
Cepstrum method, and extract the duration in which a person
speaks. As a result of the experience for 300sec of sensor
data, we observed sufficient accuracy for each step of A)-C),
and could reduce the time to 8%.

Author Keywords
Activity Recognition, Annotation, Speech Interval
Estimation, Nursing Activity

INTRODUCTION
In this research, we aim at capturing nursing interactions with
patients from mobile accelerometers attached to each nurse.
Capturing nursing is important, since 1) it helps understand-
ing what/when/how interactions should be performed for bet-
ter health results of the patients, and 2) it can be utilized to
improve the skills of nurses. If we have evidences of inter-
actions and the health result, we can analyze the correlations
between them, and find the key factors for better interaction.

However, very few datasets for ”real” nursing activity has
been published and shared among the research community
so far. Although one of the reasons is the immaturity of
sensing/network/storage technology, we claim the most ma-
jor reason is the difficulty of annotation task. In developing
activity recognition algorithms, machine-learning technique
is applied using training dataset, which is the set of pairs of
input sensor data and an activity class, which is the ”answer”

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee. LAMDa’13 in conjunction with IUI’13, March
19-22, 2013, Santa Monica, CA, USA.

of activity recognition. To prepare the training dataset, large
effort is required for adding activity class information by an-
notating sensor data, since it almost requires manual labor.

We have collected 7,400 hours of mobile sensor data in total
from nurses after one-year trial in a hospital[1]. The sensor
device has recorded audio together with the accelerometer.
Listening all of them and annotate them requires huge amount
of time. Moreover, we need experts of the nursing domain
to understand/imagine professional terminologies/activities.
Any methods of reducing the labor time are highly demanded.

In this paper, we propose a method automatically finding the
interaction part of nursing, which leads to reducing the time
of audio data to be listened for annotation task. From sam-
pled part of the collected data, we have extracted the times
of interactions between nurses and patients in the following
steps: A) recognize walking activity from accelerometers us-
ing SVM (Support Vector Machine). B) During certain dura-
tion of walking, the nurse is considered to move across rooms.
Therefore, from the environmental noise levels of sounds at
each interval divided by walking, we recognize if s/he is in
the patient’s room or not. C) For the duration where s/he is
assumed to be in the patient’s room, apply voice activity de-
tection by fundamental frequencies using Cepstrum method,
and extract the duration in which a person speaks. Since we
know by experience that nurses talk and declare what to do to
a patient before they perform cares to him/her, knowing and
analyzing the talking part will be important for knowing what
s/he did and for segmenting accelerometer data to meaningful
activities.

As a result of the experience for 300 seconds of sensor data,
we observed sufficient accuracy for each step of A)-C), and
could reduce the time to 8%, which means the cost of anno-
tating the data will be reduced to almost 8%.

BACKGROUND
In our one-year trial in a cardiovascular center in a hospi-
tal, we have collected large-scale mobile sensor data from
nurses and patients, along with the medical records of the
patients[1]. We asked nurses to bring mobile devices (iPod
touches), which records audio and accelerations, into their
breast pockets with a roughly fixed direction. They also at-
tached small 2 accelerometer devices on their right wrists and
the back waists. Moreover, each of them attached a semi-
passive RFID tag in the breast pocket to recognize entrees
and exists from the patients’ rooms.
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Figure 1. Nurses with three accelerometers on the right wrists, the breast
pockets, and the back hips. We only used the one on the breast in this
paper.

We also asked 70 hospitalized patients who have been ap-
plied PCI (Percutaneous Coronary Intervention) or CABG
(Coronary Artery Bypass Graft), and have consented to the
experiment, to provide vital sensor data such as monitoring
cardiogram, bed sensor to measure heart rate and breath, ac-
celerometer, environmental sensor, and also medical informa-
tion which were recorded in the electronic clinical pathways
and indirectly in patients’ sensor data. As for the nursing data,
have collected 7,400 hours of accelerometers and sounds.

In the experiment, we have a requirement to know the nursing
activity interval to know what kind of care are done to each
patient. We can focus on the intervals when the nurses are
in the patients’ rooms, so the RFID system is thought to be
useful. However, RFID system is not always available, since
the readers and antennas should be placed many places, such
as every entrance of the patients’ rooms. Therefore, it is wel-
comed if we can know when nurses stayed in patient rooms
without using environmental sensors such as RFID.

RELATED WORK
In the literature, some work utilizes accelerometer and au-
dio data to recognize human context. Lukowicz et al.[3] rec-
ognizes activities in a wood shop using body-worn multiple
microphones and accelerometers. Lester et al.[4] shows the
performance of activity recognition for 8 activity classes us-
ing accelerometers, audio, and barometric pressure sensor in
a single device. Choudhury et al.[5] developed to implement
them on a mobile embedded system. In the device, audio is
down-sampled as not to be able for humans to harm privacy
of the owner.

One of the differences of our work from above is that these
work assume simple activity classes to recognize such as,
”walk”, ”stair up”, but our research aims at recognizing more
complex and more number of nursing activities. For complex
and more number of activity classes, the recognition accu-
racy will be worse. Therefore, we need more effort to collect
larger-scale dataset as well as sophisticated machine learning
that can be used in higher dimensions with larger-scale train-
ing data.

Another difference is that, in our approach, we set the final
goal to recognize nursing activities without using audio, but
only with accelerometers. We only use audio data for anno-
tation tasks, because of the following reasons: 1) audio data

often includes outer sounds such as environmental ones and
other persons’ speaking, which could be noises for recogni-
tion, and 2) audio has a risk of invading privacy of the owner.
Even if it is recorded in lower quality, end users might not
believe the safety of privacy by knowing audio is recorded.

Overall, we tackle with more complex activity classes, and try
to annotate them as effective as possible as a first challenge.

METHOD FOR FINDING NURSING ACTIVITIES
In this section, we propose a method to find the interval which
corresponds to medical activities. This method uses three-
axis acceleration data and audio data that are collected by the
devices attached to the breast pockets. Upon the collected ac-
tivity data, we use two characteristics in order to efficiently
locate the intervals where nurses performed medical activi-
ties.

One is the characteristic that a nurse certainly speaks to a pa-
tient when s/he performs medical practice to a patient. Nurses
always talk to the patients what to do for medical practice.
Therefore, if we can find an interval where nurses are talking,
we can guess that the interval of medical activities is being
performed.

The other is that a nurse walks for a specific while when s/he
moves into a patient ’s room. If we can detect the walking of
nurses to move into the patient’s room from 3-axis accelerom-
eter, we can segment the time to either of being inside or out-
side the room. In addition, we can estimate if s/he is in the
patient’s room by examining the noise level from the audio
data after a walking period.

In order to utilize the above characteristics, we adopt mo-
bile sensors which record three-axis acceleration and audio
data. With the data collected by the devices, we apply walk-
ing detection method for the accelerometer, speech interval
estimation for audio data, and location estimation for the en-
vironmental noise level of the audio data. We can find the du-
ration of walk from three-axis acceleration data by walking
detection, location estimation from the environmental noise
level of the audio data after walking periods, and the dura-
tions where a nurse talks from audio data by speech interval
estimation.

