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The realm of Earth science (ES) is increasingly data-intensive. Geoinformatics research 

attempts to robustly smooth and accelerate the flow of data to information, information to 

knowledge, and knowledge to decisions and to supply necessary infrastructure and tools 

for advancing ES. Enabling easy access to and use of large volumes of ES data and 

massive computing resources is an essential role of geoinformatics for supporting ES 

research and education but remains a problem. There are still many challenges in solving 

this problem for geoinformatics. The key challenge is that the current data and 

information systems are not easily interoperable at the data, functions (services), and 

systems levels. Recent advances in cyberinfrastructure (CI), Web services, and geospatial 

interoperability technologies promise to overcome this challenge. This dissertation 

research aims at solving this problem by taking the advantage of those recent advances. 



 

  

 

Driven by the common needs of data-intensive research and education in Earth sciences, 

this research studies the feasibility and methodology of facilitating ES research and 

education with interoperable geospatial Web services, develops a service-oriented 

architecture (SOA) for an open, interoperable geospatial Web service system, and 

implements the system in an operational environment. The research also analyzes the 

impact of such a system on ES research and education.  An integrated perspective for the 

common needs of ES research and education is achieved by identifying major barriers in 

ES research and education and the associated challenges for geoinformatics to provide 

solutions. The state of the art in geoinformatics for addressing those challenges is 

reviewed. The integrated system framework, interoperability mechanisms, functional 

requirements, and the methodology for building an operational geospatial Web service 

system are explored, with the goal of providing better data and processing services to ES 

research and education. The system is designed as an open, interoperable, standards-

compliant, adaptable (self-evolvable and maintainable), and SOA-based geospatial Web 

service system. The functional requirements, as well as design principles including the 

system interoperability, scalability, reusability, and adaptability, have been considered 

comprehensively in the design of the system architecture. The implementation issues, 

such as the effectiveness and efficiency of the system, are explored and the strategy for 

dealing with these issues is discussed. The system designed is implemented and operated 

as GeoBrain by the NASA EOS Higher Education Alliance (NEHEA).  It provides 

operational online on-demand ES data and processing services to worldwide users.  

 



 

  

 

The operational use of GeoBrain in ES research and education has demonstrated that this 

dissertation research has successfully solved the problem at which it aimed. The research 

also provides insights, lessons-learned, and technology readiness for developing more 

capable geospatial Web service systems for establishing more effective online learning 

and research environments for Earth science in the near future. Such systems can meet 

wide-range needs of future generations of scientists, researchers, educators and students 

in their formal or informal educational training, research projects, career development, 

and lifelong learning. 
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Chapter 1 Introduction 

 

1.1 Changes in Earth Science Research and Education  

Earth Science (ES) is a general term referring the sciences related to the planet Earth. It is 

often interchangeable with the terms geoscience, the geosciences, or Earth system science. 

It is well known that the Earth is a large, complex, non-linear system comprised of many 

sub-systems. As is generally recognized, the Earth system has four spheres, the 

lithosphere, the hydrosphere, the atmosphere, and the biosphere, interacting through 

diverse physical, chemical, and biological processes over a wide range of spatial and 

temporal scales [Adams and Lambert, 2006]. A major challenge to ES research is better 

understanding how these spheres function and how they interact with each other as an 

integrated system. Due to the complex and multi-disciplinary nature of Earth science, it is 

a particular challenge for students to master the knowledge of the Earth system and for 

researchers to study the Earth as an integrated system. To solve the numerous scientific 

problems that deal with threats to the health and safety of the citizens of our planet, better 

capabilities and knowledge in ES are needed  [Marino et al., 2004]. With the increased 

concern about resources and the environment from local to global scales, there are an 

increasing number of ES related scientific studies and industrial applications. ES research 
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and education are of great importance to all human societies and have gained the 

increased attention today.  

 

The rapid advances in many complementary areas of technology, among them, remote 

sensing, computing systems, networking, data, information resources, software services 

and tools, have shaped modern ES study and created unprecedented challenges and 

opportunities in conducting ES research and education activities. One of the significant 

changes in ES research in the past two decades has been the rapid increase of both the 

amount of available ES data and the capability of processing the data. For example, the 

advances in data collection techniques in the past decades have provided enormous 

digital data resources and transformed ES research significantly towards data-intensive 

endeavors. In particular, advances in sensor technology have had a great impact on how 

research in the Earth sciences is conducted. Remote and other Earth observation sensors 

have collected extremely large amounts of Earth science data. Those data become 

essential to Earth science studies. Effectively, ES has been transformed into a data-

intensive scientific field that acquires and uses extensive remote-sensing data [Ledley et 

al., 2008].  

 

In order to adapt to the change in ES research, ES education has experienced significant 

changes too. Modern ES requires a scientific workforce of individuals not only well 

trained in multiple related disciplines but also mastering computational approaches, 

software tools, and essential Information Technology (IT) skills. Success in producing 
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such a workforce needs ES education to be integrated with research and adaptable with 

new approaches in teaching and learning. Engaging students with data is one of the most 

fundamental approaches for training students in Earth Science [Manduca et al., 2002]. 

New approaches, which emphasize the experiential learning that leads to technical and 

intellectual competences, are critical to the success of ES education [Marino et al., 2004].  

 

Typically, today’s ES learning and discovery involve multidisciplinary sciences 

(including physics, chemistry, biology, and chronology), large volumes of Earth science 

data, fundamental computational approaches (or quantitative skills), and data and 

information sciences and technologies. In both ES research and education, the ability to 

access and analyze ES data is essential. 

 

1.2. Earth Science Data 

“Data” is the foundation upon which scientific arguments can be built. However, the term 

means different things to different people depending on the context of what people are 

trying to accomplish [Manduca et al., 2002]. In this dissertation,  “data” for ES include 

broadly any generated, observed or processed records that support ES studies or practices. 

Thus, ES data can be “raw data” (e.g. directly collected by a satellite sensor) or “data 

products” (e.g. derived or processed from raw data). 

 

Because of the diversity of sensors and organizations involved in data collection, ES data 
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are naturally complex and large in volume. Contemporary ES data originate from 

multiple sources, including Earth Observing Sensors on various platforms, simulation 

models, and in-situ measurements. Many agencies and organizations around the world 

have been involved in collecting ES data and processing those ES data to generate high-

level products. The data and derived products are commonly archived in many different 

data centers. The NASA Earth Observing System (EOS) program alone currently 

produces more than 2 Tb of Earth science data per day [Di, et al., 2002 b]. Real time data 

from in-situ sensor systems are increasingly available. Such real time data are valuable 

for ground truth, may be input into forecast models, and are useful on their own. In 

general, ES data have the following unique characteristics, which dictate the uniqueness 

and challenges of using ES data in research and education.   

 

• Time-dependence. ES data products are typically based upon repeated satellite orbits 

to identify changes over time, both natural and anthropogenic. 

• Vertical-dependence. Many Earth science data products span a range of vertical 

levels. These products may use pressure or other monotonic variables as the vertical 

coordinate. 

• Large volume. Many of these products have data volumes measuring several 

terabytes, due in part to the time- and vertical-dependence and multiple measurement 

parameters. 

• Specialized data models. Earth science data products are often captured and stored 

in the form of a 1-D, 2-D or 3-D swath, as a consequence of the satellite orbit and 
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view angle. Output from numerical weather and climate forecast models and thematic 

products derived from satellite data take the form of gridded data with multiple 

parameters varying in three spatial dimensions and time (4-D). 

• Specialized data formats. Large EOS datasets are generally stored in a scientific, 

self-describing format, such as HDF, HDF-EOS or netCDF. A single file might 

contain an arbitrary collection of data products, and these must be properly 

interpreted based upon the information in the file descriptors.  

• Competing data access protocols. Multiple data access protocols exist for ES data. 

Each ES discipline may have its private protocols for accessing the disciplinary data. 

As a resulr, cross-disciplinary data access may be very difficult. 

• Preservation of raw data values. Raw data values are important to scientific 

investigations. Even products derived from the raw data are available. Scientists 

sometimes request raw data to validate the derived products, test the refined 

algorithms, generate new products, and produce improved products.  

• Multiple parameters. The same scene may be measured using multiple spectral 

bands or multiple algorithms. Arithmetical combinations of these bands or parameters 

are often physically meaningful. 

• Version control. Some scientific data products undergo reprocessing, as geophysical 

algorithms are refined. A means of associating a dataset with its version is desirable. 

• Alternative time dimensions. Many satellites take measurements at a constant "sun" 

time that is not constant in UT or local time. A means to specify solar time over a 
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mosaic of images is desirable. Forecast model output involves multiple time 

dimensions (model run time and forecast time) – one of which extends into the future. 

• Vector and point data. Not all ES data are in raster form. Some ES products are in 

vector form (such as wind or other motion fields). A means to render this type of 

vector field is desirable. 

• Support for missing/min/max values. Numeric values that are not valid should be 

handled in a consistent manner. 

• Real-time data. Radar and other observation systems may produce real-time 

measurements at the rate of several products per second. The products must be 

disseminated in a timely manner. 

• Path data. “Path" data such as balloon soundings, oceanographic Conductivity, 

Depth, Temperature unit (CDT) depth soundings, or observations from commercial 

aircraft may have highly irregular spatial domains. 

 

Because of the large data volume and complexity, it is impossible or extremely difficult 

to deal with ES data without computers. Computer-based data processing and model 

simulation have become a standard method in ES studies. Generally, modern ES research 

and education use equations, models and numbers in conjunction with observations, maps 

and words as fundamental tools to build a quantitative understanding of the Earth system 

[Manduca et al., 2008]. Consequently, information technology plays a critical and 

essential role in the data-intensive ES studies.  
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1.3 Geoinformation Science 

As information technology is playing a vital role in ES studies, a new discipline, Earth 

sciences informatics, also called geoinformatics or geoinformation science, has been born. 

The main goal of geoinformation science is to facilitate ES research and education by 

developing and applying information technology and constructing infrastructures. 

Geoinformation science studies the theory, methods, and systems for collection, 

preservation, archival, and management of Earth science data, extraction of information 

and discovery of knowledge from the data, and timely delivery of Earth sciences data, 

information, knowledge, and decision support to stakeholders. Such studies robustly 

smooth and accelerate the flow in the life cycle of ES data from data to information, to 

knowledge, and to decisions for better understanding scientific phenomena on Earth.  

 

Geoinformation science has advanced rapidly in the past two decades, particularly since 

2000. Many large-scale geoinformation research and infrastructure initiatives have been 

carried out, e.g., National Spatial Data Infrastructure (NSDI), Global Spatial Data 

Infrastructure (GSDI), and Global Earth Observation System of Systems (GEOSS). In 

recent years, one of the hot research topics in information technology is the 

cyberinfrastructure, a term coined by the National Science Foundation (NSF) and used to 

describe “the new research environments that support advanced data acquisition, data 

storage, data management, data integration, data mining, data visualization and other 

computing and information processing services over the Internet [Wikipedia Web site]. 

Innovative technologies have been developed in the areas of cyberinfrastructure, 
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including computing systems, data, information resources, networking, web-enabled 

sensors, sensor networks, instruments, virtual organizations, and observations, along with 

interoperable suite of software services and tools. In the geoinformation science domain, 

geo-cyberinfrastructure, the cyberinfrastructure developed specifically for supporting 

geosciences, have been studied intensively in the recent years. All of those advances have 

greatly facilitated Earth Science research and education but also present challenges. For 

example, Web service is one of the major advances in the cyberinfrastructure technology 

in recent years. The development and application of Web service technology in the 

geospatial domain, geospatial Web services, remains a major challenge, because of the 

complexity and diversity of geospatial data and services and lack of computing resources. 

Consequently, while the geospatial Web service technology has great potential for 

providing innovative methods—as by preparing students with world-view training and 

experience, transferring spatial data and information technologies to the professional 

workforce and society at large, or meeting the increasing needs for globalization of 

remote sensing education and research with globalization of the economy—the ES 

research and education community still needs help from geoinformatics professionals to 

take advantage of the new technology effectively and efficiently . 

 

1.4 The Structure of This Dissertation 

Before finishing the introduction, a brief description of the structure and content 

arrangement of the remained parts of this dissertation is given here. In Chapter 2, the 

major problems in geoinformatics for supporting ES education and research are stated. 



 

 9 

 

These problems are translated into the challenges in geoinformation science. Then, the 

objectives of this dissertation research are stated. In Chapter 3, the state of the art in 

geoinformatics and related fields is reviewed in order to better understand the research 

issues. And then, the functional requirements and methodology are studied in chapter 4. 

Architecture design is followed in Chapter 5. In Chapter 6, the issues related to the 

development of the key geospatial Web service technology and to the implementation of 

the system designed are addressed. The deployment, demonstration and operation of the 

system, named GeoBrain, are introduced in Chapter 7. Performance evaluation and the 

impact analysis of the GeoBrain system are discussed in Chapter 8. The conclusions and 

summary of future research directions are given in Chapter 9. 
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Chapter 2 Major Challenges and Research Objectives 

 

ES has the goal of understanding Earth system processes by studying the complex 

functions and interactions of the components of the Earth system [Marino et al, 2004]. 

Modern ES research and education routinely uses of large amounts of multi-source 

diverse ES data but the current capabilities to support access and use of those data are 

limited due to some technology barriers.  

 

In this chapter, major technology barriers in ES research and education are analyzed with 

an emphasis on accessibility and usability of the geospatial data. Then, the problems in 

using geoinformatics to remove those barriers are discussed. Finally, the goals and 

objectives of this dissertation research are given following the discussion of challenges.   

