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EXECUTIVE SUMMARY

This report introduces the design and implementation of a Web-based bridge
information visual analytics system. This project integrates Internet, multiple databases,
remote sensing, and other visualization technologies. The result combines a GIS
database with other visualization system called Bridge Web-based, GIS Integration
(Bridge-WGI), developed for evaluating and maintaining the national bridge information
system (NBIS). Web-GIS based application incorporates national bridge inventory (NBI)
data, remote sensing data generated by LiDAR scans, small format aerial photography
(SFAP), and decision-making support modules, into a general framework with a user-
friendly interface and easy Internet accessibility.

The guiding objective of this analytical tool is to enhance the capability of the
National Bridge Inspection System (NBIS) through:
1) providing a better interpretation of bridge condition information;
2) providing a decision support module for bridge maintenance;
3) providing data entry and visualization functionalities for various information (text,
image, and documents); and
4) providing a report generating tool for easier to interpret bridge information.

Bridge-WGI captures all the conventional functionalities of a Web 2.0
application. With Bridge-WGI, there is a capability for Bridge Management Systems
(BMS) to migrate into an open architecture, secured access, and robust interactivity.
Benefitting from Internet interactivity, Bridge-WGI is another step toward “anytime
anywhere” global connectivity objectives. Interactive visualization provide various data
interpretations including general bridge information, visual analytics, bridge condition
distribution mapping, statistical graphs, conditional bridge search, pre-caution alarm, and
maintenance decision support. A bridge data tablet application helps bridge inspectors
input bridge data easily via the Internet.
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4.1 INTRODUCTION
4.1.1 Bridge Management and Maintenance

Bridge safety is a very important issue worldwide. A report from the America Society of
Civil Engineers (ASCE) shows that more than 26%, or one in every four of the nation’s
bridges are either structurally deficient or functionally obsolete. Both the structurally
deficient bridges and the functionally obsolete bridges are not safe for current traffic
demand because of limited structural capacity and the older design features and
geometrics (ASCE, 2009). The increasing concern about bridge safety has been
understood by all level of highway agencies including federal, state and local
governments, as well as other bridge owner/operators.

To provide efficient and effective maintenance programs for the national bridge system,
bridge inspection and bridge maintenance decision making play a very important role in
bridge management. For bridge management systems (BMS), their ability to provide a
clear interpretation and concise information of a bridge’s conditions is critical for bridge
managers in understanding bridge conditions. A strategic maintenance decision making
support system can help the bridge managers to make effective maintenance planning for
structurally deficient bridges and/or the functionally obsolete bridges, which include
whether the bridge need to be repaired or rebuilt, how and when to do the maintenance.

With recent development in computer technologies, including the Internet, geographic
information systems (GIS), data communication and visualization, BMSs are more likely
to employ those technologies for bridge safety applications. The current national bridge
inventory (NBI) database does not include any image data such as remote sensing data
(FHWA 1995). Since current bridge inspections are based on a two-year plan, during
special situations, such as a sudden incident, a regularly scheduled inspection may not be
able to identify a problem at some critical time (witness the 1-35 bridge collapse in
Minnesota). In this research, by using a “citizen sensor” concept, public data can be
added into the bridge database as additional information for bridge maintenance.

The volunteer sensor is suggested as a tool for constructed bridge monitoring, which is
useful for the management of systems where several discrete structures within the system
may be miles away from each other, covering large spatial area and render networked
sensing systems challenging. Examples of such systems include bridge structures on the
national highway, railway and waterway systems and power transmission and distribution
structures. Bridges, in particular, can benefit directly from volunteer sensors, since cars
and pedestrians pass over them frequently.

This report presents the development and implementation of Web-GIS based information
visualization framework with volunteering sensing data for national bridge management
by applying the advanced technologies. . The overall system is described as Bridge-WGI.

4.1.2 Objectives of this research

This research was planned to develop and implement the Web-GIS based information
visualization system for bridges by integrating advanced technologies including GIS,



remote sensing and visualization. The Web-GIS based platform allows advanced data
visualization and potential future cloud centric applications. This application will
enhance the National Bridge Inspection System (NBIS) and provide an extraordinary
performance which can be accessed via Internet. The bridge information can be shared
via Internet widely and benefit from Internet-centric technologies.

The guiding objective of this analytical tool is to enhance the capability of the
National Bridge Inspection System (NBIS) through:
1) providing a better interpretation of bridge condition information;
2) providing a decision support module for bridge maintenance;
3) providing data entry and visualization functionalities for various information (text,
image, and documents);
4) providing a report generating tool for easier to interpret bridge information.
5) providing data entry functionalities for information including text, image, and
documents to expand NBI database; and

6) automatically providing reports on bridge information.

4.1.3 Report Outline

Section 1 provides an introduction for this project. Section 2 provides the background and
literature reviews of bridge management and bridge maintenance, including the related
technologies such as Internet, GIS, visualization and citizen sensor and remote sensing.
The application for bridge management system is also discussed. Section 3 introduces the
system concept and the system architecture. Both applications of the client side and the
server side are presented in this section. The system configuration is introduced at the end
of this section. Section 4 describes the application of Web-GIS based NBI bridge
information analytical visualization system (Bridge-WGI). The general information of the
NBI database can be visualized by this application. The analytical information
visualization technology helps bridge managers to have a better understanding of the
conditions of the interested bridge or a cluster of bridges. Section 5 presents a decision
making support module for bridge maintenance application by using Web-GIS
technology. By using this module, the bridges which need maintenance will display on
the map. Bridge managers can make the final decision of whether and how to maintain
the bridge. Section 6 introduces the application of citizen sensing application for bridge
health monitoring, and the citizen sensor (or volunteer sensor) can increase the bridge
condition data dramatically by public anticipation. Volunteer sensing data can help the
bridge managers to obtain the first-hand bridge information and to make a quick and
correct reaction should sudden damage occur. Section 7 discusses the Web-GIS based
application for remote sensing data such as LiDAR scan and aerial photography. By
integrating those two kinds of remote sensing data, the current bridge manage system will
be enhanced for bridge design, management and maintenance. The discussion is
presented in section 8, including the contribution and the limitations of this research.
Section 9 describes the conclusion and section 10 discusses the possible further research
direction.
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4.2 BACKGROUND AND LITERATURE REVIEW
4.2.1 Introduction

The importance of bridge safety is an increasingly concerned issue worldwide. The
collapse of the 135 Bridge in Minnesota in 2007 brought every scientists and engineers
alike to focus their attentions on the bridge safety issues. A report from America Society
of Civil Engineering (ASCE) shows that more than 26%, or one in every four of the
nation’s bridges are either structurally deficient or functionally obsolete. Both the
structurally deficient bridges and the functionally obsolete bridges are not safe for current
traffic demand because of limited structural capacity and the older design features and
geometrics (ASCE, 2009). The increasing concern about the bridge safety has been
understood by all level highway agencies including federal, state and local governments.

4.2.2 National Bridge Inventory Standard (NBIS)

In 1971, the National Bridge Inspection Standards (NBIS) came into being and
established national policy for bridge inspection and bridge inventory information
maintenance. The standard updated several time. The Federal Highway Administration
(FHWA) has made a considerable effort to establish NBIS, and helps bridge inspectors
to inspect and evaluate bridges accurately (Rossow, 2011). The National Bridge
Inventory Database (NBI) is the most extensive repository of data on highway bridges in
the United States. In the database, there are more than 600,000 bridges documented in the
Interstate highway system (Chase et.al, 1999). The NBI contains more than 100
information fields or items for each bridge, including basic information such as type,
material, built year and construction characteristics, and geospatial information such as
latitude and longitude, bridge condition information such as deck, superstructure and
substructure, maintenance information such reconstruction year, traffic information and
some other information. Each item has a specific coding structure, which is described in
the FHWA Coding Guide (1995).

While many sensing technologies have been developed for bridge monitoring, for
example ground penetrating radar, infrared thermography, fiber optics embedded sensing,
ultrasound, stress wave based methods, LiDAR, etc. (Chase, 1995, Sack and Olson, 1995,
Aktan et al. 1997, Washer, 1998, Peeters and Ventura, 2003, Gucunski et al. 2006), most
of the techniques are focused on either in-situ placement of sensors or sensors on mobile
platforms. All of these techniques can be characterized as target-intended (T1) techniques,
which is designed as sensing system on a specific bridge. Sensors such as this are
typically designed with an intended target with specific monitoring area and usually
consist of supervised monitoring scheme (i.e. with established periodic sampling, passive
sampling or continuous monitoring designs). Although some wireless sensing units have
been promoted that can cover a wide area of bridges, these sensors are still very much
target-centric systems.
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4.2.3 Bridge Management Systems (BMS)

In the United States, several BMSs are developed for bridge management, such as
PONTIS and BRIDGIT. PONTIS is a BMS developed by the FHWA in conjunction with
six state departments of transportation (DOTs) and the joint venture consulting firms
including Cambridge Systematics, Inc., and Optima, Inc. BRIDGIT is an initiative carried
out by the American National Research Council as a research project jointly sponsored
by AASHTO and the FHWA under the National Cooperative Highway Research
Program (NCHRP). PONTIS supports the complete bridge management cycle, including
bridge inspection and inventory data collection and analysis, recommending an optimal
preservation policy, predicting needs and performance measures for bridges. Due to the
widespread use of PONTIS applications, among the 34 agencies that use PONTIS, most
customized the system or developed additional applications, such as providing additional
data entry forms, reports or other functionality (Robert et al. 2003). Hawk (1999)
introduced another bridge management system, BRIDGIT. BRIDGIT uses a project-
level-based optimization strategy to provide network-level recommendations and
guidance on how to allocate funds on your bridge network and optimizing network
performance strategy.