Walking detection
In order to detect the walk of nurses, we recognize the walk of
nurses using the technology of activity recognition. We calcu-
late the feature vectors to train an activity recognition model
from the three-axis acceleration data. Feature vectors are cal-
culated with the time window of 2 seconds being shifted by
0.5 seconds. A feature vector consists of the variance and the
entropy of the intensity: the square root of the sum of squares
of the three-axis values of acceleration data. The recogni-
tion model is trained by support vector machine (SVM). To
smooth continuous walking, the duration of less than 15 sec-
onds between detected walks are also assumed as walk.

Location estimation
We can estimate if s/he is in the patient’s room by the en-
vironmental noise level from the audio data. If the audio
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is recorded in 16-quantization bit rate, the amplitude band-
width is from -32768 to +32767. From our experience, envi-
ronmental noises of our target were found to be from -1500
to 1500. Therefore, at first, we remove the intervals of am-
plitudes outer than -1500 from 1500, which contains human
voices and metal sounds. After that, we estimate the location
by the median amplitude value of 30 seconds after the end of
walking period.

Speech interval estimation
To find the nurses’ speech interval, we estimate the speech
interval by seeking fundamental frequency of the audio data.
The fundamental frequency is one of the speech features used
in speech recognition, and it represents the height of the
voice. Calculation of the fundamental frequency is performed
by the cepstrum method[2]. Although the cepstrum technique
is weak for noises, there are advantages that the fundamen-
tal frequency can be correctly acquirable in any languages.
Cepstrum c(τ) is defined as the inverse Fourier transform of
the logarithm of the short amplitude spectrum X(ω) of the
waveform. Cepstrum separates the original voice to the ap-
proximate spectral envelope and the fine structure. Also, cep-
strum’s horizontal axis is called the quenfrency. When the
Fourier transform of the impulse response of the sound source
(vocal tract) is represented by G(ω) (H(ω), respectively) , the
following relation holds.

X(ω) = G(ω) · H(ω) (1)

Taking the logarithmic of equation (1),

log |X(ω)| = log |G(ω)| + log |H(ω)| (2)

The Cepstrum is the Fourier inverse transform of the expres-
sion (2) with the angular velocity ω as the variable. Equation
(2) is denoted with Fourier transformation function F as,

c(τ) = F−1(log |X(ω)|)

= F−1(log |G(ω)|) + F−1(log |H(ω)|) (3)

G(ω) of the expression (2) is a fine structure on the spectrum,
and H(ω), is the spectrum envelope. Therefore, the 1st term
of the formula (3) of right-hand side comes from the peak
of a high quefrency part, and the 2nd term comes from the
low quefrency part of about 0 to 4 milliseconds. As a result,
we can obtain fundamental time period from the peak of the
higher quefrency, and we can calculate the fundamental fre-
quency.

In this study, using the Cepstrum method, fundamental fre-
quency is calculated with the time window of 0.04 seconds
being shifted by 0.02 seconds. By obtaining the time window
with high peak quefrency, we can obtain the spoken interval.

EXPERIMENTS
We have conducted the experiments using real nursing data to
evaluate the proposed method. The used data is activity data
of one day of a nurse.

Walking Detection
In order to evaluate the walking detection, each of the training
and test data with annotation for 300 seconds were prepared
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Figure 2. Distribution of median environmental noise levels of 43 data
points of 30 seconds after a walking period. The left is in the hospital
room and the right is in other places.

from a day of a nurse. Two kinds of annotations, ”walk” and
”others”, are attached to the data. The data contained 100
seconds of ”walk”, and 200 seconds of ”others”. Recognition
model was created by the modelusing the training data, and
was evaluated by the test data. Tab. 1 shows the recognition
result before smoothing.

Table 1. Confusion matrix of the number of time windows for walking
detection

→ Ground truth Walk Others
Walk 52 18
Others 19 492

Tab. 1 is the result of recognition. From the table, the whole
recognition rate is 93.6%.

Location estimation
We picked up 43 data points from 4 audio data, and investi-
gated the environmental noise level, which is put together in
Fig. 2.

In Fig. 2, the left box is the distribution of the median envi-
ronmental noises in the hospital room, and the right is in other
places. Since the inter-quartile ranges (IQRs) do not overlap
each other, we can estimate that we can differentiate the loca-
tion at more than 75%. If we take priority on the recall rate,
we can achieve at least 87.5%.

Speech interval estimation
We evaluated the speech interval estimationusing audio data
of 300 seconds. The audio data was prepared from a day of
a nurse. Fig. 3 shows the original sound and the result of the
calculation from the proposed method of sampled 15 seconds.

In the figure, we can see that the noises are successfully elim-
inated around before 18 second and around 22 second. In
addition, another person’s voice around 19.5 second failed to
be detected because the speaker seems to have been far from
the microphone. However, it is acceptable, since our goal is
to capture the nurses’ voices only.

The confusion matrix which counts of the results are shown
in Tab. 2. For comparison, the ground truths are classified as
the nurses’ speeches, patients’ speeches, noises, and the silent
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Figure 3. Result of speech interval estimation. The upper is the ground
truth, and the lower is the recognition result. The Y-axis of the lower
means the level of fundamental frequency.

Table 2. Confusion matrix of the durations for speech interval detection.

→ Ground truth Nurse Patient Noise Silence
Speech 27.62[s] 7.65[s] 0.14[s] 0.76[s]
None-speech 0.83[s] 2.6[s] 13.72[s] 246.68[s]
Total 28.45[s] 10.25[s] 13.86[s] 247.44[s]

intervals, whereas the proposed method only estimates speech
or non-speech. The silent intervals of the ground truths were
determined by whether the amplitude is greater than a specific
threshold value, which resulted in that negligible small voices
were included in the silence class. From the table, the method
recognizes the speech intervals with the accuracy of 98.6%.
However, the recognized speech includes patients’ speeches.
If we evaluate the rate of recognizing nurses’ speeches only,
it becomes 96.9%, which is still higher recognition rate.

Integration
We integrated the three method described above, and applied
to 300 seconds which are obtained from a day of a nurse.

Fig. 4 shows the results of the speech interval estimation and
walking detection. The above figure of the figure is the re-
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Figure 4. Result of integrated process. The upper is the result of walking
detection, and the lower is the speech interval estimation. After applying
3 parts of 30 seconds after walking period detected by the upper part,
the first 30 seconds were detected as in the patient’s room, which could
be applied by the speech interval estimation of the lower part.

sult of walking detection, in which three walking periods are
detected. After applying location estimation method to the
three intervals of 30 seconds after walking, only the first one
of after 65.5 second was estimated to be in a hospital room.
Then, applying speech interval estimation to that interval, the
total time of speech interval were found to be 24 seconds.
This means that we were able to reduce the time to listen for
annotation tasks down to 8%.

