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ABSTRACT. As a city is urbanized, its landscape becomes more complex owing to the construction of high-rise buildings. The small
scale wind-field in an urban district may change frequently owing to the complex terrain, the diverse land use, and high-rise buildings.
It also leads to dynamic changes in the air pollution in that area. Conventional urban-scale air quality management systems, however,
are unable to effectively manage detailed aspects of such changes. In this study, we set up a micro-scale air quality management system
(MAMS) testbed over Konkuk University, Seoul, Korea. A wireless sensor network and a CFD modeling data management system
were combined to support the MAMS sensor service. The sensor-based monitoring system showed reasonably good performance for
temperature, humidity, and carbon dioxide from inter-comparison studies against conventional large format analyzers. However, the
real-world application of a sensor network for air quality monitoring has many limitations, such as limited installation points for
3-dimentional monitoring, limited power availability for continuous monitoring, and limited sensitivity to ambient concentrations. We
therefore developed the concept of a “virtual sensor” to provide micro-scale personal air pollution information services, using a CFD-
based air quality modeling system. Based on the information provided by the virtual sensors, we developed a futuristic air quality
service of the MAMS application for the mobile platform. We found that the combination of CFD-based modeling data with a fast
large volume data management system and a mobile visualization system will be a successful intermediate solution for a user-based air
quality service before an actual ubiquitous sensor-based system is available to produce micro-scale environmental information for
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entire urban areas.
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1. Introduction

As a definition, sensor is a device that detects some type
of input and the sensors can be divided into two categories:
real (physical) sensor and virtual sensor (Liu et al., 2009). A
physical sensor responds to the physical environment such as
digital thermometer, which converts the temperature into the
readable digital voltage signal. On the other hand, virtual sen-
sor, also known as soft sensor, smart sensor or estimators, es-
timates properties or conditions of environment using mathe-
matical models rather than physical sensors, are used in place
of the real sensors (Wilson, 1997). The concept of virtual sen-
sor or virtual sensor network has widely introduced many re-
search areas such as computer science (Hardy and Maroof, 19
99), microphone arrangement (Elliot and David, 1992), global
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positioning (Hu et al., 2003), traffic management (Dailey and
Cathey, 2006), remote sensing-based air quality estimating
(Ung etal., 2009; Moussafir et al., 2013).

The urban environment is where an increasing share of
the world’s population resides, where most commercial ener-
gy is consumed, and where the impacts of pollution are felt
the most. Rapid economic growth in urban Asia has attracted
millions of rural residents to metropolitan environments (Gut-
tikunda et al., 2003). Changing standards of living in the ur-
ban centers have fueled increasing energy demand often asso-
ciated with unchecked emissions from automobiles, domestic
heating, and small-scale industries. Asian urban centers, whi-
ch are prone to air pollution, incur hundreds of millions of do-
Ilars in excess health care costs and economic damage (OECD,
2000). Presently, the urban air pollution problems in Asia are
continuing to increase, and the air pollutants originating from
urban regions are recognized as increasing sources of region-
nal- and global-scale pollution (Streets et al., 2000).

The Seoul Metropolitan Area (SMA), which is located ne-
ar the center of the Korean Peninsula, has been suffering from
such air pollution problems. Regional air pollution transport
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from China as well as local pollution sources, such as thermal
power plants and mobile sources, have also become major co-
ntributors to increasing human health issues in the urban SMA
environments. Besides these problems, micro-scale air pollu-
tion, which lasts for minutes to hours and covers several kilo-
meters, exist in the SMA. Two examples of micro-scale air
pollution are fugitive dust from construction fields or the acci-
dental release of hazardous pollutants. Unlike regional to local
scale air pollution, which is a traditionally well-established re-
search area in the SMA, micro-scale air pollution has rarely
been studied. This is mainly because monitoring and model-
ing methods developed for larger scales are not appropriate
for addressing the micro-scale phenomena. The need for more
detailed information, however, has been increasing with the
need for real-time emission estimation for public services like
air quality information and with the increasing complexity of
the urban building geography.