 

2.1 Major Barriers in Earth Science Research and Education 

Recognizing the importance of geoinformation science for advancing the Earth science 

education and research, government agencies have invested significant resources in 

geoinformation science research and education in the past decades. Significant progress 

has been achieved in facilitating data use through the development of data and 

information systems and spatial data infrastructures. Such progress has provided strong 
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support to Earth science research and education, especially in the area of ES data 

management and dissemination. Despite this significant progress, significant barriers still 

exist for the effective and use of large volume of ES data because of the problems in data 

accessibility, availability, interoperability, and integration. As the amount of diverse 

geospatial data collected by the private, public, and military sectors around the world 

grows rapidly, these problems are becoming increasingly critical in almost all ES 

research, education, and application domains. In the following sections, the major 

barriers in ES research and education are discussed in some detail. 

 

Four significant features of contemporary ES research distinguish it from scientific 

endeavors in other domains:  

1) It needs a great amount of knowledge and skills in multiple disciplines. 

2) It uses a great amount of quantitative content and is both data and computation 

intensive. 

3) The research regions span extreme spatial scales  (e.g., a leaf, a field, or an area of 

local, regional, continental, or global extent). 

4) The research needs to consider temporal extent, because of the dynamic and evolving 

Earth system.  

 

Currently, datasets from data centers are very diverse. The data products may differ in 

spatial/temporal extent and resolution, origin, format, name convention, and map 

projection. Scientists spend considerable time assembling the data and information into a 
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form ready for analysis, even if the analysis is very simple. An estimated 50% ~ 80% of 

researchers’ time is spent on data and information discovery and assembling [Di and 

McDonald, 1999]. The fundamental problem is that the systems, data, and information 

available from the different data repositories are not interoperable. ES researchers are still 

very frustrated and challenged in solving scientific problems when using the current ES 

data and infrastructure. The following example illustrates this point. 

 

During the 7
th 

NASA Earth Science Data Systems Working Group (ESDSWG) Meeting 

in 2008, there was an intensive discussion about “Earth Science Data: Why So Difficult?” 

The discussion was documented in “Earth Science Data Usability Vision” [Lynnes, 2008]. 

The discussion started with a coincident data use-case scenario for the Earth Observing 

System (EOS) Data Information System (EOSDIS). In the scenario, a scientist wants to 

“determine a volcanic eruption's vertical and horizontal extent, at the highest possible 

spatial resolution” [Lynnes, 2008]. Solving this scientific problem with the current 

infrastructure, the scientist needs to obtain, integrate and analyze “aerosol” data from 

multiple sources manually with the following steps: “ 

(1) Look through directories to find the right datasets, probably miss some good ones,  

(2) Use several different search tools to get data files,  

(3) Use a special interface to get the Giovanni climatology,  

(4) Wait for email for some data, then go pick it up,   
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(5) Get data in at least 5 different formats and many data structures; reformat to be 

able to apply analysis tools, reproject them, and integrate vertical profiles with 

horizontal data,  

(6) Spend days reading documentation on quality, and spend more days writing code 

to screen data,   

(7) Hear about Dr. Bob's experimental data through good luck and abandon hope of 

using the vertical JPEG in her tool… 

…”  [Lynnes, 2008] 

 

As shown in the scenario, currently the scientist needs to put great effort and time (days, 

weeks or even months) into obtaining and preprocessing data before conducting any 

actual scientific analysis. And very often, many scientists cannot conduct a scientific task   

due to lack of data, computing resources or skills, or due to a requirement for real-time 

data. This situation largely hampers the rapid progress of ES research. ES scientists are 

crying for help. They hope that in the near future they can do the same analysis with the 

following simple steps: “ 

 

(1) In the analysis tool, the scientist types "aerosols" in a blank, 

(2) The tool presents a table of aerosol choices, showing key characteristics in a 

comparison table: 

…. 
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(3) The scientist just needs to check desired boxes and draw a box around the volcano, 

then sets date/time and clicks "Go", 

(4) 20 seconds later, all data are in his/her analysis tool, pre-subsetted, formatted as 

desired, with quality screening applied, etc. 

….” [Lynnes, 2008] 

 

In order to meet this expectation, many challenging questions need to be answered (e.g., 

“how must the data be organized to better support their use?”) and many geoinformation 

technologies need to be developed (e.g. data and information processing and integration). 

 

The overarching goal of ES education is to give students the ability to understand the 

nature and processes of the Earth system and the roles of evidence and theory in Earth 

science, although ES education has different teaching goals for majors or non-majors 

(like all other science education) [Manduca et al., 2004]. Of course, majors may have 

more extensive learning goals, including a sophisticated understanding of the Earth and 

mastery of related skills compared to non-majors or general public. However, ES 

education for everyone should share many common basics. The reason is simple. A basic 

understanding of the Earth system—its composition, structure, and processes, and 

connections to humanity—provides the knowledge base, methodologies, and global 

context that make science accessible, relevant, and meaningful for all students [Ireton et 

al., 1997]. 
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Modern ES education can be characterized by the following targeted educational 

approaches:  

1) Using extensive remote sensing data in classroom teaching [Manduca et al, 2002; 

Ledley et al., 2008],  

2) Emphasizing experiential learning that leads to technical competence and intellectual 

self-confidence in research [Marino et al., 2004], 

3) Addressing computational approaches and quantitative skills [Marino, et al., 2004; 

Manduca et al., 2008],  

4) Engaging student interest and creating understanding by solving real-world problems 

[Marino et al., 2004].  

 

These approaches are critical for attaining the ES educational goals and benefiting human 

society at large, e.g. to increase our understanding and capabilities to respond in areas 

such as environment protection, natural resource utilization, and natural hazard mitigation. 

However, ES education cannot now attain its goals or support the implementation of 

these targeted educational approaches. In fact, there are even more challenges in data 

accessibility and usability in current ES education than in research. For example, the 

Earth remote sensing data provided by NOAA and NASA, are especially attractive and 

useful to ES education because of the variety of data sources, multi-disciplinary coverage, 

science-oriented data collection, and no or low cost. However, there are significant 

problems associated with finding, accessing, analyzing and using those data in current ES 

education. 
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The issues associated with use of large volumes of Earth science data in education have 

been extensively discussed in the AccessData workshops organized by the Data Access 

Working Group (DAWG) annually since 2004. Funded by the NSF, the DAWG is 

composed of individuals from the digital library, data provider, research, and education 

communities. The AccessData workshops bring together a wide range of professionals 

who have a stake in getting data used in educational settings [DAWG Web site]. Earth 

science data providers, data access and analysis tool experts, scientists, curriculum 

developers, and educators all work together to explore and address issues regarding data 

use. The workshops have identified remote sensing data as the most common data used in 

ES education. Common barriers to using data in ES education are difficulties in finding 

data and data format problems. Educators and students have difficulty finding and using 

most remote sensing data, because those data are generally described by narrowly 

focused, cryptic metadata not intended for educational use [Ledley et al., 2008]. 

Educators and even researchers are challenged in discerning whether a dataset they find 

is relevant to their needs. And so, they can never access and use the data effectively. Also, 

analysis of remote sensing data requires many resources. Many teaching labs cannot 

provide enough resources for students to perform data processing and analysis.  

 

In addition, the current data acquisition procedures make the intensive use of remote 

sensing data in the classroom quite difficult. For a user to obtain remote sensing data 

from data centers for applications, the typical steps are data discovery, ordering, access, 

preprocessing, and ingestion. From discovery of the desired data to actual ingestion of the 
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data into an analysis system usually takes weeks. Therefore, many studies requiring real 

or near-real time data are not possible. Second, because users cannot get the data in a 

form they specify, they need to spend a lot of time and resources to pre-process the data 

into the format, projection, and geographic area and time period they want. This adds 

another layer of difficulty, especially for those who are not very familiar with data 

formats and format conversions, reprojection tools, and subsetting/resampling packages. 

Because of the large volume of data, universities may not have enough software systems 

and resources for students to dynamically analyze ES data.  

 

Because of those difficulties, remote sensing data used in the ES classroom are still 

largely sample datasets prepared by the professor of the class.  The professor who wants 

to use NASA EOS or other remote sensing data in the class needs to spend weeks or 

months obtaining samples of data. Then he needs to georectify, reproject, and reformat 

the data to the form acceptable by the in-house analysis systems to form the “sample 

datasets”. The sample datasets normally cover a small geographic region and all students 

share the same dataset for the class exercise. If the class is big and the number of analysis 

software licenses is limited, students may need to sign up for computer availability. The 

same sample datasets are normally used every semester. Students are rarely exposed to 

the richness of remote sensing data that has been collected, and they will not be able to 

learn how to use the vast amount of remote sensing data available for real-world 

applications. Graduate students and faculty doing research with remote sensing data may 

become familiar with the data and may even have preprocessing software/procedures and 
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format-compatible analysis software in-house. But they still face the problem of the 

length of processing from requesting the data to actually analyzing it. 

 

2.2 Geoinformatics Solutions and Challenges 

From the above discussion, it is not surprising that both ES education and research want 

common geoinformatics solutions. Both ES research and education expect easier 

discovery, access, integration and use of large amounts of remote sensing data, more data 

analysis tools to be easily available, and better data-intensive computing capabilities. A 

well-integrated perspective can be achieved by identifying what geoinformatics can offer 

to meet the common needs of ES research and education. Such an integrated perspective 

will benefit both education and research in a better way than a single perspective. The 

reason is not difficult to understand. ES research and education are very closely 

interleaved. ES research relies on education to train a scientific workforce with technical 

competence and intellectual self-confidence in research for continuing advances in 

understanding the complex interactions of the components of the Earth system. ES 

education needs to train students in new knowledge, concepts, discoveries, and 

methodologies generated by research and should continuously update educational 

approaches and contents as research progresses. ES education and research frequently use 

common data, software tools, or environments. In fact, integrating research and education 

in a systematic way will maximize the uses o research results and enable ES education to 

produce a qualified scientific workforce.   
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The following subsections address comprehensively what geoinformatics capabilities 

should be developed and provided to the ES research and education communities to 

remove the barriers discussed in section 2.1 and what problems geoinformatics needs to 

solve in offering such capabilities. The integrated views on geoinformatics (computing 

capability, information technology, data service, infrastructure, etc.) address the common 

requirements of ES education and research that have been discussed as well as some 

specific requirements for each (e.g., making ES data accessible and usable in education 

has some specific metadata requirements other than those needed for scientific purposes 

or research [Ledley, et al., 2008]).   

 

2.2.1 Data-intensive and Distributed Computing Capabilities 

As already known, the existence of enormous multi-source digital ES data collections 

provides both great opportunities and challenges to ES research and education. One of the 

biggest challenges is the lack of capability for data-intensive and distributed computing. 

Computation on geospatial data at larger scales and in more distributed locations than 

ever previously contemplated needs support urgently. Geoinformatics provides a 

foundation and methodology for meeting these demands. With current technology, 

geoinformatics needs to resolve some fundamental issues relating to geospatial data-

intensive and distributed computing for serving ES research and education so that they 

can take a better advantage of the current data and computing resources. Problems 

include  
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1) Limitations of current systems for supporting data-intensive and distributed computing 

and how to overcome them, 

2) What programming abstractions (including models, languages, and algorithms) are 

needed for data-intensive and distributed computing, and 

3) Design and development of well-integrated platforms and a systemic framework for 

conducting varied data-intensive distributed computing tasks with reliability, efficiency, 

availability, and scalability. 

 

2.2.2 Discovery, Access, Retrieval, and Integration of Distributed Data 

Data discovery, access, retrieval, and integration are essential for conducting ES research 

and education. The known difficulties of using ES datasets in ES research and education 

are mainly result from insufficient capabilities and intelligence in data discovery, access, 

and integration. Capabilities for easy, personalized, and on-demand data discovery, 

access, retrieval, and integration of distributed data sources need to be developed so that 

researchers, educators, and students are able to easily find the data they want and get 

them in the exact form they want. With such capabilities, researchers can focus on 

solving scientific or applications problems instead of spending most of their effort in 

dealing with data, educators can dynamically demonstrate the uses of data of any spatial 

or temporal coverage or scale in classroom teaching, and students can have an data-

intensive learning environment to help them learn and experiment with real-world 

problem solving training and experience.  The current geoinformation science 
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technologies and infrastructure, present the following major challenges in providing those 

capabilities: 

1) Data and metadata standards problems 

2) Data and systems interoperability problems 

3) Artificial barriers in the current infrastructure: organization- or project-specific 

data archives with private interfaces at distributed locations limit the access to and 

use of data by the community at large 

4) Insufficient understanding about data and information integration across scales, 

platforms, languages, etc. 

5) The semantic problems (e.g. lack of ontologies) across disciplines. 

 

2.2.3 Data Processing and Modeling Capabilities 

With the ever-increasing amount of data, computer-based data processing techniques (e.g. 

mining, analysis, and visualization) have been regarded as important developments in the 

information age. Data are valuable only when people can understand them. The large 

collections of data in almost every area of human endeavor has created a great demand 

for powerful tools to analyze data and transform the vast amounts of data into useful 

information and knowledge. To satisfy this need, researchers have been putting enormous 

efforts into exploring the ideas and methods in such areas of machine learning as pattern 

recognition, statistical data analysis, data visualization, data interpretation, and neural 

nets. These techniques are used to develop data mining, analysis, and visualization 

software tools that automatically turn data into information and knowledge and find 
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patterns and relationships in the data that were previously unknown [Michalski et al., 

1998].  