CONCLUSION
In this paper, we proposed a method to find nursing ac-
tivities from accelerometers and audio on mobile sensors
which are attached to the nurses in a hospital. The proposed
method firstly detects walking parts from accelerometer, infer
whether s/he is in the patient’s room or not by environmen-
tal noise levels of audio from the intermediate durations, and
then, for the in-room durations, detect the voice activity from
the audio. The extracted voice activities are to be utilized to
reduce the cost of annotate nursing activities, and to open and
share together with the whole sensor/medical data to the pub-
lic for future research. From the experiment using 300sec of
data, we could reduce the time to 8%, which means the cost
of annotating the data will be reduced to almost 8%. As fu-
ture work, we tackle with removing other people’s voice from
audio, and to apply and evaluate the already-collected large-
scale nursing sensor data.
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ABSTRACT
Reliance on a fully autonomous system often requires well
specified maps and sensors in the environment, making the
system not easily extensible to new or changing environ-
ments. Given the increasingly ubiquitous network connec-
tions, one way to provide quick and robust spatial assistance
is to connect local users to an expert user at a remote location,
such that direct guidance can be provided. This workshop pa-
per proposes a general framework for such a remote spatial
assistance system. The goal of the system is to provide a
cost-effective method to effectively transfer what the user is
seeing to a remote expert who is familiar with the area (e.g.,
providing museum tours, guiding a lost pedestrian, providing
guided emergency response to an area struck by hurricane),
such that interactive assistance can be provided to the local
user using augmented reality techniques. We propose that
this framework contains three major components: 1) Spatial
plans generation; 2) Context-aware positioning and error cor-
rection; 3) Collaborative guidance with augmented reality in-
terfaces.

Author Keywords
Remote spatial assistance, augmented reality, mobile indoor
navigation, collaborative system

ACM Classification Keywords
K.4.3 Organizational Impacts: Computer-supported
collaborative work

INTRODUCTION
Given the relative lack of unique environmental cues, peo-
ple often lose their sense of direction when navigating in-
doors. Indeed, despite the fact that Global Positioning Sys-
tems (GPS) has been widely used in outdoor navigation sys-
tems, they are not suitable for the indoor use because build-
ings may block satellite signals, making them unreliable, if
not unusable. Rapid advances in mobile devices as well as

Permission to make digital or hard copies of all or part of this work for
personal or classroom use is granted without fee provided that copies are
not made or distributed for profit or commercial advantage and that copies
bear this notice and the full citation on the first page. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific
permission and/or a fee.
LAMDa’13 in conjunction with IUI’13, March 19-22, 2013, Santa Monica,
CA, USA.

ubiquitous wireless connections have, on the other hand, pro-
vided many other options that can be used for indoor naviga-
tion systems. For example, location information can be iden-
tified by sensor signals, such as those from the gyroscope, ac-
celerometer, bluetooth, and wifi available in most mobile de-
vices, while communication to other users can be augmented
by augmented reality techniques. By integrating these tech-
nologies with methods from machine learning and computer
vision research, mobile systems have great potential to aug-
ment users by providing useful and relevant information by
recognizing the context under which users are located.

While research on developing autonomous agents has made
significant progress, significant challenges remain. On the
other hand, many tasks that are difficult to be handled by com-
puting algorithms can be easily handled by humans. An op-
timal mix of computing and human agents can therefore pro-
vide a cost-effective approach for many practical problems.
The main challenge for designing such a system is how one
can seamlessly connect humans with computing agents, such
that their tasks can be accomplished efficiently. This work-
shop paper proposes a general framework for a remote spa-
tial assistance system which connects local users to an expert
user at a remote location, such that direct guidance can be
provided. The main components are shown in Figure 1.

End 
users

Indoor Navigation 
System

Computing Agents

Human Agents

Services

Figure 1. Main ideas of the system

EXAMPLE SCENARIO
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We illustrate the framework with a scenario: An area was
just hit heavily by a hurricane, and a local resident volun-
teers to go inside the building to search for persons who need
help. The local rescuer has a ready-to-use smartphone or
tablet computer that has connection to a remote expert. The
remote expert has partial information about the whereabouts
of a potential list of target persons, a floor map of the build-
ing (which might be outdated), and a live view of the envi-
ronment through the local rescuers smartphone camera. The
remote expert collaborates with the local rescuer to identify
crucial anchor points in the building, work out an initial plan
based on the relative locations of these anchor points, and in-
crementally modify and change the plan as they explore the
environment. The remote expert leverages on the system that
combines the live camera view with the floor map to generate
additional spatial views that capture the relative locations of
the anchor points, and create annotations on the camera views
that facilitate communication with the local rescuer. The re-
mote expert also has tools to quickly figure out new directions
to verbally communicate to the rescuer, as well as to modify
and generate new plans based on new information, queries,
and inferences from the local rescuer. As a result, the sys-
tem provides valuable spatial assistance to the local rescuer
to search for the injured persons.

This scenario is just one example of the types of application
that the proposed framework attempts to address. Further ex-
amples include remote collaboration between an interior de-
signer and an architect or helping a lost pedestrian to navigate
in an unfamiliar environment. The proposed framework does
not aim at any of them specifically. Rather, the goal is to
provide a proof-of-concept system to generate a set of prin-
ciples for designing more effective remote spatial assistance
systems in general.

RELATED WORKS
Huang et al.[8] review the recent mobile indoor navigation
systems and provide an evaluation framework which com-
bines the key aspects of building indoor navigation systems,
among which indoor positioning and context-aware adaption
are the ones that may mostly affect the performance of indoor
navigation. Afyouni et al.[1] surveys indoor spatial models
developed for research fields, also focusing on the perspec-
tive of context-aware while delivering services within indoor
scenarios. So these two factors are the most considered ones
when the system is designed.

Despite that, Gu et al.[6] access different indoor navigation
systems using different criteria. Hightower et al.[7] describes
the properties of location systems for ubiquitous computing
and developed a taxonomy to help developers better evaluate
their options when choosing a location-sensing system. Both
of them look into indoor navigation in other ways, extending
our field of view to design a better system by considering user
preferences, complexity, commercial availability and limita-
tions.

Many researchers[2][3][4] have studied remote collaboration
and have identified unique challenges and solutions in differ-
ent task scenarios. In particular, many have used augmented
reality to allow remote users to communicate with the local

users. Kim et al.[10] propose a vision-based indoor position-
ing system using augmented reality technique, which auto-
matically recognizes a location within indoor environments
from image sequences and overlays the user’s view with the
resulting location information.Huey et al.[9] also build a sim-
ilar system, whose main difference from Kim’s is that it han-
dles the processing locally (on mobile phones or PDA) in-
stead of transmit the images to the remote PCs. All of these
works indicate the potential for incorporating AR interfaces
into indoor positioning system to facilitate user’s spatial cog-
nition.

OVERVIEW OF THE PROPOSED SYSTEM
The goal of the system is to effectively transfer what the user
is seeing (shared camera view, see Figure 2) to a remote ex-
pert who is familiar with the area (e.g., providing museum
tours, guiding a lost pedestrian, providing guided emergency
response to an area struck by hurricane), such that interactive
assistance can be provided to the local user.

We adopt the general sensor-based indoor positioning tech-
niques to approximately estimate a user’s position. The sen-
sors include wifi, gyroscope and accelerometer. Based on the
local user’s position, the remote experts work collaboratively
with the local user to perform general spatial planning (e.g,
sketch out a floor plan of the building), identify critical points
in the indoor environment, and provide directional guidance
with AR interfaces. The system is designed as a mobile-
browser app with a server transferring information between
local users and remote experts and restoring building floor
plans. Figure 2 shows the general framework of the system,
which is designed with three major components: 1) Spatial
plans generation; 2) Context-aware positioning and error cor-
rection; 3) Collaborative guidance with augmented reality in-
terfaces.