Saito (1988) developed a network level bridge management system for the Indiana
Department of Highways to manage state-owned bridges. The application included an
effective use of available data, development of criteria to determine present and future
needs, analysis of costs and impacts of bridge related activities, and development of
methods to set priority for bridge maintenance, rehabilitation, and replacement
alternatives.

Chase et al. (1999) developed several different relational database management
approaches and data warehousing techniques to efficiently utilize the NBI bridge
information and GIS databases. Three different regression methods were applied to
model the relationship between condition state and plausible factors causing
deterioration. Finally, She et al. (1999) developed a model to support the development of
a GIS-based bridge management system by using a hybrid business and information
modeling approach in Malaysia. Grivas et al. (1995) shows that bridge data can be
differentiated by bridge types and suggested completeness and complexity can be
determined by users. Their model is programmed on an Oracle platform.

4.2.4 Internet technology and GIS

The development of Internet technology makes it possible for data communication
among the web servers and user ends. Internet technology has popularized the whole
world as well as has changed our lifestyle. Through Internet, information can be shared
and transferred from one place to another around the planet in a very short time. Internet
users have choices for anytime anywhere access to the geography related information.

Geographic information systems (GIS) have been recognized as an important tool for
various applications on geospatial data decision support and planning analysis. GIS
technology has been widely implemented in many public and private organizations for
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decades, because GIS technology has special features for the storage, retrieval,
manipulation, analysis, and display of geographically referenced data. (Batty and Xie,
1994). Because maps can make better understanding than written or verbal descriptions,
so GIS provides great capacity for applications about geospatial data.

4.2.5 Web-GIS application

In recent years, GIS has begun to appear on the World Wide Web, ranging from simple
demonstrations and references to GIS use, to more complex on-line GIS and spatial
decision support systems. The availability of combining GIS and Internet technologies is
becoming a reality in many fields (Kingston et al. 2000).

The application of integration of GIS and Internet technologies is getting more popular
for GIS users. Users have flexible accessibility to access information any-time and any-
where. Kingston et al. (2000) discuss the advantages of Web-based applications: With the
Web-based system, the response database is continually being updated as the public use
of the system and input their comments. The system also offers a high degree of
flexibility to upload relevant information throughout the public participation process.

Most current research on Web-GIS is in environmental topics; a few applications are
about integrating Internet and GIS technologies for national bridge management.
Sugumaran and Meyer (2003) proposed a Web-Based Spatial Decision Support System
for Environmental Planning and Management. Because of accessibility and interactivity
for public user, the Internet was ideal as a research platform.

Burdziej (2011) introduced a concept of spatial decision support system (SDSS) which
combines network analysis and spatial analysis of accessibility with an interactive Web-
based application. Chen et al. (2010) developed an Integrated Remote Sensing and
Visualization (IRSV) bridge management system which is proposed to help bridge
managers to comprehend voluminous and heterogeneous bridge data from four essential
perspectives: geospatial, temporal, relational and per-bridge attributes. An interactive
data exploration environment is implemented to help bridge managers evaluate the bridge
based on internal factors and/or external factors.

4.2.6 Visualization

Visualization is a concept which is associated with the amplification of mental processes.
Since human eyes can process visual cues rapidly, so a proper information analysis
technique can transform the computer into a powerful means of managing digitized
information. Visualization offers a link between human eye and computer to help people
identify patterns and to extract insights from large amounts of information. Visualization
has been used to communicate ideas, to monitor trends implicit in data, and to explore
large volumes of data for hypothesis generation (Zhu and Chen, 2005). Visualization
technologies were being applied in many nonscientific contexts, including business,
digital libraries, human behavior, and the Internet. As the application domains expand
and computer hardware and software become more powerful and affordable,
visualization techniques continue to improve. The information visualization can not only
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help people making a discovery, see the big picture, and see with many eyes, but also
help researchers to do visual analytics (Chen, 2010). The IRSV System proposed by
Chen et al. (2010) applies visualization techniques with large-scale analytical and
interactive visualization to enhance the national bridge inspection systems. Esch et al.
(2009) introduced a graphical 3D visualization for highway bridge ratings, the system for
load rating highway bridges so that engineers can determine which structural components
are in need of repair and display the information on a graphic user interface.

4.2.7 Citizen sensor

The free access to the Internet, the integration of GPS (geographical position systems)
into everyday life and recent advances in smart phone technologies, enabled the
conception of “citizen sensors” in the context of “volunteered geographic information”
(Goodchild, 2007). Citizen sensor has greater implications from social media analytics
prospective which studies potential social intelligence implications in Internet social
network traffic flows. Nagarajan et al. (2009) described the development of Twitris for
extracting and visualizing high-level metadata and analytics for social event correlations
and observations from Tweeter feeds.

Citizen sensor can be considered as one type of NTI sensor and represents a critical
emerging paradigm to social interactivity and operations due to the empowerment of
individuals to capture and share information, typically via the use of digital gadgets, such
as built-in camera or video in smart phones, and the availability of online uploads to
Internet (Nagarajan et al. 2009). The shared data can be personally or socially-relevant.
Social-relevant data sharing is typified by the availability of sensing tools and the
geospatial-temporal positioning of individuals who possesses the awareness of
events/conditions with social concerns. The citizen sensor (individual with social
awareness and the capability to capture and share data) usually has the willingness and
the desire to share the data. The desire may be motivated by several causes that may be
calibrated by education and training.

As Goodchild (2007) noted, the power of human sensing system is a tremendous
geographical resource since it is equipped with some working subset of the five senses
and with the intelligence to compile and interpret what they sense. Key to the effective
use of humans as sensors in specialized contexts, however, is establishing acceptable
standards or metrics of credibility. By applying the public participation for bridge data
input, the bridge information will get great improvement for further analysis. Internet
technology makes the public participation possible from anywhere which has Internet
connection available in the world. GIS technique makes the geospatial location of the
people who upload the information and the location of interests.

Citizen sensor in the context of constructed facilities management utilizes the populace of
social media and ubiquitous availability of camera phone and smart phone technologies
to document, report and identify issues or problems associated with certain structural
nodes. Citizen sensor system requires potential distributed sensors (willing citizen
participants), data reporting portals and the data retrieval unit that allow engineers or
managers to make informed decisions based on data input. Citizen participation in
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infrastructure management can be very powerful with envisioned advantages including
educating citizens about the well-being of the aging infrastructure and providing the
sense of engaging the public in societal management. Both advantages can help improve
public relations between the bridge managers and the users of bridges.

4.2.8 Remote sensing applications for bridge management

Remote sensing technology is defined as the measurement of object properties on the
earth’s surface by using data acquired from terrestrial aircraft and satellites. As remote
sensing platforms, satellites provide a significant amount of remote sensing imagery.
Remote-sensing systems provide a repetitive and consistent view of the surface of the
objects. Remote sensing of the Earth has many applications such as environmental
assessment and monitoring and agriculture (Schowengerdt, 2010). Many remote-sensing
systems have been developed to offer a wide range of spatial, spectral, and temporal
parameters. For the past fifty years, several Commercial remote sensing (CRS) and
Spatial Information (SI) technologies for wide-bandwidth spectral information sensing
and imaging have been developed integrally with satellite/airborne/ground-based
surveillance platforms.

Compared to satellite imagery, airborne sensors have the potential of providing images
with higher resolutions. InSiteful imagery (2011) provides aerial photography with a
resolution of as low as one inch, which can be made faster than most ortho-photography.
Stone et al. (2004) discussed that several terminologies have been applied to similar
technologies including LiDAR (Light Detection and Ranging) and Ladar (Laser Radar).
LiDAR technology is also applied for highway bridge health monitoring and has further
advantages, including 1) The 3D viewer model allows the engineer to review the
structure directly without needing to return to the site or sorting through pages of bridge
pictures, 2) a series of LIDAR scans can be connected into one global coordinate system,
and 3) LiDAR is the preferred tool of analysis because of further applications (Tong et
al., 2010). LiBE (LiDAR based Bridge Evaluation) methods is developed for highway
bridges health monitoring to detect damage, road clearance, and deflection (Liu, 2010).
Image process technology can be applied for bridge surface damage detection so that
improve the capability of bridge management.

4.2.9 Summary

Bridge safety is an important issue for the public; bridge management and bridge
maintenance play very important roles for bridge safety. So both the quantitative and the
qualitative of bridge condition data are critical for bridge management. This research
integrates the citizen sensor as an extra bridge condition data source to improve the
capability of the national bridge database.

Citizen sensor can drastically increase the bridge data for bridge condition inspection;
further more citizen sensor data provides instant information of the damage so that the
proper maintenance can be conducted in the first time. Citizen sensor or the volunteers
can act as a bridge information collector and upload the data to bridge database so that
the NBI database increase dramatically. Comparing to the traditional data collection
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method, citizen sensing can provide bridge information in various formats (such as text,
image, audio and video) and various categories (such as bridge damage, traffic jam, scene
view and others). All the citizen sensor data will help further study for the bridge and the
traffic by using some technologies such as data mining. Because of the instant features of
citizen sensor data, the bridge managers can obtain almost instant damage information so
that the bridge can be maintained in the earliest possible time.

Remote sensing technologies can be applied in highway bridge health monitoring. The
3D surface data cloud generated from LiDAR scan can be used to quantify visible
damage volumes. Proper defect detection can help identify potential stability problems
(Liu, 2010). The fly-over photo of deck surface of the bridge can help bridge managers
to identify the critical damage on the deck surface.

Visualization technologies enhance the understanding of the bridge condition: By using
visualization technology, more insightful information can be display and analyzed in
front of the bridge manager, additional observation and solutions can be generated for
bridge maintenance, so that bridge safety can be increased and the cost of bridge
maintenance can be decreased. By integrating the remote sensing data, more analysis
factors can be considered for bridge safety analysis.