Therefore, micro-scale air monitoring and modeling sys-
tems need to be developed to improve our level of understand-
ding of micro-scale air pollution, for providing better and mo-
re detailed public information services. For this study, we set
up a micro-scale air quality management system (MAMS) te-
stbed over Konkuk University, Seoul, Korea. A ubiquitous se-
nsor-based monitoring network and a computational fluid dy-
namics (CFD)-based air quality modeling system that can pro-
duce a large amount of data were developed. Using the moni-
toring network, we monitored micro-scale air quality over the
Konkuk University Complex (KUC) testbed to test the possi-
bility of utilizing a ubiquitous sensor-based monitoring sys-
tem.

The real-world application of sensor networks for air qu-
ality has many limitations, such as limited install points for
3-dimentional monitoring, limited power availability for con-
tinuous monitoring, and limited sensitivity to ambient concen-

GENERAL AMBIENT - ROAD-SIDE
AIR QUALITY A AIR QUALITY b )
MONTORNGSTATION g = MONITORING STATION . %
Aol B % 3
ol B 2 2 ¥ 4
( Dﬁ@'io : 2 /" 4 2 el 2
f A 8 f i X
(,.»J ok, ,°*°ma o ( g O
£ NS LR gt \ D iy .
< ‘0 o b U /wigfous RUN e
vy o 9 \ g W Y 2
) ) : / \m ogrpn, 48
L, By el ) ) o
/ " i & f P
o \
/

0 3 6 9 12 15 18 2 24

Figure 1. Monitoring stations in Seoul and Air Quality
Clock/Calendar (Source: http://cleanair.seoul.go.kr).

trations. Hence, in this study, we developed the concept of a
“virtual sensor,” which uses air quality modeling data instead
of “real sensor” data for the anticipated monitoring locations
for micro scale air quality. A CFD-based micro-scale air qua-
lity model was used to provide meteorological and air quality
information on designed monitoring locations over the KUC
testbed. Based on the information provided by the virtual sen-
sors, we developed a futuristic air quality service of the MA-
MS application for the mobile platform. This study will offer a
successful intermediate solution for user-based air quality ser-
vice, before actual ubiquitous sensor-based systems that can
produce micro-scale environmental information for entire ur-
ban areas are made available. Although many different pollu-
tants are affecting various aspect of human health, we assu-
med the most urgent pollutant in Seoul would be fine particles
because; 1) they could be emitted very regional (i.e. yellow
dust) and very local (i.e. local fire), 2) they can seriously af-
fect to human health based on their size and chemical com-
position, 3) they are relatively easy to detect and remove.

2. Materials and Methods: Design of MAMS

2.1. Present Status of the Air Quality Management System
in Seoul

Currently, the air quality information infrastructure in Se-
oul is supported by 25 general ambient air monitoring stations
and 14 roadside air monitoring stations, which provide hourly
concentrations of 7 criteria air pollutants. The stations are
operated by the Ministry of Environment (MOE) and the Seo-
ul Metropolitan Government. Air quality information consists
of pollutant concentrations and an Air Quality Index (AQI),
and they are made available to the public through a web page.
The locations of the 25 general ambient (circle) and 14 road-
side (point) air quality monitoring stations in Seoul and two
types of user-friendly air quality information are shown in
Figure 1.

The present resolution of the monitoring network is not
detailed enough to deal with micro-scale air pollution proble-
ms such as unexpected releases of air pollutants from constru-
ction fields or fires. In addition, existing monitoring systems
are not adequate for micro-scale dispersion owing to complex
dispersion patterns derived from high-rise buildings, whereas
behaviors of air pollutants as well as air pollution are much
more complicated at the micro-scale.

Several research efforts have tried to use sensor-based
monitoring for environmental monitoring and/or management
(Carotta et al., 2001; Kamionka et al., 2006; Woo et al., 2010).
Woo et al. (2010) carried out perhaps the most recent study on
micro-scale air quality in Seoul. They set up an initial form of
a MAMS by utilizing technology fusions with Information Te-
chnology (IT). They also developed a GIS database for micro-
scale domains in 3D and 2D. Moreover, a micro-scale emiss-
ion inventory system was developped to support the MAMS.
Yoo et al. (2010) set up a micro-scale air quality management
testbed near Konkuk University. A ubiquitous sensor monitor-
ring network, a high resolution emission database, and a CFD-
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based air quality modeling system were developed, and then
applied to the testbed. A sensor data management system us-
ing wireless technology and a multi-modal scientific visuali-
zation module were combined in support of the management
system.

