POLITECNICO DI TORINO
Repository ISTITUZIONALE

AN INTEGRATED APPROACH FOR POLLUTION MONITORING: SMART ACQUIREMENT AND
SMART INFORMATION

Original

AN INTEGRATED APPROACH FOR POLLUTION MONITORING: SMART ACQUIREMENT AND SMART
INFORMATION / Arco, E., Boccardo, P., Gandino, F., Lingua, A.M., Noardo, F., Rebaudengo, M.. - ELETTRONICO. - IlI-
4/W1:(2016), pp. 67-74. (1st International Conference on Smart Data and Smart Cities, 30th UDMS Split (Croatia) 7-9
September 2016) [10.5194/isprs-annals-IV-4-W1-67-2016].

Availability:
This version is available at: 11583/2648667 since: 2016-09-13T16:04:31Z

Publisher:
Copernicus publications

Published
DOI:10.5194/isprs-annals-1V-4-W1-67-2016

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

16 June 2026



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume IV-4/W1, 2016
1st International Conference on Smart Data and Smart Cities, 30th UDMS, 7-9 September 2016, Split, Croatia

AN INTEGRATED APPROACH FOR POLLUTION MONITORING: SMART
ACQUIREMENT AND SMART INFORMATION

E. Arcd, P. Boccardy F. Ganding, A. Lingué, F. Noard6, M. Rebaudendo

2 Politecnicodi Torino, c.so Duca degli Abruzzi, 24 10129 Torino ItaDIST (emere.arco@siti.polito)it
b Politecnicodi Torino, c.so Duca degli Abruzzi, 24 10129 Torino Italy — DAUfiNppo.gandino,
maurizio.rebaudengo)@polito.it

¢ Politecnicodi Torino, ¢.so Duca degli Abruzzi, 24 10129 Torino ItalRIATI (andrea.linguafrancesca.noardo) @polito.it

KEY WORDS: Pollution, Semantic web, Environmental monitoring, dynamic sensors, standard data models, internet of things

ABSTRACT:

Air quality is a factor of primary importance for the quality of life. The increase of the pollutants percentage in the air can cause serious
problems to the human and environmental health. For this reason it is essential to monitor its values to prevent the consequences of an
excessive concentration, to reduce the pollution production or to avoid the contact with major pollutant concentration through the
available tools. Some recently developed tools for the monitoring and sharing of the data in an effective system permit to manage the
information in a smart way, in order to improve the knowledge of the problem and, consequently, to take preventing measures in favour
of the urban air quality and human health. In this paper, the authors describe an innovative solution that implements geomatics sensors
(GNSS) and pollutant measurement sensors to develop a low cost sensor for the acquisition of pollutants dynamic data using a mobile
platform based on bicycles. The acquired data can be analysed to evaluate the local distribution of pollutant density and shared through
web platforms that use standard protocols for an effective smart use.

1. INTRODUCTION 1 carcinogen, which includes the substances with evidence of
carcinogenicity in humans. The risks for human health, due to

Pollution is one of the major problems of our times and urban appM10 and PM2.5, are analysed by many studies, e.g. (Pope llI,
quality has become a primary issue, acknowledged by the. A., Dockery, D. W, 1992) investigates the effects on PM10 on
international community. children.
The progress in technology can also give some response to tAetudy on the effects on health of PM2.5 andrOUSA shows
problem. Both the acquisition devices and communicationhat in the most densely populated areas the percentage of deaths
technologies evolved in order to permit a smart management gfje to PM2.5 and ozone ranges from 3.5% in San Jose to 10% in
the monitoring. The data can be effectively structured and sharegs Angeles (Fann N. et.al., 2012).
for the produced information to be useful to reduce, prevent or
avoid polluted areas, so that the human health and the 2. THE SMART DATA MANAGEMENT
environment can take advantage of that.
In this study, a dynamic low cost sensor is produced and tested2d.. The Inter net Of Things
be mounted on mobile supports. The measured data are managed
and shared through the methods and technologies offered by thgernet Of Things (loT) is an emergent concept that refers to

internet 3.0 to obtain a smart integrated system. networked interconnection of everyday objects, which are often
equipped with ubiquitous intelligence. Two terms characterize
1.1.Urban air quality and pollutants this concept: “internet” pushes towards a network-oriented