Internet and GIS technologies make it possible to view the bridge data anywhere-
anytime; this flexibility in accessing bridge data helps the bridge managers to maintain
the bridge with new method and produce new solution with increased efficiency. By
applying technologies in engineering such as infrastructure systems, it is possible to make
the benefits from the technologies for the society. By applying the technologies discussed
above, the NBI bridge information can be enhanced for bridge management. A powerful
information visualization framework for national bridge management system is designed
and implemented in this research. This framework will enhance capabilities of the
existing bridge management system.
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4.3 BRIDGE-WGI SYSTEM CONCEPT AND ARCHITECHTURE
4.3.1 System concept

By integrating Internet, GIS and visualization technologies, this research is focus on the
development and implementation of Web-GIS based interactive information visualization
system for national bridges to provide a better and more systematic bridge data
interpretation. This application will enhance the National Bridge Inspection System
(NBIS) and provide an extraordinary performance which can be accessed via internet.
Various new features and capabilities for the bridge management system are discussed
and implemented in this framework. Those features include estimation of bridge
conditions, decision making support for both structural and functional improvements for
bridges and public sensing data implementation. Therefore, this Web-GIS based bridge
visualization framework can assist bridge managers to conduct efficient and effective
maintenance on highway bridges and enable the bridge managers to make more precise
damage assessments and effective solution for bridge maintenance with higher efficiency
and lower cost.

Figure 1. The concept of WebGIS-based bridge inspection system.

The architecture and features of the Web-GIS interactive visualization for bridge
management system are shown in Figure 1. The framework uses MySQL database
technology to support the NBI data management. Google Map serves as a map server to
support the geospatial information mapping. The web applications are coded by PHP,
JavaScript and HTML. The framework includes the following capabilities:

a) Display the basic information of the bridge condition rating;
b) User collaborative interactions;

c) Interactive data visualization for NBI information;

d) Data entry and document uploading;

Integrated Remote Sensing and Visualization
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e) Bridge condition report generation;
f) Decision-making support for bridge maintenance.

Figure 2. Architecture of Web-GIS based interactive visualization for bridge management system

The client-server model is used for this system. The main structure includes two parts:
client/user side applications and server side applications. The server provides the
resources for applications such as database and correlation calculations, while the client
submit request to the server and send the result to client side.

4.3.2 The architecture of this system

The architecture of Bridge-WGI consists of four parts, including data collection, database
management system, visualization applications and system administration (Figure 2).

4.3.2.1 Data collection and data upload

On data collection side, raw bridge condition data captured from different types of
sensors are stored and uploaded to database via Internet. Various technologies are
developed for bridge monitoring and bridge data collection, for example ground
penetrating radar, infrared thermography, fiber optics embedded sensing, ultrasound,
stress wave based methods, LiDAR, etc. (Chase, 1995, Sack and Olson, 1995, Aktan et
al. 1997, Washer, 1998, Peeters and Ventura, 2003, and Gucunski et al. 2006). All of
these techniques can be characterized as target-intended (TI) techniques, which is
designed as sensing system on a specific bridge. Non-target-intended (NTI) sensors that
can cover a wide monitoring area include remote sensors such as airborne or satellite
imaging techniques (Chen et al, 2010 and Liu et al. 2010).

Citizen sensor can be considered as one type of NTI sensor and represents a critical
emerging paradigm to social interactivity and operations due to the empowerment of
individuals to capture and share information, typically via the use of digital gadgets, such
as built-in camera or video in smart phones, and the availability of online uploads to
Internet (Nagarajan et al. 2009). In this platform, based on the NBI database, LIDAR
scan, aerial fly-over image and citizen sensor data are integrated for bridge management
and maintenance.
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4.3.2.2 Database System

The database system stores and maintains the bridge data which are captured by various
sensors. NBI data is uploaded by system administrator. The LiDAR scan and aerial fly-
over image are uploaded by designate system user via the computer. The citizen sensor
data are uploaded by volunteer from the public. Before uploading to database, the raw
data should be processed and converted to standard formats which the database has. The
database system consists of NBI data, LIDAR scan, aerial fly-over image and citizen
sensor data.

4.3.2.3 Visualization application

Bridge-WGI platform includes Visualization applications include all the functionalities of
Bridge-WGI. On the client side, users can use computer to do applications on the national
highway bridge visualization system. Both computer-based and mobile-device based web
applications are implemented in this system. The structure of main applications is shown
in Figure 4. All those applications can be accessed via Internet.

4.3.2.4 System Administration

System administration includes the maintenance of system such as the database
maintenance and the application maintenance. The role of system administrators is
supporting and maintaining the servers and database. Administrator also has
responsibility to maintain scripting and supervise the condition of the system. Another
functionality of administration is to make sure the entire system works well without any
problems.

4.3.3 Client side applications

The clients can be desktops, mobile PCs or mobile electronics products which have
access to the Internet. There are two parts, password login module and graphic user
interface (GUI). Figure 3 shows the login interface.

UserType: | Gerenal User
e
NBI data input
Password: || iDAR scan input
Administrator
Bridge manager

Username:

Login interface For different user

Figure 3. Login Interface
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4.3.3.1 Login

For the security issues, five-level privileges are designed for the application, including 1)
general user who has privilege to view the information of national bridge system and
input public data; 2) the user has privilege to input NBI data for bridge inspector; 3) the
user has privilege to upload the LiDAR scanned data; 4) the administrator can maintain
the data which input by other users; and 5) special privilege for bridge managers to view
the maintenance decision making support. Only for the general user who do not need
login, all the other privileged users must enter the username and password to access the
application (Figure 3).

4.3.3.2 Graphic user interface (GUI)

The GUI is a very important part for computer application. Current design is constrained
by Web2.0, and current Windows version is Window XP, hence, its presentation style
and interactivities are less fluidic but can be easily improved. This bridge visualization
system should be considered for user’s different perspectives and for clarity for users.
The main functionalities of this application include 1) Homepage of basic introduction; 2)
NBI bridge information display; 3) NBI bridge condition inspection data input; 4) LIDAR
scan images input; 5) LiDAR scanned bridge information display; 6) Public sensing data
display for bridges; 7) Public sensing data input; 8) NBI bridge data analytical
visualization; and 9) Bridge maintenance decision making support. The main interface
and the functionalities of this system is illustrated in Figure 4. The GUI in client side is
the interface between computer and the user. Figure 5 shows the Introduction Hompage
for the Web-GIS application.

GUI (Visualization and Query Modules)

—{ NBI information ‘

—{NBI data analytical visualization

—{Bridge inspection data entry

—{LiDAR scanning data entry

—{ LiDAR scanning data view

—{Citizen sensing data view

—{ Bridge maintenance DSS

|
|
—{Citizen sensing data entry ‘
|
|

—{Homepage (Introduction)

Figure 4. The main functionalities of this system
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Figure 5. The graphic user interface and the homepage of this application
(testing website: http://irsv-test.uncc.edu/~ytongl/testnew/)

4.3.4 Server side applications

The server side program provides the resource for the applications. In this system, the
server side includes database management system (DBMS), Internet map provider, web
server and application servers, and bridge maintenance decision-making support module.
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4.3.4.1 Database Management System (DBMS)

This database management system is implemented on the server side using relational
database management system. The relational DBMSs are associated by related tables,
which store the bridge data. The database management system consists of NBI bridge
database (test and numeric data); LiDAR scanned bridge database (text, numeric and
imagery data), aerial fly-over image bridge data (numeric, text and imagery data), and
public sensing database (text and imagery data).

The NBI database consists of bridge inventory data of year 2008, 2009, 2010 and 2011.
In the database, for each bridge, there are more than 100 information fields or items,
including basic information such as type, material, built year and construction
characteristics, and geospatial information such as latitude and longitude, bridge
condition information such as deck, superstructure and substructure, maintenance
information such reconstruction year, traffic information and some other information.
Each item has a specific coding structure, which is described by the FHWA (1995). The
FHWA data structure is based on ASCII, the detail structural information is showed in
Appendix B.

LiDAR scanned bridge database stores the LiDAR scan data includes bridge spatial
locations (Latitude and longitude), city or county of the bridge located, test date, number
of uploaded image, numbers of upload documents, and some other information of the
LiDAR scan test. The public sensing database stores the information uploaded by citizen
sensor, including upload date, reported information, damage rank and some other related
information.

The MySQL database includes eight tables in this database which are nbi2008, nbi2009,
nbi2010, nbi2011, nbi, uncctest, login, and nbiinput. Among these tables, nbi2008,
nbi2009, nbi2010 and nbi2011, store the NBI bridge database for the year 2008, 2009,
2010 and 2011, respectively. Table nbi and uncctest are used for remote sensing bridge
data and citizen sensor data. Table login store the username and password for security
issues. The nbiinput table stores the bridge inspection data of bridge conditions. The
detailed structure of the database is shown in Table 1a through Table 1d.

Table 1a. Data structure for tables nbi, nb12008, nbi2009, nbi2010, and nbi2011.