Those efforts have introduced innovative new technolo-
gies to the environmental management area. However, the real-
world application of those new technologies into environmen-
tal management has many limitations, as noted earlier (Ciciri-
ello et al., 2006; Ma et al., 2008; Ung et al., 2001). Recently,
Mead et al. (2013) proposed the capability of electrochemical
sensors for gas-phase measurements such as NO, NO and CO.
They built the state of the art electrochemical sensors at the pa-
rts-per-billion (ppb) level, which is a remarkable milestone in
low-cost, high density sensor network study. However, althou-
gh their ambition is to extend low-coast, high density sensor
network philosophy until micrometeorology become available,
building higher network densities in the urban with a huge
number of sensors would be impractical in the short term as
well as prohibitively expensive. This research, therefore, focu-
ses mainly on “gap-filling” between the emerging needs and
the real situation. The basic framework of the MAMS and fu-
nctional designs of its components are listed in the next sec-
tion.

2.2. Design of MAMS Framework

MAMS is a need-based monitoring and modeling system
to meet public needs for air quality information and to com-
plement the limitations of existing monitoring and modeling
systems. Figure 2 schematically shows how the MAMS pro-
duces micro-scale environmental information for public needs.
The basic function of the MAMS is to produce air quality data
by both ubiquitous sensor network (USN)-based monitoring
and CFD-based modeling. Owing to some limitations of curr-
ent sensor networks to produce air quality data, however, the
concept of the virtual sensor network based on CFD modeling
and a 3D GIS database is introduced.

The entire structure of the MAMS data management sys-
tem consists of three layers. The first layer involves air quality
data production based on the sensor network. The second lay-
er is the middleware layer that provides functionalities such as
management of data and resources. The last layer is for visua-
lization by using data stored in a repository or using real time
streaming data to effectively provide a useful representation
of the environmental information for users. Each middleware
component and service will be described in the following sec-
tions.

2.3. CFD-Based Air Quality Modeling for Virtual Sensor
Network

Micro-scale air quality varies dynamically over short ti-
mes and small spaces. Understanding micro-scale air quality
of specific area by depending solely on monitoring would be
difficult, because the monitoring cannot offer the whole air
quality information of the entire area. The air quality model-
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Figure 2. Schematic diagram of the MAMS.

ing technique, therefore, should be very beneficial to incor-
porate. A computational fluid dynamics (CFD) air quality mo-
del was chosen because of its suitability for representing com-
plex advection and dispersion patterns in micro-scale domain.
The model can represent a complex building geography, not
as simple parameters such as the roughness length scale, but
by solving fluid dynamics equations. Navier-Stokes equations
are the basic governing equations for a viscous, heat conduc-
ting fluid, and can be simply written as:

E:—(G-V)aw-(vva)—lvm? (1)
Yo

V.u=0 )

where u is the fluid vector (u, v, w) component, uT is the
differential of the fluid vector, p is the pressure, p is the
density, v is the viscosity, and f is the external force. The CFD
model used in this study considers a three-dimensional, non-
hydrostatic, non-rotating, and incompressible airflow system,
which was developed and validated by Kim and Baik (2010).
The model includes the k-¢ turbulence closure scheme based
on renormalization group (RNG) theory, and employs wall
functions at the solid surfaces.

2.4. Testbed and 3D GIS in Support of MAMS

The testbed for the micro-scale air quality management
system was set over the 1.5 x 1.5 km domain around the Kon-
kuk University Complex (KUC), which is located on eastern
part of Seoul metropolitan area, South Korea (Figure 3(a)).
KUC domain includes modern residential/commercial buil-
dings, a hospital, a university campus, and subway stations.
The MAMS can be connected with a GIS database to view the
overall array of components of the KUC, such as buildings,
hills, water, roads, and subway stations. This helps understand
the dispersion of air pollutants and complex wind paths resul-
ting from building blocking effects, to be applied to a CFD
dispersion model and the visualization module as a base-map
of the KUC. GIS layers were used to set up a sensor deploy-
ment plan. Grid maps of 100 and 200 m sizes were generated
on the top of the 2D digital map by considering a Zigbee sen-
sor’s wireless network range. The resulting GIS structures wi-
th grid maps enabled us to plan the deployment of sensors, co-
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Figure 3. Geographical location of the testbed and used GIS data: Konkuk University Complex testbed for micro-scale air
quality management system (MAMS), and 3D Buildings GIS data for virtual sensor network and the derived CFD modeling

input.