vision, while “things” moves the focus to generic objects (the
Many pollutants affect the air of a metropolis. In (Velasco A.“smart object”) to be integrated into a common framework. The
et.al., 2015), ground-level ozone 3fOand fine particulates predominant vision stresses the multiple sensors connected to the
(PM10 and PM2.5) are identified as the most relevant pollutantsiternet that monitor the physical world and interact with each
for a pervasive air quality monitoring system, basing on theiother, making it possible to remotely access data through services
effects for human health and their variation of the concentratioand to control the physical world from a distance. There are
within short distances. already several embedded systems connected to the Internet, but
Ground-level ozone is a threat for the respiratory system and fdine 10T concept highlights the pervasive spread of those “smart
lung function. Long exposure tos@an involve health problems objects” (the “building block” of I0T), in order to enhance every
such as asthma and bronchitis. Moreover, the respiratory diseask®sy physical things, providing intelligence and connectivity
due to @Q can anticipate death. Many studies highlight the riskghrough internet (Kopetz, 2011). This evolution is due to the rapid
for human health due to exposure t9 €g (Lippmann M., 1989) advance in technologies as distributed, networking and
shows a review on health effects of (Bates, D. V et.al., 1972) communication protocols, and the progressive miniaturization
investigates the short-term effects of @hile (Spektor, D. M.  and cost reduction of “smart” devices.
et.al., 1988) analyses the effects afdd children. Several application areas of 10T have not been explored so far:
Particulate is very dangerous for human health. The inhalation ddgistics, energy saving, security, environmental monitoring and
particulate can involve respiratory system problems such aserting, medical monitoring, are only few of the possible areas
asthma, lung cancer, respiratory disease, gestation probleméere 0T can improve the quality of our lives.
(such as birth defects and premature delivery), andenerally speaking, the platforms that support the 10T are usually
cardiovascular disease. Moreover, PM10 and PM2.5 cabased on three layers (see Figure 1). The data layer represents the
anticipate death, similarly tosOThe International Agency for network of smart objects; the application layer contains the
Research on Cancer includes airborne particulates into the grotgrhnologies for storing, manipulating and retrieving the data
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from sensor networks; the client layer, is the level in which usergehicle engines and heating systems spread pollutants in the
reference the services deployed by the application layer, in ordegsidential areas, while power plants and industrial complexes
to design end-user applications across multiple applicatioemit high concentration of pollutants close to the urban area.

domains. Today, in the metropolitan areas, air quality is usually monitored
Client Layer by some fixed stations. However, the heterogeneous distribution
(m . . of pollution sources does not allow a pervasive information about
T the air quality in the whole urban area to be obtained. A more
worldwide | accurate information about the spatial distribution of pollutants
___________ Messaging could help understand how they spread, and adopt targeted
EProtocols Application Layer countermeasures. (Kheirbek et al., 2013) investigates the effects
SOs [sPs [sAas [wNs of PM2.5 and ®@within the different areas of New York City,
omsor won USA. The results of this study highlight the importance of
Service knowing spatially and temporally accurate data in local air
___________ Messaging quallty
Protocols Data Layer Wireless sensor networks (WSNs) are a well-known pervasive
N — technology that allow multiple parameters to be monitored by
e1jsor Serjsor . . .
Netfork  Netbork  Nel !Oﬂ( deploying many low cost devices over the area of interest. In
éﬁ particular, the smart cities, which use information and
communication technologies to improve the services and the

quality of life, often employ WSNs.

The use of WSNs for air quality monitoring has been considered
and experimented in various studies. In (Postolache et al., 2010),
the authors propose to use WiFi to transmit the collected data to

The effective exploiting of the Internet of Things needs thed neural network to process the data and web pages to present the

correct interpretation of the published data to be known by peoprgsu.lts', In- (Khedo et al.,. 2010), an in\{estigation on t.he
and machines. Heterogeneous “things” must be integrated inapplication of WSNs to monitor the air pollution in Mauritius is
common frame in order to be understood, managed and retrievéH.esemed' This study proposes, as a deployment method, to
The definition of the meaning of the data for enablingr"’mdomly spread out static sensors. Moreover, the paper

interoperability and interchange of unambiguous knowledge igiscusse_s several characteristics of the system, such as an
the main goal of the Semantic web. aggregation method for the data. The network is analysed through
The Semantic web is the evolution of the World Wide Web thafmulations. . .

permits to manage the data themselves, instead of docume order to increase the spatial density of the data, several

The development of web technologies and artificial intelligencd°Pility §ysten;]s ha\llle besndcons;]deredﬁ Tlhe pI’OEOSGd devices
field makes today possible its realization. It is essential for afoMmmunicate the collected data through Bluetooth connection.

effective information structure, which could make the smart N goal of this system is to cover a large area with low cost

things a reality, in association with the internet of thingsdeVices' In (Ma et al., 2008), the authors propose a monitoring

(Barnaghi et al., 2012). A preliminary condition for the system that uses fixed and mobile sensors mounted on various

achievement of such an objective is the application of semanti(‘/?h'de_S SUCh_ as buses, service vehicles f?‘“d.tax!s- The data are
to the managed data (Rowley, 2007). transmitted wireless. The aim in such application is to cover the