Field Type Null Key Default | Extra
row_id int(11) NO 0

stfips char(2) YES NULL

region char(1) YES NULL

item8 char(15) YES NULL

itemSa char(1) YES NULL

item5b char(1) YES NULL

item5Sc char(1) YES NULL

itemSd char(5) YES NULL

item5Se char(1) YES NULL
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Field Type Null Key Default | Extra
item2 char(2) YES NULL
item3 char(3) YES NULL
item4 char(5) YES NULL
itemoba char(24) YES NULL
item6b char(1) YES NULL
item7 char(18) YES NULL
item9 char(25) YES NULL
item10 char(4) YES NULL
item11 char(7) YES NULL
item12 char(1) YES NULL
item13a char(10) YES NULL
item13b char(2) YES NULL
iteml6 char(8) YES NULL
item17 char(9) YES NULL
item19 char(3) YES NULL
item20 char(1) YES NULL
item21 char(2) YES NULL
item22 char(2) YES NULL
item26 char(2) YES NULL
item27 char(4) YES NULL
item28a char(2) YES NULL
item28b char(2) YES NULL
item29 char(6) YES NULL
item30 char(4) YES NULL
item31 char(1) YES NULL
item32 char(4) YES NULL
item33 char(1) YES NULL
item34 char(2) YES NULL
item35 char(1) YES NULL
item36a char(1) YES NULL
item36b char(1) YES NULL
item36¢ char(1) YES NULL
item36d char(1) YES NULL
item37 char(1) YES NULL
item38 char(1) YES NULL
item39 char(4) YES NULL
item40 char(5) YES NULL
item41 char(1) YES NULL
item42a char(1) YES NULL
item42b char(1) YES NULL
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Field Type Null Key Default | Extra
item43a char(1) YES NULL
item43b char(2) YES NULL
item44a char(1) YES NULL
item44b char(2) YES NULL
item45 char(3) YES NULL
item46 char(4) YES NULL
item47 char(3) YES NULL
item48 char(5) YES NULL
item49 char(6) YES NULL
item50a char(3) YES NULL
item50b char(3) YES NULL
item51 char(4) YES NULL
item52 char(4) YES NULL
item53 char(4) YES NULL
itemS54a char(1) YES NULL
item54b char(4) YES NULL
itemS55a char(1) YES NULL
item55b char(3) YES NULL
item56 char(3) YES NULL
item58 char(1) YES NULL
item59 char(1) YES NULL
item60 char(1) YES NULL
item61 char(1) YES NULL
item62 char(1) YES NULL
item63 char(1) YES NULL
item64 char(3) YES NULL
item65 char(1) YES NULL
item66 char(3) YES NULL
item67 char(1) YES NULL
item68 char(1) YES NULL
item69 char(1) YES NULL
item70 char(1) YES NULL
item71 char(1) YES NULL
item72 char(1) YES NULL
item75a char(2) YES NULL
item75b char(1) YES NULL
item76 char(6) YES NULL
item90 char(4) YES NULL
item91 char(2) YES NULL
item92a char(3) YES NULL
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Field Type Null Key Default | Extra
item92b char(3) YES NULL
item92c char(3) YES NULL
item93a char(4) YES NULL
item93b char(4) YES NULL
item93c char(4) YES NULL
item94 char(6) YES NULL
item95 char(6) YES NULL
item96 char(6) YES NULL
item97 char(4) YES NULL
item98a char(3) YES NULL
item98b char(2) YES NULL
item99 char(15) YES NULL
item100 char(1) YES NULL
item101 char(1) YES NULL
item102 char(1) YES NULL
item103 char(1) YES NULL
item104 char(1) YES NULL
item105 char(1) YES NULL
item106 char(4) YES NULL
item107 char(1) YES NULL
tem108a char(1) YES NULL
item108b char(1) YES NULL
item108¢ char(1) YES NULL
item109 char(2) YES NULL
item110 char(1) YES NULL
iteml111 char(1) YES NULL
iteml12 char(1) YES NULL
item113 char(1) YES NULL
iteml14 char(6) YES NULL
item115 char(4) YES NULL
item116 char(4) YES NULL
funded char(1) YES NULL
federal char(1) YES NULL
WO char(17) YES NULL
dt char(2) YES NULL
wo_2 char(16) YES NULL
stat char(1) YES NULL
srl char(1) YES NULL
sr2 char(4) YES NULL
status char(2) YES NULL
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Field Type Null Key Default | Extra
date char(4) YES NULL
longdd double YES NULL
latdd double YES NULL
stpostal char(2) YES NULL
version char(2) YES NULL
done tinyint(4) YES 0
Table 1b. Data structure for table uncctest.
Field Type Null Key | Default Extra
id char(18) YES PRI | NULL
jpgnum tinyint(4) YES NULL
zipnum tinyint(4) YES NULL
docnum tinyint(4) YES NULL
xlsnum tinyint(4) YES NULL
pdfnum tinyint(4) YES NULL
flsnum tinyint(4) YES NULL
testyear year(4) YES NULL
city varchar(20) | YES NULL
fwsnum tinyint(4) YES NULL
Table 1c. Data structure for table nbiinput.
Field Type Null Key | Default Extra
id char(18) YES PRI | NULL
stfips char(2) YES NULL
region char(1) YES NULL
item§ char(15) YES NULL
item58 char(1) YES NULL
item59 char(1) YES NULL
item60 char(1) YES NULL
item90 char(4) YES NULL
latdd double YES NULL
longdd double YES NULL
done int(11) YES NULL
Table 1d. Data structure for table login.
Field Type Null Key Default Extra
username varchar(10) NO PRI
password varchar(10) YES NULL
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4.3.4.2 Map server, Web server and application server

A map server offers web map service (WMS). A WMS is a standard protocol for serving
geo-referenced map images over the Internet that are generated by a map server using
data from a GIS database (OGC,2012). The specification was developed and first
published by the Open Geospatial Consortium in 1999 (Scharl and Klaus 2007). Map
server is a development environment for building spatial information over Internet. Some
open source software including GeoServer, MapServer, and Geozilla.

Google Maps is a web mapping service application and technology which is provided by
Google, that powers many map-based services, including the Google Maps website and
maps embedded on third-party websites via the Google Maps API (GoogleMap,2012)
This system mainly uses Google Map API that supports the web map service for
geospatial mapping information. By using JavaScript programming and Google Map
API, the geospatial mapping can be implemented.

Web server and application server provide very important functions in a network. A web
server can provides a primary function to deliver web pages on the request to clients. A
server can deliver HTML documents and other additional contents such as images, style
sheets (CSS), and scripts. Web servers provide two types of data: static data and dynamic
data. The static data normally is stored at a server, while the dynamic data are constructed
by programs that execute at the time a request is made. A high-performance web server
can typically deliver several hundred static files per second (Iyengar and Challenger,
1997).

4.3.4.3 File system

File system maintains all the files used for this system, such as the webpages (.html, .php,
and .css file), geospatial document such as .kml file and some other uploaded data for
bridges such as the image file, report document (Microsoft Word, Excel document, pdf
file), LiDAR scanned image data (.fls and .fws file), and other document such as
compressed file (zip). These files reside in specific folders in the server. Since the
MySQL database has weakness of storing multimedia data such as image, documents and
audio files, file system is used to store the bridgeb multimedia data.

4.3.4.4 Bridge maintenance decision-making support system (BMDSS)

This module provides functionalities of bridge maintenance decision-making support and
assists bridge managers to identify and rank bridges that need to be repaired, re-built,
and/or expanded to meet growing traffic demand. With this support, bridge managers can
be assisted to make decision for bridge maintenance, such as which bridge need to be
maintained, what kind of maintenance needed, and when the bridge should be
maintained. The decision-making support module can enhance the capability of the
bridge management system by providing an instant solution for maintenance.
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4.3.5 System configuration

This application is developed by HTML, PHP, JavaScript and MySQL Database. Server
system: Linux coe-web3 2.6.18. PHP Version 5.3.6 (Appendix A). The base system
architecture is built with scripting languages for both server side and client side. Google
MapAPI supports the map service on the client side. On the server side, MySQL database
is used to manage the database, an Apache server with HTML, PHP and JavaScript used
for system communication, developing additional system functionality through internal
scripting, and establishing dynamic links with external software and data sources. This
arrangement allows a participant with access to an Internet connection and a graphic Web
browser to interactively and remotely explore Web-GIS system.

4.3.5.1 Server Hardware:

The server hardware is a Dell PowerEdge R210 with 16GB of RAM and 2 x 1TB hard
drives. The physical server is running VMware ESXi 4.0. The server hosts two virtual
machines named irsv.uncc.edu (production) and irsv-test.uncc.edu (testing). Both virtual
machines are configured with 7GB of RAM and 900GB of local storage, which is split
into a system drive and a data drive. Each guest runs on a separate physical hard drive.

4.3.5.2 Server configuration:

The virtual machines are operating through the RedHat Enterprise Linux 5.6 which runs
the following software:

Tomcat application server. Tomcat Apache web server v2.2.3;
BlazeDS application server with the turnkey configuration was upgraded in place;
MySQL database server v5.0.77;

A nightly backup is operated to back up important files and databases to a folder on an
OpenAFS server. The OpenAFS folder is backed up to tape each night. Nightly tape
backups are kept for six weeks and semi-yearly backups are kept for 2 years. Some of the
tapes are kept in a fire-resistant safe.

The Linux operating system files and configuration is managed by scripting and an
automated installation. The manual steps to configure VMware and bootstrap Linux are
documented by the IT group. Because of these procedures, there is no need to back up the
OS.

4.3.6 Summary

The Web-GIS based bridge visualization framework consists of several functionalities,
including 1) the client side applications on which platform user can input data, visualize
the information for the general application of national highway bridge network; 2) the
client side administration for the system including the data modification and database
management; 3) the server side applications of system administration; 4) the volunteer
sensor data collection and data entry; 5) the remote sensing bridge monitoring data
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application; and 6) the bridge maintenance decision making support module embedded in
the system.

The configuration of the system is structured by servers (map server, file server, MySQL
database and application server) and clients which provides the applications to the user.
Three database are implemented in this design, including the database for NBI data, the
database for remote sensing bridge data (LiDAR scan and aerial image), and the database
for citizen sensing (image, text, audio and video). Users can use the system with an
appropriate privilege to input data or/and view bridge health information. The system
administrators can input, modify and delete all the bridge data generated by citizen
Sensors.