nsidering landscape and structures. We then established a 3D
GIS map with height information based on the 2D map to att-
ach sensors vertically in and near Konkuk University. The es-
tablished 3D GIS map was used as input data for performing
CFD air quality modeling (Figure 3(b)) and for visualizing the
CFD output data (Figure 13(b)). In CFD modeling, results wi-
Il be employed on 2D and 3D GIS maps with the actual di-
mensions of the building structures. CFD modeling output, th-
erefore, will be used to study the dispersion of pollutants from
a more realistic urban area (Guttikunda et al., 2003).

2.5. CFD Modeling and Data Extraction for Virtual
Sensor Network

To test the usefulness of the virtual sensors, we ran the
CFD model over the KUC modeling domain. The CFD model

(@
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20m 20m

Layer 31 ~ Layer 76
telescoping (1.1 x) height

Layer 1~ Layer 30
958m equal- distance height

1,500 m

T RTEEY
1,500m

follows cubic as a meshing algorithm, which is easy and clear
to discretize an urban geometry. The modeling domain covers
1500 x 1500 x 958 m in the x x y x z directions, respectively,
with 10 m horizontal grid resolution. The number of grids for
the air pollution field is 1,710,000 cells (150 x 150 x 76) (no-
te that the vertical grid spacing after 200 m height above grou-
nd is variable) as seen in Figure 4(a). Five air quality concen-
tration criteria pollutants (Table 1), modeling time, location,
and additional information were extracted from CFD_OUTP
UT, CFD_INDEX, and DOMAIN_METADATA for converse-
on into virtual sensor feature objects (Figure 4(b)).

Following air quality concentration criteria pollutants:
carbon monoxide (CO), nitrogen dioxide (NOy), particulate
matter (PMyo), sulphur dioxide (SO.) and volatile organic co-
mpound (VOC) were extracted from the CFD modeling result

() [TTTTTTTTTII T TR V
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Figure 4. MAMS Virtual sensor network: (a) CFD model array of the KUC testbed (150 x 150 x 76); (b) conceptual diagram

of the virtual sensor network database management system.
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Table 1. Five Air Quality Concentration Criteria Pollutants for Virtual Sensor Network

Sensor Type CO NO2 PMio SO VOC

Pollutant carbon monoxide nitrogen dioxide particulate matter sulphur dioxide volatile organic compound
Unit ppm ppm pg/m? ppm ppm
Type/Precision/Scale double/5/2 double/5/2 double/5/2 double/5/2 double/5/2

and recomposed to virtual sensors as the format in Table 1.

Arithmetically, the testbed CFD model can be converted
to 1,710,000 virtual sensors, but we extracted only 556 virtual
sensors because of two reasons: one is most of sensors have
redundant values or far away from human living places, and
the other is many overlaid sensors can disturb viewer’s eyes
which would deteriorate visual interpretation and hence inter-
rupt user controls or relating experiences. 556 virtual sensors
(498 sensors are on the ground and 58 sensors are on the ae-
rial space (over the ground), which is close to high rise resi-
dential building walls) are for the place where residents can
normally access.

2.6. Sensor-based Monitoring Network and Air Quality
Data Management System

The concept of a ubiquitous sensor network (USN) was
used to realize micro-scale monitoring. USN is the Korean
brand name for a wireless sensor network (WSN) and its rela-
ted technologies (Figure 5(a)). A USN is composed of wired
and wireless networks including sensors, instruments, electro-
nic tags/readers, middleware, and an application platform. It
manages real-time information from the network and enables
monitoring of environmental information from multiple sen-
sors in a micro-scale region (Woo et al., 2010). An environ-
ment monitoring and modeling system has to deal with a large
volume of data and various types of sensors. This would cause
difficulties in data sharing among different systems and users.
To resolve this problem, we need to abstract it to a standard
sensor model. Our system uses two sensor model languages,
namely SensorML (Open GIS®, 2007a) and Observation and
Measurement (O&M) (Open GIS®, 2007b), for standard sen-
sor modeling and observation and measurement data model-

@ Sensor ) ) Wireless

Sensor i / ::> Wired

4 s

; y v,
® .