 

In ES, data processing software tools play an even more critical role than in other 

scientific domains. Earth remote sensing data are notoriously complex. Most remote 

sensing data are multi-spectral or even hyper-spectral images. They may have many 

dimensions with multiple spectral bands (sometimes more than two hundred), and are not 

easily readable like the simple data types such as text and numbers. Human manual 

processing or visual interpretation of remote sensing data is very limited or impossible. 

Analyzing remotely sensed data and extracting useful thematic information from spectral 

signatures of the image data largely relies on proper data mining, analysis, and 

visualization techniques [Hinke et al., 2000]. Although much effort has been put in 

developing ES data mining, analysis, and visualization software tools, the use of many of 

those tools is very limited due to lack of availability, interoperability, and portability. 

Making existing data mining and analytic functions easily available to broader audiences 

remains a challenging issue. 

In addition, geospatial modeling tools and infrastructure building are of extreme 

importance. Because of the complexity of the science and lack of modeling infrastructure 

and tools, the current modeling capabilities in ES are very limited.   However, society 

must be able to understand, predict, and respond to rapid climate and environmental 

changes effectively. Without improving modeling capabilities, it is impossible to meet 
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this challenge. A most urgent task in Geoinformatics is building stronger geospatial 

modeling capabilities.     

 

Making data processing and modeling functions or software tools freely available online 

with interoperability and portability will be of great benefit to ES education and research. 

Many complex scientific tasks, which are now impossible or very challenging, would 

become practical. With the current technologies, it is not difficult to make an individual 

function or software tool online available. The major challenge is making large amounts 

of analytic functions and software tools online available and workable in a chained way. 

 

2.3 Research goal and objectives 

The overarching goal for this dissertation research is to facilitate data-intensive ES 

education and research by addressing the challenges, advancing concepts and developing 

technologies in geoinformatics. Although it is impossible for this dissertation research to 

address all challenges in geoinformatics that have been mentioned and provide all needed 

solutions for ES research and education, this dissertation does consider the unprecedented 

challenges and opportunities in ES and geoinformatics in the light of the rapid 

technological advances discussed in Section 1.1. It has been recognized that there is an 

urgent need to build a more effective learning and research environment to support ES 

research and education. It is well known that such an environment is critical for fulfilling 

the educational goals of ES and satisfying the demands from society for sustainable 
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learning and workforce development. Recent technology advances make the development 

of such an environment possible. However, neither an integrated and comprehensive 

perspective in addressing opportunities, challenges, methodologies, and technologies in 

building such an environment, nor a clear vision for the infrastructure of an effective 

learning and research environment, is available. This dissertation research conducts 

extensive studies on the perspective and vision of establishing such an environment. It 

explores the feasibility and the state-of-the-art geoinformatics in building an effective, 

integrated, data-intensive, and online on-demand learning and research environment for 

facilitating global ES higher education and research.   

 

Practically, the major research efforts of this dissertation respond to the most urgent 

needs of ES research and education. First of all, the challenges, technology readiness, 

functional requirements, architecture design and implementation questions about 

implementing the desired online environment for ES research and education are studied 

carefully, to address the common needs of ES research and education in an integrated and 

comprehensive perspective. Then, the research focuses on removing the barriers that 

prevent geospatial data from being readily accessible and easily usable in ES research 

and education. It pays particular attention to the two significant barriers in uses of 

geospatial data identified by DAWG and ESDSWG: 1) the difficulty in discovering, 

accessing, and integrating multi-source ES data from distributed data sources, and 2) 

inadequate computing resources to process large volumes of multi-source data effectively 

and in a timely manner. In summary, the major research objectives of this dissertation are  
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1) Making distributed ES data, information and computing resources easily accessible 

and usable,  

2) Removing the obstacles that prevent current data and information systems (DIS) from 

being interoperable at the data, functional services, and system levels, 

3) Enhancing data-intensive and distributed computing capabilities, and  

4) Practicing and evaluating new concepts and technologies in ES research and education 

within the context of building an effective online learning and research environment for 

ES. 

 

This dissertation research extends the author’s previous efforts on developing 

interoperable geospatial Web services [Deng et al., 2003] and building a prototype 

geospatial Web service system [Deng et al., 2004]. It puts substantial efforts on 

developing an operational geospatial Web service system to better serve ES research and 

education. The major research efforts are   

1) Understanding the major characteristics of modern ES research and education and 

the major barriers to uses of geospatial data in ES research and education, 

2) Addressing the potential geoinformatics approaches with an integrated and 

comprehensive perspective, to meet the common needs in ES research and 

education, 

3) Analyzing the functional capabilities required by ES research and education, 



 

 26 

 

4) Studying new concepts and methodology to address the functional requirements 

for building a geospatial Web service system to meet the needs of ES research and 

education, 

5) Designing the system architecture to provide an effective interoperability 

framework and dynamic mechanisms for enabling the desired capabilities,  

6) Guiding the technology development and system implementation and operation to 

realize the capabilities for supporting ES research and education.  

 

To those ends, this dissertation tries to answer the following research questions:  

• What are the common needs of ES research and education?  

• What are the challenges for geoinformatics in providing the needed help for ES 

research and education?  

• Why and how can geospatial Web service technology better address the key 

problems of geospatial data accessibility and usability and some other challenges? 

• How is a better infrastructure and system framework to be built to serve ES 

research and education? 

• How is an operational and effective geospatial Web service system to be 

implemented to serve ES research and education? What are the advantages of the 

geospatial Web service system? 

• What is the impact of this research?  

 

This research will 
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1) Enable easy access, integration and use of distributed geospatial resources (e.g. data, 

information products, analytical functions or services and models, 

2) Address the computational challenges and approaches in automating or semi-

automating data discovery, access and integration, 

3) Test innovative methodologies and mechanisms for interoperable online data mining, 

analysis, visualization and modeling, 

4) Design an integrated, sustainable, evolvable and reliable framework and geo-

cyberinfrastructure for enhancing current data-intensive and distributed computing 

capabilities, and 

5) Provide experience and lessons learned on how geoinformatics and cyberinfrastructure 

technologies can better serve ES education and research. 
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Chapter 3 The State of the art in Geoinformatics 

 

Advances in computing and related information technology have changed almost all 

science and engineering endeavors in human society. Particularly in ES, as introduced in 

Chapter 1, the advances in geoinformatics-related technologies are dramatically changing   

methods in research and education. This dissertation work attempts to advance 

geoinformatics to better support ES research and education. To fully realize the research 

objectives stated in Section 2.3, this dissertation research uses results from many previous 

and on-going studies in this field and some related fields. Due to the limited scope of the 

dissertation, detailed analyses of those studies are not presented here. Instead, only some 

fundamentals in geoinformatics, Web services, geospatial interoperability, distributed 

computing and related information technology are reviewed briefly because of their 

critical roles for this dissertation research. These fundamentals provide important 

conceptual and technical foundations for this dissertation research in many aspects, 

including  

1) Data-intensive and distributed computing  

2) Geospatial data discovery, visualization, access, and retrieval from distributed sources 

and locations  

3) Data, information and system interoperability  

4) Geospatial processing modelling and service chaining  
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3.1 Geoinformatics and Its Main Research Issues 

As introduced in Chapter 1, geoinformatics is a newly emerged discipline. It is used to 

describe a variety of activities in the general area of computer handling of digital 

geospatial information. The definition of “geoinformatics” in the Wikipedia is:  

“a science which develops and uses information science infrastructure to address 

the problems of geosciences and related branches of engineering. Geoinformatics 

combines geospatial analysis and modeling, development of geospatial databases, 

information systems design, human-computer interaction and both wired and 

wireless networking technologies.” 

“Many fields benefit from geoinformatics, including the development of in-car 

navigation systems, automatic vehicle location systems, transportation planning 

and engineering, environmental modeling and analysis, urban planning, 

telecommunications, agriculture and public health.” 

 

Geoinformatics is a rapidly growing field that attracts much interest due to its benefits. 

The term is alternatively used with “geoinformation science” or “GIScience” (popular in 

US) and “geomatics” (mostly in Canada). It concerns three major areas – data, 

technology, and science. Four areas of technology are of particular significance to 

geographic information: geographic information systems (GIS), remote sensing, global 

positioning systems (GPS), and electronic communication [Goodchild, 1997]. GIS 

specializes in capturing, storing, manipulating, and displaying geographic data and 

information in digital form [Bernhardsen, 1992; Clarke, 1997]. Remote sensing collects 
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data about the Earth with sensors and instruments from space satellites or from aircrafts. 

Global positioning systems (GPS; Kennedy, 1996; Leick, 1990) determine an object’s 

Earth coordinates, for example latitude and longitude by using satellites transmitting 

signals to determine the positions of receivers on Earth. Electronic communication 

technologies (e.g. the Internet) are of increasing importance to geographic information, 

particularly for distribution of geospatial data or databases. 

 

Each area in geoinformatics presents numerous challenges. The University Consortium 

for Geographic Information Science (UCGIS) set some science priorities in 

geoinformatics [Goodchild, 1997].  The priorities are defined by a series of topics, which 

evolve with time. The topics are listed by McMaster and Usery  [2004]: “Spatial Data 

Acquisition and Integration”, “Cognition of Geographic Information”, “Scale”, 

“Extensions to Geographic Representations, Spatial Analysis and Modeling in a GIS 

Environment”, “Research Issues on Uncertainty in Geographic Data and GIS-Based 

Analysis”, “The Future of the Spatial Information Infrastructure”, “Distributed and 

Mobile Computing”, “GIS and Society: Interrelation, Integration, and Transformation”, 

“Geographic Visualization”, “Ontological Foundations for Geographic Information 

Science”, “Remotely-Acquired Data and Information in GIScience”, “Geospatial Data 

Mining and Knowledge Discovery”. The state of the art and updates on the topics since 

the 2004 publication can be found at “UCGIS Research Agenda” in the UCGIS Web site.  
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In this dissertation research, the technological concerns in geoinformatics are mainly 

about the geographic (or geospatial) data service and geographic information service 

technologies. The scientific concern is about the social impact of geoinformatics.  

Accordingly, some of the major research issues for this dissertation are the following:   

1) Technologies for handling geospatial data at multiple scales, 

2) Techniques for discovery, access, retrieval, integration and analysis of geospatial data 

from multiple geographically distributed sources, 

3) Distributed computing that utilizes the power of the Internet for storing, processing, 

and managing ES data, 

4) Interoperability of geospatial data, function (service), and system levels, 

5) A geospatial data and information system framework and infrastructure that better 

meets the needs of society, and 

6) How geoinformatics can advance for better services to ES research and education.  

 

3.2 Cyberinfrastructure and Related Technologies 

Cyberinfrastructure (CI) is the term coined by NSF in 2003 and used to refer “the 

comprehensive infrastructure needed to capitalize on dramatic advances in information 

technology” in its “vision” document [NSF CIC, 2007]. This document examines four 

major aspects of the various challenges and opportunities  

1) High performance computing (HPC), 

2) Data, data analysis, and visualization,  
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3) Virtual organizations for distributed communities  

4) Learning and workforce development. 

 

NSF’s concept and vision of CI in [NSF CIC, 2007] is centered on “the development of a 

cultural community that supports peer-to-peer collaboration and new modes of education 

based upon broad and open access to leadership computing; data and information 

resources; online instruments and observatories; and visualization and collaboration 

services” [Bement, A., 2007]. The CI concept and vision presented by NSF provide 

guidance in obtaining a comprehensive perspective and vision for the development of an 

effective computing, learning and research environment designed to meet the needs of a 

range of science and engineering research, education and applications. 

 

CI-related technologies are those in the complementary areas of computing systems, data, 

information resources, networking, digitally enabled sensors, instruments, virtual 

organizations, and observations, along with interoperable suite of software services and 

tools. There have been fast advances in every technology area of CI (e.g., the 

improvement of speed of microprocessors, the advances in data, data analysis and 

visualization technologies, and high performance computing) in recent years. These 

advances have allowed distributed communities to collaborate and communicate across 

disciplines, distances, and cultures and to carry out extended research and education 

activities much beyond traditional brick-and-mortar facilities [Bement, A., 2007]. For 

example, within the context of data, the development of the Spatial Data Infrastructures 
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(SDIs) and associated technologies has brought substantial improvements across the 

spectrum of human endeavor. Multiple SDI constructions and associated technology 

development in the U.S. have significantly enhanced the sharing of geospatial data and 

associated computing resources among users over a large geographic region, increased 

scholarly research productivity, and accelerated the transformation of research outcomes 

into practical applications. The U.S. National Spatial Data Infrastructure (NSDI) provides 

“consistent means to share geographic data among all users could produce significant 

savings for data collection and use and enhance decision making” [NSDI Web site].  

 

From the above description, it is not difficult to deduce that distributed computing and 

distributed data access are two critical CI concepts.  Two CI projects can be used as 

examples to illustrate this point. The first one is the US National Virtual Observatory 

(NVO) whose objective is “to enable new science by greatly enhancing access to data and 

computing resources” [NVO Web site].  NVO targets easing use of distributed data 

access technologies for discovery, access, retrieval, and analysis of data from archives 

and catalogs worldwide. The second is the Earth System Grid (ESG), which “integrates 

supercomputers with large-scale data and analysis servers located at numerous national 

labs and research centers to create a powerful environment for next generation climate 

research” [ESG Web site]. Discovery of and access to distributed data are functions of 

ESG. Distributed data access and distributed computing technologies (e.g. Grid or Cloud 

computing) provide foundations, functionalities, and flexibility in CI-enabled scientific 

research. Again using ESG as an example, distributed computing (with Grid) 
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technologies creates a virtual organization, which manages distributed centers, users, 

models and data as an integrated resource and provides supports to the next generation of 

climate modelers at large [Bernholdt et. al, 2005].  