The most current bridge health monitoring system only uses the NBI data which is
obtained by the inspection with a 2-year inspection circle. The citizen sensor increase the
amount of bridge condition data and the citizen sensor can provide instant data which
may improve the capability of bridge management dramatically especially for sudden
damage on the structure. The integration of NBI bridge data, remote sensing data and the
citizen sensor data can be analyzed to make new solutions for bridge management and
maintenance by comparing to the most current bridge management systems which only
use the NBI data. Furthermore, the Internet helps bridge managers access the application
anywhere and anytime.
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4.4 WEB-GIS NBl BRIDGE INFORMATION ANALYTICAL VISUALIZATION
4.4.1 Introduction

In this section, the applications of information visualization and analytical visualization
technologies for NBI bridge database are discussed. The information visualization is
designed for visualizing the general information of NBI database, such as the general
information of an individual bridge and the bridge condition in a selected State. Wang et
al. (2010) described in detail several visualization techniques integrable for bridge data
viewing. This research further enhances the functionality via Web-based GIS platform.

4.4.2 Information Visualization for NBI bridge information

Main interface of this module is shown in Figure 6. The main functionality is display the
bridge condition rating for deck, superstructure and substructure for all the states, the
database include the NBI data from year 2008 to 2011. Users can choose deck,
superstructure or substructure for bridge part, state and year to display the bridge under
the same condition rating, such as all the bridges those deck rating are 3 in North
Carolina and in the NBI 2010 report (Figure 7a). The selected bridges are shown as icon
with geospatial coordinates on the map with a scaled color (Figure 6). The distribution of
the bridges with same condition rating can provide brief information of bridge conditions
in the selected State. For example in Figure 7b, all bridges with deck condition rating is 2
or in critical condition in New York State are shown in the map. There are 7 bridges
which deck condition rating is in critical condition; 6 bridges are located in the west, and
one bridge is located in southern part. If any bridge is selected in the map, the detail
information window will be opened (Figure 9a). Bridge can be searched by bridge ID
and geospatial coordinates (latitude and longitude) with bridge selection tools (Figure 8).

0 1 2 5 ¢ 7 EEER

Figure 6. This color scale stands for the bridge condition rating from O through 9.
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a). Deck condition rating is 3 (Serious condition) in b). Deck condition rating is 2 (Critical condition) in
North Carolina state in 2010. New York state in 2009

Figure 7. The bridge information display in North Carolina and New York State

Bridge selection tool (Figure 8) is designed for searching a bridge by using geospatial
coordinates since the geospatial coordinates of the bridge (latitude and longitude) is the
key parameter for GIS application. Before displaying the information of an individual
bridge, the bridge must be located. To search a specific bridge, this system offers four
solutions, 1) choose from the map, click a bridge icon to open a new page for the
information; 2) locate a bridge by bridge ID, in this case, only the identical bridge will be
selected; 3) locate a bridge by using latitude and longitude in decimal degree format; 4)
locate bridge by using latitude and longitude in degree, minute and second format.
Considering a possible difference between the geospatial coordinates which user types
for locating the bridge and the geospatial coordinates which stored in the database, in
such case, a variable of distance is used for locating a bridge.

State:

INew York 'I
Year:
|2009 'I
. Latitude Lat {(dd mm ss)
Bridae Ttem: Locate Bridge by [35 53052 [35 [31 [a940'
ID_ecgﬁ ID Longitude Long (dd mm ss)
374000000000970028 [50.86221 [60 [t [45.30 w

Condition Rating: Search 3 h
|3: Serious Conditic 'I LI Search |
Figure 8. Bridge selection tools

The other application is about the basic information visualization of an individual bridge.
The information includes the map of the bridge, general information of the bridge and the
bridge condition rating information. Based on the Google Map API, the map can be
zoomed in or out, and different map views can be shown (map view, satellite image and
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street view). The basic information of the bridge includes bridge ID, latitude, longitude,
year built, year reconstruction, lanes on structure, average daily traffic (ADT), etc. In the
bridge condition rating part, the condition rating of deck, superstructure and substructure
are shown. If the condition is less than 4 or in bad conditions, the background of the cell
will change to red (Figure 9a). In the lower-right corner, there is a printer icon for
printing this page.

b) Satellite image of the bridge

¢) Map view of the bridge

The information of the bridges
Figure 9. The Information of the bridge

Bridge information visualization module provides general bridge information to the
users. The bridge information can be viewed from different perspectives, such as
allowing user interactivity including select the state, year, bridge item for bridge
condition display (Figure 10). The application allows both state-level and individual
bridge information visualization, hence, all bridges within the NBI can be displayed
either nationwide or statewide.

A big picture of the bridge condition nationwide can provide general information for the
bridge managers to generate some view of bridge conditions among the states, such as the
statistic distribution among the states and the geospatial distribution. This system allows
user to view the bridges of an individual state or the whole nation. The different
combination of bridge condition rating can be chosen from deck, superstructure and
substructure, such as the visualization of all the bridges which the deck rating is 3 (or in
Integrated Remote Sensing and Visualization
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critical condition) of North Carolina in year 2010 (Figure 7a) and the visualization of all
the bridges which superstructure condition rating is 2 (or in critical condition) within
New York state in 2009 (Figure 7b). Based on the advantage of Internet and GIS, the
bridge information not only is presented in plain format (tables, sentences, and numbers)
but also is presented with geospatial features-the bridge can be viewed on a map.

. . . . . . Year:
Basic Information Basic Information Basic Information Basic Information TR
-

Bridge Item: Al_aska
ID—gﬁ Arizang,
BEE _ Arkansas
Condition Rating: Califarnia
|3: Serious Conditit'I Colorado

State: State: State: State: Bridge Item:

[Norh Caralina =] [Narth Caralina |~ [Momh Carcline ] |MNarh Carolina. = [ Deck =l
Year: All States o Year: Vear: Condition Rating:
[2011 -] [2011 = [ 3: Serious Conditit;[%

Bridge Item: A Al Condition
Deck hd 0: Failed Condition

1: Irrminent Failure Caond
Superstructure 2: Critical Condition
Substructure 3 Serious Condition

Connecti —

Delaware 4 Foar Condition

DC (washingtan DC) 5 Fair Condition

Florida G: Satisfactory Condition
Georgia 7: Good Condition

3 %ery Good Condition
9: Excellent Condition
I Mot Awvailable

Figure 10. The option for bridge selection

The detail information of an individual bridge will provide the general information of the
bridge condition (Figure 9a). The main information includes the location (latitude and
longitude) on the map, the built year, the inspection year, and the bridge condition rating
for deck, superstructure and substructure, and some other parameters. Among that
information, the bridge condition ratings of deck, superstructure and substructure are
critical for bridge management. If the condition rating is a lower value which usually
means the structure may need be maintained, the background will be colored in red
(Figure 9a). The map can be shown in three views including street view (Figure 9a),
satellite image view (Figure 9b) and map view (Figure 9c). With the built-in capability of
Google Map, the map also has other features such as zoom-in/out functions.

The bridge data is organized by data format, which may include image files for captured
bridge photos, text files from inspector notes or public reports and numeric files that
include bridge ratings, other numeric data and analytic results including ratings. Bridge
selection can also by inputting bridge coordinates or bridge number. This design also
provides a print functionality for the bridge information; the print icon help the user get a
hard copy of the bridge information

4.4.3 Analytical visualization of Bridge Information

Analytical visualization can discover more aspects of the bridge condition which may not
easily be figured out from the plain format such as table and document. Visualization
technologies provide some techniques to assist user Visual analytics can be developed
into power tools for the bridge manager’s decision making process: Based on the domain
knowledge characterization (bridge management), Wang et al. (2010) identified three
critical analytic modes that can be useful in a bridge management application: dynamic
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geospatial analysis, high dimensional structural analysis and scalable temporal analysis.
Following Wang et al. (2010), the adopted analytical visualization components within
bridge visualization includes geospatial display, scatter plot and parallel coordinate
visualization of bridge data. Comparative views of bridge condition ratings of bridges
from different states are also available, which provides a high-level appreciation of state
bridge performances.

Figure 9 shows the nationwide bridge distribution of all the bridges with failed deck
condition in NBI data 2010. The map shows there are high density in Kansas, Oklahoma
and Louisiana. Possible further study should be proposed to figure out the reason and
solve the problem.

4.4.3.1 Bridge condition rating based on state distribution visualization

Visualization technology can generate some unexpected images from which the bridge
managers can figure out new observations. One example is that the national bridge
distribution for deck rating is 0 (failed condition) in Figure 11. From the map, we can see
there are 915 bridges which deck is in failed condition in all States. Most of those bridges
are located in several States including Kansas (KS), Oklahoma (OK), Louisiana (LA) and
Mississippi (MS), while some other States are in better condition such as North Carolina
(NC), Colorado (CO), Maine (ME), Nevada (NV) , North Dakota (ND), South Dakota
(SD), and Virginia (VA). All those information may bring up potential further studies
on what causes those distributions.

Figure 11. The distribution of bridges with deck condition rating of Zer0 (failed condition) in 2010.
4.4.3.2 Parallel Coordinates interactive visualization

Parallel coordinate visualization is a powerful tool to provide interactive multiple-
parameter comparisons. A multiple axis parallel coordinate (MAPC) view provides high
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level viewpoints that actually reduce the abstract dimensions of bridge parameters
allowing bridge managers to detect and identify causal relationships and trends in data
variables (Figure 12). Bridge managers can use their domain expertise to select and
simultaneously compare several bridge parameters, physically visualize possible
correlations between different bridge attributes and establish mental correlations. Figure
12 shows an interactive view of several bridge parameters. Each straight line linkage
between the parallel coordinates represents a single bridge.