/J Local Area Network
Sensor ) ) ) ¢
AirScope

Server

Q‘ Gateway
)

ing; both languages were developed by the Open Geospatial
Consortium (OGC). Figure 5(b) describes the USN sensor da-
ta model of the AirScope System. AirScope is a micro scale
air quality monitoring system, which covers local environ-
ments of a ubiquitous air quality sensor network (Woo et al,
2010). The model consists of SENSOR_DATA, SENSORML,
O&M, SENSOR_STATUS, and SENSORML_INDEX. SEN-
SOR_DATA describes the data that are produced by the sen-
sors. The produced data are used directly in the real-time
monitoring system and are encoded into O&M and SENSOR_
STATUS, which is used for resource management. O&M con-
tains real-data values such as TIME_STAMP, RESULT, and
references to SENSORML. SENSORML includes meta-infor-
mation of O&M. SENSORML and O&M are XML document-
ts and are managed by Berkeley XML DB. SENSORML_IN-
DEX has information about SENSORML_ID, O&M_ID, and
SENSOR_ID.

3. Results and Discussion

3.1. Environmental Monitoring Using a Sensor Network

Environmental sensors, which monitor temperature, hu-
midity, CO,, CO, and PMy, signals, were installed at 8 sites in
the KUC testbed (Table 2). The data collected from the CO
and PMyo sensors were not used in this analysis because the
data did notsatisfy the normal detection range of ambient mo-
nitoring instruments. The sensors from the wireless network
were connected to a gateway that receives the data from the
sensor and transfers it to the server every second. The collec-
ted data are stored in the repository server (AirScope). Figure
6 shows the installed USN monitoring stations, their locations,
sensors in the monitoring stations and automatic weather
station (AWS) at the KUC domain. The gateway (MTC-GM

b
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SENSOR_DATA SENSOR_ID int
SENSOR_ID int rm -3y STATUS bit
TIME_STAMP timestamp 1 POWER double
SENSOR_TYPE int | __ _:
RESULT double 1 o&M
GW_NO int !
" 1 SensorML_ID xml
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SensorML_ID int _REFERENCE_ Sensor_ID xml
0&M_ID int g e e METADATA_GROUP xml
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Figure 5. MAMS USN sensor network: (a) USN-based monitoring infrastructure; (b) conceptual diagram of the USN database

(real-data) management system.
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Table 2. USN and AWS Monitoring Stations Installed at the KUC domain

Monitoring sites Station Type ~ Symbol  Location (Lat./Lon.) Sensor height (AGL*/ASL**)

Huhun USN @ 37°32'41.5270" N 127° 04' 46.9504" E 155m/353m

New Millennium Hall ~ USN @) 37°32'37.0318" N 127° 04' 39.2235" E 66.4m/84.7m

Liberal Art Building USN ® 37°32'32.8157" N 127° 04' 43.9323" E 223 m/31.0m

International USN ® 37°32' 23.0951" N 127° 04' 38.2948" E 246 m/42.4m

Dormitory

Veterinary Hospital USN ® 37° 32" 20.7666™" N 127° 04' 28.7255" E 20.6 m/35.4m

Law School Building USN ® 37°32'29.2560" N 127° 04' 30.2112" E 20.7m/389m

Indu.-Univ. Coop BD USN @ 37°32'23.7599" N 127° 04' 24.6681" E 326m/47.4m

KU Hospital USN 37°32'25.8446" N 127° 04' 19.2140" E 175m/31.3m

Indu.-Univ. Coop BD AWS @ 37° 32" 22.3651" N 127° 04' 24.9326" E 326 m/38.9m

*AGL: above ground level, **ASL.: above sea level.

1200, Maxfor Co.) of sensor node was installed at site 7. 3.2. Sensor Validation

At first two years (2009 ~ 2010), USN monitoring stati- For USN sensor data validation, both meteorological sen-
ons shows a robustness but its robustness slowly decreased sor (for temperature and humidity, Figure 6(d)) data were co-
because the sensors and the gateway is weak at the outdoor mpared with AWS data, applying regression fitting for the 8
conditions such as dust and extreme weather. As seen in Fi- monitoring sites. The equipment and specifications of the USN

gure 7, major reasons of AirScope data management failure sensor and AWS installed in the KUC domain are shown
are gateway disorder and sensors disorder. Table 3.

