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Abstract: The advance in Information Communication Technology (ICT) has contributed to global
challenges of improving urban air quality. Ubiquitous computing technology enables citizens to
easily access air quality information services without spatial or temporal limitations. Citizens are also
encouraged to participate in air quality assessment and environmental governance. These societal
and technical changes require a new paradigm to develop an air quality information system and its
services. An air quality information system needs to integrate varied types of air quality information
from heterogeneous data sources as well as allow citizens to express their concerns about air quality.
Thus, a standardized manner is necessary to develop an air quality information system. In this regard,
an air quality context information model was designed according to the Ubiquitous Public Access
(UPA) context information model defined in the International Organization for Standard (ISO) 19154.
For validation and verification purposes, the air quality context information model was implemented
in a geographic information system (GIS)-based air quality information system. Implementation
results showed that spatially relevant air quality information services were generated from the system,
depending on the location and air quality situations near a specific user. Also, citizens can contribute
air quality information at their current regions.

Keywords: Air Quality Information; Ubiquitous Computing; Pubic Access; Geographic Information
System; ISO 19154

1. Introduction

Rapid urbanization and industrialization have led to severe deterioration in the atmospheric
environments of major cities [1,2]. The World Health Organization (WHO) reported that 92% of the
world’s population is exposed to air pollutants beyond the WHO limit [3]. Air pollutants, which include
both naturally occurring and anthropogenic substances, are associated with illness and mortality in
humans, and with damage to natural and built environments [4]. However, despite the dedicated
actions over the past decades of both international and national organizations to decrease major
pollutant emissions, urban air quality continues to worsen, affecting residential environments and
harming the health of citizens [5].

Information communication technology (ICT) has contributed to addressing the challenges of
improving urban air quality. Sensor networks provide a powerful tool for monitoring air quality
in real-time through widely dispersed monitoring stations [6,7]. Portable air pollution sensors,
combined with the global positioning system (GPS) technology, supplement an existing sensor
network with enhanced availability and accessibility for monitoring air quality in near real-time [8,9].
Air quality information systems are available for public use in many countries [10-12]. With the
proliferation of wireless communication and mobile computing technologies, mobile devices such
as smart phones and tablets enable citizens to easily obtain air quality information services without
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spatial or temporal limitations [13-15]. However, as public awareness of urban atmospheric problems
has risen, air pollution has now become both an environmental and social problem. Citizens are now
encouraged to participate in air quality assessment and environmental governance [16,17].

Societal and technical changes require a new paradigm to develop an air quality information
system and their services. Different from conventional air quality information systems, citizens are
no longer only consumers of air quality information, but rather producers of air quality information.
A portable air pollution sensor together with a smart phone has increased the feasibility of participatory
air quality monitoring [18-20]. A large network of volunteers can measure and share personal
exposures to air pollutants in regions of their interest such as a residential area nearby factories
or a traffic congestion zone. Also, with mobile applications on smart phones, citizens are able to
rate or report their perceptions about air qualities [21,22]. In addition, social media technology
platforms are now regarded as social sensors, collecting citizens’ perceptions of air quality and air
pollution events [23-25]. For example, a social media service such as a blog, Twitter, and Facebook are
now major communication channels for expressing the concerns of citizens about urban air quality
issues. To sustainably support citizens’ contribution and participation in societal environmental
decision, the air quality information system needs to efficiently maintain and integrate air quality data
from various sensing systems, and also to allow for citizens to easily provide and obtain air quality
information services. A standardized manner is required to develop an air quality information system
in that citizens can access and share air quality information in a convenient and interoperable way.

Thus, in this research, an air quality information system, which is highly coupled to GIS,
was developed for the Ubiquitous Public Access to Geographic Information (UPA-to-GI) in ISO
19154 [26]. The UPA-to-GI is a geographic information service for the general public to easily
access and produce geographic data or information in a ubiquitous computing environment. In the
system, the UPA context information model is applied to systematically associate air quality data from
various information sources including physical sensor measurements, subjective citizens’ opinions,
and semantic social media data. The geographic contextual relationships between users and air
quality information are then characterized to provide air quality information, meeting citizens’ needs.
ISO 19154 is a relatively new international standard established in 2014. There have not been any
cases to practically realize the UPA-to-GI environments in any domains. Therefore, another purpose
in this research is to practically apply the conceptual reference model of UPA-to-GlI for air quality
information services.