Figure 12 shows the parallel visualization of selected bridges which deck condition rating
is 3 (serious condition) in North Carolina in 2010. In Figure 12, all the bridges are chosen
for the parallel visualization (ADT from 10 to 26001). If we change the interest to higher
ADT, such as ADT from 22362 to 26001, the result will change as shown in Figure 13.
This parallel visualization presents that most bridges with higher traffic volume among
the selected bridges were built in between 1950 and 1970, all these bridges are having
maximum span length of in between 170 and 200 meter and all those bridge have bridge
length of in between 150 meter and 700 meter, while the deck width of those bridges are
different. The new-built bridges don’t have the higher traffic volume. A possible reason
is that all those higher traffic volume bridges built in between 1950 and 1970 are the US
highway and/or Interstate highway.

Figure 12. The parallel coordinates visualization for the selected bridges (all ADT value from 10 to 26001)
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Figure 13. The parallel coordinates visualization for selected bridges, showing ADT from 22362 to 26001
4.4.3.3 Scatter plot interactive visualization

Multiple scatter plot visualization of NBI data can be implemented including data
correlations between different bridge parameters within the NBI database. Figure 14a
shows the scatter plot correlation between deck rating and average daily traffic (ADT).
In this tool, there are mainly two parts, the large area in the left is the plot area and the
right side is the map area for display the location of a selected bridge. In the plot area, the
red dot presents bridge. The dot with darker color means there are more bridges
overlapped since they have the same value of ADT and deck condition rating.

A critical issue with comparative studies of different bridge parameters is that the scale
used may be different; hence, scalable axial components must be used. If an interested
bridge selected in the scatter plot, the bridge location will shows in the right-side map.
The horizontal axis is the value of ADT which scales from 0 through 160,000. The
vertical axis is the value of deck condition rating from 0 through 9. By using the multiple
scatter plot, some information are very easy to get by reading the plot, such as which
bridge has the largest ADT or the largest traffic volume and what value range is the
dominated ADT among these bridges. In Figure 14a, the right-most red circle (bridge)
has the largest ADT of 141,000 and the ID is 1190227; the dominated ADT is less than
20,000. This interactive visualization also allow user to view a selected fragment of ADT
by using the bottom two input boxes. The scatter plot in Figure 14b shows that the
horizontal axis scaled from 0 through 100, a new view of the scatter plot.
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a). All individual bridges are visualized in this scatter plot. The map shows location of the bridge which has
the maximum ADT and indicates that the ADT is 141000 and the bridge ID is 1190227.

b). All bridges with ADT less than 100 are selected and visualized in this scatter plot. The map show the
bridge has ADT of 30 and the location of the bridge.

Figure 14. The scatter plot for comparison of deck condition rating of the bridge and the ADT of the bridge

Another application of scatter plot is about the correlations between the deck condition
rating and the year built of the bridge (Figure 15). A linear relationship between the deck
condition and the year built is descripted in the plot. It’s very easy to pick any bridge and
visualize the information, such as the oldest bridge among these bridges.
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Figure 15. scatter plot for comparison of deck condition rating and the year built of the bridge

4.4.3.4 Choropleth map visualization

The choropleth map (a type of thematic map) provides an easy way to visualize how a
measurement varies across a geographic area and it shows the level of variability within a
region. The technique is used for visualizing the bridge condition distribution cross all
States. Single hue progression is used for mapping the bridge condition data which is a
ratio of the number of the bridges which in a specific condition rating value to the
number of the whole bridge in the state; the State with a larger ratio will be filled a
darker color in the map. As shown in Figure 16, the choropleth map shows bridge deck
with critical condition. If move the mouse over a state in the map, a tip shows more
information, such as OK 716/25829 (Figure 16d), which means that the State Oklahoma
has 716 bridges with critical deck condition and there are totally 25829 bridges in this
State. From this map, if comparing the two States between Oklahoma (darker
background) and North Carolina (lighter background), the ratio of Oklahoma is larger
than that of North Carolina.

Most researches are focus on one state or one specific area. This study is focus on the
national bridge information. The map-based visualization can answer the questions such
as what distribution of the bridge condition in the United States and which state has more
percentage of failed bridges? Figure 16 shows the bridge condition rating distribution;
Figure 16a shows Missouri and Wyoming have darker color which means these two
states have more bridges in serious condition with deck. In state Missouri (MO), there are
545 bridges which deck condition rating is 3 (Serious condition) while the state totally
has 27344 bridges, so the ratio is around 1.99%. Similarly, in North Carolina there is zero
bridge in critical condition with superstructure and the color is white (Figure 16d). .
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a). the number of bridges which have deck rating d). the number of bridges which have deck rating
condition is 3 (serious condition) , the selected condition is 2 (critical condition), the selected state is

state is Missouri. Oklahoma.

d). the number of bridges which have superstructure
rating condition is 2 (critical condition), the selected
state is North Carolina.

b). the number of bridges which have
superstructure rating condition is 3 (serious
condition) , the selected state is Missouri.

¢). the number of bridges which have substructure e). the number of bridges which have substructure

rating conditiqn is 3 (ser.ious condition), the rating condition is 2 (critical condition), the selected
selected state is Missouri. state is North Carolina.

Figure 16. The choropleth map shows the distribution of the bridge rating conditions

Note: 1) The information displayed in map is the number of the bridge over the number of all the bridges in
the state, For example, the notation “OK: 716/25829” d) means that there are 716 bridges which deck
ration is in critical condition while there are totally 25829 bridges in state Oklahoma (OK). 2). The color
indicates the value of the percentage of number of the bridge, darker color shows higher percentage.
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4.4.4 Summary

Visualization techniques are used for large scale dataset, such as the NBI bridge database.
User can explore the bridge information by use this application. With this visualization
system, 1) bridge managers can view the general information of the any interested bridge;
2) bridge managers can generate several knowledge of the bridge damage from various
views; 3) interactive analytical visualization make it possible to figure out the correlation
between two variables of the bridge dataset; 4) choropleth map assist the bridge managers
to get a general idea of the bridge condition distribution all the States. Therefore, the
visualization techniques provide unique images and knowledge of the bridge database to
bridge managers and enhance the capability of bridge management systems.
Visualization may help the user to make an exploit about the damage and to do further
analysis.
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4.5 DECISION MAKING SUPPORT FOR BRIDGE MAINTENANCE
4.5.1 Introduction

Bridge management and maintenance are very important to highway network. Bridge
owners must make decisions to maintenance and improvements. Considering the funding
constraints and the overall needs of the highway system, effective and practical methods
must be developed to meet the challenging needs. Both states and federal government
have been working to develop and implement automated decision-support models to
assist bridge managers. (Hearn et al., 2000)

Both the structurally deficient bridges and the functionally obsolete bridges are not safe
for current traffic demand because of limited structural capacity and the older design
features and geometrics (ASCE, 2009). To provide an efficient and effective maintenance
approach for national bridge system, bridge inspection and bridge maintenance decision
making play a very important role in bridge management. A strategy maintenance
decision making support can help the bridge managers to make effective maintenance
plans for structurally deficient bridges and/or the functionally obsolete bridges, which
include whether the bridge need to be repaired or be rebuilt, how and when to do the
maintenance.

There are many factors that make contributions to the bridge deterioration, such as traffic
volume, age of the bridge, climate and environmental conditions, structural type and
traffic pattern. For identifying and ranking bridges which need to be maintained, an
efficient approach should be designed to improve both operational and structural
efficiency of the bridges. Since the bridge and highway network is a Geo-spatial system
and the advantage of Internet makes flexible accessibility, a Web-GIS based
methodology will be implemented and tested to support the decision making for bridge
maintenance.

The objective of this section is design a very simplistic tool which can estimate the
maintenance needs of bridges and the level of maintenance for national highway bridges.
The applied bridge data is from NBI bridge database. A bridge maintenance ranking
model and a bridge lane expansion model will be discussed in this section. Those two
simplistic models should be improved in further studies.

4.5.2 Decision making for bridge maintenance

Several parameters should be considered as the factors which make contribution to the
bridge deterioration. In this design, five major measures should be considered for
identifying and ranking bridge for management and maintenance. These measures
include the year built (or year rebuilt), traffic volume, bridge condition rating (include
deck, superstructure and substructure), functional classification and sudden damage.

Besides the severe environmental conditions, the high volume of traffic and heavy truck
load make the major contribution to bridge deterioration since the traffic flow is the main
function for highway system. Furthermore, traffic volume also influence to the traffic
flow. So traffic volume is an important factor for identifying the number of lanes on the
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road to make a fluent traffic. Average annual daily traffic (AADT) is a measure of traffic
volume on the roadway.

Bridge condition rating shows the overall condition of the deck, superstructure and
substructure. Bridge condition ratings are obtained by a two-year inspection by qualified
inspector. Base on the condition rating of deck, superstructure and substructure, the
operating rating of the bridge can be calculated. Therefore the bridge condition rating can
help to identify the maintenance for the bridges.

Functional classification of highway indicates the importance of traffic continuity.
Therefore, the bridge on a more important class level should have priority to get
maintenance than the bridge on less important class level.

Sudden damage should also be considered for bridge maintenance. Sudden damage may
not be found by regular inspection (every two years). But the consequence is critical or
deadly for the bridge safety.

4.5.3 Bridge maintenance ranking model and implementation

For identifying whether a bridge need rebuilt, urgent repair, regular maintenance, and/or
expand lanes to meet the increasing traffic volume, several factors should be considered,
such as AADT, condition rating (deck, superstructure and substructure), sudden damage,
year built (or rebuilt). Due to a limited budget, the functional classification should be
applied for identifying the priority of the maintenance. The following suggests a very
simplistic model for condition ranking.