» Sensor Interface Board

+ CO Analyzer

Figure 6. USN monitoring stations and AWS: (a) Installed USN monitoring station at the KUC domain; (b) Spatial locations of
the monitoring stations; (c) sensors installed at USN sensor monitoring site 7. A commercially available CO sensor (GS-02A,

in

NIDS Co.), non-dispersive infrared (NDIR) CO- sensor (SH-300-DC, SOHA TECH Co.), Dust sensor (PSX-01E, NIDS Co.) are

installed at eiaht USN monitoring stations, and (d) Installed AWS monitoring station.
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Figure 7. AirScope data management failure: (a) Monthly USN sensor data loss rate of the AirScope system. USN monitoring
station wireless data transfer failure caused by (b) the Gateway disorder or (c) the Zigbee disorder in USN monitoring station

(blue place mark).

Figure 8 shows the data for the temperature, humidity,
and CO, measured at 8 monitoring sites. Diurnal variations in
temperature and humidity (Figure 8(a) and (b)) are very similar
with each other. In the case of CO, (Figure 8(c)), the concen-
tration levels vary among the different monitoring sites, but the
patterns are similar. It shows that the monitoring of CO, using
the sensors was valid.

To understand and improve the reliability of the sensor
outputs, the temperature and humidity data between the USN
monitoring station’s sensor and the AWS installed were
compared at site 7 during a 6-month operational period from
July to December 2009. As illustrated in Figure 9(a) and (b),
the variations in temperature and humidity show good
agreement between sensor and AWS data. The correlations
between the AWS and sensor data have high coefficients
(temperature with R? = 0.9875 and humidity with R? = 0.
9567).

Table 3. The Meteorological Sensor Specifications of USN
and AWS

Category USN AWS

~——Site 1

Temperature (<C)

Humidity (%)

Carbon dioxide
(CO2)

Range: -40 ~ 123.8 C
Resolution: 0.01 €
Accuracy: 0.4 T
Range: 0 ~ 100%
Resolution: 0.03%
Accuracy: 3%
Range: 0 ~ 3,000 ppm
Resolution: 1 ppm
Accuracy: £2 ppm

Range: -40 ~65
Resolution: 0.1 €
Accuracy: £0.5 T
Range: 0 ~ 100%
Resolution : 1%
Accuracy : +4%
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Figure 8. Data for sensor validation in the KUC domain: (a)
temperature; (b) humidity; (c) CO..
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Figure 9. Correlations between sensor and AWS data: (a) temperature; (b) humidity.

Figure 10. Distribution of land surface temperature: (a) in Seoul; (b) in KUC domain and its surroundings.

In addition to the data validation between sensor and
AWS data, validation of meteorological sensor data using sat-
ellite-based land surface temperature measurements was also
performed. The thermal infrared band of a satellite sensor
(Landsat 7 ETM+) image acquired on September 23, 2000
was used in this study. Before conversion of the thermal band
to temperature, thermal atmosphere correction was carried out
to remove the effects of the atmosphere in the thermal region.
This was possible with the thermal correction module for EN
VI v. 4.2 by using both thermal bands (bands 61 and 62). The
corrected thermal band data were converted to the digital nu-
mbers from at-satellite radiance. Lastly, the radiance was con-
verted to surface temperature using the Landsat-specific esti-
mate of the Planck curve (Chander and Markham, 2003). Fig.
10 shows the spatial distribution of land surface temperature
(LST) in the KUC domain. The LST ranges from 17.2 °C to
26.1 °C (mean of 21.7 °C and standard deviation of 1.2 °C).
The surface temperatures in built-up areas range from 21.5 to
26.1 °C, especially in commercial areas. The lower tempera-
ture zones are seen in the surroundings of the university area
because of vast green areas and open spaces. The Landsat 7

ETM+ images could be a good source of inter-comparison.
However, it is uneasy to use them as effective comparison
sources for virtual sensors because of their limitation on tem-
poral resolution for this study. Also, Landsat 7 ETM+ image
indicates land surface temperature (LST), not an air tem-
perature which is necessary for this work.