The remainder of this paper is structured as follow. In Section 2, the UPA-to-GI defined in
ISO 19154 is briefly explained to provide background information. Section 3 presents the design
requirements to realize the UPA-to-GI environment for air quality information, and also illustrates
how the UPA context information model is designed for air quality information services. In Section 4,
a proof of concept (POC) study was conducted in Seoul, Republic of Korea. The GIS-based air quality
information is implemented for citizens to access air quality information regardless of their locations
and devices in use. Also, with these applications, citizens can provide their concerns about air quality
at their current regions. Finally, in Section 5, this research concludes with suggestions for future studies.

2. UPA-to-GI in ISO 19154

2.1. Ubiquitous Public Access to Geographic Information

ISO/TC 211 Geographic information/Geomatics, which is a technical committee within ISO
for standardization in the field of digital geographic information [27], recently presented ISO 19154
“Geographic information - Ubiquitous public access - Reference model” in 2014 [26]. The UPA-to-GI
environment aims to enable the general user to have easy and seamless access to geographic data and
services regardless of their locations and computing devices. Also, the user is no longer just a recipient
of geographic information, but also a producer of geographic information. To realize the UPA-to-GI
environment, the UPA context information model is conceptually specified to support methods to
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extract geographic context information from varied information sources including the general user.
Also, within the interactions between each user and an information system, the context information
model is used to characterize a user’s situation in relation with geographic information. Thus, the user
can access information meeting their contextual needs.

2.2. UPA Context Information Model

The UPA context information model is based upon seamless mobility and geographic context,
which are the entity’s contexts in relation to geographic information, including location, speed,
and orientation, and other relevant static location data such as nearby restaurants and hospitals
or dynamic data such as traffic and weather conditions. The geographic context enables an information
system to provide a set of tailored geographic information artefacts, satisfying an entity’s contextual
requirements. However, as geographic information can be represented in various forms, the UPA
context information model defines three different context levels of geographic information (Figure 1).
These are: UPA locational context information model, UPA geospatial context information model,
and UPA geosemantic context information model.

1
class UPA_GeographicContext associations

<<Type>> <<Type>> <}
UPA_Locational ContextRule 1.% e UPA_Locational Context
1
<<Type>>

UPA_LocationalContextElement

i
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UPA_GeospatialContextRule e UPA_GeospatialContext

<<Type>> <<Type>>
UPA_GeosemanticContextRule UPA_GeosemanticContext

Figure 1. Geographic context information model in ISO19154 adapted from [26].

The UPA locational context information model identifies types of location that are representative
of an entity (e.g., vehicle’s geographic coordinate measure from GPS) and defines rules for extracting
relevant contexts from the location information of the entity (e.g., vehicle’s speed and orientation).
In the UPA geospatial context information model, the locational entity is allocated the geospatial
representation type inferred by its locational contexts (e.g., a vehicle represented as a point feature
on a roadway map). The geospatial rule is used to retrieve relevant contexts from the entity’s
geospatial information (e.g., shortest route and travel distance computed along with a roadway
map). The geosemantic context information model, which is inherited from the location context
information model, employs the geospatial entity to explicitly represent the implicit expression of
the locational context of the entity. The geosemantic type and set of rules are used for geographical
extraction and inference of the relevant context from the locational contexts of the entity (e.g., a location
of vehicle’s accident inferred from a news).
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3. Air Quality Context Information Model for UPA-to-GI