Let Raapr stand for AADT of the road, Rjass stand for road class, Bgeck stand for bridge
deck condition rating; By, stand for bridge superstructure condition rating; By, stand for
bridge substructure condition rating; Bgydqen Stand for sudden damage. By, stand for the
year built. Beuiie stand for the year rebuilt. By, stand for number of lane of the bridge.
Y now stand for current year.

For road class Rj,ss the smaller value, more important for traffic. (Appendix A)

For bridge condition rating Bgeck , Bsup and By, the smaller value, the worse condition,
(Appendix A)

For sudden damage Bgyqqen the smaller value, the worse condition, (Appendix A)

Two models can be developed to identify periodic maintenance and repair, rebuild or/and
lane expansion, B,y stands for the final ranking of the bridge, the result shows what kind
of maintenance should be done; Bianereq stands for the lane expansion solution. The
models for Brank and Bianereq are stated as follow:

Brank = f( Bdeck s Bsup ’ Bsub ’ Bclass ’ Bsudden, Bbuilta 1{AADT); and
Here is a simple approach to implement the two models,

// ranking bridge maintenance (repair, rebuilt or regular maintenance)
For each bridge {
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Brank =Min { Bdeck * Bsup * Bsub* (Bclass mod 10)+05, Bsudden* (Bclass mod 10)}
* (10 + (Belass mod 10) - Bjass )/5 // rural /urban
* (5' (Ynow'Bbuilt)/SO) * K; /! age ofbridge

If (B rank— O)
Message “Rebuilt the bridge”
If (Bank<=N1)
Message “Emergency situation maintenance and repair required with 30 days ”
If (N1<Bpank <=N2)
Message “Urgent situation maintenance and repair required with 180 days”
If (N2< Brank <=N3)
Message “maintenance and repair required with one year”
If (Brank >N3)
Message “following the regular maintenance schedule”
}

4.5.4 Bridge lane expansion model and implementation

For identifying whether a bridge need to expand lanes to meet the increasing traffic
volume, the dominate factor is AADT. Let Raapt stand for AADT of the road, and Biape
stand for number of lane of the bridge. Bianereq stands for the lane expansion solution. A
very simplistic model for lane expansion Bianereq 15 stated as follow:

Blanereq = f( RAADT ) Blane 5 DDHV, MSF, PHF, fHV 5 fP)
Here is a simple approach to implement the two models,

// ranking lane expansion
For each bridge {
temp = (RAADT /24) /(MSF * PHF * fHV * fp) — Blane
if (temp>0){
Blanereq = Int (temp +1 );
Message “need expand lane”;
}
}

where, K, N1, N2, N3, N3 are constants.
PHF: peak-hour factor, 0.95

fuv : heavy-vehicle adjustment factor, 0.68
fp : driver population factor, 1.0

MSF: maximum service flow rate, 2200

4.5.3.1 Data

There are two different techniques to measure the AADT for a road segments. One
method is continuous count data collection, the other is short-term data collection.
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Normally the short-term data collection method is applied to collect AADT data by using
portable sensor. Bridge condition rating data can be obtained from national bridge
inventory (NBI) database; the bridges are inspected by inspectors every two years by
using counting equipment. The road classifications for each bridge are also obtained from
NBI database. The number of lane of the bridge is also required.

Remote sensing data (Section 4.7) and citizen sensor data (Section 4.6) are additional
bridge for this application. The remote sensing data include the LiDAR scan and aerial
fly-over image. Citizen sensor data is captured and uploaded by citizen or volunteers
such as a vehicle driver, a vehicle rider or someone who is capable to found damages on a
bridge. When the citizen sensor finds a sudden damage on a bridge, the damage data can
be collected. he/she can report it via smart phone or computer. In the implementation,
user can upload data through Internet or by make phone call. “Citizen Sensor” can
increase the sensing capability efficiently and quickly for bridge inspection.

4.5.3.2 A Web-based GIS application

For demonstration purpose, these algorithms are applied in a Web-based GIS for city of
Charlotte; the data used is from national bridge inventory (NBI) database. All the bridges
need maintenance and repair, rebuilt and/ expand lane are display with priority both in
colors and number.

(a) (b)
Figure 17 Implementation (map and the detail information)

(a) Map shows the bridge which need expand lane, (b) The information of the bridge

Figure 17 show the demonstration result for lane expansion application. As shown in the
Figure 17a, one bridge is displayed and that means the bridge need lane expansion.
Figurel7b shows the detail information of the bridge. This simplistic demonstration
shows that the lane expansion model and Web-GIS help to identify the bridge which
needs maintenance. The result shows that there is one bridge needs maintenance of lane
expansion (Figure 17b).
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4.5.5 Summary

In this design, several measures are considered, actually there are some other factors also
make contribution to the bridge deterioration. Such as population growth trend, traffic
volume grows trend, area functionality (school, business center), income, etc. Another
thought is that a regression model can be developed for future estimation, such as
applying historical data to predict the future data. In a specific area, there may be similar
factors, such as same geographical features, same climate and same vehicle patterns,
which influence the bridge condition and performance. So one study should be
considered, such as how to figure out the special area which has the same environmental
and social factors which influence to bridges and highway system; a shortest path
algorithm can be applied to this application. By analyzing the bridges system from
environmental perspective, a special area can be figure out from bridge ranking, so that
engineers can get another solution to improve the environmental and infrastructural
systems.
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4.6 CITIZEN SENSING APPLICATION IN BRIDGE MONITORING
4.6.1 Introduction

In this section, the citizen sensor is suggested as a tool for constructed facility
monitoring, which is useful for the management of systems where several discrete
structures that may be miles away from each other, covering large spatial area and render
networked sensing systems challenging. Examples of such systems include bridge
structures on the national highway, railway and waterway systems and power
transmission and distribution structures. Bridges, in particular, can benefit directly from
citizen sensors, since cars and pedestrians pass over them frequently.

Contrast to Twitris (Nagarajan et al. 2009), the citizen sensor for bridge monitoring
(BRIDGE-WGI) requires a domain-specific, targeted data collection system to mobilize
and interact with citizen sensors. Benefit from the bursting populace of web-based GIS
such as Google-Earth® or Microsoft VirtualEarth®, BRIDGE-WGI consists of multiple
tools (enablers) that engages citizen sensors and automatically organizes critical data for
bridge management: Similar to the 911 emergency phone call system, citizens can report
imminent danger to a bridge by using smart phone technologies and wireless Internet
reporting. BRIDGE-WGI can significantly enhance bridge inspection, which currently
relies on a bi-annual visual inspection cycles involving bridge inspectors driving to
inspect the physical structure. Due to their wide spatial locations, networked bridge
monitoring is difficult to implement. For network-wide application, several different
monitoring schemes may be needed to simultaneously capture different schema data to
help enhance bridge health state diagnosis, which ultimately will improve overall bridge
management (Wang et al. 2010).

This section discusses the Web-GIS based bridge monitoring system that integrates
several sensor enabling applications that have been developed that can be distributed to
citizens using social network. Bridge Locator, a smart phone based tool and
implementation for bridge image capture and reporting, is discussed. System security and
other social-related issues that need to be addressed to avoid abuse of the system are
discussed in detail in the section.

4.6.2 Citizen sensor-Smart Phone application

In the context of operations, citizen sensor can be active or passive systems: Active
systems are people who willingly help monitoring, on the other hand, passive system is
embedded sensors that can continuously monitor. In the context of structure, citizen
sensor can be organized or non-organized - depending on the system design. Non-
organized systems would require robust data mining and advanced analytics to identify
critical data. Organized systems can use preset criteria to screen collected data.

Citizen sensor can be considered as one type of NTI sensor and represents a critical
emerging paradigm to social interactivity and operations due to the empowerment of
individuals to capture and share information, typically via the use of digital gadgets, such
as built-in camera or video in smart phones, and the availability of online uploads to



Internet (Nagarajan et al. 2009). The shared data can be personal or socially-relevant.
Social-relevant data sharing is typified by the availability of sensing tools and the
geospatial-temporal positioning of individuals who possesses the awareness of
events/conditions with social concerns. The citizen sensor (individual with social
awareness and the capability to capture and share data) usually has the willingness and
the desire to share the data. The desire may be motivated by several causes that may be
calibrated by education and training.

The objective of a citizen sensor system for bridge monitoring is specifically the
motivation of voluntary information sharing amongst citizens to enhance bridge condition
monitoring and potential disaster responses. The BRIDGE-WGI system consists of
several enabling technology components for citizen use including an online Web-GIS
data visualization portal, Bridge-WGI, a smart phone application for distribution, Bridge
Locator, and a centralized data management system. The functional components that
would constitute a BRIDGE-WGI system: 1) Data Collection — multiple types of sensor
data can be collected; 2) Data Upload — portal for data collection which include physical
wired or wireless Internet access points; 3) Centralized Database — where data can be
organized for future analysis; 4) Data Visualization — interactive Web-GIS geo-spatial
visualization of bridge physical location and affiliated bridge data in organized fashion

(Figure 2).
4.6.3 Design and implementation

The Internet GIS-based bridge visualization platform is called Bridge-WGI, which
integrates the embedded database and Web-GIS for data visualization and reporting. The
conception of Bridge-WGI embraces a larger content then just citizen sensing component
- Since the specific goal is to assist national bridge monitoring and management, existing
bridge management operatives are also integrated into Bridge-WGI, making it a robust
and inclusive data collection system. The Bridge-WGI resides within the computer server
with a website frontend access (www.ncrstuncc.edu). Bridge-WGI enables the
design/update/maintain of NBI bridge data which displays selected basic information
from NBI database including bridge condition rating for deck, superstructure and
substructures. Bridge-WGI also includes advanced analytical visualization for the NBI
data including parallel-coordinate views. Bridge-WGI allows both system-level and
individual bridge information visualization, hence, all bridges within the NBI can be
displayed either nationwide or statewide. Base map from existing interactive Web GIS
server systems such as Google Map, Bing Map or Microsoft Virtual Earth can be adopted
within Bridge-WGI. All user interactions from the Web GIS servers such as zoom in/out,
street view and satellite or map views, can be used.

