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Abstract. In any man-made environment, discrepancies may exist
between the intent of its design and how it is actually used. Behav-
iour mapping allows researchers to determine how participants use a
designed space by recording participant behaviours and/or tracking their
movement within the space itself. Not only the participants’ movements,
other characteristics referring to users (e.g. age, gender, cultural back-
ground) and variety of circumstantial factors -including the time of a
day, the day of the week, the season or weather conditions - may have a
dramatic impact on the types of participant behaviours displayed. This
paper highlights a new unobtrusive tool for helping behaviour mapping
to easily identify patterns of engagements, gather suggestions and envi-
ronmental factors within public spaces. The tool mainly consists of a
smartphone application (app) and a web service. The app, on one hand
tracks the way participants use the space, allowing them to get contex-
tual information, answer contextual questions, and to send augmented
reality suggestions or complaints. On the other, the web monitors the way
participants use the space allowing to visualize participants’ suggestions,
answers, or their traces. The tool features and its research ability have
been discussed as well as some lessons are expected to be drawn towards
building a more participatory and collaborative processes of planning,
designing, maintaining and monitoring of urban spaces.

1 Introduction

As part of actual transport and urban development activities, this paper is con-
cerned with a niche addressing development and research of the applicability
of ICT tools in public spaces which serve as the interface between the pub-
lic space and the people. On the one hand, such interfaces could help public
space designers and decision-makers to catch the perception, demand, atten-
tion or complaints of people using a space. On the other, the people could use
these interfaces to enhance their participation in places with contextual informa-
tion, games or socialising. Addressing various aspects of people-place relations,
and focusing on actual uses in real places, the concept of behaviour mapping,
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a method which allows researchers to determine how people use a designed or nat-
ural space by recording their behaviours and/or tracking their movement within
the space itself, seems relevant. It can be particularly useful to help identifying
underlying patterns of users’ behaviour within a given environment. In travel
behaviour studies most of behaviour mapping methodologies have followed the
process individual-centred, i.e. tracing people across times and locations, using
various technologies. But, when focusing on one location and variety of users
there, the attention is paid to many users at the same time, and in such situation
manual mapping is tiring and time-consuming, especially taking into account all
further activities concerned with database settings and data analysis and evalu-
ations. However, such approach is unobtrusive (done “at a distance”) and often
undertaken in public areas, so participant consent may not be required. The
purpose of this work is to develop a new fairly unobtrusive ICT tool for helping
behaviour mapping to easily identify and automatically track patterns of engage-
ments, gather suggestions and environmental factors within public spaces.

Today, with the advent of global navigation satellite systems (GNSS) global
positioning in the earth’s surface is a successfully overcome problem. Nonethe-
less, local positioning in indoor environments is still a matter of active research,
since GNSS signals get severely degraded in this type of environments due to
multipath and attenuation losses, and thus they cannot be used to track peo-
ple or objects with acceptable accuracy [24]. Many local positioning systems
have been developed during the past two decades based on different technologies
that include ultrasound [9,10,20], radio-frequency [1,13,15,22], vision cameras
[19,23] and magnetic [2,3], among others. After all this research effort, it is
becoming clear that none of these technologies clearly outperforms the others,
and it is expected now a new tendency to design systems that combine some of
them to benefit from their complementary strengths. The tool described here is
based on a localization engine which performs seamless localization estimation of
the participant’s smartphone in real time by fusing heterogeneous signals. This
localization engine would be the ideal platform for location based services (LBS)
that provides the participant with context based information [18]. Therefore,
this work shows a combination of two original approaches, a seamless localiza-
tion engine and GIS behaviour mapping [5], both presented within the COST
Action TU1306', which main objective is to create a research platform on the
relationship between ICT and the production of public open spaces, and which
offers a frame for a joint further development and improvements of the proposed
monitoring tool. This tool, easy to use and unobtrusive, is an attempt to better
understand how participants use public open spaces and to investigate the cru-
cial elements to be responded by design, research, and policy-making aiming to
produce more responsive, stronger, safer and inclusive cities.