Spatial plans generation

Context-aware positioning 
and error correction

Collaborative guidance 
with !" interfaces

Floor 
plan

Location & 
orientation

Route 
Guidance

Remote 
Expert

Local 
User

Shared 
Camera 

View

Figure 2. Framework of the proposed system

Spatial plans generation
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One of the obstacles for implementing mobile indoor naviga-
tion systems is the difficulty to generate a detailed spatial plan
for every building in advance. While large buildings usually
provide floor plans at entrances or other salience spots, they
may not be always available. So if an expert user can col-
laboratively work with the local user to sketch out a general
spatial plan, it will help the user to have a good overview of
the indoor environment. The workflow of this component is
shown in Figure 3.

Local 
User

Remote 
Expert

Floor 
plan

Server

Take 
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Search

Image 
Processing

!"#$%

Figure 3. The workflow of spatial plans generation

The local user collaborates with the remote expert to generate
a spatial plan (e.g., a floor plan). The local user can use the
camera on the phone to take pictures of the environment in
the building. The remote expert can interpret the image and,
sometimes search the web for relevant information to help
sketch out the spatial plan. The goal is to combine both snap-
shots of the environment with schematic representations of
the indoor environment, such that a general spatial plan can
be generated with critical landmarks that are meaningful to
the local user for navigation and to gain a general sense of the
spatial layout of the environment. The resulting spatial plans
will be uploaded to the server and restored in database along
with the buildings location as index keys after the image is
adjusted and processed, such that other users can retrieve it.
These indices will be useful for multi-user scenarios, as well
as for future users.

Context-aware positioning and error correction
Sensor-based positioning
One common algorithm for sensor-based positioning is trian-
gulation. It calculates the users locations by utilizing geomet-
ric properties. Depending on which property it measures, it
has two variants: lateration and angulation. Lateration mea-
sures its distances from other reference points directly with
received signal strengths or through the time of signal arrival
or time difference of arrival. Angulation computes its angles
relative to other reference points.

Besides radio signal sensors, the gyroscope and accelerome-
ter are now available in most smart phones today can be also
used to locate user’s position. Pombinho et al.[11] propose
a technique to record the foot path of the user’s movement
and calculate the location of the user inside a building. The
algorithm detects when the user takes a footstep using the ac-
celerometer and determine the direction of the footstep using
the gyroscope, from which as well as the building floor plan
the approximate result can be acquired.

Vision-based positioning

Nowadays almost every smart phone is equipped with a cam-
era, which makes it possible to apply computer vision tech-
niques to mobile indoor navigation systems. The object
recognition community has developed some features that are
invariant to changes in illumination, view point, scale, image
translation and rotation. These features can be utilized to rec-
ognize the landmarks appearing in indoor environments. Sala
et al.[12] propose a method to automatically select the min-
imum set of features by which the robot can navigate in its
environments.

Context-aware positioning and error correction
Sensor-based positioning tends to have lower accuracy due
to fluctuating signals, while vision-based positioning tends
to have slow response times due to hardware limitation and
time-consuming computations. Stand-along method may not
work well to meet the high requirement of reliability. So the
proposed system will use a context-aware way to select the
best method to determine users location. Considering the
hardware limitation of the device, vision-based may not be
practical for consumer devices, but may become more appli-
cable in the future.

Because WLAN is widely deployed in most large buildings.
Some network infrastructure may even scan and tell users lo-
cations, which means instead of the client doing the work of
scanning and calculating, the buildings network will do it.
The app just need to ask the network where it is. But some-
times the infrastructure is not supported, then the app should
do it itself. So the proposed system will prefer to use wifi sig-
nal and triangulation algorithm to estimate the approximate
location of the user. When there is no wifi signal, the system
will drop back to use gyroscope and accelerometer to record
user’s track to calculate the location [11].

But in practice, the environments are more complex indoor
than outdoor due to the walls, the moving people and other
electric equipments, which may interfere the signals of elec-
tromagnetic waves and the illumination conditions. To over-
come these difficulties, the remote user need to be incorpo-
rated into the system to manually correct the inaccuracy when
the signal is fluctuating. The processed signals are transferred
to the remote side. While fluctuating signals are detected
(changing sharply) the system will warn the remote expert
to do the task of correcting location by seeing through the
shared camera view. Note this task can be performed within
agents by applying some scene analysis technologies, but it
may benefit much from the expertise the remote side has es-
pecially when the agents fails to handle in some extremely
severe situation. Figure 4 shows the workflow of this process.

Collaborative guidance with AR interfaces
The remote expert can see what the user is seeing through
the shared camera view, such that he can know much about
what’s around the user. According to that, remote expert is
able to give instructions as superimposed directional signs
and other information into the shared camera view on the mo-
bile device using AR techniques.To be more specified, the re-
mote expert can sit in front of a computer and interact with
the local user by drawing paths or click at some important
points which then are transmitted to the local user in realtime

23



Shared 
camera 

view

Wifi 
signals

Gyrosc
ope

Acceler
ometer

Movement 
Tracking

Infrastructure
/Triangulation

User 
location

Remote 
Expert

Error Correction
Context-aware Positioning

Figure 4. Workflow of context-aware positioning and error correction

and augmented on the camera view. The local user can see
this information through his/her phone and get to know more
about the environment that surrounds him/her.

Besides augmented visual information, verbal text and voice
are also provided to assist the user in identifying his location
easily particularly when the user is out of hands. The sys-
tem is designed as a mobile-browser app, which means that
remote side is rather flexible. This makes it much easier de-
ployed to various consume applications.

CONCLUSION
Although we presented only our preliminary work on this sys-
tem, our goal is to demonstrate the feasibility of the system.
We hope that we can share this idea with the workshop par-
ticipants, and receive valuable feedback to help us refine and
extend the current system.

Future work will focus on:

• Perform systematic experiments to verify the degree to
which it improves the local user’s spatial cognition and
helps him/her to navigate in indoor environments.

• Apply vision-based method to provide necessary informa-
tion to the remote expert so as to assist him/her to provide
better service to the end user. Given the challenges in iden-
tifying landmarks, identifying fiduciary markers are easier
to achieve. By embedding information into 2d barcode,
it makes the system more capable to know about its envi-
ronments. However, these markers need to become more
widely available to make them useful.

• Perform some empirical validations for the three proposed
components: 1) to identify features that could most effec-
tively describe the floor maps [12] within the communica-
tion between the local user and the remote expert, such that
they can efficiently collaborate to generate the spatial plan;
2) to consider more context-aware factors that can meet
user’s requirements such as privacy, performance, cost, ro-
bustness, etc.[6], and identify cues in the shared camera
view to highlight the conflicts between real locations and
detected locations for more effective error correction; 3) to
validate how augmented reality markers can provide better
match guidance and instructions to the local users, and to
test what types of markers can best help the local user know

more about the surrounding environment and resolve am-
biguities and confusion.

As Grudin[5] states, “Successful AI applications strengthen
the tie to HCI by providing research foci as well as by creating
a demand for new and better interfaces”. Hopefully this work
could be a good attempt towards this direction.
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ABSTRACT 

Kendon [11] coined the term F-formation to describe the 

spatial location as well as the orientation of people in a 

small group. An example of typical F-formations for a pair 

is face-to-face, side-by-side or L shaped arrangement, 

where the pair members' mutual orientation is about 90 

degrees. A precondition for being in an F-formation is that 

the pair members would be in proximity. F-formations have 

been used to analyze people behavior in the real world, to 

generate a robot's response based on real world analysis, 

and to represent mutual orientation in a virtual world (e.g. 