3.1. Overview

The air quality information system is developed for citizens to easily access air quality in real-time,
and to contribute to air quality monitoring data for participation in societal environmental decision
making. To realize the UPA-to-GlI for air quality information, three fundamental components in
UPA-to-GI architecture for air quality information are identified in Section 3.2 They are the air quality
observation system, air quality information platform, and end users (Figure 2). Also, the functional
requirements to develop air quality information services are defined (Table 1) [21]. The air quality
context information model refers to the UPA context information model from ISO 19154 in Figure 1.
Like the UPA context information model, three different geographic context levels of air quality
information are designed in Section 3.3. They are locational, geospatial, and geosemantic air quality
context information models (Figure 3)

<Air Quality Observation System>

Social Media Data
Platform

Sensor Network > Open Data Platform Mobile Applications

U

<Air Quality Information System>

GIS-Based Platform

UPA-to-GI Service Module based on Context Information Model

U

Web Applications Mobile Applications

<End Users> @

Local Authority Citizen

Figure 2. Conceptual framework of air quality information system for UPA-to-GI.

Table 1. List of functions to generate air quality information services from AQMA.

User Function Description

Input user’s information such as age, health status,

Registration of user - . .
& and regions of interest. Users are then categorized as general

Citizen

information "
and sensitive groups.
Citizen and Input and display of Inputs and displays citizens’ perception of air quality in their
local authority citizen’s opinion current regions.
Citizen and Display of regional air

local authority quality statistics Retrieves air quality statistics in regions of interest

Display of regional air

Citizen 7. R Retrieves an air quality information in regions of interest
quality information quattty &
.. Displ f regional air . . . . . .
Citizen qlﬁlfitay yfgrefz;gslf aa Retrieves an air quality forecast in regions of interest
. Display of location-based . . . . , .
Citizen play Retrieves air quahty information at a user’s current location

air quality information
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Figure 3. Air Quality Context Information Model.

3.2. UPA-to-GI Environments for Air Quality Information

The application of ubiquitous computing technology has led to the creation of new environments
for resolving global air quality challenges. Figure 2 illustrates the conceptual framework to clarify
how a ubiquitous computing technology and a GIS-based information system are interconnected to
generate air quality information services from varied air quality observation systems. The air quality
monitoring stations, connected in sensor networks, directly monitor air pollutants (PM, O3, NOg,
CO and SO,) and obtain real-time data from widely dispersed locations. The sensor networks enable
the Air Quality Open Data Platform (AQODP) to store and check the quality of the data obtained from
the monitoring stations. The Air Quality Social Media Data Platform (AQSDP) is another channel to
detect air pollution events occurring in real-time and reported within social media. The social media
data, which social media users share with the public, describe any events or news that influence urban
air quality such as a factory explosion. Furthermore, as public awareness of urban environmental
problems has increased, Air Quality Mobile Application (AQMA) running on mobile devices can
provide a mechanism for citizens to express their concerns about local air quality issues.

In ubiquitous computing environments, the air quality information platform is a bridge between
heterogeneous air quality observation systems and end users. Air quality data from the observation
systems are transmitted to the data hub of the platform, where the context information model employs
geographic information to define how air quality data are structured and maintained. At the same time,
the air quality information is explicitly or implicitly associated with users’ contexts. The air quality
information services are then created according to the users’ location, time, and health status. The air
quality platform is a basis for developing both web and mobile applications that enable users to easily
access air quality information services irrespective of their locations or devices. These applications also
allow users to produce air quality data based on their perceptions and opinions, which are submitted
to the air quality information platform, as contributed social data.
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The main users of the air quality information services are citizens or local authorities. As shown
from the functional requirements to generate air quality information services in Table 1, the context
information is required for all citizens to register their age, health status, geographical regions of
interest, and current location. The user is then categorized as part of the general group or sensitive
group based upon analysis of their context information. Local authorities will use the air quality
information services for policy or operational decision making. The air quality observation system
includes the AQODP and AQSDP. Additionally, AQMA delivers a citizens’ perceptions of air quality
relevant to their current location, and can present their concerns about the air quality using a
categorized icon. An urban map is then employed to spatially represent the perceptual concerns
registered by the citizens regarding local air quality issues. Local authorities can use the knowledge and
perceptive experience submitted directly from the citizens when establishing new air quality policies.