 

Distributed data access and computing relies on networking hardware and software 

technologies. The Internet and Web technologies have experienced dramatic advances 

since their emergence in last 80’s and made the globalization a reality. The World Wide 

Web Consortium (W3C) is an international consortium that leads the development of 

Web technologies. Established in October 1994, W3C has its mission as “to lead the 

World Wide Web to its full potential by developing protocols and guidelines that ensure 

long-term growth for the Web” [W3C Web site]. Since 1994, W3C has published more 

than 110 Web standards and guidelines, called “W3C Recommendations”. In recent years, 

XML, XML-based technology and Web service standards have played major roles in 

making more efficient distributed data access and distributed computing possible.  As a 

result, they have gained popularity. XML and XML-based technologies have been widely 

used in data and information systems for describing, transporting, storing (particularly 

suitable for metadata or light data) and transforming data and information. They have 

been developed as standards for promoting data, services, and systems interoperability 

and are positively affecting every corner of the IT enterprise. The following will give a 

brief description of them. 
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XML stands for eXtensible Markup Language. It is an open standard, providing a 

specification for creating custom mark-up languages. It has become successful because of 

its extensibility and flexibility in allowing users to define the mark-up elements.  Since 

XML does not use predefined tags and cannot display data by itself as Hypertext Markup 

Language (HTML) can, it uses XSL (eXtensible Stylesheet Language)-XML Stylesheet 

to display data. XSL describes how the XML document should be displayed.  It consists 

of three parts: XSLT, XPath, and XSL-FO. XSLT stands for XSL Transformations 

(transforming an XML document into another XML document or another type of 

document, e.g., HTML and XHTML). It is the most important part of XSL. It uses XPath, 

which navigates through elements and attributes in XML documents, to find information 

in an XML document.  XSLT is a very powerful tool with recursive templates, which can 

reorganize an XML document, translate documents of one type to another, extract or 

transform information from markup, and generate non-XML output.   XSLT technology 

thus enables a one-to-many mapping (multiple views) of XML data, which provides the 

convenience and advantages of using data in a distributed environment. 

 

Using XML-based methods to describe data and services will promote data and services 

interoperability and support distributed computing and data access with many advantages, 

among them, 

 

1) Flexible/extensible description of data and service with the self-describing and 

rich structure of XML, 
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2) Easy data exchange and sharing across languages and operating systems, 

3) Separation of content from its presentation (the style sheet) for maximum reuse of 

resources, 

4) Use of transformations to tailor data content on the fly to different user groups,  

5) Use of XSLT to dynamically generate of specific presentations of content. 

 

Besides W3C recommended XML and XML based technology standards, many other 

technology standards, e.g., standards developed by the International Organization for 

Standardization (ISO), the Organization for the Advancement of Structured Information 

Standards (OASIS), IBM, and the Open Geospatial Consortium (OGC), also play 

important roles in distributed computing and data access. For a simple generalization, 

some key technology standards and specifications that make open, distributed data access 

and computing successful and provide for better interoperability among different 

application platforms are listed below:  

1) Standardized metadata descriptions of data and services, e.g., ISO 19115, ISO 

19115-2, ISO 19119, ISO 19130;  

2) Standardized and XML-based metadata representation, e.g. ISO 19138;  

3) Standardized and XML-based metadata catalog and registry services, such as, 

Universal Description, Discovery and Integration (UDDI) and ebXML registry 

services;  
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4) Standardized and XML-based Web service technologies, such as Web Service 

Description Language (WSDL), Simple Object Access Protocol (SOAP), and 

Business Process Execution Language (BPEL);  

5) Standardized Web-based data services for data discovery, visualization, access, 

etc. in application domains, e.g., OGC standards for Web Map Service (WMS), 

Web Coverage Service (WCS), Web Feature Service (WFS), Web Processing 

Service (WPS), and Catalogue Service for Web Profile (CSW). 

 

In addition to these key technologies, semantic technologies (e.g. ontology, taxonomies) 

have also been recently studied extensively in CI-related projects. Semantic technologies 

are “meaning-centered” in order to provide tools for automatic recognition of topics and 

concepts, and extraction and categorization of information and meaning [Davis, 2004]. In 

the future of CI (or e-Science) enabled scientific research, semantic technologies should 

provide key roles in  

1) Intelligent descriptions of data, services, searching, processing, and modeling  

2) Automatic, user-driven, and problem-oriented data access and integration services 

3) Multiple source and heterogeneous, multi-disciplinary, multi-temporal, etc. data and 

information integration,  

4) Knowledge building/capturing and sharing  
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3.3 Web Service Technology 

As a very important activity in W3C and development in Web technologies, Web 

services have gained a lot of attentions in recent years. Large advances in Web service 

technology have taken place. Many specifications associated with Web services, such as 

XML, messaging, metadata exchange, have been developed or being developed. These 

Web service specifications are maintained or supported by different standards bodies and 

individual organizations. ISO also makes a series of information technology standards 

addressing Web service, such as ISO/IEC 20000 and ISO 19133.  

 

With a basic understanding of HTML, XML and HTTP (Hypertext Transfer Protocol, a 

request/response standard for a client and a server that led to the establishment of the 

World Wide Web, it is not difficult to learn what a Web service is. A Web service is a 

self-describing, self-contained application component using open protocols with the 

XML+HTTP platform. For a better understanding of how Web services work, two 

important specifications recommended by W3C, WSDL and SOAP, both based on XML, 

need to be explained first. The WSDL specification standardizes the description of Web 

services in XML as collections of network endpoints or ports, such that it defines the 

public interface to the Web service. SOAP is a protocol specification for exchanging 

structured or typed information in the implementation of Web Services in a decentralized, 

distributed environment. It uses XML as its message format and usually relies on other 

Application Layer protocols, such as HTTP, for message negotiation and transmission. 

SOAP is one of the most important and widely adopted messaging specifications. 
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Now it is easy to understand how a Web service can be found, invoked, and executed 

over the Web through standard protocols as a computer program performs a defined 

action and how the service supports interoperable machine-to-machine interaction over a 

network. It has an interface described in a machine-processable format (e.g. WSDL).   

Other systems interact with the Web service in a manner prescribed by its description, 

using messages such as SOAP messages, typically conveyed using HTTP with an XML 

serialization in conjunction with other Web-related standards. This way, a Web service 

can be provided over the Internet through its interface definition with WSDL in 

combination with SOAP and XML Schema and be invoked and executed by a client 

program connecting to it through reading the WSDL and using SOAP to actually invoke 

(one of) the functions listed in the WSDL. In addition to WSDL and SOAP, Web services 

have another important platform element: a directory service (e.g. UDDI), through which 

Web services can be registered and discovered over the Web. Web services can be 

implemented in three common styles: Remote Procedure Calls (RPC), Service-oriented 

Architecture (SOA), and Representational State Transfer (REST). RPC Web service 

presents a distributed function or method call interface and its basic unit is WSDL 

operation. SOA Web service is more loosely coupled based on SOA concepts and its 

basic unit of communication is a message rather than an operation. REST Web services 

focus on interacting with stateful resources, rather than messages or operations.  

 

A Web service application can publish its function and message all over the world. With 

Web services, data can be exchanged among different applications and different 
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platforms. Using Web services provides great convenience, flexibility, and portability in 

a distributed environment and helps to solve the problem of interoperability among 

different applications and platforms. 

 

3.4 OGC Geospatial Interoperability Technology 

Interoperability is the priority for applications in distributed environment. In the 

geospatial domain, OGC, a member-driven, non-profit international association, is 

leading the development of standards and specifications for geospatial interoperability. 

Within the broader context of Web Services, OGC Web Services (OWS) represent an 

evolutionary, standards-based framework that enables seamless integration of a variety of 

online geospatial data services, geoprocessing services and location services. 

  

OGC is the only international organization dedicating to developing geospatial Web 

service implementation standards based on ISO standards, the Federal Geographic Data 

Committee (FGDC) standards, the InterNational Committee for Information Technology 

Standards (INCITS), W3C, and other organizations’ content standards. 

 

OGC define interoperability protocols and interfaces that enable disparate geospatial 

datasets and maps to be exchanged (served) over the Internet in such a way that 

conforming clients can integrate the multi-source products into a single geospatially- 

consistent product.  The key OGC implementation specifications for geospatial data 

discovery and access, relevant to this research, are: 
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• Geography Markup Language (GML) specification [OGC GML]: Historically, 

the task of moving geographic data from one format to another has been difficult. 

As a result, many users with large data stores have been locked into legacy 

formats. The Geography Markup Language (GML) attempts to alleviate these 

difficulties by increasing organizations’ ability to share geographic information. 

GML, which is based on XML, is an open and non-proprietary specification used 

for the transport and storage of geographic information. 

• Web Map Service (WMS) specification [OGC WMS] is a set of interface 

specifications that provide uniform access by Web clients to maps rendered by 

map servers on the Internet. WMS supports overlay of image files to create a 

composite map. For example, a WMS client can ask for map images from 

multiple WMS servers and create a single, integrated representation. 

• Web Coverage Service (WCS) [OGC WCS] specification details interfaces that 

allow client applications to seamlessly query and access raw or processed satellite 

imagery, simulation model output, digital elevation models, raster data, and other 

types of coverage data stored on one or more distributed servers. WCS increases 

the level of interoperability related to geoprocessing technologies supporting 

Earth science, 3-D rendering and modeling, and input to multi-variant science 

models. 

• Web Feature Service (WFS) specification [OGC WFS] describes data 

manipulation operations on points, lines, and polygons enabling servers and 

clients to communicate at the vector feature level. A WFS request – like those 



 

 42 

 

supported in many GIS and relational database management systems (RDBMS) 

packages – consists of a description of the query and data transformation 

operations that are to be applied to WFS enabled spatial data warehouses on the 

Web. The request is generated by the client and is posted to a WFS server that 

reads and executes the request, returning the result as a GML feature set. A GML 

enabled client then can use the feature set. 

• Catalog Service for Web Profile (CSW) specification [OGC CSW] defines 

common interfaces that enable diverse applications to discover, browse and query 

spatial data metadata and services metadata. The specification provides for 

catalog update, maintenance, and other functions.  

 

These and other Web service specifications have been successfully demonstrated through 

a number of OGC testbed activities. Whereas WMS and WFS focused on traditional map 

types and vector geographic data, respectively, WCS is concerned with geospatial data as 

"coverages" or fields. Large numbers of operational services compliant to those 

specifications are available over the Web. The WMS, WFS, and WCS services form the 

data foundation of a distributed geospatial Web service system. 

 

3.5 Related projects 

This dissertation research is built on new concepts and technology, and on systems 

resulting from prior research. In the following, some related projects are described in 

some detail because of their importance and relevance to this dissertation research. 
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1)  “Data and Information Access Link (DIAL)”.  NASA Earth Science Data and 

Information System Program. This project developed DIAL, the first Web-based 

satellite remote sensing data distribution system [Di et al, 1999; Suresh et al, 

2001]. The system enables users to interactively discover archived satellite remote 

sensing data and retrieve the data in user requested format, spatial and temporal 

coverage, and bands/parameters.  

 

2) The Joint Geoinformatics Research, NASA Earth Science Data and 

Information System Program. The project develops interoperability standards 

and technology for sharing geospatial data, information, knowledge, systems, and 

algorithms at distributed environments. The project contributed to the 

development of federal, national, and international standards and specifications on 

geospatial data and system interoperability [Di, 2003], and led to the development 

of the FGDC Content Standard for Geospatial Metadata, Extensions for Remote 

Sensing Metadata [Di et al, 2000; FGDC, 2002], ISO 19130 Geographic 

Information-Sensor and Data Models for Imagery and Gridded Data [Di et al., 

2002a; ISO TC 211, 2004], and the OGC WCS Implementation Specification 

[Evans et al., 2003]. The project has also developed the NASA HDF-EOS Web 

GIS Software Suite (NWGISS) based on OGC specifications to demonstrate the 

power of interoperable, personalized, on-demand data access and services [Di et 

al., 2002b; Di, 2004a,]. 
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3) Integration of OGC and Grid Technologies for Earth Science Modeling and 

Applications, NASA Advanced Information System Technology Program. 

This project geospatially enables the Grid technology and Grid enables OGC 

technology. Any system compliant with OGC specifications can access Grid 

managed data and services as if it were OGC data and services [Di et al., 2003]. 

This project also develops Grid geospatial modeling and service chaining methods.  

 

4) The Algorithm Development and Mining (ADaM) Toolkit:  This NASA-

funded toolkit consists of over 75 interoperable data mining and image processing 

components for Earth System Science data that can be arbitrarily chained to solve 

a diverse range of problems. These components are well positioned to address the 

needs for distributed mining and image processing services in Web and Grid 

applications. Individual ADaM components can execute in a standalone mode, 

facilitating their use in distributed and parallel processing systems. The integrated 

components, packaged as C/C++ executables and Python modules, provide for 

pattern recognition, image processing, optimization, and association rule-mining.  

 

5) Earth Science Markup Language (ESML) [Ramachandran et al, 2003 a,b,c]. 

The NASA Earth Science Technology Office funded project to research, design 

and develop ESML as an interchange technology. An interchange technology is a 

solution to the data-to-application interoperability problem, which enables 



 

 45 

 

applications to plug and play seamlessly with datasets of heterogeneous formats, 

using external metadata. ESML specifications and libraries are publicly available.  