Second Life). The blended reality concept unifies all 

worlds. An example may be a person seating with a friend 

in the real world, while watching the same person 

interactions in a virtual world, or a hologram of two others 

projected in the real world. Actually, people are available 

simultaneously in multiple worlds. Once social interplay is 

involved there is a need to adjust the F-formation concept to 

PolySocial Reality [1,2].  This paper investigates the 

enhancement of the F-formation concept in a blended 

reality. 

Author Keywords 

Social signal processing; F-formation; User model; Group 

model; PoliSocial Reality (PoSR) Blended reality. 
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INTRODUCTION 

The user modeling community accepts that a person has 

different needs in different contexts [5]. Providing a 

personalized service to visitors requires that their personal 

and contextual aspects be identified [21]. An appropriately 

equipped environment may allow a system to monitor users' 

behavior, reason about them, and detect such contexts. This, 

in turn, may allow it to provide valuable personalized 

services. The social context is one important dimension out 

of the entire user context. The F-formation concept is an 

example of a social detectable behavior that may contribute 

to social context awareness. The term F-formation has been 

coined by Kendon [11], who posits that "people often group 

themselves into clusters, lines, or circles, or into various 

other kinds of patterns". These patterns are referred to as 

formations when such patterns are sustained. According to 

Kendon, "an F-formation arises whenever two or more 

people sustain a spatial and orientational relationship in 

which the space between them is one to which they have 

equal direct and exclusive access". Regarding pairs, 

Kendon describes spatial arrangements in an F-formation, 

such as being face-to-face, side-by-side or having L-

arrangement. The F-formation concept requires extension 

when Poly-Social Reality (PoSR) is involved [1,2]. For 

example, a situation  where two people watch a computer 

screen displaying one of them as an avatar interacting with 

a third person in Second Life, may require enhancement to 

the F-formation concept. This paper presents such possible 

enhancements for mixed realities and PoSR, named PoSR-

F-Formation. It may serve as a step toward modeling of 

social behavior in a complex social context, as in the case 

of PoSR. It may guide future data collection, serving future 

evidence based personalization (or rather 'groupalization').  

RELATED WORK  

The social context is an important dimension of user 

modeling and group modeling. Environments such as 

cultural heritage sites exemplify the potential use of mixed 

reality as well as social context. Until recently, user 

modeling in general, and in cultural heritage in particular, 

focused primarily on modeling individuals. Previous studies 

focused primarily on exploring the feasibility of using novel 

technologies to support individuals visiting a museum, 

mainly by improving methods of information delivery, as 

surveyed by Ardissono et al. [4] and Kray and Baus [12]. 

Some applications exemplify group modeling: 

recommendation systems [9,10], tabletop displays [18]; 

synchronous information sharing [3]; and asynchronous 

interaction [13]. Such applications were aimed at providing 

collaborative tools, such as voice communication, 

messaging, leaving messages or video shots for future 

visitors and eavesdropping during the visit, to allow and 

orient interaction and enhance sharing of information 

among visitors, with the objective of supporting groups, as 

well as individuals. However, these were specific 

prototypes that explored specific collaboration aspects.  
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Kendon [11] suggests the concept of F-formation system, 

which may assist in the detection of the social context. It is 

a social concept representing members of a small group that 

interact. Kendon presents three spatial domains: the inner 

domain, which is the empty space in front interacting group 

members, called o-space; the narrow imaginary ring that 

contains all people in the group, surrounding the o-space, 

called p-space; and finally, the r-space, which is the area 

behind the interacting group members (Kendon does not 

present why these terms were selected [11]). As for pairs, 

Kendon describes three typical spatial arrangements with 

the prerequisite of being in proxy: face-to-face 

arrangement, side-by-side arrangement (facing the same 

way), and L-arrangement, where people are close together, 

about 90 degrees to each other.  F-formation may describe 

social characteristics of a pair or its members. Some work 

on spatial arrangement of groups was presented prior to the 

presentation of the F-formation concept. For example, F-

formations may be a cue for group members characteristics 

and personality [7,17]. In other cases,  Marshall et al. [15] 

analyze the F-formation arrangements observed in a tourist 

information center, motivated by the way technology may 

affect the visitors’ behavior. They describe the 

arrangements of visitors in front of areas such as a wall 

display, an annotation table or a help counter. Cristani et al. 

[8] proposed statistical analysis of social behavior based on 

F-formation. Finally, F-formations were also used to assist 

a robot in identifying a focus of attention, and to augment 

its behavior in the company of a human companion in front 

of exhibits [14,19].  

The term PolySocial Reality (PoSR) was presented by 

Applin and Fischer [1,2]. PoSR may be described as 

simultaneous social interaction with others, through 

synchronous and asynchronous channels. A person may 

interact with others present in the vicinity, as well as 

keeping other channels of interaction such as phone or cell 

phone conversations, email, Facebook, Twitter, other 

avatars in a virtual reality environment, detecting other 

people locations and video conferencing. In addition, many 

types of interactions take place in the blended or mixed 

social reality of the people involved [16]. 

FROM F-FORMATION TO PoSR-F-FORMATION 

While user modeling brings the individual, group modeling 

adds the social context. Cultural heritage sites add the 

interaction with an inhuman object, and PoSR adds the 

integration of all social interaction into a single social 

reality that involves synchronous and asynchronous 

interaction channels. The concept of F-formation, which is 

relevant for synchronous co-located interaction, seems to 

require enhancement. We start with preconditions for an F-

formation and continue with 6 cases of social interplay to 

allow better understanding of the needed enhancement:  

Preconditions for F-formation 

F-formation arrangements are limited by the following 

preconditions: (1) being in proximity; and (2) having the 

other in sight (visual contact). For example, two people 

visiting a museum each in a separate exhibit hall are not in 

proximity, hence cannot be in F-formation; and two people 

speaking on the phone do not have visual contact, hence 

cannot be in F-formation. The above two preconditions may 

need redefinition in the case of PoSR. Proximity should be 

extended to having the "feeling of proximity", and having 

the other person in sight should be extended also to visual 

contact through technological devices. Having two avatars 

in proximity in the virtual world, or being involved in 'face-

to-face' video conference, are extension for PoSR-F-

formation.  

Case 1 – Social Only: Measuring a pair F-formation in 
the real world 

Measuring of F-formations requires identification of the 

group members, detecting whether they are in proxy to each 

other, and sensing their mutual orientation. In our case, we 

used RFID sensors to identify each person, as well as 

explicit manual identification of people as belonging to the 

same social group. The sensor suite included also a 

proximity sensor worn by a person, which senses whether 

another group member is within 2 meters in a sector of +/- 

90 degrees from the heading of this person.  These two 

factors define the proximity detection zone in front of a 

person, i.e., the frontal proximity. Finally, to distinguish 

between the different arrangements of the F-formation 

(face-to-face, side-by-side, "L" arrangement) we used a 

compass, and computed the mutual orientation of group 

members in frontal proximity. The first row in Table 1 

below presents Case 1. The columns in Table 1 present the 

F-formation arrangements: face-to-face, side-by-side and L 

(90 degrees) arrangement. In table 1, an ellipse presents a 

person and a triangle attached to it is pointing to the 

person's orientation. The second cell to the left of row 1 in 

Table 1 presents a pair standing face to face, interacting, 

while their o-space (explained above) is empty. The third 

cell to the left of row 1 is the case when the pair members 

are side-by-side interacting (e.g., walking or standing 

together). The right cell of row 1 describes two people 

interacting turning halfway toward the other. 