The paper is organized as follow: Sect.2 introduces the related work with
regards to behavioural mapping methodologies, Sect. 3 describes the monitoring
tool, Sect. 4 draws the tool features and its research ability, and Sect.5 summa-
rizes the work and introduces some future work.

! http://www.cost.ecu/COST_Actions/tud/Actions/TU1306.
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2 Behavioural Mapping Methodology

Originally, behaviour mapping, grounded and well used in the field of envi-
ronmental psychology [11], is focused on recording behaviour as it occurs in
a designed setting. Chronologically, some of the most common ways, usually
applied in indoor spaces, were systematically writing notes and filling formatted
tables, mostly having no connection to actual layout of the observed place. The
development of photo-video techniques influenced the latter methods of record-
ing and map production. Nowadays ICT development is forthcoming, offering
various ways of recording people’s engagement with places. Behaviour map is a
product of observation and a tool for place analysis and design at the same time,
where spatial features and behaviours are linked in both time and space. There
are two main approaches to behaviour mapping known: place-centred mapping
and individual-centred mapping [17].

In public open space researches (e.g. [6,7]) usually follow the place-centred
mapping, a process for recording location-based observations of people activities
in places through the annotation of manual or digital maps. It is the approach,
where information is recorded on layouts of the settings that reflect physical
characteristics of the particular environment. In such approach [8], it is necessary
to clearly define the area of observation, the types of activities and details of
behaviours to be observed, to schedule specific times and their repetitions for
observation, to provide a system for recording, coding, counting and analysing,
and an accurate scale map of the area to be observed. Finally, the process, using
GIS supported software, provided data organised into thematic layers in which
original information collected on the field is listed in the attached table and
based on that finally visualised on the map.

The value of behaviour maps for place analysis, design and decision-making
is in empirical knowledge about dimensions, spatial requirements of uses and
understanding of co-habitation of uses in places.

3 The Monitoring Tool

The main motivation behind the monitoring tool is to get to know how par-
ticipants use a designed space by recording their behaviours and/or tracking
their movement within the space itself. Not only the patterns of participants’
movements or other engagements in places, from various passive (e.g. sitting and
observing) to active activities (e.g. playing) there, but other factors such as the
time of a day, the day of the week, the season, the weather conditions, or even
allowing participants to send suggestions, may help urban planners and decision-
makers to investigate the crucial elements aiming to produce more responsive,
stronger, safer and inclusive cities.

To achieve this goal, this paper highlights a new methodology for behaviour
mapping based on a monitoring tool consisting of three main elements: a smart-
phone application, a set of web services and the cloud (see Fig.2). The relation
among these elements is as follows. The participant’s smartphone uses its sensors
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Fig. 1. Examples of behaviour maps and relevant empirical knowledge derived from
them.

to collect the so called signals of opportunity (SoOP) which are transmitted for
localization or non-localization purposes but may be exploited to this end. The
smartphone app is in charge of computing its own position by fusing those SoOOP
according to a localization engine which is explained below. Also, the smart-
phone app allows the participants to set their profile, get contextual information,
answer contextual questions, and send augmented reality suggestions. All this
information -participant profile, position, answers and suggestions- is sent and
stored into the cloud. On the other hand, the web services get the information
from the cloud allowing to visualize participants’ suggestions, answers, weather
conditions, real time positions, or the paths filtered by the participants profile
characteristics among others. The following subsections discuss the smartphone
app, its localization engine, and the web services in more detail.
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Fig. 2. Logical architecture diagram of the tool.

3.1 The Mobile Application

The core of the mobile application is the localization engine which performs
seamless localization estimation of the participant’s smartphone in real time
by fusing several SoOP. Once the participant’s position is estimated, several
functionalities based on the context are implemented.