This data “upgrade” must happen in the application layer. Th@etro.politqn area of London, UK. Moreover, a datg mining
available tools to realize it are provided by the organization%‘:Chn'que is applied on the collected data. The system is analysed
involved in the Semantic web development, especially w3cdhrough simulations. In (Hasenfratz et al., 2015), the devices are
(World Wide Web Consortium) (www.w3.0rg), which developed deP'OVEd on top of qullc tran;port vehlclgs in the city .Of Zurich,
the semantic web technologies. Among these, essential tools at¥/itzerland. A specific modeling system is proposed in order to

the ontologies and standard data models, which specify in a cledfiProve the spatio-temporal resolution. In (Eisenman et al.,

unambiguous and “open” way what is the structure of the dat%oog)’ a smart bicycle is p_roposed. lts goal is to monitor
rameters of interest for cyclists, such as pollutants.

and how they have to be interpreted. Data models and modelli ! . !
alternative method to collect dynamic data is represented by

languages have been developed in various fields. In particuldr, - . In (D L 2009
the Semantic Web actors developed XML-based languages fgr Participatory sensing system. In (Dutta et al., ), a

structuring and publishing structured data through the web. In tH@onitoring system pased on handheld qQVices is proposed. The
0goal of this system is to produce a participatory sensing system

glat allows individuals to measure their exposure to pollutants
nd the whole network to monitor an area. In (Hasenfratz et al.,
12), the authors propose a participatory sensing system in
ich the devices are connected to the smartphones of the users.
he effects of human mobility on the accuracy of the sensed data
are evaluated and a calibration routine is described. The
calibration problem is also considered in (Tsujita et al., 2004).
3. DYNAMIC SENSORS FOR THE AIR QUALITY Here, the authors suggest to improve the accuracy by using
MONITORING sensors based on different approaches (e.g. quartz crystal
microbalance, electrochemical and metal oxide) in order to
The air quality in urban areas is of fundamental importance tg1onitor the same pollutant. Although many laboratory and field
support human life. However, human activities in denselyomparisons of sensors with reference methods are carried out,
populated areas involve the introduction of harmful materials iccording to (Gerboles, 2012), the results are hardly repeatable
the air. Urban air quality is considered one of the greatest thre@fd models that better describe the sensing processes are required
to human health (Ericson et al., 2008). One of the main sourcég reach the expected data quality.
of air pollutants is the fossil fuel combustion. In particular,

Figure 1. General architecture of an 10T platform

2.2.The Semantic Web

language has been published by OGC (Open Geospati
Consortium) (http://www.opengeospatial.org/) to structure and
interchange spatial and geographical data. The geoinformation
fundamental for a smart data retrieving and analysis (Prandi et
2014). This is the reason why this kind of standard is als
considered for the building of our system.
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3.1.Proposed monitoring system densely deployed, it is possible to implement a multi-hop
network in which the data are transmitted to the server in real

An effective air quality monitoring system, able to supporttime. For the experimentation of the monitoring network, the

effective actions for the prevention of health problems andyiFi solution was selected, and all the bicycles started their rides

compliant with a great city context, should be able to: monitor ahere a WiFi access point has been installed.

large area; collect pervasive data; guarantee a proper level of

accuracy; involve limited costs. 3.2.Experimental analysis

The selection of proper devices is fundamental for the

implementation of an effective air quality monitoring system.The calibration of the ozone and ground level dust sensors was

According to the analysis of wireless sensor network platformshe first task in the experiment. This activity was executed with

presented in (Velasco et al., 2015), Waspmote Plug & Sense frotie collaboration of the regional agency for the protection of the

Libelium has been selected for the implementation of thenvironment, ARPA Piemonte. The sensors were deployed in

monitoring system. The main advantages of that platform are: two air quality monitoring stations of ARPA Piemonte, and the

« compliance with ground level dust and ozone sensorsiollected data were used for the calibration. Figure 2 shows the

identified as the core pollutants for urban air quality; data sensed by the Waspmote and by the ARPA station. It is
« compliance with complementary sensors, as ammoniadossible to observe a strong correlation among the data. In
nitrogen dioxide, atmospheric parameters and noise; particular, in the right part of the chart, both the sensors have

« availability of various integrated wireless communicationdetected a deep decrease and the subsequent sharp increase in the
systems (e.g., Zigbee, 802.15.4, WiFi, 3G/GPRS BLE)dust level. However, the low-cost mobile sensors do not provide

which are compliant with pervasive deployment; a level of accuracy equal to the high-cost standard sensors.
«  programmability with C language for Arduino, to reduce theMoreover, the tests executed to calibrate the sensors have
learning time with respect to ad-hoc languages; highlighted that the collected data are not so stable over time, so
. effective development support; iterations of the calibration process are required. It is also

«  international protection level IP65, compliant with outdoorpossible to apply an auto-calibration technique, in which reliable
deployment; data from fixed standard sensors, and the data from the already

«  low cost, required for a pervasive network composed b)zalibrated sensors are used to update the calibration of the
many se}\sors etwork. The calibration issue for mobile sensors were already

The Waspmote platform has been recently selected also for otf! nyfstlgated in (Tsujita, 2004) and (Hasenfratz, 2012).

researches on air quality, such as in (Anastasi et al, 2014) for t :ig;j‘(ﬁgmf‘““ﬂ
test of a monitoring system in Pisa, Italy, and in (Mansour et al o

2014) for the implementation of an air quality monitoring systen
for industrial and urban areas.