Case 2 – Joint Social + Object: Adding objects 

Taking for example a museum environment, it is special 

because it is dynamic, people walk from one exhibit to the 

other, or may stand in the pathway for a chat. Hence, there 

is a need to add an object, an exhibit, to generate attention 

patterns. As in the case of the F-formation, case 2 also 

requires a precondition of being in proximity, increasing the 

potential for social interaction. The first two rows in Table 

1 present two attention patterns: the first is a joint social 

only attention, presented in case 1 above, and the second, 

case 2, presents both social and exhibit attention. The 

diamond shape in Table 1 presents exhibits. The second cell 
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to the left of row 2 describes a pair watching an object in 

their o-space. They have each other and the object in sight, 

and may have a joint social and object attention. The third 

cell to the left of row 2 presents two people watching an 

object, standing side by side. Finally, the right cell of row 2 

has a pair watching an object turning halfway toward each 

other. 

Case 3 – External Social: Attention directed to non 
visual social interplay 

People may be arranged in F-formation, while one of them 

directs her/his attention to another social interplay (e.g. 

getting a tweet, an email or an instant message on a smart 

device; or getting a phone call). In this case the PoSR-F-

formation is broken due to the attention diverted to the 

external interplay, as shown in the third row of Table 1, 

where a smart phone icon separates the two people.  

Case 4 – Shared External Social: Shared non visual 
social interplay 

In case 4, the external social channel is shared, e.g., when 

two people listen together to a conversation on a speaker, or 

read an instant message from the screen together.  In such a 

case the PoSR-F-formation is back to case 2, with a small 

twist – the object is a socially interacting device. This case 

is also relevant for cases where a smart agent is serving 

people (as in the case of a social robot presence [14,19]).  

This is shown in the fourth row of Table 1, where the smart 

phone icon represents the shared device. 

Case 5 - Virtual reality 

Virtual reality applications such as Second Life try to 

imitate human behavior in the real world to support the 

perception of presence by the real visitor to the virtual 

world [6]. In this situation, a group member either sees the 

other members of the group, or sees them with the addition 

of her / his own avatar. In both cases people tend to keep 

social and cultural behavior from the real world, as in the 

example of personal distance [20]. Therefore, there is a 

need to present social cues such as F-formation. The whole 

scene is reflected in the virtual world (represented by the 

computer screen in row 5 of Table 1), where people's 

orientations may be presented based on explicit input from 

users, or implicitly by the role they play in the scene. An F-

formation in this case is presented in the virtual world, 

while PoSR-F-formation includes the people who activate 

their avatar in the virtual world, each seating alone in front 

of a computer or another device having also the real life 

interaction. 

Case 6 – Two Realities: A pair in proximity in the real 
world visiting a virtual world 

When a pair is sitting in front of a computer screen the 

PoSR-F-formation requires two F-formations: The first has 

two people seating in front of an object, e.g., an interactive 

table display, as shown in Table 1. The other F-formation is 

the reflection of avatars representing the two people in the 

virtual reality environment, possibly in front of another 

object (e.g., a virtual screen). Case 6 is presented in the last 

3 rows of Table 1, exemplifying the increased complexity 

of PoSR-F-formation. 

Table 1. Pair's PoSR-F-formation: combination of attention 

patterns and F-formation arrangements 

 

CONCLUSION 

F-formation seems to be a basic concept that adds 

information about the social context. Once the social 

context expands into a poly social context in PoSR, the F-

formation concept should be enhanced to better understand 

the context. We suggest the PoSR-F-formation concept, 

presented for 6 cases of poly social behavior, in regards to 

pairs, objects and dual reality. Future work may investigate 

expansion of these cases to small groups of more than 2 

members, or to other cases of poly social context. This is a 

first step toward modeling of social behavior in complex 

social situations that take place in PoSR. Such social 

behavior is a group activity and group modeling may enable 

personalized services to group members as well as group 

services to the whole group, in whatever reality the group 

members are located.  
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ABSTRACT 
As architects, entrepreneurs, hoteliers, healthcare profes-
sionals and others embrace the Internet of Things (IoT) and 
the Smart Environment paradigms, developers will bear the 
brunt of constructing the IT relationships within these, 
making sense of the big data produced as a result, and 
managing the relationships between people and technolo-
gies. We explore how PolySocial Reality (PoSR), a frame-
work for representing how people, devices and communi-
cation technologies interrelate, can be applied to develop-
ing use cases within integrated IoT and Smart Environment 
paradigms, giving special consideration to the nature of 
location-aware messaging from sensors, and the resultant 
data collection. Based on this discussion, we suggest ways 
to enable more robust messaging, and eliminate redundant 
messages by enlisting a social awareness of software agents 
applied in carefully considered contexts.  

Author Keywords 
Dual Reality, Mixed Reality, Blended Reality, PolySocial 
Reality (PoSR), Ubiquitous, Pervasive, User Experience, 
Agents, Time, Space, Asynchronous, Artificial Intelli-
gence, Logic, Internet of Things (IoT) 

INTRODUCTION 
Each component in a location-aware Smart Environment 
network can generate data and send messages that must be 
processed, understood and responded to in some manner. 
PolySocial Reality (PoSR) relates the outcomes of multi-
plexed messaging within a group of agents to synchronous 
and asynchronous contexts, in particular the impact on 
shared understanding through overlap of messages needed 
for message-based communication to be effective. Sharing 
or overlap becomes critical in highly heterogenous envi-
ronments, comprised of people from many points-of-view 
using a range of channels for communication in multiple 
languages. As humans, we depend upon successful cooper-
ation with each other for our survival. A location-aware 
Smart Environment is another layer in the already highly 
heterogenous system of communication. People will enter 
location-aware Smart Environments with the expectation 
that their devices will integrate, their location will be incor- 
porated, and the environment will respond to them. To plan 
and design effective location-aware Smart Environments, 
tools for integrating and responding to human needs and 
anticipating human intents and desires is significant.  
Permission to make digital or hard copies of all or part of this work for 
personal or classroom use is granted without fee provided that copies 
are not made or distributed for profit or commercial advantage and that 
copies bear this notice and the full citation on the first page. To copy 
otherwise, or republish, to post on servers or to redistribute to lists, 
requires prior specific permission and/or a fee. LAMDa'13 in conjunction 
with IUI'13, March 19-22, 2013, Santa Monica, CA, USA. 

 
We suggest a framework based on the agency of both hu-
mans and environmental components: Thing Theory, a 
logic based agent framework that evolves the discussion on 
how to connect humans to an environment that is designed 
to function for their benefit. 

THING 
The 1960's Addams Family television series was based on 
a cartoon by Charles Addams [1]. The Addams Family 
lived in an enormous old mansion, full of taxidermy and 
other curiosities, located adjacent to a cemetery near caves, 
quicksand, and a swamp. Thing is a disembodied hand (and 
forearm) that has been with the family for many years and 
is described as both a 'family retainer' and 'friend.' It inhab-
its a series of tabletop boxes in different rooms of the house 
that could be compared to a type of roughly cobbled physi-
cal network. 