The localization engine is thought as a modular system for commercially
available smartphones where SoOP coming from their sensors could be easily
fused. Nowadays, the smartphones already integrate a GNSS receiver, a WiFi
and Bluetooth adapter, a camera, and shortly, most of them will integrate other
sensors such as the barometer, inertial sensors or the proximity contactless tech-
nology NFC. Bayesian filters are a theoretically sound way to combine multiple
and different SoOP. Bayes filters probabilistically estimate a dynamic system’s
state from noisy observations. They represent the state at time k by random vari-
ables xj. At each point in time, a probability distribution over xy, called belief,
represents the uncertainty. Bayes filters aim to sequentially estimate such beliefs
over the state space conditioned on all information contained in the observations
[4]. In this paper, the state is the participant’s location, xj, = [z, Yk, 2] T, while
the SoOP provide observations about the state. Among the different Bayes filters,
Kalman filters are the most widely used. They are optimal estimators, assuming
the initial uncertainty is Gaussian, the observation model and system dynamics
are linear functions of the state, and the measurement and process noise distri-
butions are Gaussian. However, the lack of linearity in the models that relates
most of the SOOP to the participant’s location implies the usage of a suboptimal
solution, where the most common is to use the EKF. Nevertheless, the unscented
Kalman filter (UKF) better captures the higher order moments caused by the
non-linear transformation and avoids the computation of Jacobian and Hessian
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Fig. 3. Flowchart of the localization engine.

matrices [12]. Furthermore, the overall number of computations performed by
the UKF are the same order as the EKF, and much lower than solutions such
as the particle filter which better represents the belief but needs a number of
computations unacceptable for most smartphones. Therefore, in the localizatin
engine the SoOP will be fused by means of an UKF.

Consider the following non-linear system, described by the dynamic and mea-
surement models with additive noise:

X = f(kal) + Wg_1 (1)
Zp = h(Xk) + Vi1 (2)

where wj, and vi are the process and observation noise which are both assumed
to be zero mean multivariate Gaussian noise with covariance Q; and Ry, respec-
tively. The function f can be used to compute the predicted state from the previ-
ous estimate and similarly the function A can be used to compute the predicted
measurement from the predicted state.

On the one hand, the dynamics of the system can be represented as

Xp = Xg—1 +Xp_1 At + W1 (3)

where At = (t; — tx—1) is the time step and Xy is the first derivative of the
state, in this case, the user’s velocity. Finally, wy, is assumed to be a zero-mean
Gaussian variable with covariance matrix Q. The values of Q, depend on the
dynamic of the target, in this paper for example, a walking person. In practice,
Q,, is a diagonal matrix whose in-diagonal elements represent the variance of
the user’s position and velocity [21].

On the other hand, the function h depends on the SoOP. In the GNSS case,
the measurement model, called h9, can be represented as

zz =X} + viil (4)
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where z§ is the GNSS position estimation and v{ represents the GNSS noise
which can be assumed to be zero-mean Gaussian variable with covariance matrix
R . In practice, R{ is a diagonal matrix whose in-diagonal elements represent the
variance of the measurements coming from the satellites, and its value depends
on the number of satellites in line-of-sight. The more satellites with good GDOP
(Geometric Dilution of Precision), the more reliable the GNSS data. There is a
benefit form the GNSS data only in open areas where it accurately reports the
participant’s position.

In the barometer case, the measurement model, called h’, can be represented
as

zp=po- |1 X [3] + Vi1 (5)

where z} is the air pressure, x[3] is the third element of the state, Ty = 288,15
K is the temperature at sea level, A\ = —0.0065 K /m is the temperature gradient,
po = 1013.25 mbar is the pressure at sea level, Rq;. = 287 m?(s?K)~! is the
atmosphere gas constant, and g = 9.8 m/s? is the earth gravity. VZ represents the
air pressure noise which can be assumed to be zero-mean Gaussian variable with
covariance matrix RY. This measurement model is not exact because it assumes
some variables as constants, and it does not take into account other factors such
as humidity, temperature, or the presence of air conditioning systems. However,
not the absolute but the relative altitude is used. The estimated relative altitude
is used to compensate GNSS errors in altitude.