 

6) Universal Interchange Technology for Earth Science Data and Services 

(UNITE). UNITE is a collaboration of NASA Earth Science Information Partners 

(ESIP) participants created a working prototype of a new interchange technology 

for data access and utilization to enable “plug and play” interchange of Earth 

science data and services. The partners included ESIP data providers and 

application developers who developed and refined procedures for describing 

science data using this technology. 

 

7) “Thematic Real-time Environmental Distributed Data (THREDDS)”. Part of 

the National Science Digital Library (NSDL), the THREDDS project is a 

collaborative initiative to build a software infrastructure to provide students, 

educators, and researchers with Internet access to large collections of real-time 

and archived environmental datasets from distributed servers. In the initial phase, 

THREDDS has established a solid, working prototype of services and tools 

enabling data providers to create inventory catalogues of the data holdings at their 

sites and enabling educational model builders to author compound documents that 

have embedded pointers to environmental datasets and analysis tools. These 

catalogues and data-interactive documents can then be harvested into digital 

libraries using standard protocols. Unidata has begun work on “THREDDS 
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Second Generation” which focuses on integrating GIS information using Open 

GIS protocols [Domenico et al., 2002; Fulker et al., 1997].  

 

8)  "Linked Environments for Atmospheric Discovery (LEAD)". LEAD is a 

collaborative project conducting fundamental IT research on creating an 

integrated, scalable framework for identifying, accessing, preparing, assimilating, 

predicting, managing, analyzing, mining, and visualizing a broad array of 

meteorological data and model output, independent of format and physical 

location.   

 

9) “Modeling Environment for Atmospheric Discovery (MEAD) Expedition”. 

The goal of this project is to develop/adapt cyberinfrastructure for model 

simulation, data mining/machine learning and visualization of hurricanes and 

storms utilizing the TeraGrid, “a comprehensive distributed cyberinfrastructure 

for open scientific research” [TeraGrid Website]. Initial prototypes of mining 

components based on ADaM have been successfully utilized to leverage 

multiprocessor and parallel environments for substantial performance gains. 

 

10) SNARK [Stickel et al., 2000] is an open-source general-purpose first-order-logic 

theorem prover under development for more than a decade. It is based on 

inference rules for automatic theorem proving, resolution (for predicate logic 

inference), paramodulation (for reasoning about equality), and term-rewriting. 
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SNARK is ideal for deductive inference and answer extraction because it has (i) 

strategic controls that permit accelerated performance in a selected subject 

domain, (ii) facilities for fast spatial and temporal reasoning, (iii) the capacity to 

extract answers to queries from proofs, and (iv) a mechanism for procedural 

attachment, to incorporate the knowledge from multiple diverse services. SNARK 

is a component of NASA’s software composition system Amphion [Stickel et al., 

1994] and in the Kestrel Institute’s software development environment Specware 

[Pavlovic and Smith, 2001]. 

 

11) Gemini [Dowding et al., 1993] is a broad-coverage natural-language parser, 

interpretation system, and generator. It converts natural language sentences or 

questions into a logical form and vice versa. It has been applied to English, 

foreign languages and to spoken language. In typed English, it recognizes a 

vocabulary of more than 70,000 words. Geographic terms from the Alexandria 

Digital Library Gazetteer and NASA sources have been incorporated. The logical 

form produced by Gemini is understood by SNARK.  

 

12) TerraVision [Reddy et al., 1999] is an interactive terrain visualization system to 

navigate through a 3D graphical representation of a region created from aerial 

landscape images and elevation data in real time. TerraVision can browse huge 

terabyte-size datasets, including datasets of different size, resolution, server 

source, and coordinate system. TerraVision can access OGC Web Map Servers 
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and 3D VRML and GeoVRML models for overlay; it is open source and can be 

downloaded freely.  

 

13) Quark [Waldinger et al., 2004] is a natural-language deductive question-

answering system to assist intelligence analysts. Quark uses Gemini to translate 

English-language queries into a logical form. This expression is submitted to the 

theorem prover SNARK as a conjecture to be proved in an appropriate 

application-domain theory. The theorem prover is linked to multiple external 

services, including the Alexandria Digital Library Gazetteer, the CIA World 

Factbook, the DAML semantic Web, and TextPro, a system for extracting 

relational information from unstructured text.  

 

14) GeoLogica [Waldinger et al., 2003] is similar to Quark but applied to an Earth 

Science domain and funded by NASA under the Intelligent Systems/Intelligent 

Data Understanding program.  

 

15) The Semantic Web for Earth and Environmental Terminology (SWEET) 

[Raskin, 2003] is a NASA-funded prototype for improving semantic 

interoperability. This project has developed a set of ontologies for Earth science 

that serves as a scalable common semantic framework. The SWEET ontologies 

are written in the XML-based Ontology Language for the Web (OWL), a standard 
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adopted by the W3C. The project has also developed an ontology-assisted search 

tool to improve search performance. 

 

16) CHRONOS: CHRONOS's main objective is to develop a network of databases, 

visualization tools, and analytical methodologies to better understand 

chronostratigraphy - the fundamental processes through Earth history. The 

CHRONOS platform will provide a new investigative environment for 

interdisciplinary Earth history research: the evolution and diversity of life, climate 

change, geochemical cycles, rapid geologic events, magnetic field fluctuations, 

and other major Earth system processes.  

 

17) GEON: The Geosciences Network (GEON) is a multi-institution coalition of IT 

and Earth science researchers building a cyberinfrastructure for the geological 

sciences. It develops technologies to enable geoscientists to integrate, analyze, 

model, and visualize large, complex multidisciplinary 4-D solid Earth data sets. 

By providing leading-edge data integration and Grid computing services to 

support geosciences research and collaboration on unprecedented scales, GEON 

provides new insights into the complex dynamics of the solid Earth system. 

Ontology is integrated into GEON-Grid visualization and data modeling 

environment. 
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Chapter 4 Functional Requirements and Methodology 

 

As discussed in Chapter 2, ES research and education activities involve use of large 

amounts of geospatial data (data-intensive), but accessibility and usability of these data 

remain problems. This dissertation research focuses on removing the major barriers that 

hamper geospatial data accessibility and usability. In the life cycle of ES data, the data 

advances into information, the information is used to build knowledge, and the 

knowledge supports decision-making. And then the decision-making provides feedback 

for future observations to collect more data.   Data collection is only the first step. For the 

ultimate purpose of developing a comprehensive and integrated solution in addressing the 

common needs of ES research and education with better capability, adaptability and 

flexibility, this dissertation research also takes the geoinformatics research in information 

extraction and knowledge building into consideration during the analysis of functional 

requirements and the development of methodology.  

 

The analysis of the state of the art in the geoinformatics research in Chapter 3 leads to 

provision of a solution with effective and consistent geospatial data, information and 

knowledge services by adopting and developing latest information technologies. 

Standard-based interoperable geospatial Web service technology is posed to be the main 
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technology for this research (the reason will be explained in details in the following 

sections).  

 

Geospatial Web services are self-contained, self-describing, modular applications that 

can be published, located, and dynamically invoked across the Web. Geospatial Web 

services implemented with W3C, ISO, OGC and other open standards provide 

interoperability, portability and flexibility for conducting geospatial tasks in distributed 

computing environment [Deng et al., 2003; 2004]. Interoperable geospatial Web services 

can be chained together as a workflow to solve complex tasks. A prototype geospatial 

Web service system implemented by Deng et al. [2004] accesses and processes geospatial 

data by chaining interoperable geospatial Web services. Such previous systems provide 

the technology foundation for building an operational geospatial Web service system to 

better serve ES research and education. The questions are how can a geospatial Web 

service system be built operationally to provide solutions to the challenges discussed in 

Chapter 2, and how can the environment desired by ES research and education be 

effectively established for fulfilling research goals? To answer these questions, the 

system framework, functionality requirements, and methodology first need to be carefully 

studied. This chapter explores the functional requirements and methodology for 

providing the solutions to these questions, from the three stages of the ES data life cycle. 

The efforts can be categorized as  

1) Enhancing use of geospatial data,  

2) Automating or semi-automating geoprocessing and information extraction  
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3) Providing an interactive and dynamic framework and mechanism for geospatial 

modeling and knowledge building and sharing.  

 

4.1 Enhancing Use of Geospatial Data 

The number one functional requirement in building the operational geospatial Web 

service system is to enhance use of geospatial data by removing the major barriers that 

hamper accessibility and usability in ES research and education. Despite significant 

efforts on and progress in increasing their availability and accessibility and facilitating 

the integration of multi-source diverse data, geospatial data availability, accessibility, 

interoperability, and usability remain problems. Geospatial data availability is mainly a 

policy and resource issue, which is not in the scope of this dissertation research.  The 

major limit on accessibility and usability of multi-source geospatial data is that most 

current operational SDIs provide only data search, retrieval, and access without 

coupling adequate interoperable value-added data services. Thus, the data obtained from 

multiple sources must be further processed in order for the data to be integrated and 

analyzed. Due to the notorious complexities of the geospatial data (e.g. multiple sources, 

heterogeneous data structure and types, different formats and projections, incompatible 

spatial resolutions, variable spatial and temporal coverage and scales), such processing 

needs expertise on the data, the processing algorithms, the domain, and computer 

software and hardware resources. Such requirements largely block the uses of geospatial 

data by non-expert or resource-lacking users, as summarized by Craglia et al, [2008]. In 
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fact, even for expert users, the lack of data semantics and of mechanisms of transforming 

data to a common spatial or temporal reference system hampers integrating data from 

multiple sources and disciplines [Kuhn, 2003]. This situation leads to Earth scientists’ 

complaint, “Why is Earth science data so difficult to use?” discussed in Chapter 2. 

Generally, using multi-source geospatial data has been suffering from two key problems 

related to data accessibility and usability: 1) It is still difficult to locate specific data of 

interest, and 2) data are difficult to use once obtained.  

 

Making geospatial data readily accessible and easily usable with value-added data 

services will greatly enhance uses of geospatial data. Geospatial Web service is the ideal 

technology for developing needed, value-added data services in serving geospatial data.   

 

As discussed earlier, current ES data are difficult for researchers, educators, and students 

to find and use. The principal reasons are 

1) Distribution in different data centers and the data acquisition procedures are time 

consuming, 

2) Data format, projection, and coverage complexities and data integration difficulties, 

3) Description by metadata so narrowly focused and cryptic that educators and 

researchers are challenged in discerning whether a dataset is relevant to their needs and in 

accessing and using the data effectively [Ledley, et al., 2008],  

4) Lack of enough computing resources to analyze data.  
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Expert users (e.g. scientists and researchers) expect to find and obtain the data and 

information needed in a ready-to-use form that has already been processed and integrated 

with a single tool or an integrated environment (not necessarily the same tool or 

environment for every person or task) so that they can spend more time and resources on 

scientific study and less on obtaining, preprocessing, and integrating data. Non-expert 

users, such as decision makers and students, expect more geoprocessing and data analysis 

services, information extraction, and knowledge generation tools for problem-oriented 

help and guidance. In general, all user communities ultimately desire easy-to-use, 

dynamic and on-demand data services with automation and coupled intelligence. The 

methodology and approaches to developing the geospatial Web service technology 

demanded to satisfy the needs of the different user communities for fulfilling the 

functional requirement to enhance use of geospatial data will be addressed from three 

stages of using data: acquisition, integration, and application. 

 

4.1.1 Enabling Easy Discovery, Access, and Retrieval of Distributed 

Data  

Enabling easy discovery, access, and retrieval of distributed geospatial data will be the 

first strategy to enhance accessibility and usability of geospatial data. A key problem, 

how users can easily obtain data and information from separate data archives in the exact 

form they want, regardless where and how the data and information are stored and 

managed in the archives, needs to be solved first for realizing this vision. Solving this 
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problem will also provide solutions to the challenging issues of geospatial data 

accessibility, interoperability, and integration. The development of methodology to solve 

this problem is one of the most important research efforts for this dissertation. The 

following methods and approaches are used to solve this problem. 

 

A. Enhancing Data Discovery through Catalog Federation 

The trend is to make geospatial data, information and computing resources available 

online. An increasing amount of geospatial data will be available to users through 

online data repositories (e.g. NASA online data pools). However, users are still 

challenged in finding what they want because of multiple incompatible access 

protocols and interfaces among data catalog systems. Federating data catalog systems, 

providing a single point of entry will free users from worrying about where and how 

to discover the data they want. The Geospatial Catalogue Federation Service provides 

a method for distributed and integrated metadata discovery [Bai et al., 2007]. The 

major challenge in building an effective catalogue federation service is making the 

catalogue protocols and data/information models used by different data sources 

interoperable. Geospatial Web service and interoperability technologies help to meet 

the challenge. By building the Catalogue Federation Service, data in distributed 

systems can be discovered and accessed through machine-to-machine interfaces from 

a single access point and served to users online.  
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Another problem is that current metadata structures and catalogue services are 

inadequate for users to carry out an intelligent search to find what exactly they 

want. In order to solve this problem, data discovery needs to be enhanced by 

adding additional metadata at the functional and usage levels and making 

catalogue services smarter through a semantic-augmented catalog service (SCS), 

which expands the current metadata and catalogue structure. Information related 

to data usage could be captured with SCS. With a flexible, adaptable, and 

interoperable SCS, data search becomes more intelligent and users are able to find 

the exact data they want and to use the data more effectively.  

 

Enhanced data discovery will significantly save users time and effort in finding 

data and simplify some complicated scientific tasks. It will serve as the very 

important first step in enhancing data accessibility and usability. 