The main goals of the proposed system is to collect pervasiy *%
data about the air quality within the urban area. Special attentic ,,
has been paid on the deployment of the sensors. In order to co
a whole metropolitan area, the quantity of static sensors would |
huge, so mobile stations have been preferred. Different vehicle
were evaluated: they can be private (i.e. owned and daily used
citizens), or dedicated, (i.e. only used for the monitoring system). Figure 2. Calibration of the dust sensor.
Moreover, public transport and sharing vehicles were considered.

Focusing on the characteristics of the possible vehicles, tha order to verify its effectiveness, the proposed air quality
experimentation has been conducted on dedicated bicycles apfbnitoring system has been extensively experimented within the
private bicycles. The private bicycles do not require additionalirban area in different conditions. The data collected by the
costs or dedicated human labour, and do not produce pollutanifevices have been analysed and the drivers have been
Therefore, they represent a good solution for the air qualityhterviewed in order to find possible problems and solutions. Two
monitoring system. The dedicated bicycles are extremely suitablgsts are taken as example and described below.

to the experimentation of the system, since they permit tha first example of test, executed to verify the use of mobile
execution of the desired tests and the production of results thgévices (i.e. mounted on bicycles) on long distances is shown in
can be easily extended to dedicated bicycles and bike sharing.Figure 3. The travel was interrupted twice, as reported by the
The devices on the smart bicycles collect the data and then mapart of the ground dust level in Figure 3. The chart shows a
transmit them via WiFi when they are within the communicationsteady base level of dust, with several high picks. It is possible to
range of an eligible access point. In order to integrate the hotspaigserve that the right part of the chart, which is referred to the
freely available in the urban area, dedicated access points canfgrning rush hour, shows a higher base level of dust and a larger
mounted at locations frequented by many users, such as schoqigmber of picks.

hospitals and plants. Other access points can be deployed clgggother experiment was conducted with fixed and mobile
to the houses of selected users that transport the sensors on tiijices, in order to check the validity of the data collected by
private vehicles. The quantity of dedicated access pointground dust level and ozone sensors mounted on a bicycle. Two
increases the cost of the system, but it improves also thgevices were deployed in fixed locations at the opposite sides of
frequency of data refresh. However, a WiFi network does nahe university campus building. A bicycle with the two sensors
permit the implementation of a real time system. An alternativend a GPS module was moving around the campus. Figure 4
to WiFi is represented by 3G, which allows the communicatiorshows the relative difference between the ground dust level
with the central system from the majority of the urban locationseecorded by the mobile device and by the fixed device. Moreover,
The advantage of this solution is the fast update, but an addition@le chart shows the percentage of distance between the two
cost due to the use of 3G connection must be considered. Anothfdvices over the maximum distance reached within the path (i.e.,
solution is a Zigbee network. On the one hand, this connectioifi the devices are in the same position 0%, if the devices are at
requires dedicated gateways to transmit the collected data totge maximum distance 100%). It is possible to observe that when
central server. On the other hand, with a large quantity of devicege distance is close to zero, also the relative difference between

0.08

0.02

0
05/03/2015 07/03/2015 09/03/2015 11/03/2015 13/03/2015 15/03/2015 17/03/2015 19/03/2015
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the recorded levels is close to the minimum. This test supportd Environmental Terminology). It is developed by the NASA
the validity of the data collected by a sensor on a moving bicycléNational Aeronautics and Space Administration) for the
1 representation of Earth and Environmental Sciences (EES) (Di
Giuseppe, 2014). Similar concepts are included in the INSPIRE
data model (http://inspire.ec.europa.eu/index.cfm/pageid/2 /list
/datamodels). INSPIRE (Infrastructure for Spatial Information in

g the European Community) is a Directive of the European

g oo H b | it e i Ml Parliament (Directive 2007/2/EC) and of the Council (14 March

3 2007) establishing an infrastructure for spatial information to

o AT )10 R support Community environmental policies, and policies or

oD PP P b ‘, oo o D D activities which may have an impact on the environment. It
ﬁ"i«n?"ﬁ%@”” @@@%ﬁ@%@i@ﬁ&%ﬁ@k,&«@@ S entered into force on the 15th May 2007 and is supposed to be