The AQMA provides estimated air quality information for a user’s current location when the GPS
on a mobile device is activated. Also, regional air quality and air quality forecast can be retrieved when
users register a geographical region of interest. The warning message and action tip are issued when
an air quality exceeds the level of health concern or when a user’s location is near an air quality event.
The action tip is a behavioral guideline to propose what actions the citizens should take to protect their
health against each air pollutant incident. The air quality statistics, which involve current and past
air quality data from AQODP, computes daily, monthly, and yearly averages for each region of a city.
Citizens can refer to these statistics when deciding on where to relocate or reside for long-term health
recovery purposes, whereas policy makers can use such data to judge the effectiveness of the existing
air quality policies.

3.3. Air Quality Context Information Model

The air quality context information model primarily involves air quality data from the air
quality observation systems that consists of the AQODP, AQSDP, and AQMA. In particular, AQMA
running on a smart phone is utilized for users to access air quality information as well as to provide
their perceptions of air quality as social data. The air quality context information model is further
categorized as the locational, geospatial, and geosemantic air quality context information models that
are represented as green, blue, and orange boxes, respectively in Figure 3. Each context information
model is fully explained in following sections.

3.3.1. Locational Air Quality Context Information Model

The air quality context classes are designed for the users who use AQMA, the air quality
monitoring stations that provide air quality data to AQODP, and the air pollution event detected from
AQSDP. These classes are associated to retrieve and infer locational contexts from users, air quality
monitoring stations, and air quality events (Table 2). The locational context classes for AQMA indicate
that all users are required to register information such as their age and health status, along with specific
regions of interest. Based on the registered information, the users are categorized as belonging to the
general group or a sensitive group (e.g., the young, elderly, and those with respiratory/cardiovascular
issues), based on their age and health status. The GPS on a mobile device provides a means to identify
users’ locations.

The relevant locational and air quality contexts of an air quality monitoring station can be retrieved
from AQODP. A unique identity (ID) assigned to each air quality monitoring station is fundamental
to collecting locational information (geographic coordinates and address), real-time air quality data
(PM, CO, O3, NO», and SOy), and air quality forecasts. In addition, the air quality statistics allow
comprehensive analyses of air qualities at the air quality monitoring station. In the locational context
classes for AQSDP in Table 2, social media data is used to contain implicit information regarding air
quality events (e.g., a forest wildfire on South Mountain, Seoul). Thus, the air pollutants (e.g., PM,
CO, O3, NOy, and SO,), which vary in response to air quality events, are then inferred. For example,
a forest wildfire can be a source of increased PM and CO pollution around the event location. Also for
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the locational context classes for all entities in Table 2, the locational air quality context is inferred by
associating locational air quality contexts from users, air quality monitoring stations, and air quality
events. The inference rule identifies the air quality monitoring station within the user’s region of
interest, subsequently retrieving real-time (or forecasted) air quality information for that region.

Table 2. Locational air quality context class.

Entity Class name General description

Defines user contexts according to age, health status and region

Locational_User_AirQualityContext of interest.

Determines a user type (general or sensitive group) according to

AQMA Locational_User_AirQuality_ContextRule the user’s information.

Locational_User_ContextElement, Defines a way of retrieving a user’s location.

Contains the 2D geographic coordinates of the user’s current

UserLocation_byGPS location from GPS on a mobile device.

Defines contexts of an air quality monitoring station with ID,
Locational_Station_AirQualityContext station name, past and real-time air quality data (PM, CO, O3,
NO,, and SO5), and air quality forecasts.

Locational_Station_AirQuality_ContextRule ~Computes the air quality statistics.

AQODP  Locational_Station_ContextElement, Defines a way of retrieving a station’s location.

Contains the geographic coordinates of the air quality
StationLocation_byID monitoring station. The station ID is used to retrieve its
geographic coordinates from AQODP.