 

 

 

 

 

 

 

Figure 1. Thing inhabits a series of tabletop boxes. 

Thing also inhabits plant pots, clocks, the breadbox, glove 
compartments and other devices to use as a base for inter-
action. Thing communicates with the family by gestures, 
sign language, writing out notes, or tapping out messages 
in Morse code. Thing serves the family by accessing a por-
tal in contextual proximity to what is needed. Thing will 
answer the phone, by taking the receiver off the hook (and 
later replacing it), pour the tea, retrieve and deliver the 
mail, play castanet accompaniment to the Butler's harpsi-
chord recitals, light cigars, return hats, offer advice, put its 
finger on a bow for tying up a present, or whatever else 
might be needed or desired at the precise moment required, 
in the precise room or context needed. Thing is not only a 
ubiquitous agent, but an anticipatory one that migrates 
within the environment. Although the family displays a 
"Beware of the Thing" sign on their front gate, Thing is 
shown to be courteous, friendly and helpful. 

We consider the Addams Family's Thing, minus the Un-
canny Valley [2] issues, as a good potential starting point 
for how agent behavior and interaction could support peo-
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ple in location-aware Smart Environments. The sensing, 
response and location-awareness of Thing is a useful aspi-
rational model, even if the goal isn't for disembodied hands 
to pop out of boxes and serve tea. As an agent of sorts, 
Thing learned about and possessed data knowledge of eve-
ry member of the household, their preferences, needs and 
desires and was sensing and aware as to what type of con-
tribution it could make to the successful outcome of their 
actions. It worked with their location and required nothing 
from them to be able to assist them, outside of their accept-
ing its non-verbal limitation. Thing had sensors, data, and 
was location-aware. It also managed in part, the relation-
ships between members of the household. This is what we 
would expect of an agent in a Smart Environment and what 
we hope, within the range of sensitivity to privacy, might 
be achieved. Developers will have to think like Thing in 
order to take into account how to manage the multiplexed 
communications, needs and messages that come from mul-
tiple sensors and actuators at different locations within the 
environment. People, sensors or actuators might be moving 
within the environment requiring location awareness on the 
part of the overall environment to use the capabilities of the 
space. Physical spaces are gradually shifting, with the aid 
of pervasive technology, from being mainly locations or 
destinations (with space in-between), towards the notion of 
being places that 'host transitions'[3]. It becomes even more 
critical for the developer to design agency-based and aware 
systems to design the algorithmic underpinnings of the 
Smart Environment to be useful, yet unobtrusive. 

PERVASIVENESS AND POLYSOCIAL REALITY 
If we examine the current state of the distribution of perva-
sive technology, we discover that it permeates some areas, 
and barely covers others. As service by sensors and actua-
tors becomes pervasive, human expectation, and some level 
of fusion with the systems that support sensors, will be-
come more and more intertwined. 

To smooth the transition for society into a sensor/actuator 
services economy, conflicts within a culture with regard to 
adopting and adapting new technologies must be resolved 
by those developing and deploying pervasive technologies. 
Technological practice that is 'marked' (e.g. unabsorbed) 
cannot be pervasive. When technologies become 
'unmarked' (e.g. absorbed) into the 'unawareness' of daily 
life in society, there is a successful technology acceptance 
[3]. 

Humans are constantly trying to communicate whether we 
are static or in motion or in proximity or distanced. When 
we communicate with others we might talk through closed 
doors. We also often disrupt, interrupt and try our best to 
be heard and to listen. Digital mobile technology enables 
people to be in the same place at the same time, or not, 
mobile or not. Due to time, space, and conceptual differ-
ences, people may not be in the same 'plane of reception' at 
the same time even if they share time and space coordi-
nates. To the extent that people share common sources of 
information while interacting with each other, the greater 
their capacity to collaborate becomes. If they share too few 
channels relevant to a common goal, there may be too little 

mutual information about a transaction to interact and 
communicate well collaboratively. Poor collaborative in-
teraction can lead to further relational fragmentation with 
the potential to promote isolated individuation on a broad 
scale [4]. By changing the means that humans use to man-
age space and time during their daily routines, developers 
can shift our experience from individuated, user experienc-
es to enhanced sociability within a multi-user, multiple 
application, multiplexed messaging environment. In Smart 
Environments, we have multiple channels creating multiple 
communications, which may or may not be coordinated or 
multiplexed, and receiving multiple communications in 
kind that may or may not be synchronous, all while people 
may be moving through the environment, it can add up 
quickly to being overwhelming [5]. 

We have suggested PolySocial Reality (PoSR) as a  con-
ceptual model of the global interaction context that emerg-
es when use of the social mobile web and other forms of 
communication contribute significantly to instantiating 
intentions [4;6]. PoSR describes the aggregate of all the 
experienced ‘locations’ and ‘communications’ of all indi-
vidual people in multiple networks and/or locales at the 
same or different times. PoSR is based upon the core con-
cept that dynamic relational structures emerge from the 
aggregate of multiplexed asynchronous or synchronous 
data creations of all individuals within the domain of net-
worked, non-networked, and/or local experiences [5]. 

Network and mobile communications tends towards mes-
sage multiplexing that results in a PoSR messaging envi-
ronment that goes well beyond the limitations of human 
physiological systems to directly engage [5]. Thus, the in-
teraction environment described by PoSR implies that there 
are great challenges in using upcoming technologies to 
improve the social integration of people and their environ-
ments, and the entropy of location-awareness combined 
with PoSR creates a complexity problem that might benefit 
from a particular kind of Artificial Intelligence (AI) agency 
to solve on an as needed basis. When environments have 
the potential to be ‘social’ (even between themselves as 
machine-to-machine) there exists a high potential for frag-
mentation (e.g. partial or complete isolation from ensuing 
social transactions) due to PoSR related multiplexing. In 
physical terms, the ability to parse multiple messages in 
location-aware environments is certainly possible, through 
sensors and processors, but collating that material and sift-
ing through what is critical is where an integrative agent 
can contribute. This is where Thing excels as an agent, 
mostly based on knowledge of the family, their habits, and 
what is going on in context in real time; the capabilities of 
the present environment. We will need to have well consid-
ered somewhat transparent software and hardware in order 
to design agents with the utility of 'Thing' to manage multi-
plexed communications, needs and relationships. 

THING THEORY 
Thing operates through observing, reasoning and then tak-
ing action. Thing's observations and reasoning are based on 
knowledge of the family that it has gained over time 
through understanding and learning what type of tasks they 
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require assistance with on a regular basis. Thing expands 
the agency of family members and greatly enhances their 
experience within their rather complex home by acting as 
an agent on behalf of a wide range of different services and 
facilities the house has to offer, connecting these to inten-
tions of the family. Thing transforms a complex jumble of 
services into a successful technological context. We argue 
that successful technological contexts are those users use to 
expand their agency outside that technological context 
proper; the technology expands their general capacity to 
choose. 

We can try to specify how our Thing-agent might improve 
a Location Aware Smart Environment by specifying some 
principles that Thing must satisfy. Foremost, we would 
argue that a Thing-agent will facilitate people exercising 
agency. 