Time (hhmmss) fully implemented by 2019 (http://inspire.ec. europa.eu). A part

Figure 3. Ground level dust in the long distance. of the Directive data model explicity concerns the

o —— 03 relative difference Environmental monitoring (Annex Ill — EF — Environmental

80% Relative distance monitoring Facilities). Nevertheless, for the IDEM project it was

70%
» 60%
&g 50%
g 40%
& 30%
20%
10%
0%

important to manage urban data having a higher level of detail;
for example, it was important to analyse if the vegetation (both
entire areas or single tree) had some influence on the local air
quality. For this reason, and because previous researches already
used the same standard (Prandi et al. 2013, Soave et al., 2013) we
considered the international industry OGC standard CityGML. It

Qy@”@ W{b»%,%, 0969 S 09%@ RS & q@ﬁ@% ﬂ/:(godo was developed to structure 3D multiscale urban maps, including
Time most of elements of our interest (buildings, vegetation, land use,
Figure 4. Ozone in the dynamic/static test. transports facilities). Moreover, CityGML presents a mechanism
for being expanded, which permits to adapt the model to further
3.3.Discussion on the mobile monitoring system application domains, the ADE (Application Domain Extension)

mechanism. Some ADE examples are the CityGML noise ADE
The main benefits of the systems, identified during the test, arer similar ones developed in other projects (e.g.
no production of pollutants; no alteration of the sensed data, i.€iftp://www.iscopeproject.ngt(Proti, 2014, Patti et al., 2013).
ground dust level and ozone, due to the low speed of a bicycl&nyway, in further improvements and developments it would be
i.e., ~15 km/h; possibility to collect data from different locationsuseful to develop a model which considers both the presented
without additional costs if the devices are mounted on bicycleADE and the complex schema given by INSPIRE regarding the
of a bike-sharing system or on private bicycles; cheapness.  Environmental Monitoring Facilities, merging them in a unique
The main drawbacks are: lower accuracy than fixed, standard diame to manage such data.
quality sensors; need for calibration updates; exposure of the
devices to physic shocks (e.g., holes and uneven ground), whiét2. CityGM L AQADE (air quality ADE)
can produce malfunction; sensibility of the sensors to
atmospheric phenomena (e.g., ain, hailstorm, direct sunlightf;he CityGML AQADE is inserted in various CityGML modules,
risk of theft and vandalism. which have to be extended for being characterised by the air
Therefore, the proposed mobile air quality monitoring systenfluality values near them. Analysing the monitored data in
represents an effective solution for the integration of existingiSsociation with their geographic and spatial position in the 3D
standard air quality monitoring systems. The low cost-per-devicgity model and further parameters (such as traffic at the moment
allow many nodes over the urban area to be deployed. MoreovéX, the survey, building usage, heating periods and so on) it could
installing the devices on bicycles, these can be moved within tHee possible to define what are the main sources of air quality
urban area without additional costs. Therefore, the proposeRpllution and what are the main affected objects. This
system is able to provide pervasive data distributed over the aréfformation can be stored in the model itself providing a base for
of interest. However, the accuracy and precision of the obtainegPme kind of decision by administrators, operators, researchers
data is lower than standard monitoring systems, so the resultifj Simple citizens. Figure 5 shows a synthesis of the final model.
system seems not suitable for a stand-alone applicatiodhe application field has been analysed and the needed entities
Furthermore, the employed devices are exposed to many physiédld attributes have been selected starting from the available
stresses and threads, such as impacts, humidity and thefts. Durlfigrature  (Janhall, 2015, Leung, 2011, Nowak, 2002,
the tests some devices were damaged, so waterproof boxes h&kowiecki et al., 2010).
been used to protect the most sensitive sensors and amortiz Qessuresents Iaarq...,a;l,“““""-» }—<>| Satoronect
struts have been introduced to avoid intense shakes. Hen(

/\

specific protection mechanisms must be considered during tH [ [ P e
design of the system.

D

<«AQMeasurements

4. THE SMART SPATIAL DATA INFRASTRUCTURE T

Measurements

irQ: Y ement <<Feature>>
4.1.Standar d data models, ontologies and the SDI project )
. . i . . . Eom 4 Weneurennt s Transp:::aa:iuor:::)omplex
Following the considerations in the introductive chapters, thi [coemss] airQualitylandUseSegment
project of the SDI started from the analysis of the existing [Eendeicoeuices] _‘ e i
standards and data model useful to manage the project’s da e alrQusiityTransportationSeoment IratficAres

Some thematic features linked to the air pollutant monitoring caRigure 5: The general UML schema of the CityGML AQADE.
be represented by the SWEET ontology (Semantic Web for Earth
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Some specific tools were used in order to implement it. For the VSIS
first modelling phase in UML (Unified Modeling Language) the ' ‘i
Sparx Systems software Enterprise Architect was used. This
software, notwithstanding its proprietary nature, is recommended
by the same standards documents (for example in the INSPIRE
practises). It implements some of the useful tools and plugins for
managing the conceptual standard schemas and translating them
in interoperable formats (XSD schemas, OWL formats, etc.). The
CityGML models were modified using Enterprise Architect, and
were exported as a GML schema (XSD — XML schema
definition) which can be used to structure the data in compliance
with the W3C recommendations. In this way, even if the
translation still needs some improvement through the setting files
or the manual editing of the output XSD, a useful open an
machine-readable structure is generated.

igure 7: GIS thematic mép of the measured PM10 values on the
aepresented TrafficAreas.