Contains the address of the air quality monitoring station.

StationAddress_byID The station ID is used to retrieve its address from AQODP.

Utilizes AQSDP to define the contexts of an air pollution event
Locational_Event_AirQualityContext (e.g., ID, date and time, and the location and type of air
quality event).

Infers which air pollutants might be influenced, based on the

AQSDP Locational_Event_AirQuality_ContextRule type of air quality event.

Defines a way of retrieving the air pollution event location from

L ti 1LE t textEl t . .
ocational_Event_ContextElemen the social media data.

Contains an implicit expression of the air pollution

EventLocation_bySocialMediaData .
event location.

Associates contexts from user, air quality monitoring station,
All . . . and air pollution event, and infers comprehensive air qualit
-, Locational_AirQuality_ContextRule pofution event, & Crs COmpTenensive air 4 Y
Entities contexts (e.g., air quality information and statistics from the
user’s region of interest).

3.3.2. Geospatial Air Quality Context Information Model

The geospatial air quality context information model refers to the geospatial context classes for
a user and an air quality monitoring station. These are associated to retrieve and infer geospatial
contexts from the user and the air quality monitoring station (Table 3). In the geospatial context classes
for AQMA, a user’s geospatial context is represented as a point feature in the air quality information
system. The user’s current address is determined using appropriate geocoding methods, enabling a
user to rate the air quality at their current location. The rating submitted by the user is reformatted
and added to the air quality information system to subjectively represent how the user feels about the
air qualities in comparison with the air quality data from the monitoring station.

The geospatial context classes for AQODP indicate that the air quality monitoring stations are
represented as point and polygon features in the air quality information system. In this research, an air
quality monitoring station is installed in each region of the city. As air quality data from each station
are representative of each region, the air quality data are coded to a polygon feature that depicts the
administrative boundary of the region. As shown in the geospatial air quality contexts for the user
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and the air quality monitoring station, the air quality conditions at the user’s current location can be
established via geospatial operations such as inverse distance weighting (IDW) and kriging methods.

Table 3. Geospatial air quality context class.

Entity Class name General description

Represents the user as a point feature, as inferred from the
locational air quality context information model. The user’s
opinion on air quality at their current location becomes the
AQMA user’s context.

Geospatial_UserPoint_AirQualityContext

Defines a rule for inferring geospatial air quality contexts.
The rule defines the geocoding method to obtain a user’s
address at the current location, and the buffering method to
retrieve the locations of nearby hospitals.

Geospatial_UserPoint_AirQuality_ContextRule

Represents the air quality monitoring station as a point
Geospatial_StationPoint_AirQualityContext feature, as inferred from the locational air quality contexts
for the air quality monitoring station.

Represents the air quality monitoring station as a polygon

AQODP Geospatial_StationPolygon_AirQualityContext feature, as inferred from the locational air quality contexts

for the air quality monitoring station.
. . . . Defines a rule for inferring geospatial air quality contexts,
Geospatial_StationPolygon_AirQuality_ContextRule which assigns air quality data to the polygon features.

Defines a rule for inferring geospatial air quality contexts

AQMA from a user's location and nearby air quality monitorin,

and Geospatial_AirQuality_ContextRule ° . sers foc R o X carby X qu y, onitoring

AQODP stations. Geospatial and interpolation operations are used to

infer the air quality data at the user’s current location.

3.3.3. Geosemantic Air Quality Context Information Model

The geosemantic air quality context information model describes the geosemantic context classes
of an air pollution event detected from AQSDP (Table 4). The geosemantic air quality contexts are
inferred by retrieving and associating the geosemantic contexts of the air pollution event with a user’s
geospatial context. Within the air quality information system, the location of the air pollution event,
which is implicitly expressed in the social media data, is explicitly represented as a polygon feature.
For example, if an air pollution event implicitly refers to a fire event in a regional land mark, a buffer
feature around the land mark would be created to indicate the possible location of the fire event.
Also, the buffer feature represents the area of a source of air pollution (potentially generating PM
and CO, etc.). Meanwhile, the zone affected by the air pollution is determined via the types of air
pollutants inferred from the air quality event. The geosemantic air qualities are inferred by retrieving
and associating the geosemantic contexts of an air pollution event with a user’s geospatial contexts.
The geospatial operation is employed to retrieve and issue warning messages to users within the zone
affected by an air quality event.