3.3. CFD-based Virtual Sensor Implementation

In order to fill in the missing points across the sensor net-
work monitored area and to fill out missing sensors for cri-
teria air pollutants (i.e. PMyo and CO), the virtual sensor tech-
nique was applied by assuming that the CFD modeling out-
puts are the same as the pollutant monitoring data (e.g., PMag)
from real sensors. Micro-scale air quality modeling was con-
ducted under the assumption that high concentrations of PMyo
exist owing to a fire accident in a building located in the eas-
tern part of KUC domain. Figure 11 presents the simulation re-
sults using the CFD model. Dispersion of air pollutants was
well-simulated with the passage of time and the influences of
high-rise buildings on prevailing wind and fine scale curves
could be identified.
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Figure 11. Slmulatlon of a fire event using the CFD model.
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Virtual sensor extraction and integration with USN sensors: (a) Five virtual sensor attributes were extracted from

the CFD model; (b) Visual integration of virtual sensor and real sensor on the 3D GIS. 3,625 point have been culled from
5,625 points (75x75, 1% vertical layer of CFD model) to exclude building area.

i
) PF 110
pgae  HEOHE

7 -
L3 deone %
%

™

o
KT goxy

o
AHBARY

sxuag
HoNR

A
4ex8un

& A
PITET RS

A
yyRaR

#oj2oje

o
HUEPA

EEH [ 25REA

“é-m

A
YREFUD
NS HOIE

e ¢ ¢ % $

AR A7 N

‘&t i %
L & o

sufiEY 4ga|1sazagazszgaf‘ [
CO 2658.00.0
NO 2658.00.0
PM 2658.00.0

A
#uL§aa

4
aJami
wiolci$fo]

PN
A

YRcetaAl

‘ HRyaEND

dssay

{ SO 2658.00.0
VO 2658.00.0

p Yve

HRaie A
COLESTET

BAINOL Qoo
S @AY
Sisis  Wolioie

m
Z
e aury @
cigaet A 1-,9,.,“
AEobte ’ P TBAlE]
diofuie A
g =

YEHAD

e o2l
b Ty S

™ = /
Address | CIE1BIR M @SWA BN T AYIE 227-343

RIS HOIE! e2012 sx wac- H"J‘J?!'T

127.07128286361694

37.53620628385579
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The virtual sensors are useful for providing micro-scale
air quality and meteorological information in areas where mo-
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nitoring stations cannot provide coverage. In order to improve
the usefulness of the virtual sensors, the quality of the data th-
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quality service (b).

ey generate should be evaluated by comparing virtual sensor
data with real sensor data, because the quality of the virtual
sensors is still questionable. However, for the purposes of this
study, the virtual sensors will achieve enough quality and will
be implemented with the MAMS for the visualization of an
improved air quality management system. Additionally, GIS
database and 3-D building models can help to enhance the un-
derstanding of air pollution phenomena at high spatial/tem-
poral resolution.

In this study, virtual sensors were designated to be locat-
ed at 556 sites in the KUC domain under the assumption that
real sensors will be installed in the same locations when av-
ailable. As seen in Figure 13, integrated VSN-USN sensor sy-
stem has a potential synergy because it compensates the limi-
tations of USN system. Web based air quality service can not
only cover a spatially and vertically interested locations but
also provide un-monitored air quality information by virtual
sensor technique such as NO,.

As Wilson (1997) quoted, virtual sensing technology can
provide 1) improved control by providing virtual measureme-
nts, 2) predictive capability, 3) continuous output from perio-
dic real measurements, 4) provide robustness to physical sen-
sor failure. It is also true to our micro-scale air quality virtual
sensor network framework. Though, up to now, MAMS air
quality service does not include forecasting because of its low
reliability of virtual sensor values, current system and process
make it possible to forecast more than two days (Figure 14).
In addition, we can provide a more reliable micro-scale air
quality information services by integrating all available virtual
sensors by compensating each sensor’s defects. Remote sen-
sing images with high spatial and spectral resolution will
cover wide area air quality. In a near future, more reliable vir-

tual sensors will come from remotely sensed images, from
CFD-based micro-scale air quality model and low-cost, high-
density real sensor. These will be major components of the in-
tegrated VSN-USN air quality services.