4.5.Dynamic maps generation in GIS

4.3.The model implementation in GIS The methods for computing the pollutants dispersion models are

Once the data structure is defined, it is possible to manage tﬁgmpleg atrrl]d ;:ons!d?r varloushfaﬁlors, |nclutd|ng tge nsovemfetﬂt
data using different strategies. In particular, two alternatives cafi (€ ar, e terrain topography, the geometry and nature of the
pjects above it, and so on. Therefore, specific software and

be considered. The first one is to use GML in order to represeﬂ )
and share the data; this can offer the advantage to maintain t th(_)ds are usua_lly used (Onofrio et al., 2011, Char_l et al'? 2002).
espite this, we tried to develop a procedure for rapidly using the

object-oriented structure of the GML models and not to los d data. i der o sh imolified it with
definition in the data complexity and interconnection. On thdneasured data, in order 1o share even a simpiitied resuit wi

other hand, the tools to manage and analyse dynamic data rﬁduced prqcessing times. This permit.s to potentially obtain
GML are still in a development phase, and the so-structurefrocessed information in almost-real time, once the process

datasets could result computationally heavy. Moreover, th ould be automated. ' N .
available open platforms to share geographic data on the w o methods have been tested. The first consists in the spatial

often do not include the possibility to manage data in GML. !nterpo:at!on of htr:je. measured .Vﬁltl:es’ ,L\‘lf\;ng Ydll(ffergnt
For this reason, a second strategy has been chosen:thetranslaﬁg rpolation methods: nearest neighbour (NN) (Yakowitz,

: : 7), inverse distance weighted (Allasia, 1992) with power
of the model in an SQL database. The passage to an obje .
relational model permits to manage in an easier way the dat\fél\?rl][éﬁoﬁ “E:)I?)\évgg’I’;Sr:gr”v}/rl:rllESF)I(R)’\IIVX:C\CIE?ISU?T'[ZR)(II\Ijv\f/:{gf)]’ uigz t:]hiﬁ
maintaining some important relations. The fundamental . '
9 P e spline (Wahba, 1990). These methods have been chosen

advantage is that a so-structured database can be shared ; h . f . idi |
exchanging the SQL statement generated by a further softwap% owing t € .reqwremenys Of processing rapl iy, resu ts
egularity, limited approximation, in order to not obtain

(ALTOVA XMLSpy) from the XSD file. The produced datasets r . X
can be therefore homogeneous and could constitute a unig ¥cessively hypothesised values. The tests were performed on
three site: two in the city of Turin (urban context) and one near

knowledge repository to be analysed and inferred. landfil SIA. in th trvsid that it ible
For the management of the produced database PostgreS E_e andfi » In the countryside, so that it was possible 10
PostGIS was used, and QGIS was used as a GIS software too QEnpare the results (dlfference in urban canyons presence and
a support for both a graphical interface and analysis tools. the topography complexity). In the three cases, the IDW2 methpd
results the more accurate, as demonstrated by the comparison
with the checkpoints values. Some points were not considered in
the interpolation for being used as a reference for testing the

The generated tables can be managed, visualized and analyse#lf§"Polation accuracy. The precisions (RMSE) are always in line

4.4.The GIS: someresults and analysis

GIS for obtaining useful information (Figures 6-7). with the precision of the measure instrument (between 0.004 m
in the case of IDWS2 in the area arount the Politecnico di Torino
Fliegend 3 and 0.042m in the case of NN in the area near the landfill SIA);.
@ AlrQualityMeasurement . , .
R . o G o There aren’t systematic errors (the average values are smaller
e om o om than the RMSE) and the best interpolation method is the IDW2.
e om © om This could be considered if the processing would be implemented
e el in automatic on-line processing services.
ol R The more complex method considered a multivariate linear
MR regression taking in account some of the factors which influence
o om e om the dispersion (temperature, humidity, bike speed, luminosity,
o 2 e L terrain height, curvature, slope and solar radiation) (Cimorelli et

W ' @% 3‘:¥0 A ' g al., 2005). However, the results on the checkpoints underlined
& VIS e %w _how this method is not useful to improve the quality of the
Figure 6: GIS layout showing an example of possible spatighterpolation; the further parameters are to be considered in a
analysis of dynamic data in the area of the Politecnico in Turing,ore complex context, but for having a simplified indication the

the average of the values measured in a 50 m buffer of a buildingst spatial interpolation was sufficient and more accurate.
can be calculated and associated to the selected building.