Table 4. Geosemantic air quality context class.

Entity Class name General description

Represents an air pollution event as a polygon feature,
Geosemantic_EventPolygon_AirQualityContext as inferred from the locational context information model for the
social media data.

AQSDP

Defines a rule for inferring geosemantic air quality contexts.

Geospatial_Event_AirQuality_ContextRule The rule includes methods to determine the zone affected by air

pollution from the air quality event.

Defines a rule for inferring air quality contexts from the
AQMA geospatial contexts of a user and geosemantic contexts of an air
and Geosemantic_AirQuality_ContextRule quality event. The rule includes the geospatial operation method
AQSDP to retrieve users within the zone affected by the air pollution

event and issue a warning message to the affected users.
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4. Implementation and Results

4.1. Overview

In this research, the air quality information system is developed based upon GIS. Also, Seoul in
the republic of Korea is selected as the POC to verify the air quality information services using the air
quality context information model (Figure 4). In Seoul, air quality data measured from 25 monitoring
stations are transferred and stored in AQODP. More than 10 million citizens have increased concerns
about the air quality problems. In the following sections, the air quality information system and its
services are described.

o
Do?;;ﬂu- Nowony
e IR R Item Description
‘ doe P aoow. m:;:b
S . WJW oy W ,% Area 605.25 km?
3 e Sqore- B/
@ gu jing o
Vleﬂ\‘ - - . .
SRy dcunqp&X % =5 ® Number of Districts 25
Guro-gu Dongjak-gu, @ a Seamee
Geum: ,......S Seocho-gu Population 10,581,728
- Population Density 17,000/km?

©  Air Quality Monitoring Station in Seoul

Figure 4. POC Site: Seoul, Republic of Korea.

4.2. Air Quality Information System

The air quality information system in Figure 5 was developed using open source software
technology, and consists of three main components: a database, a server, and a client interface.
The database system is built using PostgreSQL and the Post-GIS geospatial data plug-in for PostgreSQL
is used to save, retrieve, and analyze air quality data. The server, which was constructed based on
Apache/Tomcat configuration, uses both Socket module and HTTP client module to collect air quality
data from external platforms such as AQODP and AQSDP. In the system, air quality data are associated
with geographic information. The GeoServer platform is employed to activate both a WMS (Web
Map Service) and WFS (Web Feature Service). In addition, the Restlet framework is used to provide
the air quality information smoothly for web/mobile client devices. To render the geographical
representations of air quality information, the mobile clients use Leaflet libraries. In this research,
the mobile client, which was developed on Google Android, provides a robust platform to deploy the
UPA-to-GI based air quality information service.