3.4. Applications of MAMS for Mobile Air Quality
Services

The ultimate purpose of this research is to develop futu-
ristic air quality services that could be useful for citizens. New
virtual sensor objects are produced every five minutes from
CFD-generated output and transferred to the AirScope Server
for web and mobile service for MAMS users. However, the
air quality information from both real and virtual sensors
needs to be collected and supplied at high speeds in order to
provide useful information. The data should be also provided
to the citizens in a location-based, user-friendly form. The in-
formation over mobile platforms is therefore very important
for such services. Hence, in this study, we developed the MA
MS application (MAMS app) in support of mobile informa-
tion services, together with the MAMS application for the lar-
ge platform (Woo et al., 2010). Figure 15 shows the mobile
platform air quality service framework and relating MAMS
app services. As seen in Figure 15(a), currently, mobile air qu-
ality services of MAMS are now available based on the com-
munication framework between the MAMS management ser-
ver and mobile app user interfaces. Users can request and get
a service such as real time air quality service of real sensor or
virtual sensor, daily air quality statistics in spite of limited ser-
vice area (KUC domain) and poor validation of the air quality.
MAMS mobile app users can obtain air quality services and
related information such as sensor location and meteorological
information (Figure 15(c)). In addition, with help of the virtual
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sensors, users receive the services using a densely distributed
virtual sensor network, and hence, they can obtain informa-
tion for their precise location. The MAMS system could pro-
vide the service at a relatively fast rate because it does not
have to deal with a tremendous amount of full modeling out-
put (i.e., 556 vs. 1.7 million data points). CFD-based virtual
sensors, therefore, can be a cost effective alternative for a wi-
de range of MAMS services such as SMA (Figure 15(c)). The
benefit of the mobile MAMS app is to improve the public
health risk management of urban citizens, especially for sen-
sitive groups like the children and the elderly.

The mobile app based VSN-USN integrated mobile air
quality service potentially expands applicable micro scale air
quality service domain. USN sensor service can provide cu-
rrent time air quality information from several monitoring sta-
tion. But integrated VSN-USN sensor system can provide not
only spatially and temporally dense micro scale air quality in-
formation but also more additional scientific information to
the user such as sources of the emissions and/or “causes and
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effects” of changes in air quality. This kind of information
may lead to change people’s behavior. By having access to
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Figure 16. Applicable service domain of USN sensor
service and integrated VSN-USN sensor service based on
the adverse health impact chain (Ma et al., 2008).
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user location-based air pollution, air quality information and
air quality risk information on time, they know exactly what is
happen around their residential area and then can take pro-
tective actions for themselves or their caregivers. For example,

they can move their home away from the emission source area.

They can also provide feedback of their environmental situa-
tion and/or opinions through social networking services (SN-
Ss), such as Facebook or Twitter.

Up to now, validation of virtual senor is unsolved issue
and many scientific researches should follow to achieve this.
Although, only a limited validation performed in this study
because of the low sensor reliability, with development of real
sensor and virtual sensor technology, proposed system will
draw people’s smart behavior for their health protection.

4. Conclusions and Future Works

In this paper, many insufficiently validated sources such
as electronic sensor and CFD model were used as an input to
produce micro scale air quality services as a proof of concept.
We developed a framework for a micro-scale air quality ma-
nagement system (monitoring and modeling system) called
MAMS. A 1.5 x 1.5 km domain around Konkuk University
was selected as a testbed. The developed system utilizes a US-
N for micro-scale sensor management and processes a huge
amount of real-time sensor data. Moreover, a CFD-based air
quality modeling system was developed and included in the
MAMS framework. In order to overcome the limitations of
the sensor network for real-world applications, the concept of
virtual sensors combined with the CFD-based air quality mo-
deling system was developed. Based on the information pro-
vided by the virtual sensors, a futuristic air quality service of
the MAMS application for a mobile platform was developed
to allow users to easily obtain air quality services and provide
feedback through SNSs.

In the future, the system’s application will be extended
by 1) adding other sensors (i.e., a PMyo counter) at the moni-
torring sites, 2) expanding the testbed and monitoring domain,
and 3) linking the CFD model with a regional scale model and
integrating CFD-based virtual sensors into the MAMS. Fina-
Ily, we will also build a web-based information portal and mo-

Appendix
Monitoring Stations of South Korea (2000)

bile platforms of the MAMS app to allow citizens to acc- ess
the information whenever needed. In addition, most of all,
more significant pollutants (such as NOy, SO, VOCs, Os)
refinement of the CFD methodology and a full validation
exercise should be followed.
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