4.6.3.1 Bridge select tool- computer Citizen sensor data Collection

Data entry is the important part for volunteers sensing application. When a volunteer find
a event and want to upload the information to the bridge database, the most important
information includes the location of the bridge (latitude and longitude) the name of the
bridge, the date and time of the reporting, the detail description and some other
information. For some mobile device which has geographic position system (GPS)
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tracker features, the geospatial location of the bridge can be figured by the mobile device.
In this design, a bridge locator interface is designed for user locating the bridge for data
uploading.

To locate a bridge, the system has three options. First method is using the latitude and
longitude in decimal format (Figure 19-a), the map will display all the bridges in the area
within a distance from the center (latitude and longitude) (Figure 19-b). The second
option for locating a bridge is using the latitude and longitude in degree, minute and
second format (Figure 19-c). The third method is to locate a bridge by using the bridge
ID. Once the bridge located, the bridges are displayed in the map. The information of
NBI Bridge ID and the location of bridges are provided. The interface for volunteer data
uploading can accept the user to collect data and upload data to database.

Distance: Lat (dd mm ss)
[0.1 mile | [35 [31 4940
Long (dd mm ss)
Latitude: 80 [51 [4530 w
|35 27 Search
. Locate Bridge by
Longitude: ID
[-80.85 [374000000000970028
Search | Search |

a) b) c)
Figure 18. Bridge locator

4.6.3.2 Data entry

Once the bridge is located, the related information should be uploaded to the database.
There are mainly four parts for the volunteer sensing data uploading page (Figure 20a),
including a map shows the bridge location, several general bridge information (Bridge
ID, latitude, longitude, the year built and State), data input part (reporting issue, and
description), file uploading part which provides the functionalities for upload various
documents including image file (.img), Word document (.doc), Excel document (.xls),
Adobe document (.pdf), ZIP file (.zip) and LiDAR scan data (.fls and .fws). In the
document uploading window, user can select a document to upload (Figure 20b).
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Please upload one Image File (jpg) =
| Browse..

Subrnit |

Please upload one PDF Docunent (.pdf)
I Browse..

Subirnit |

b)

a)

Figure 19. Public data entry interface(a) and the image pdf document upload interface (b).
4.6.4 Bridge Locator-Smart Phone data collection

The citizen sensor data collection function within Bridge-WGI is provided by a specific
smart phone application that allows citizen sensor to capture/annotate/upload bridge data.
Bridge Locator is an Android application that reads in bridge data from the master
database location data and locates bridges near the user within a certain radius using the
user hand held device’s GPS capabilities. ~ Bridge Locator is developed using
Basic4Android and Android SDK (system development kit). The main features of
Bridge Locator include user selection of a search radius (in miles), and use the smart
phone’s 3G/WiFi/GPS signals to locate all the bridges near the user within the search
radius. The accuracy of the bridge location is dependent on the device’s GPS signal and
the cell tower triangulation. The best available location source selection is then in the
order of GPS, 3G (triangulation) and then WiFi. The current location can be set to auto-
update in the settings every 30 seconds to 2 minutes. This is ideal if the user is driving in
a vehicle and wants to automatically see an updated list of bridges without having to
press the “Bridges near me” button.

Figure 20 shows a screen shot of Bridge Locator — several functionalities are provided for
user interactivities including options for locating a bridge, listing of bridge location
results that allows user to select a specific bridge and the option of changing the scope of
radial bridge location. The bridges are displayed in a list. The following details are
provided: 1) NBI Bridge ID, 2) Indication whether NBI inspection data is available for
the bridge, 3) How far (in miles) the user is from the bridge, point-to-point (“‘as the crow
flies”), 4) Indication whether the bridge is in the user’s favorites list. Bridge Locator
utilizes Google Map navigation capabilities; hence, driving directions to specific bridge
can be indicated. Bridge location on Google Map in either map view or satellite view is
also shown (Figure 21).
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Figure 20 Bridge Locator for Locating of the Highway Bridges near a Citizen Sensor

Figure 21 A Satellite View of the Selected Bridge is Shown

To capture data, Bridge Locator automatically verifies if the user is within 1 mile of the
selected bridge. If so, Bridge Locator allows the user to capture a picture of the bridge
using the phone camera. The image is then submitted to Bridge-WGI for approval (with
notification via e-mail). The image is then stored in a photo album for either web-display
or integrated into the bridge database. Figure 22 shows the data collection using the
Activity function within Bridge Locator. Currently, Bridge Locator does not allow users
to directly upload images from the gallery to the bridge database. The upload function is
left to the bridge managers or to the database manager to operate.
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Figure 22 Bridge Locator Activity Including Bridge Imaging Using Camera Phone

Bridge Locator has been designed as a firmware, so that users are automatically notified
for upgrades and developer news.

4.6.5 Security

Internet security is very important issue for protecting the data and application. In the
design we just apply the login to protect the website being misused by a person without
the privilege. The login is designed for different users to access this application. The
login interface is shown in Figure 23a, and the user can access the computer system by
choosing a user-type, entering the username and the password. Different user can only
access the pages which the user has the privilege (Figure 23b). The more security issues
should be discussed in future study.

UserType: | Gerenal User
| Gerenal User
NBI data input
Password: |LiDAR scan input
Administrator
Bridge manager

Username:

Login interface For different user

Figure 23. Login Interface
4.6.6 Advantages of Using Citizen Sensors

Current bridge inspection process is a multi-task procedure from the beginning when an
inspector does a field inspection to final information usage for USDOT (Figure 24a).
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This effort can take several months to complete. Supplementing with BRIDGE-WGI can
significantly improve the process, which may include (Figure 24b):

Inspector Data Sufficient Submit to State DOT Submit to usSDaT Delivery for
Field Collection and —»| Anahsis —» StateDOT —» Further —»  USDOT further work I data ur:a o
inspection Document i (or City DOT) process (txt/xIs/dbf) 8

a). Most current procedure of bridge inspection

Inspector Data CSBM Standard
on-site Collection and ——»| EECTAI » Database for

. A Analysis, Report, g

inspection Upload Original data) Usage

b). BRIDGE-WGI procedure

Figure 24. The comparison between current procedure and BRIDGE-WGI procedure for bridge inspection

1) Increase efficiency. The Web-based BRIDGE-WGI system integrates all analytics and
visualization, hence, can help enhance understanding of parametric inter-relations (Wang
et al. 2010). All the time consuming works can then be focused on on-site inspection and
related works for system maintenance.

2) Decrease the cost to inspect a bridge and use the use the money to repair bridges. The
conventional procedure needs a group of personnel and several months to finish the work.
So the cost is high. By using BRIDGE-WGI, the cost will be decreased, and the DOT
can use the saved budget to improve the maintenance level for bridges.

3) Increase the flexibility to access and expand the monitoring capacity for national
bridges. Most current bridge management systems are used in a stand-alone computer
(workstation) and intranet or limited Internet access. Different States DOT own their own
bridge management systems with different functionalities. By applying the BRIDGE-
WGI framework, DOT personnel can view the information of any bridge nationwide
anywhere and anytime with the technology of WebGIS.

4) Support ad-hoc inspection and improve the health of the bridge. Most current
inspections are following a 2-year on-site inspection cycle. This may make the inspectors
miss a special inspection for a bridge which may need to be inspected earlier than the 2-
year cycle due to possible issues with the bridge. With the BRIDGE-WGI application,
the decision making support will automatically generate pre-caution and suggest that
inspectors do an inspection for a particular bridge and on which date. Thus, the ad hoc
bridge inspection can help improve the safety of the bridge.

5) Dramatically increase amount of bridge data and expand the NBI database.
Traditional procedure only use the data (include pictures) collected by the inspector to do
further analysis. By using citizen as the sensors, the bridge information is larger and
available in various formats (such as text, image, audio and video) and various categories
(such as bridge damage, traffic jam, scene view and others). All the input data by public
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will help further the study of the bridge and vehicle traffic by using data mining
technologies.

6) Use the information from the BRIDGE-WGI for public safety. The information can be
used by commercial trucking firms to create the safest routes by making sure that truck
weights do not exceed current limits on bridges.

7) Educate citizen sensor. Citizens can be educated about the importance and difficulties
in bridge maintenance and management, which can further motivate citizen
responsibilities to assist DOTs in bridge management.

4.6.7 Summary

Citizen sensor represents a critical adaptation of the geography and spatial science (GSS)
technologies. The motive to share data is critical to the citizen sensor concept: A
fundamental question to ask in GSS is “What does geography and spatial science mean to
different scientific applications?” Goodchild (1992) argued that spatial data handling
provides what we do and how we do it, but does not answer why we do it.

Citizen sensors in BRIDGE-WGI are assumed to be people who are aware of bridge
monitoring issues and are willing to volunteer efforts to capture bridge information
(VGIs). Hence, by using controlled user interactivities and operations (software-based),
citizens are envisioned to download specific apps for their smart phone and become
active data provider. Bridge-WGI represents critical component in using GSS and citizen
sensor technology for network-level bridge monitoring. Bridge-WGI requires the ability
to capture multiple sensor data associated with bridge damage detection to provide
meaningful information in the decision making process in assessing the structural health,
preservation, and maintenance of the bridge. Hence, Bridge-WGI serves two critical roles
concerning interaction with citizen sensors: 1) to assist and facilitate citizen sensors with
bridge information upload, and 2) to enhance citizen sensors understanding of bridge
management issues. As a result, significant involvements in geographic visualization are
needed to transform dat