The air quality information system collects air quality data from the air quality observation
systems, in which the air quality contexts are than extracted and associated with contexts from users
to provide relevant air quality information services. The air pollutants measured from the air quality
monitoring station are simply numerical data; therefore, they are converted into a region-appropriate
Air Quality Index (AQI) scheme to help citizens more easily understand air quality levels and to protect
their health during episodes of severe air pollution. AQI indicates overall air quality derived from all
air pollutant measurements. Also, the health implications corresponding to index categories are shown
in Table 5. Different countries employ specific air quality indices, corresponding to their respective
national air quality standards. This technical report presents examples using the Comprehensive Air
Quality Index (CAI) and behavioral guidelines established for use in the Republic of Korea [28].
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Client Cordova IJ\;;JE;'I\; HtmlS Java
JSON XML WMS WFS
External Platform
| SenML,
Restlet \ Socket(TCP/IP) HTTP Client XML JSON AQODP
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Web AQSDP
Biz-Components
Server
Apache + Tomcat
DB PostgreSQL PostGIS
Figure 5. Overall architecture of air quality information system.
Table 5. Air quality index and its health implication.
Pollutant Pollutant
ollutan . . .
Level AL PMys PMyq 05 NO, co SO, Health implication
(ug/m®) (ug/m®)  (ppm) (ppm) (ppm) (ppm)
A level that will not impact patients
Good 0-50 0-15 0-30 0-0.030 0-0.030 0-2.000 0-0.020 suffering from diseases related to
air pollution.
A level that may have a minor effect
Moderate  51-100 16-50 30-80  0.031-0.090 0.031-0.060 2.001-9.000 0.021-0.050 on patients in case of
chronic exposure.
A level that may have harmful
impacts on patients and members of
Unhealthy 101250 51-100 81-150  0.091-0.150 0.061-0.200 9.001-15.000 0.051-0.151 sensitive groups and may cause
unpleasant feelings among the
general population.
Very A level that may have serious
Unhealthy 251-350 101-250 151300 0.151-0.500 0.201-0.600 15.001-30.000 0.151-0400 MPacts on patients and members of
I sensitive groups in case of
acute exposure.
A level that may require emergency
Very measures for patients and members
Unhealthy 351-500 251-500 301-600 0.501-0.600 0.601-2.000 30.000-50.000 0.401-1.000 of sensitive groups, and may have

1 harmful impacts on the
general population.

4.3. Air Quality Information Service

The air quality information service is developed according to the air quality context information
model described in Section 4, and thus it consists of locational, geospatial, and geosemantic air quality
information services. The locational air quality information service is formulated based upon extracted
or inferred locational contexts from the user and the air quality monitoring station. Figure 6 shows
interface applications for locational air quality information services such as a real-time air quality
information for regions of interest, air quality statistics, and an air quality forecast. The locational
air quality information service is a function of associating locational air quality contexts from users
and air quality monitoring stations. The user’s locational contexts, which are registered in AQMA,
include multiple regions of interest. The locational contexts of an air quality monitoring station can be
retrieved from AQODP. The unique ID, assigned for each air quality monitoring station, is used as
a key to retrieve its address and to collect real-time air quality information and air quality forecasts.
The real-time (or forecasted) air quality information can be retrieved in accordance with a user’s region
of interest (Figure 6a,b). In addition, the air quality statistics provide a comprehensive view to spatially
and temporally analyze the air quality at the location of the air quality monitoring station (Figure 6c).
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Figure 6. Sample examples of locational air quality information service. (a) Comprehensive air
quality information in region of interest; (b) air quality forecast; (c) Air quality statistics (SO, in
Gangnam-gu, Seoul).

In the air quality information system, the geospatial air quality information is generally shown in
conjunction with an urban map. The position of the user is encoded as a two-dimensional geographic
coordinate pair, which is obtained from GPS on the mobile device, and represented on the map using
a point symbol. Figures 7 and 8 show examples of the geospatial air quality information service.
In Figure 7a, the geospatial context of the air quality monitoring station is represented with polygon
feature. An air quality monitoring station is installed in each region of the city. As air quality data
from each station is representative for each region, the air quality data is associated with the polygon
feature that depicts a specific administrative area of the region. In Figure 7b, the air quality values
at the user’s current location are interpolated with the IDW method. The air quality estimate can be
varied depending on the choice of interpolation methods such as IDW, kriging, spatial averaging,
and nearest neighbor [29-31]. Although the kriging method is generally known to produce the most
reliable air quality estimate between monitoring stations, the IDW method is selected considering the
computational complexity and efficiency to deliver air quality information in real-time. In Figure 7c,
the geocoding method is used to obtain a user’s address at the current location, and the buffering
method to retrieve the locations of nearby hospitals. In addition to the users’ contexts registered in
AQMA, the hospital distribution also becomes the users’ contexts. Hospital information is necessary
when users with respiratory or cardiovascular issues need immediate medical treatments. Figure 8a
shows the air quality questionnaire to rate the perception of air quality. The user’s current address,
which is computed using the geocoding method, enables the users to express their perception of air
quality at their current regions (Figure 8b). The user’s rating is used as social data to subjectively
represent how they feel about the air quality at their current region in comparison to the air quality
data from the monitoring station.
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Figure 7. Sample examples of geospatial air quality information service. (a) Regional air quality
information; (b) location-based air quality information; (c) citizens’ perception map of air quality.
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Figure 8. Sample examples of geospatial air quality information service. (a) Air quality questionnaire;
(b) citizen’s air quality perception map.