 

B. Customizing Data Access and Retrieval At Users’ Request  

Most current data systems still adopt the one-size-fits-all approach, without 

recognizing differences in users’ data access and retrieval requirements. They 

provide just whatever data they have in their systems, which may only roughly 

match users’ requests.  A user interested only in obtaining the data for a small 

area within a scene may be forced to obtain the whole scene of data. The result is 

a big waste of computing resources and much inconvenience to the users due to 

the longer time to download the data and the extra time to subset the downloaded 
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data. In addition, inconsistency in the data format and projection will further 

hamper the easy use of the data by users.  

 

To further enhance accessibility and usability of geospatial data, the second very 

important step is to provide data customization at user’ request. This will bridge 

the gaps in data accessibility between data users and data providers and eliminate 

most difficulties in using geospatial data. In order to recognize users’ diverse 

requirements for data, interoperable, personalized, and on-demand data access and 

services (IPODAS) should be provided. “Interoperable” will make sure that data 

services can work with each other easily to provide combined, integrated services. 

“Personalized” will ensure that data services tailor data according to the user’s 

needs. “On-demand” means that data products must be created in real time in 

response to the users’ request because users’ exact data needs are not known in 

advance. OGC geospatial data services specifications (e.g. WCS, Web Processing 

Service (WPS)) provide the technology foundation to implement IPODAS, but 

service interoperability and chaining issues need to be explored for developing 

operational IPODAS. 

 

After users have found data of interest through a federated data catalog service, 

IPODAS then processes them into the user-defined form with on-the-fly 

subsetting, reformatting, reprojecting, resampling and other data preparation 

services (automated data preprocessing). IPODAS ensures that users obtain data 



 

 58 

 

in the form that exactly matches the format, spatial and temporal coverage, 

projection, scale and resolution they require. This will significantly save users’ 

efforts and computing resources in dealing with data for further analysis by 

making data as analysis-ready as possible. 

 

4.1.2 Automating Integration of Multi-source Geospatial Data 

ES studies normally involve use of multi-source of geospatial data. Integration of 

geospatial data from multiple sources requires adequate data preprocessing skills (e.g. 

subsetting, reformatting, reprojecting, and resampling) and thorough understanding of the 

data syntax and semantics. Full automation of multi-source data integration remains a 

very challenging research problem. Advances in value added geospatial Web services and 

data ontology technologies provide promising approaches to the problem. Automated or 

at least semi-automated data integration is possible through a workflow-based approach 

(chaining the geospatial data services together): first developing both data and service 

ontologies to semantically describe the data and services, and then developing service-

chaining techniques (e.g., the path planning algorithm and workflow management). A 

service chain is defined as a sequence of services where, for each adjacent pair of 

services, occurrence of the first action is necessary for the occurrence of the second 

action. Interoperable geospatial Web services can be chained together (as a workflow) to 

solve complex tasks [Deng et al., 2004]. A data integration workflow can be 

automatically (or semi-automatically) constructed through service chaining methods (e.g. 

ontological reasoning) and executed by the workflow engine (to be discussed with more 
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details later in geoprocessing and information extraction) to generate the integrated data. 

Automating or semi-automating integration of distributed multi-source geospatial data 

will significantly increase the usability of geospatial data. 

 

4.1.3 Providing Online On-demand Data Mining, Visualization, and 

Analysis 

Providing online on-demand geospatial data mining, visualization and analysis will 

dramatically enhance scientific studies that need to use large amounts of geospatial data 

and will ultimately free users from worrying about the lack of computing resources or 

skills. Visual interpretation, mining, (extracting useful thematic information from spectral 

signatures of the image) and analysis of remote sensing data rely largely on proper 

computer-based techniques.  

 

Value-added interoperable geospatial Web services provide great possibilities and 

flexibility for conducting geospatial processing tasks in distributed environments [Deng 

et al., 2003; 2004]. With the OGC and W3C standards that define the interfaces for 

accessing the geospatial data and the method for constructing interoperable (chainable) 

geospatial Web services, a prototype geospatial Web service system was implemented 

with numerous interoperable geospatial Web services, including WCSPortral service, 

reprojection, reformatting, subsetting, georectification, visualization, and image 

classification, to perform Web service based data visualization and analysis [Deng et al., 
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2004]. The approach to providing online on-demand data mining, visualization and 

analysis services is through building a portal system with the following characteristics 

based on extensible geospatial Web services: 

1) Web browser based user interface -- users need only have an Internet 

connected PC with a Web browser to conduct complicated tasks requiring 

large computing resources;  

2) Standards-based data services -- the system provides a single point of 

entry to the distributed, standard-compliant geospatial services;  

3) Geospatial Web service based mining, visualization and analysis services -

- all functions are provided through interoperable geospatial Web services, 

allowing users of the system to interactively perform on-demand analysis 

by integrating new services or chaining built-in services.  

 

4.2 Automating Geoprocessing Modeling  

This section will discuss how to solve complex geospatial problems through automating 

geoprocessing modeling and execution. This research effort has some overlaps with the 

efforts discussed in section 4.1, e.g., the workflow based data integration services and 

online on-demand data mining, visualization and analysis services. However, 

geoprocessing modeling has a much broader scope than the efforts discussed in the 

previous section. 
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As we just discussed, integration of ES data from multiple sources can utilize service 

chain techniques. In order to thoroughly address the workflow and service chain concept 

and technology as well as another important concept of geospatial data, product 

virtualization, the geo-object and geo-tree concepts need to be introduced first. 

 

4.2.1 Geo-object and Geo-tree 

The geo-object and geo-tree concepts originated in 1997 in an internal NASA discussion 

on the next generation of EOSDIS and appeared in print in 1999 [Di, 1999].  

 

The concept of a geo-object is to generalize all geospatial data and information products 

and associated processing methods. A geo-object is  “a granule of geoinformation (either 

a dataset, a query result, or geo-computation output which describes some aspects of 

Earth), which consists of data itself, a set of attributes (metadata), and a set of methods 

(transformation and creation methods) that can operate on it” [Di, 2002]. A geo-object 

stored at a data center is called an archived geo-object. All geoinformation and 

knowledge products are derived from archived geo-objects, which can be a collection of 

raw datasets or previously derived geoinformation products. A user request can be 

considered as a user-defined geo-object, or called user geo-object. A user-object is either 

a previously created and archived geo-object in a data archive or can be derived by 

executing a geo-processing algorithm (e.g., unsupervised classification) with a set of 

input geo-objects. 
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Geo-tree is an intuitive concept concerning the processes of geoinformation extraction 

and knowledge discovery. From the object point of view, all processes for geo-

information extraction and knowledge discovery are the processes of creating new geo-

objects from existing ones. A user geo-object can be created with a user-defined geo-

process, which requires a set of input geo-objects. An input geo-object, if not in an 

archive, can be further derived through executing a geo-processing algorithm on another 

set of input geo-objects, and so on. The decomposition processing will construct a 

process workflow tree, which is called as a geo-tree. Figure 1 shows a geo-tree 

constructed when a user requests a data product (user geo-object) not previously existing 

in the archive but processed from several archived geo-objects through a series of 

transformation services. 

 

Figure 1 A Geo-tree 

 



 

 63 

 

4.2.2 Automating Generation of Virtual Products With A Geo-tree 

The geo-tree concept helps in constructing geoprocessing models by taking advantage of 

tree structure restrictions. The actual construction of a geo-tree will not be addressed in 

this section since it is a geospatial knowledge capture process and the geo-tree itself is a 

geospatial processing model that contains the knowledge of a specific application domain 

(to be addressed in the next section).   

 

A geo-object that does not exist in any archive is called a virtual geo-object, or a virtual 

product. In fact, any sub-tree in the geo-tree is a virtual geo-object, as illustrated in 

Figure 1. A user geo-object may be a virtual geo-object too. Since a geo-tree is defined at 

the type level, it represents a type of geo-object (a type of geospatial product) that it can 

produce, not an instance (an individual dataset). The virtual geo-object can be 

materialized on-demand for users when all required methods and inputs are available. 

When a user requests such an object by specifying the geographic location, time, format, 

and other parameters, those specifications will instantiate the virtual geo-object. By 

propagating the specifications down to each node of the geo-tree, the whole geo-tree is 

instantiated. This process is called instantiation of geo-tree. By doing the instantiation, 

whether or not the virtual geo-object can be materialized is determined, because in many 

cases the required archival geo-objects may be not available for the user-specified 

geographic region and conditions. After the instantiation, the geo-tree is instantiated into 

an executable workflow that is executed by a workflow engine in the system to produce 

the user-defined instance of the virtual product. The production processing is called the 
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materialization of virtual geo-object, which will produce an instance of the virtual geo-

object.    

 

The geo-processing algorithm (method) in each node of a geo-tree is called a geospatial 

service module. The algorithm may only take care of a tiny part of the overall geo-

processing or may be a large aggregated processing. From the service point of view, a 

geo-tree is a complex workflow (service chain). A service chain is defined as a sequence 

of services where, for each adjacent pair of services, occurrence of the first action is 

necessary for the occurrence of the second action. When services are chained, they are 

combined in a dependent series to achieve larger tasks. The geo-tree concept requires one 

service’s output to be the input of another service. When all services are well defined, 

and have clear input and output requirements, the geo-tree can be automatically and 

dynamically executed. And thus, a comprehensive geoprocessing task required by a user 

can be automated with defining and executing a geo-tree.  

 

4.3 Dynamic Geospatial Modeling and Knowledge Building and 

Sharing 

Most geospatial scientific products are not obtained directly from measurements but 

derived from other data by building and executing a geospatial model. Geospatial 

modeling is critical for knowledge discovery. A geospatial model always represents user 

behavior based high-level geospatial knowledge and involves a computational procedure. 
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When a computational model is executed with proper input and conditions, the generated 

output will be the desired result for answering scientific questions.  

 

Modern ES exploration and discovery activities rely largely on geospatial computing 

models. Rapid climate and environmental changes place new requirements for the 

modeling capability of ES research and education to understand, predict, and respond to 

these changes effectively. However, geospatial modeling is the most challenging task. 

Sometimes it is impossible for even scientists and experts to build and execute desired 

geospatial models, let alone the non-expert users. The current geospatial modeling 

capability needs to be improved. While building a stronger capability for geospatial 

modeling requires contributions from multiple disciplines, geoinformatics can help by 

building a dynamic modeling infrastructure and an effective online modeling mechanism.  

 

4.3.1 Dynamic Modeling Infrastructure 

The concept of a dynamic modeling infrastructure is analogous to the World Wide Web, 

self-evolving, without central control, within a framework of broad goals and data 

exchange standards and guidelines. Geospatial models and datasets can be created, 

published, maintained, operated, and served by a network of participants. A model built 

by one user can be validated and reused by others. Models can be published as 

interoperable Web services. 
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In an interactive dynamic modeling environment, a geospatial model (or a geo-tree) 

constructed with geospatial datasets and Web services can be registered, instantiated and 

executed in a distributed computing environment (the datasets and associated Web 

services are distributed in different physical locations). All those services can be reused 

in constructing different geospatial models. If there are enough elementary services 

available online, any complex geospatial models can be constructed. An increasing 

amount of data and services are expected to be available online in the near future. 

Services needed for constructing a virtual geo-object may be scattered over multiple 

service providers. Therefore, standards for publishing, finding, binding and executing 

services are needed.  

 

4.3.2 Geo-tree based Geospatial Modeling Mechanism  

Geo-tree based geospatial modeling provides an effective and efficient mechanism for the 

geospatial knowledge discovery in an interactive dynamic modeling environment. A geo-

tree based geospatial model can be registered, instantiated, executed, and shared with 

other users through a geospatial Web service based modeling system. 

 

From the service point of view, a geo-tree is a service that contains a complex workflow 

(service chain). A service chain is defined as a sequence of services where, for each 

adjacent pair of services, occurrence of the first action is necessary for the occurrence of 

the second action. When services are chained, they are combined in a dependent series to 
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achieve larger tasks. The construction of a geo-tree is a service-chaining process. Three 

types of chaining are defined in ISO 19119 and by OGC: 

• User-defined (transparent) – the Human user defines and manages the chain. 

• Workflow-managed (translucent) – the Human user invokes a service that 

manages and controls the chain, with the user aware of the individual services in 

the chain. 

• Aggregate (opaque) – the Human user invokes a service that carries out the chain, 

where the user has no awareness of the individual services in the chain.     

 

The geo-tree concept requires one service’s output to be the input of another service. 

Standards on service chaining are required. A common data environment providing 

standard interfaces to the data provider’s archives is required.  

 

Current technologies are still focused on transparent service chaining, which requires the 

construction of a service chain by experts. Recent studies indicated a workflow or service 

chain could be automatically constructed through ontological reasoning [Di, et al., 2006].  

Execution of such automatically constructed workflows by a workflow engine can 

generate the desired data or information product to solve scientific problems such as the 

one stated in Chapter 2,  “Determine a volcanic eruption's vertical and horizontal extent, 

at the highest possible spatial resolution”.  In this scenario, the scientist needs only to 

input a query in natural language, and the system converts the query into a formal 

representation in XML of what is wanted. Then ontological reasoning and Artificial 
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Intelligence (AI) Planning algorithms can be used to automatically construct a workflow 

that can generate what the user wants by chaining the available data in the distributed 

archives with the available services provided by the service providers. Then the 

geospatial workflow engine executes the workflow to generate the result.   
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Chapter 5 System Architecture Design  

 

The system architecture design is the most critical step in building any data or 

information system. The system’s capabilities and overall performance rely heavily on its 

architecture design, which also provides the guidelines for system implementation. In 

order to provide the required functionalities discussed in Chapter 4 and support ES 

research and education with problem-solving oriented learning and research environment, 

the geospatial Web service system needs to be designed as an integrated, openly 

accessible, interoperable, and extensible geospatial data, information and knowledge 

building system. Many principles need to be observed for the system architecture design 

in building such a geospatial Web service system.  This chapter first addresses several 

important issues concerned with the architecture design (and also implementation, but in 

different viewpoints).  Then the system architecture design is detailed. 