4.6.Sensor Web

The core of the application layer is the Sensor Web component:
it is a computer-accessible network of many spatially distributed
devices using sensors to monitor conditions (temperature,
humidity, sound vibrations, motion, or pollutants) at many
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different spatial locations. In a Sensor Web, data streams froand exchanging data (Web Map Service, WMS, Web Feature
web-accessible devices are stored and archived, and can ®ervice, WFS) or for manipulating them (Web Processing
accessed using standard protocols and application prograBervice, WPS). Putting a WebGIS in the contest of 10T is not
interfaces (API) (Shen, 2008). Some operators have alreadsivial, as its general architecture can be seen as a parallel to the
designed architectures for open Sensor Web, like the “IrisNetSensor Web.

proposed by Gibbons (2003), or the well-known project of théThe WebGIS can behave as a sensor service requester that
“Open Sensor Hub”. In particular the “Open Sensor Hub” is asubscribes a service message for one or more sensor data,
licence-free open source software platform for geospatiatollected by a Sensor Web platform. This approach means that
sensors, which allows users easily, rapidly and affordably tonessages from the Sensor Web can be stored in the DBMS that
network sensors into a seamless Sensor Web of real timsypports the WebGIS, in order to be used for processing
location aware, interoperable, web accessible services. operations with other geographical data already available in the
Some useful standardisation initiatives promoted by the OGOBMS (and obviously also for visualization). Even if this
focus on the Sensor Web Enablement (SWE), that extend tts®lution seems to have a big potential, the idea to re-store and re-
prominent OGC Web Services by providing additional servicegarchive data from the cloud platform implies a not useful
for integrating web connected sensors and sensor systenmiiplication of the data.

Through the Sensor Model Language (Sensor ML) the dat@n the client side, a simple web browser can be viewed as a
model, the encoding for observations and measurement amsénsor service requester. At this level, processing operations on
metadata exchange protocols can be defined. Two componentstbé data are not easy but through specific libraries it is possible
this application layer can be deepened: the infrastructure whete manage the visualization, the interaction, the user interfaces
this potentially enormous amount of data can be stored, archiveohd also an interactive map manipulation. This second approach
and analysed, and the protocol technology that allows the streamthe one chosen for the project.

of sensor data to flow from the device to the platform and then to

the end-users. 4.8.The WebGlI S application

Cloud computing (CC) works as an infrastructure and represents

the key technology for building the Sensor Web. It provides th&ne of the first questions of the research was how to design an
virtual infrastructure which integrates monitoring devices,architecture to combine WebGIS and Sensor Web (Figure 8). In
analytics tools, visualization platform and client delivery. It is athis real context the Sensor Web platform was the new regional
recent paradigm based on the next generation data centres talgtform, developed by CSI Piemonte, called “SmartDataNet”
are based on virtualized storage technologies (Gubbi, 2013). @ww.smartdatanet.it/). The platform shares data from sensors
CC platform acts as a receiver of data from the ubiquitougnd provides specific processing operations on data, so that users
sensors, as a computer to analyse and interpret the data, @@ access flows of continuous data in near-real-time and
provides easy-to-understand web-based visualization for useigedefined applications, through specific API.

Smart objects with access to the internet can take advantage 'dfeé SmartDataNet Platform lies on the Yucca Platforms, the
the services offered by the cloud. technologic cornerstone of the platform, where the sensors are
Messaging protocols are the basis for communication betwedietworked one each other, where the data are stored and archived
sensors, cloud services and end-user applications. In lodnd where it is possible to build a specific API for a single or a
applications the architecture must be characterized bgroup of sensors. Some APIs for monitoring data (and access to
asynchronous messages between independent components agriflived data) are already available, as dashboards and graphs,
the layering standard based protocol over web sockets. The Wbt tools for spatial data management are still missing.

Socket (WS) is a web technology that provides two-wayThe platform acquires the data stream from sensor devices
communication channels (client-server) through a single TC#through HTTP and MQTT protocols and exposes those data
connection. It is a low-level protocol, which aims to providestreams to the client through MQTT and STOMP protocols. Each
efficiency in the interaction between browser and server, in ord&ensor has its specific refresh time and sends messages through
to facilitate the development and deployment of applicationghe stream to the platform, which exposes those streams to every
using real-time data. This efficiency is achieved thanks telient that has subscribed them. The platform can also filter
standard methods for servers to send contents to the browsevents or reduce the output rating of the stream with respect to
without receiving a push request from the client and allowing théhe input. In our case the sensors send a message every minute
message to flow from and to the server, keeping the connectiéid no reduce rating policy is applied on the stream.