The geosemantic air quality information service includes the air pollution event map and the
warning message. The social media data, which is transmitted from AQSDP, contains implicit locational
information of air quality events. Thus, the air quality information system employs the geospatial
entities to explicitly represent air quality events overlaid on the urban map. Air pollutants, which are
potentially influenced by the air quality event, can then be inferred. In Figure 9a, the buffer indicates an
area that social media data refer to as a fire in a factory. In Figure 9b, the highlighted polygon indicates
that the social media data refer to a fire somewhere in Yeoui-Dong, Seoul. The warning message is then
shown to users currently located near the event, indicating that individuals sensitive to air pollution
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should exercise caution, in that the factory explosion might cause all kinds of air pollution and the fire
might lead to high concentrations of CO and PM.
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Figure 9. Sample examples of geosemantic air quality information. (a) Air pollution event map with a
buffer; (b) air pollution event map with a regional polygon.

5. Discussion and Conclusions

Air pollution has continued to worsen, despite dedicated international and national initiatives
to improve air quality. Air quality has already become one of the environmental risks to health,
affecting the quality of citizens’ lives. Recently, the advance in ICT has stimulated a shift of technical
and societal paradigms to develop an air quality information system and its services. With the
proliferation of wireless communication and mobile computing technologies, a portable device with
GPS technology (e.g., a smart phone and a tablet PC) enables citizens to easily access air quality
information without spatial and temporal limitations. Citizens have also become providers of air
quality information. However, varied information types from heterogeneous data sources require a
convenient and interoperable standard to design and develop an air quality information system and
its services to end users.

In this regard, an air quality information system, based on the UPA context information model in
ISO 19154, was developed. This system, which is highly coupled to GIS, provides a means of raising
the environmental awareness of citizens as well as promoting their participation in civic environmental
decisions. The air quality context information model implemented in the system has a central role
to collect, extract, and associate contextual air quality information from heterogeneous air quality
observation systems. The air quality context information model is used to characterize the contexts of
users, air quality monitoring station, and air quality events in relation with geographic information.
The air quality context information model is categorized as a locational, geospatial, and geosemantic
context information model. Therefore, different levels of a contextual relationship between users and
air quality information can be defined, from which more tailored air quality information services can
be generated considering user’s contextual requests. For validation and verification purposes, an air
quality information system based on the air quality context information model was implemented for
citizens of Seoul, South Korea. Implementation results showed that the air quality information system
generated spatially relevant air quality information services, depending on the location and air quality
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situations near a specific user. The implemented system also allowed citizens to assess the air quality
at their current locations or in regions of interest.

This research was only concerned with the design of the air quality context information model to
realize UPA-to-GlI for improving urban air qualities. However, each city has unique atmospheric and
social environments. For example, a selection of an interpolation method is dependent on a density
of air quality monitoring stations and a spatial structure of an urban area. Accurate estimates of air
quality information requires additional information (e.g., wind direction and velocity), spatial models
(e.g., 3D terrain and building models), air dispersion model, and others. Also, to supplement air
quality information from a limited number of air quality monitoring stations, a citizen’s involvement
will be a powerful means to monitor air pollutants from hot spots (e.g., heavy traffic roadway and
industrial zone). Therefore, in future studies, these theoretical and practical concerns should be made
to enhance the air quality context information model so that the air quality information system will be
improved to promote the civic participation, and ultimately decision makers in public authorities can
utilize air quality information as a reference to establish air quality policies.
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