 

5.1 Principles  

5.1.1 Interoperability 

A major cause of the difficulties in accessing and using multi-source distributed ES data 

and computing resources for ES research and education is that the current data and 
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information systems are not interoperable at the data, functions and systems levels. 

Geospatial interoperability is the most important issue that needs to be addressed in both 

design and implementation of a geospatial Web service system. Such a system should 

have plug-and-play capability so that geospatial resources (e.g., data, services, geospatial 

service systems) from other sources can be plugged into the system for meeting the needs 

of wider, more diverse user communities on the fly. The key to realizing this capability is 

the interoperability arrangement, so that the designed system complies with well-defined 

interoperability protocols.   

 

In 2002, the FGDC Geospatial Applications and Interoperability Working Group 

published a document entitled “A Geospatial Interoperability Reference Model 

(G.I.R.M.)”  [Evans, 2002], which cites the standards and specifications needed for 

geospatial interoperability. Since then, many new geospatial interoperability standards 

and specifications have been developed by both ISO TC211 and OGC. Figure 2 is 

borrowed from the G.I.R.M to illustrate the interoperability stack and the interfaces 

between components of a distributed system.  G.I.R.M organizes standards along a 

generic "stack" of geoprocessing clients, servers, and intermediate services, which can be 

viewed as a three-tier system, the most popular system structure for distributed Web 

service systems.  
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Figure 2 The Interoperability Stack  

(Source Note: FGDC G.I.R.M 2002) 

 

This figure intuitively shows how components in a distributed system communicate with 

each other. Based on this figure, it is natural to address geospatial interoperability with a 

three-tier structure in the architecture design of a geospatial Web service system for 

handling geospatial data, information, and knowledge. The system needs to be as 

interoperable as possible from at least two interfaces of the structure: 

1) The interface between middleware geoprocessing services and data providing servers: 

a common data environment is defined by a set of standard interface protocols for 

finding and accessing data in diverse data archives and repositories; 

2) The interface between clients and middleware and among services: a common service 

environment is defined by a set of standard interface protocols for finding, binding, 
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chaining, and invoking geospatial Web services, geoprocessing services, or other 

data services. 

 

5.1.2 Scalability 

Scalability must be emphasized in the architecture design and implementation of any 

geospatial system but it remains a difficult topic to tackle. Geospatial system scalability is 

a very broad concept with many perspectives (e.g. operation, construction, and 

organization) with different concerns (e.g. geospatial data resources inquiry, analysis 

capability, and data volumes). From an operational perspective with concerns on data 

queries, the scalability of a geospatial database system can be tested using a variety of 

complex geospatial queries on a geospatial dataset at large scale (e.g. global scale) and 

large data volume (e.g. more than 100 GB) [Patel, et al., 1997]. This kind of system 

scalability has been addressed in the system functional requirements because geospatial 

data may have extreme scales in spatial coverage or temporal range. The system 

scalability issue of concern here is from the construction and organizational perspectives. 

 

From the constructional perspective, a system should be component-based and as 

modular as possible to enable best system scalability. Component-based design and 

development lead to system scalability in many ways, e.g., specialized functional 

components dedicated to different user groups provide better scalable user support, and 

independently operated components in a system reduce the risks of failure of the whole 

system because an error in one component will not affect others. Modular design is also 
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of particular concern for the constructional perspective of architecture design. Geospatial 

Web services are self-contained, self-describing, modular applications. The service 

modules can be dynamically chained together to form complex geospatial models for 

producing sophisticated geospatial information products on demand. The functional size 

of individual services (service granularity) is an important factor affecting the flexibility, 

applicability, and reusability of service modules in different geospatial models. If the 

functionality of modules is too small, many modules are needed to construct a complex 

geospatial model, hence affecting the system performance. If too many functions are 

aggregated into a service module, the module will not be easily plugged into many 

different geospatial models. Therefore, the flexibility, applicability, and reusability will 

decrease. The modularity of geospatial Web services thus directly affects system 

scalability and need to be well designed. 

 

From the organizational perspective, a scalable system architecture design concerns  who 

is to operate the system and whom the system serves. Our geospatial Web service system 

is intended to serve the ES research and higher-education communities. Therefore, the 

system architecture should be designed expecting heavy involvement of this intended 

community in the design, development, and, management of the system. The consensus 

requirements from the community should be translated into the service baselines and the 

design of user-system interfaces. The system allows and encourages community 

development of the system by providing tools and libraries to the community for 

developing  plug-in geospatial Web service modules and models. Therefore, the system is 
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designed and developed by the community for the community. In this sense, the design 

emphasizes the creation of the human-centered, community-wide cyberinfrastructure. 

 

5.1.3 Reusability 

Software reuse can significantly reduce the cost of a software development project. Reuse 

can occur in several ways:   

1) Using a foreign system as a part of a new system, 

2) Using components of a foreign system in a new system, 

3) Using software functions of a foreign system in a new system,  

4) Designing a system that is easily reusable in future systems. 

 

All reuses may involve some code modifications. 

 

In the Web service environment, all service modules are designed to be reusable for 

dynamically constructing executable service chains. Basically, the system architecture 

design should enable the reuses at function, component, and system levels. Both 

geospatial Web service modules (equivalent to function level) and geospatial models 

(equivalent to component level) are designed to be dynamically reusable by other systems 

and services through interoperable just-in-time integration. However, how often a service 

module is reused depends on the granularity and functionality of the module. If a module 

performs a large geospatial process task, it will be less reused in the service environment 

than a smaller but more self-contained one. Modularity, well-defined functionality, 
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standards-based interfaces, and adequate documentation are keys for software reuse. The 

designed system should allow individuals to contribute reusable geospatial Web service 

modules that can be dynamically integrated into large Web-executable geospatial models 

and be reused by others in the community as part of a system implementation.  

 

5.1.4 Adaptability 

The adaptability of a system concerns the ability to infuse new technology, and 

maintenance and evolution of a system. It depends largely on the system architecture – 

whether or not the system is designed as an open system to allow such capability. 

Therefore, it is important to have an architecture/reference model for a system framework 

that allows easy technology infusion, maintenance, and evolution of the system.  

 

A system that is composed of modular, self-contained components with each component 

using standard interfaces is inherently maintainable since the any existing component can 

be easily upgraded or replaced without affecting the functionalities of other components 

or the overall system performance. If the system also has an open standards-compliant 

framework to accommodate new components, it is easily self-evolvable.  

 

A geospatial Web service system is designed to be adaptable as possible by allowing 

plug-and-play of community-developed standards-based Web service modules and 

geospatial models into the system strictly following and enforcing the adopted 
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interoperability standards. After proper peer review, those modules and models will be a 

part of the operational capability of the system (evolvable), and all modules and models 

can be replaced with new versions (maintainable). This once again enhances the 

scalability of the system. Such a design also emphasizes on the concept of “the human-

centered cyberinfrastructure with broader participation” by carrying out the system 

development with the concept of “developed for the community and by the community”. 

 

5.2 Architecture  

The system architecture design observes the principles just addressed above and the 

functional requirements and methodologies discussed in Chapter 4. The intended system 

will be designed to be as interoperable, scalable, reusable, and adaptable as possible. It is 

an open, standards-compliant, three-tier, multi-component, multi-module, service-

oriented, and geospatial Web service based data, information and knowledge building 

system (simply called the geospatial Web service system).   

 

The system adopts Service Oriented Architecture (SOA). All services within the system 

are standard-compliant so that they can be accessed in a standard way without knowledge 

of how the service actually performs its tasks. Moreover, SOA can support integration 

and orchestration of individual services into composite services. The SOA design enables 

the system to link distributed computational resources to support geospatial analysis.  
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5.2.1 User Viewpoint 

Figure 3 is the user-oriented illustration of the system architecture. It is not a detailed 

architecture presentation but a scheme showing major components of the system. The 

figure shows multiple components in each of the three tiers of the system: the Web 

Interface and Client Tier, the Service Middleware Tier, and the Interoperable Data 

Provider Tier. However, only the components in the Web Interface and Client Tier (front-

end tier) really matter to the users. Each component in the front-end tier, if viewed by the 

user, is a Web portal system that provides specialized geospatial data and computing 

services. The users make use of the data portal to access online, on-demand (or 

customized) and federated data discovery, access, visualization, and retrieval services, the 

geoprocessing portal for online on-demand geoprocessing and data analysis services, and 

the geospatial modeling portal for the interactive and dynamic modeling environment and 

model editing, registration, instantiation, and execution services. 
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Figure 3 System Architecture Schematic Showing Major Components 

 

1) The Interoperable Data Provider Tier is at the back-end. The system will 

access distributed ES data resources (e.g. the multiple peta-bytes of EOS data at 

NASA data pools running at DAACs, online data repositories and remote data 

archives in NOAA and FGDC, etc.) regardless where or how the data are archived 

as long as the data-provider services comply with the interface standards.  

 

2) The Service Middleware Tier is a geospatial service and knowledge 

management tier. It consists of multiple components that perform geospatial data 

processing, information extraction, and knowledge management (e.g. the 
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IPODAS, the on-demand data analysis services with value-added geospatial Web 

services, and service chaining, geospatial modeling and execution services). 

 

3) The Web Interface and Client tier is at the front-end. The Web portals in this 

tier provide end-users easy online access to all real data/information available 

through the system and virtual products generated by the system, the geospatial 

modeling and knowledge sharing functionalities, and the collaborative 

development capabilities enabled by the system. In addition to the Web portals, 

standard-compliant clients can be developed to access all system functionalities as 

stand-alone applications in this tier to provide some functional privileges and 

offline-work ability to users. 

 

5.2.2 Developer Viewpoint 

Figure 4, showing the architecture from the developer’s orientation, shows the system 

architecture in more details than Figure 3 and explains better how a geospatial Web 

service system is structured and made to work. From a developer’s viewpoint, a 

component in the system may have a different meaning from the one in the user-oriented 

illustration. 
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Figure 4 The System Architecture 
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As shown in the figure, the system is built upon the open, consensus-based standards that 

will allow other systems to interoperate with it through standard interfaces. In the figure, 

all system-wide standard interfaces are shown as white arrows. Any other systems using 

the same standard interfaces can be interoperable and federated with the system. All other 

types of arrows represent either private/internal interfaces or interfaces defined by the 

user community. Through standard interface protocols and the Catalogue Federation 

Service, the common data environment is established between the back-end tier and 

middleware tier and the common service environment is established between the front-

end tier and the middleware tier and among all services. 

 

The size of arrows represents the size of the data traffic. Since the system provides 

customized data products and information to the end-users by reducing and processing 

the data at the data server and middleware tiers, the size of the data traffic at the end-

users side is much smaller than those at the data server side. This kind of three-tier design 

can significantly improve the system performance and reduce the requirement on 

computing resources at the user side. It is also convenient for users conducting 

complicated scientific tasks, who use large volumes of data and require lots of computing 

resources or high computing power, because a simple Web browser in any Internet 

connected computers can be used to access and utilize the full capability of the system. 
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5.2.2.1 The Interoperable Data Provider Tier  

This tier consists of data servers using a common data environment to provide data to the 

geospatial service middleware, the application and data analysis systems, application 

clients, and human users (called requestors hereafter). The NWGISS data servers can be 

reused in the data provider’s tier. The common data environment is a set of standard 

interfaces for finding and accessing data in diverse data archives, ranging from small data 

providers to multiple-petabytes data repositories (e.g. NASA online data pools). The 

environment allows geospatial services and value-added applications to access data 

provided by different data providers in a standard way without worrying about their 

internal handling of data.  

 

The interface standards for the common data environment are OGC Web Data Services 

specifications: WCS, WFS, WMS, and CSW. The specifications allow seamless access to 

geospatial data in a distributed environment, regardless of the format, projection, 

resolution, and the archive location. The OGC WCS defines Web interfaces for accessing 

on-line multi-dimensional, multi-temporal geospatial data in an interoperable way. 

Coverage data include gridded geospatial data and remote sensing images. OGC WFS 

defines Web interfaces for accessing feature-based geospatial data. Feature data are 

traditionally called vector data. WCS and WFS together cover all geospatial data. They 

form the foundation for OGC Web-based interoperable data access. OGC WMS defines 

interfaces for assembling maps from multiple sources over the Web. A WMS server 

normally converts data to a visualized form (map) based on requirements from the 
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requestor. OGC CSW defines Web interfaces for finding data or services from the 

registries. The OGC technology allows requestors to specify the requirements for the data 

they want. An OGC compliant server must preprocess the data on-demand given the 

requirements and then return the data back to the requestor in the form specified by the 

requestor.  

  

5.2.2.2 The Middleware Geospatial Service and Knowledge Management Tier 

The middleware service tier consists of multiple components that provide geospatial data, 

geoprocessing, information extraction, geospatial modeling and knowledge management 

services. OGC, W3C, OASIS and other international standards are used in the 

development of the middleware tier to create a common service environment. This tier 

has the following components.  