In the contactless technologies cases, such as NFC tags and QR codes, the
measurement model, calle h¢, can be represented as

Z; = Xp + Vi_, (6)

where z§ is the position of the NFC tag or QR code. v{ represents the obser-
vation noise which can be assumed to be zero-mean Gaussian variable with
covariance matrix Rj,. As the SoOOP gather by the contactless technologies have
to be read at few centimeters from the tag or code, in practice, R, is a diagonal
matrix whose in-diagonal elements are lower than 1 m. These proximity contact-
less technologies work anywhere and they can update the location algorithm
with accurate position information.

Finally, in those places where the GNSS signals are blocked -inside buildings
or in dense urban environments-, the localization engine could take advantage
of WiF1i signals which predominate in most cities. In the WiFi (and Bluetooth)
case the measurement model, called A", can be represented as

z), = a — 10nlogo(|[xx — AP||) +vi_; (7)

where z}7 is the RSS measured value; o is a parameter that remains constant
in those scenarios where the antennas gain and the power transmitted from the
access points are also constant, a situation typically found in most WiFi WLANs;,
(in practice, this value can be known beforehand from experimental measure-
ments taken in a generic environment similar to that where the location system
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Fig. 4. Main screenshots of the smartphone application.

is going to operate) [14]; AP is the position of the WiFi access point; and n is the
path-loss exponent corresponding to the actual propagation environment. In free
space n = 2, however in practice, depending on the environment the path-loss
exponents ranging from 1.5 to 4.5 [14,16]. v}’ represents the RSS noise and it
can be assumed to be zero-mean Gaussian variable with covariance matrix Ry,
In practice, there is h{’ with ¢ = 1,2,... M}, functions, where M}, is the number
of WiFi access points in range at each time step k. Accordingly, R}, is a diagonal
matrix whose in-diagonal elements represent the variance of the measurements
coming from each WiFi access point.

As shown in Fig. 3, and it is well described in [12], once the dynamic and
measurement models, and their noise covariace matrices are described, the UKF
is straightforward to implement. Notice that the initial values of the state covari-
ance matrix, Py, depends on the initial state confidence. UKF main advantage is
their computational efficiency (same as EKF and lower than particle filters), bet-
ter linearization than EKF (accurate in the third-order Taylor series expansion),
and derivative-free (no Jacobian and Hessian matrices are needed) [12].

This localization engine would be the ideal platform for LBSs that provides
the participant with context based information [18]. Currently, the smartphone
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app has different functionalities already implemented in Android and iOS mobile
based platforms. These are summarized in Fig. 4. At first the app welcomes the
participants and invites them to complete a short survey that will define their
profile -they could do it typing the answers or it can be filled in automatically
by logging to their Facebook account-. After that the app asks the participants
to work in online or offline mode. In the online mode the app regularly sends
the participant’s position through the data communication link (4G, 3G, 2G
or WiFi) to the cloud. In the offline mode the app stores all the participant’s
positions in the smartphone memory card. When finishing the track, the app asks
the participant to send all the positions stored together to the cloud. Based on the
working mode, the participant could send or save (to be sent later) suggestions to
the cloud attaching text, photos, videos and/or audio records. The participant
could enhance also the photo to be attached creating a virtual world adding
virtual objects using the augmented reality engine. Finally, the participant could
get contextual information in diferent formats: text notifications, audio tracks,
video files or internet links. All of them are related to the context and based on
the participant’s position.

3.2 The Web Services

The aim of the web service is to help urban planners, designers or decision-
makers to view how participants use the designed space. It is hosted in
http://services.cyberparks-project.eu/, and at the moment it provides a few dif-
ferent pilot case studies in Europe. Figure5 shows a general view of the web
service. It consists of three main elements, the main menu on the right, the filter
on the left and the map in between.

The filter is used to select the participants’ path that one wants to view based
on several profile characteristics such as the gender, occupation, education and
age. The main menu has the following five sections:

— Current case study: it denotes the case study results one is viewing, and allows
to select also other case studies to see the results.

— Positions: it denotes the participants’ positions in real or past time, the posi-
tion of the points of interest, and allows to see the participants’ positions in
real time or to search for a specific period of past time. It also allows to see
the points of interest of the case study on the map.