Agency is the capacity to make and execute nondeterminis-
tic choices intended to advance to a goal as events unfold. 
For example, humans exercise agency when deciding 
whether to turn on a light or to walk across a street to avoid 
a possible obstacle. Agency implies that agents' future 
choices are not intrinsically fixed or stochastically predict-
able except on the basis of secondary principles of reason-
ing, such as rationality, cooperation or enmity. The founda-
tion of a social relationship requires a mutual presumption 
of agency on the part of the other; social relations require 
that each party assumes the other has some level of agency 
[5].  

In any given circumstance, people have a set of options 
upon which they could base choices. In many cases they 
will not be aware of some options, a situation that discov-
ery might advance. In other cases they will lack the means 
to usefully enact an option because of a lack of skill or 
knowledge, even though they are aware of it. In still other 
cases, options might not be available because the contexts 
within which these would be available cannot be deployed. 
Agency is a direct function of how well people can exercise 
available options into choices. Agency can be expanded by 
making new options available by discovery or invention, or 
through supplying the knowledge and skill required to ex-
ercise an option. Agency can be reduced by removing op-
tions or the capacity to exercise options. 

Often these options and corresponding choices are some-
what predictable due to the assumption of cultural and so-
cial frames for reasoning that will vary between people 
depending on social roles, relative power and specialist 
knowledge. High levels of predictability will be based on 
mutual understanding of the different points-of-view by 
each participant. 

If someone wanted to turn on a lamp, they would most 
likely try a wall switch, the switch on the lamp, check the 
plug, or in rare cases, depending upon TV exposure, clap 
their hands [7]. We might not expect or anticipate that they 
would put their head in the refrigerator to make use of its 
automatic light. However, they can, and do so. This is the 
difficulty in developing adaptive software for an Agent 
(Thing). Fixed decision tree choices are good, but do not 

have enough information within them to fully satisfy hu-
man agency. An environment, to be truly smart, must learn 
from the cumulative data within its realm to understand and 
guess what likely choices might be for a given agent and 
then facilitate or enact these on behalf of that agent. 

The first principle of Thing Theory is that the Thing-agent 
operates as a meta-agent over the entire technology con-
text, not as a sub-component. Our Thing-agent assembles 
capabilities (e.g. whether or not the refrigerator light is 
suitable as a lamp) that are extensible based on what sub-
components of the system happen to be available.  In short, 
what Thing can do is ultimately limited by the basic capa-
bilities of various system subcomponents in combination 
with its knowledge about these and how to combine capa-
bilities to make new more context sensitive capabilities.  
The second principle of Thing Theory is that to increase the 
Thing-agent's capabilities, more information from subcom-
ponents must be shared. The third principle of Thing Theo-
ry is that the Thing-agent must be context aware, and able 
to identify that different combinations of capabilities are 
available in different contexts, and has a corresponding 
capacity to manipulate contexts (e.g. enact, repress, aggre-
gate) to 'reveal' new capabilities, many of which may be 
'innovations' based on context discovery (invention).  The 
fourth principle of Thing Theory is that a Thing-agent ex-
tends the capabilities of other meta-agents. In order for the 
fourth principle to work, the meta-agents (a social network 
of at least one Thing-agent and another meta-gent) must 
have some type of transparency or at least shared permis-
sions for exchange of capabilities and contexts. To describe 
or analyze such multi-agent systems, we must take into 
account the social as well as the individual behaviors of the 
agents [8]. 

 Principle Function 

1 Thing-agent is meta agent Operates over entire context 

2 Thing-agents's capabilities are 
based on system subcomponents. 

Thing-agent's capabilities of extension are 
limited by system subcomponents capabilities. 

3 Thing-agent must be context aware. Thing-agent must be able to identify different 
capabilities in different contexts and to select 
most appropriate one to take action. 

4 Thing-agent works with other meta 
agents 

Thing-agent works with other meta-agents to 
expand their capabilities  when required. 
Shared permissions/context/capabilities are 
required as is some transparency between 
other meta-agents. 

 
Table 1. Principles of Thing Theory and their Functions. 

CONCLUSION: IMPLEMENTING THING THEORY 
There are two approaches to implementing Thing theory in 
location-aware Smart Environments as an interface to user-
agents, and as an interface between multiple smart techno-
logical contexts that maybe using and supporting the same 
location. A Thing-agent must do both to be effective, 
where the Thing-agent serves at a minimum as a means to 
inform user-agents of the capabilities of the Smart Envi-
ronment in pragmatic terms that make sense to the user-
agents, and ideally provides a high level interface to these. 
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The Thing-agent must be able to discover the capabilities 
of the various sub-systems it ranges over, and to possess a 
representation of the pragmatic contexts in which the capa-
bilities are expressed. This must be done in a way to where 
Thing-agent facilitates choices by user-agents, rather than 
forcing user-agents into specific choices. 

For most technology the user-agent interface is approached 
by implementing a metaphorical interface that people can 
adapt their understanding of to parasitically exploit this 
adaptation. This works reasonably well for simple techno-
logical contexts, though it often takes a very long time for 
designers to find just the 'right' metaphor for implementa-
tion.  

In a location-aware Smart Environment, there is usually an 
intent to 'embed' a technological context within existing 
contexts that people use. There is an inherent notion of 
extensibility - new features can be added - and assumption 
that people will use the environment for many purposes, 
not all of which can be anticipated by designers. One pos-
sible approach to resolving this would be for a Thing-agent 
to employ an extensible multi-agent simulation that incor-
porates a specification of each sub-system that relates sen-
sors information and associated services in response to 
create a model of how the services can interact with each 
other, and the resulting contexts that emerge from different 
combinations of interaction. This would provide a basis for 
a Thing-agent to offer choices to user-agents, but provide 
feedback in terms of what is likely to occur should the 
agent make this choice, thus permitting them to 'fine-tune' 
how they proceed. 

Deontic logic has been demonstrated to be a useful basis 
for constructing simulations of sensitive real-time, time and 
location aware interactions between agents of different 
types [9;10]. Casto and Maibaum [11] present a deontic 
logic suitable for representing the interrelations between 
agents of different types, including agents exhibiting agen-
cy, and [12] is an extended treatment of representing and 
reasoning with agency in deontic logic. An advantage of 
modeling with deontic logic is that it is relatively easy to 
introduce new agents, new conditions and new outcomes 
into a working simulation and produce results that are in-
structive to user-agents.  

Furthermore, a Thing-agent mediated multi-agent simula-
tion can be useful for designing new pan-context technolo-
gies to be incorporated into the location-aware Smart Envi-
ronment, since these too can take advantage of 'simulation 
services' provided by a Thing-agent as a part of their deci-
sion making, both discovering new capabilities, contexts 
and a basis for comparing different options. Effectively this 
facilitates the incorporation of true agency into even sub-
systems, and thus the capacity for the design of social co-
operation between processes, rather than master-slave rela-
tionships, exploiting a Thing-agent to ensure that the in-
formation that needs to be shared to support agency in the 
network of agents is available to maximize the capacity for 
cooperation, and avoid the problems that can arise from 
PoSR networks of cooperating agents.  

A presumption might be that a Thing-agent must have a 
human intelligence of sorts. A Thing-agent needs to resolve 
design principles and can do this in non-human ways. Bri-
an Hare's ongoing research on dogs discusses their antici-
patory intelligence and is well worth exploring as a alter-
nate type of sensory intelligence [13]. 
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