open. The WS API was standardized by W3C and the W3he architecture of the WebGIS has been implemented in an
protocol by IETF (Internet Engineering Task Force), and thesentirely open source environment.

are now an agreed standard for real-time communication betwe&n the server side, for the management of vector data - as
Internet clients and servers. building, streets, land cover - the open source DBMS
In a publishing/subscribing model, one of the Web SockePostgreSQL is chosen, along with its spatial extension PostGIS,
implementations, the message broker accepts connection froiith some simplifications respect to the data model previously
the client and sends one or many messages to the client wHgscribed, for an easier management of the data. Also the data
subscribes one or more message streams. The broker can a@éflected with the mobile sensors described earlier are stored into
handle messages from the client. One of these publish/subscrithe DBMS.

models, used in this project, is “STOMP over Web Socket’GeoServer is the open source software chosen for the
where Stomp stands for Streaming/Simple Text-Oriented@dministration of server side services. Through GeoServer data

Messaging Protocol (Wang, 2013). from the DBMS and additional raster products like orthophotos
and digital elevation models are handled. A theme associated
4.7.WebGIS with each vector data is also added to GeoServer using SLD file,

in order to set a predefined visualization for the data. GeoServer
A WebGIS is fundamental in supporting the sharing of geospati@xposes WMS services for the visualisation of the data and WFS
information over the web. It can help decision makers to makservices for the download.
faster and more reasonable decisions. A WebGIS mainl®n the client side, the integration with the data stream from the
provides GIS standard services (defined by OGC): for displayin@martDataNet Platform takes place. To manage the display of the
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geographic data within an HTML page the open source librarfollowing the sharing, interoperability and “open” principles, the
LeaflLet.js is chosen, through which GeoServer WMS and WF8sed software are, when possible, open source. Some problem
are invoked. may arise when there is no valid alternative for some software
OIDEM need in specific processing step, such as the extension of the
N i e standard models and their translation in a schema and database.
Future implementations may regard the shift of the request of
sensor data from the client side to the server side. This may allow
the WebGIS to perform processing and analysis involving real-
time data from sensor and geographic information over an area
of interest. This implementation may also enable the use of
archived data, in order to use them (large amount) for big data
R analysis and spatial data mining methods.

N = 2 4
7 - 1
G omy e 62 o & w @
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Figure 8: The WebGIS with topographic features, mobile sensdredmont.
data and related interpolation analysis over the area of SIA Living
Lab. The part below shows one of the marker, representing an
environmental sensor with its popup content (a new message

every minute comes from the platform to update it). Allasia, G., 1992. Some physical and mathematical properties of

. ) _inverse distance weighted methods for scattered data
In order to obtain the message stream from sensors installed 'r]FﬂerpoIation.Calcolq 29(1-2), pp. 97-109.

the living labs, it is necessary to subscribe the streams of interest
(published into SmartDataNet platform) and then choose one §fnastasi, G., Bruschi, P., Marcelloni, F., 2014. ‘U-Sense’, A

the available protocols for transferring the messages. Thgooperative Sensing System for Monitoring Air Quality in
protocol “STOMP over Web Socket” is selected, for improvedyrpan AreasSmart Cities 34.

ease of use and readability compared to the MQTT protocol.

The protocol has a specific JavaScript library called Stomp.jBarnaghi, P., Wang, W., Henson, C., Taylor, K., 2012. Semantics
which makes available methods for connecting to the platforrfor the Internet of Things: early progress and back to the future.
and subscribing a specific data stream, for managing connectignternational Journal on Semantic Web and Information Systems
errors and for receiving the messages. The script realized wiluSwIS) 8(1), pp. 1-21.

this library connects the client to the stream called Cromos,

which contains the hourly average of the measures of VOBates, D. V., Bell, G. M., Burnham, C. D., Hazucha, M., Mantha,
(Volatile Odour Detector) and measures of direction and wind., Pengelly, L. D., Silverman, F., 1972. Short-term effects of
speed from an environmental sensor. The stream sends oubzone on the lungl. Appl. Physiol. (United State32.

message every minute. Inside the reception function of Stomp.js,

a specific JavaScript function “JSON.parse” is used for parsingukowiecki, N., Lienemann, P., Hill, M., Furger, M., Richard,
the JSON message incoming from the platform. Thanks to thi8., Amato, F., Gehrig, R., 2010. PM10 emission factors for non-
function, the message and its structure are translated, and offyhaust particles generated by road traffic in an urban street
the values of interest are extracted from the whole message. TB@nyon and along a freeway in Switzerlandtmospheric
values of interest are transformed in a formatted string, as tHenvironment44(19), pp. 2330-2340.

input for the popup object (offered by Leaflet library), referenced

to single markers in the real position of the sensor in the Livinghan. T. L., Dong, G, Leung, C. W., Cheung, C. S, Hung, W.
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