— User data: it denotes the questions and participants’ answers, suggestions and
alarms; allowing to see on the map where are the questions related to the case
study, their radius of influence and the answers of the participants; where
participants’ suggestions have been taken including their content -subject,
description, photos, videos, audio, email, telephone - and the weather condi-
tions reported by the nearer weather forecast station; and finally, where are
the alarm zones, its shape, who enters and when, the time spend inside the
alarm zone, and when leaves the zone.

— Edition: it denotes the edition of points of interest, questions, alarm zones,
audio tracks and buildings allowing to add/edit/delete points of interest on
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the map characterized by a name, url and short description; add/edit/delete
questions on the map characterized by a radius of influence, a short descrip-
tion of the question and several optional answers; add /edit/delete alarm zones
on the map with irregular shapes charaterized by a name and several actions
to perform just in case a participant goes into the zone sending email, SMS
or activating some sensors; add/edit/delete audio tracks on the map char-
acterized by a radius of influence and the text describing the track that is
going to be reproduced when the participant goes into the zone of influence;
and finally allowing to add/edit/delete markers inside buildings. If a build-
ing plan has been previously loaded in the web service, section edition allows
to add/edit/delete contactless technology markers such as NFC or QR char-
acterized by an identifier and a location inside the building; and WiFi and
Bluetooth access points characterized by a power of reference, a mac address
and a location inside the building.

— Get the app: it allows to get the Android and iOS based smartphone app
through Google Play and Apple Store, respectively.

4 Discussion

The last version of the app has been successfully tested in the city of Ljubljana;
Slovenia, where various types of public spaces from natural green and hilly areas
to paved flat surfaces of various articulation and equipment are at hand in the
time distance of 10 minutes. Testing phase paid attention mostly on technical
capability of the app. However, having discussions with representatives of various
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user groups, the app seems interesting to them to get informed about places and
to let others know about pleases in relation to their presence there, not only via
behavior pattern which occurred running the app, but also via other means of
communication the app offers (e.g. photo, video, message etc.). Besides, pilot
actions also revealed that quite some effort will have to be made to attract
various users to use the app, to finally get a comprehensive picture of dynamic
patterns of public spaces of studied cities.

Advantages using the new app as a monitoring tool, discussed in this paper,
are in precise and fast data collection, simultaneous and evolving analytics and
valorisations. However, one must bear in mind that such app riches only people
who are familiar with smartphones and their advanced use, but left aside other
users who are not. For this reason, when addressing place occupancies and co-
habitation and compatibility of uses and user groups, combinations of methods,
from using the proposed app, simulations it offers based on previous empirical
knowledge, to traditional field observations would still need to be applied. In
this respect, triangulation of such various behavior mapping techniques offers
insights into advantages and disadvantages of the tool and opens discussion for
possible further development of the tool and its compatibility with other (new
coming) tools and approaches.

5 Conclusions

The unobtrusive tool that has been presented in this paper shows a new method-
ology for helping behaviour mapping to easily identify patterns of engagements,
gather suggestions and environmental factors within public spaces. The com-
bination of this localization engine, thought as a modular system for commer-
cial available smartphones where heterogeneous signals can be easily fused, and
behaviour mapping provides a powerful tool to support designers with empiri-
cal evidence of the relationship between environmental design and use of open
space that is presented in a spatial and visual language familiar to designers.
Future work goes towards (1) including in the localization engine the difference
between the measured GNSS pseudoranges and actual pseudoranges measured
at fixed, ground-based reference stations which positions are known. This way
the accuracy in open spaces will improve from the 10-m nominal GNSS accu-
racy to lower than 1 meter, and (2) performing a case study with focused user
groups of urban spaces (e.g. skateboarders) to create research and working envi-
ronment where communication between users and tool developers is easy, to be
able to adopt and refine the tool as useful for both, place and app users as well
as for spatial planning and design related professionals, who want to understand
users relations with places, encourage and produce better places then they would
otherwise be produced.
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