 

Service Module Warehouse contains executables for individual geospatial Web services, 

self-contained, self-describing, modular applications that can be published, located, and 

dynamically invoked across the Web. Once a service is deployed, other applications (and 

other Web services) can discover and invoke the deployed one. The service modules in 

the system will be developed based on the OGC Web service standards. They act as 

individual “building blocks” for dynamically constructing the complex geoprocessing 

models represented by geo-trees. The richness of the service modules will, to a certain 

extent, determine the capability of the in-house process power of the system. However, 

the system’s power is not limited by those service modules. In an interoperable federated 
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environment, the service modules existing in different members of the federation can and 

will be shared. Therefore, in a federation environment, a complex geospatial model (geo-

tree) can be built by service modules in all member systems and can be executed across 

the member systems. This is the power of the standards and federation. 

 

Model Warehouse contains all geo-trees or workflows encoded in a workflow language. 

The geo-trees describe geospatial models, capturing the knowledge of the geospatial 

process modeling. A geo-tree in the warehouse represents a type of virtual data product 

that the system can generate on demand. And each sub-tree of a geo-tree represents a type 

of virtual data, except for those in the leaf node of the geo-tree. BPEL will be adopted 

and extended to work as the workflow language. The geospatial models included in the 

warehouse can be used for generating virtual datasets. The system will become more 

knowledgeable and capable when more models are included in it.  

 

Workflow Engine acts like a WCS, WFS, or WMS server to requestors, depending on the 

type of geoinformation requested. This component serves multiple functions, e.g., 

executing a geospatial Web service and generating the result,  working as a virtual 

product manager that helps requestors to find both data instances and data types, and 

instantiating and executing geo-trees or workflows. If the geoinformation requested is a 

virtual product, the engine will manage the execution of the workflow and deliver the 

materialized virtual geoinformation to the requestor.  Basically, the engine will be an 

internal service requestor for individual Web geospatial services, which will push the 
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input data to the service, execute the service and pull out the output from the service. The 

workflow engine will also manage the status of the workflow execution and the temporal 

storage. 

 

Modeling Server provides dynamic geospatial model/workflow editing services. The 

system provides the interactive modeling environment that allows users to construct and 

test their models through the geospatial modeling Web portal. Models will be constructed 

graphically in the Web portal or client. The modeling server will provide all available 

Web service modules classified by their service categories, and both virtual data types 

represented as workflows, and the real data types, to the Portal or client. The Modeling 

Server will allow the user to instantiate, run, modify, debug, and save the model and 

submit it to a peer-review server for review.  

 

Service Developer is a service module development helper. The system will encourage 

end-users to develop additional service modules by providing a service module 

development environment through the Service Developer. The Developer includes a set 

of libraries for handling the interface protocols, data encoding and decoding, and general 

utilities functions. By using those libraries, Web service modules developed by users will 

be standards-compliant and easily interoperable.  

 

Collaboration Server provides peer-review and collaborative development services. Any 

user developed Web service modules and geospatial models are subject to peer review 
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before being inserted into the system as operational capabilities. The Collaboration 

Server will facilitate the processing by providing a common environment for reviewers to 

run and evaluate submissions through the system Web portal or client. The peer-review 

panel consists of expert users in the community. If a developer submits software to the 

collaborative development area, it can be run and evaluated by any other user. The 

comments from this evaluation can be shared through tools for on-line collaboration. 

Through proper peer review, those modules and models will be a part of the operational 

capability of the system (evolvable), and all modules and models can be replaced with 

new versions (maintainable).  

 

Product and Service Registry and Publishing Agent is an SCS. This component will 

register and publish the products and services with enhanced metadata and ontology. The 

component makes it easy for the system itself and other external systems to search for 

data, information and knowledge products, and geospatial Web services. 

 

5.2.2.3 The Web Portal and Client Tier 

This tier provides not only accesses to all virtual and real data/information provided by 

the system and all other OGC-compliant providers but also the geospatial modeling/ 

workflow interfaces, peer-review interfaces, and the collaborative development interfaces. 

Some details of this tier has been discussed in section 5.2.1. 
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Chapter 6 Implementation 

 

The system designed is a comprehensive geospatial Web service system for providing 

ease access and use of large amounts of distributed geospatial resources (e.g., data, 

services, or models). The real power of the system relies on the availability of large 

number of chainable geospatial processing service modules and models. Implementing 

the system with operational capabilities to provide adequate data and services for 

facilitating ES research and education needs tremendous efforts, far beyond any 

individual person’s ability. In fact, the full implementation of the system is not only a 

development team’s work but also the community-wise or across-community efforts and 

contributions. How to implement an interoperable and chainable geospatial Web service 

and how to make multiple geospatial Web services work together in a chained way for 

performing geospatial processing tasks in distributed environment were research issues 

addressed in the author’s previous studies [Deng et al, 2003; 2004]. This research 

concentrates on addressing the key issues for implementing the operational geospatial 

Web service system designed for ES research and education and the solutions to key 

implementation issues for ensuring that the system is implemented according to the 

design. 
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6.1 Implementation Issues 

6.1.1 Technology Standards Adoption 

The primary mechanism to support the development of an interoperable, open and 

extensible geospatial Web service system is to use open, consensus-based Web service 

and geospatial technology standards. Adopting right technology standards, specifications, 

and protocols is very important for the system implementation in enabling broader 

geospatial interoperability at data, function (service), and system levels. System 

interoperability means that the system can access and process data and services from 

other systems and be plugged into a larger infrastructure. Service interoperability means 

that all geospatial Web services in the system can be coupled with data and other services 

as long as the services comply with the specific interoperability protocols. Data 

interoperability is about compliance with national and international standards on data 

content, metadata, style, format and etc. Various standards and specifications for 

geospatial data, data service, processing service, and registry service are available for 

enabling the interoperability at these levels. OGC, W3C, OASIS, and ISO specifications 

and standards are selected and observed due to their authority, popularity, and 

applicability. In the following paragraphs, some important standards adopted for the 

system implementation will be explained in some details for a better understanding why 

they are selected and how they are implemented. 
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Many OGC standards of data access and processing services in the context of OWS and 

WPS specifications are adopted. The importance of OGC Web-based data access service 

specifications (e.g. WCS, WMS, and WFS) has been addressed with some details in the 

previous chapters to explain how the common data environment can be established by 

using these specification for providing seamless access to distributed, diverse geospatial 

data. The WPS specification [OGC WPS] enables the interoperability of geospatial 

processing services by defining standardized interfaces of geospatial processing services. 

A geo-tree may be automatically instantiated with WPS-standard compliant geosptial 

processing services and executed in the Web environment because WPS standard defines 

1) how an interface facilitates the publishing of geospatial processes and clients’ 

discovery of and binding to those processes, and 2) how a client can request the execution 

of a process, and how the output from the process is handled [OGC WPS].  

 

The W3C standards about Web services, such as WSDL and SOAP, are the mainstream 

Web service standards widely used by non-geospatial communities and, at less extent, 

used by the geospatial community. In order to achieve the maximum interoperability, the 

W3C standards are also adopted to ensure that all geospatial Web services are 

interoperable and dynamically chainable. A WSDL file is an XML document containing 

different sections to tell what a Web service can do (e.g. the operations it has), how the 

service can be accessed, and where the service can be accessed (e.g. a URL). By defining 

abstract operations without reference to the access protocol or URL used to access the 

operation, WSDL allows an operation to be bound to different physical access protocols 
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(e.g. HTTP GET/POST, SOAP, and MIME) without changing or duplication the 

operation definition. An operation can be bound to multiple access protocols or points 

(one-to-many relationship), thus increases the flexibility in how a Web service can be 

invoked [W3C, 2001]. As declared in WSDL 1.1 [W3C, 2001], “WSDL is extensible to 

allow description of endpoints and their messages regardless of what message formats or 

network protocols are used to communicate, however, the only bindings described in this 

document describe how to use WSDL in conjunction with SOAP 1.1, HTTP GET/POST, 

and MIME”.  

 

Although the WSDL description of a Web service can define many possible access 

protocols, only HTTP GET/POST and SOAP are adopted as standard binding protocols 

for implementing geospatial Web services in the system. By observing the OGC 

standards, the geospatial Web services developed in this research “genetically” supports 

HTTP GET/POST methods. SOAP method is also supported because of the advantages 

of SOAP protocol and its popularity in the Web services community. One big advantage 

of SOAP protocol is its excellent support to Web service chaining by providing multiple 

ways of communication (e.g., one-way, request-response and arbitrarily complex chains 

of communications) between the sender of a message and the receiver.  The geospatial 

Web services developed with WSDL description and both HTTP GET/POST and SOAP 

binding are easily interoperable, more flexible, and dynamically chainable. 
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The OGC CSW specification and the OASIS electronic business Registry Information 

Model (ebRIM) standard [OASIS 200203] are adopted for developing catalogue and 

registry services. In a distributed computing environment, a catalogue service plays a 

critical role by serving as a directory role: 1) providers use a catalogue service to 

advertise the availability of resources by publishing meta-information through it, and 2) 

requestors discover the right resources by querying it. The ebRIM and the Universal 

Discovery Description and Integration (UDDI) model [OASIS, 2004] are two leading 

general models adopted for catalogue services. The ebRIM model is popular in the 

geospatial domain since it provides comprehensive facilities compliant with the ISO 

11179 set of standards to manage metadata (information about geographic data, services, 

and related resource). And also, it is more general and extensible. The OGC Catalog 

Service – Web Profile (CSW) specification [Nebert, 2003] uses an ebRIM profile for 

Web-based geospatial catalogue services. It has been widely implemented in the 

geospatial community for providing online catalogues of geospatial data/information and 

Web geoprocessing services. CSW specifies interfaces, HTTP protocol bindings, and a 

framework for defining application profiles in publishing and accessing digital catalogues 

of metadata.  

 

OASIS Web Services Business Process Execution Language (WS-BPEL) standard 

[OASIS BPEL] is adopted and extended for describing a geospatial processing workflow 

(or geo-tree). WS-BPEL is widely or dominantly adopted by the industry. It extends the 

Web services interaction model and enables it to support business transactions by 
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providing mechanisms for specifying behaviors of an abstract process and an executable 

process [WS-BPEL 2.0]. Executable processes fully describe actual behavior of a 

participant in a business interaction and can be executed. Abstract business processes, 

serving as a descriptive role, are not intended to be executed. Thus WS-BPEL defines an 

interoperable and flexible integration model that should facilitate automated process 

integration. Recalling the concepts of geo-tree, virtual geo-object, instantiation and 

materialization of a geo-tree in Section 4.2, it is appropriate to adopt WS-BPEL as the 

workflow language to help automate geo-processing. Since geospatial processes are 

geospatial data-dependent behaviors, which are different from regular business processes, 

some extensions are needed for WS-BPEL to work as a geospatial workflow language.  

 

6.1.2 Systemic Implementation Strategy 

Implementing the geospatial Web service system designed with a constrained budget 

needs a systemic implementation strategy. The implementation guidelines or lessons-

learned include: 

1. An appropriate selection of core computational hardware, local storage of 

sufficient capacity, and supporting software to set up the system platform should 

be decided; 

2. The efforts of developing, hardening, and maintaining the system need to be 

strategically balanced;  

3. The priorities for development of software tools and services need to be set based 

on the consensus of the user communities;  
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4. Duplication of effort needs to be minimized by adopting, integrating and reusing 

existing software and tools;  

5. The value and performance of services need to be optimized to support both data-

intensive and computation-intensive ES research problems;  

6. Inputs and feedbacks on the quality of services are needed from ES research and 

education community to support the system development. 

 

The systemic implementation strategy and guidance ensure that sufficient system 

configuration and development controls are in place for better serving ES research and 

education community. 

 

6.1.3 Service Implementation Strategy 

A geospatial Web service is the basic functional “element” of a geospatial Web service 

system. Implementation of a large number of interoperable, chainable, and value-added 

geospatial Web services is a key part of implementing the operational geospatial Web 

service system. However, developing even one geospatial Web service from the scratch is 

a tedious work, nevertheless developing a large number of geospatial Web services. In 

fact, it is nearly an impossible mission for one development team to develop all needed 

geospatial Web services from the scratch for the system to provide adequate processing 

and analytic functions because the development of a wide range of geospatial analytic 

functions require many types of geospatial expertise. So, the service implementation 
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strategy plays a critical role for the success to develop the system designed. In this 

research, the service implementation strategy includes  

1) developing the core geospatial Web services from the scratch to meet some key 

functionality or performance requirements of the system,  

2) reusing existing software packages, and 

3) structuring a geospatial Web service development so that a generalized Web 

service “wrapper” can be applied.  

 

Of course, it is inevitable to develop many core geospatial Web services from the scratch, 

such as OGC data services, the catalogue federation service, workflow instantiation and 

execution services, due to the key functionality or performance requirement by the 

system. However, reusing existing software packages to avoid the development of 

geospatial Web services from the scratch is very important.  Historically, a large number 

of geoprocessing software systems (here called legacy systems) have been developed for 

the standalone systems, such as Geographic Resources Analysis Support System 

(GRASS). The functions on those packages represents the major functional needs of the 

ES community on the processing capabilities. Therefore, reuse of these packages in the 

Web services environment, which can significantly reduce the development effort, is 

sought.  

 

No matter how a geospatial Web service is to be developed (from the scratch or by reuse 

of the existing software packages), the Web service technologies will be involved as a 
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major part in the development. Since a geospatial Web service is a specialized Web 

service, which performs an action on geospatial data or information. Geospatial Web 

services are distinguished from general business Web services because of the unique 

characteristics of geospatial data. Geospatial data have spatial components (e.g. geo-

location or geo-reference), are rich in data formats, and involve in multiple scales and 

projections. The development of a geospatial Web service is usually more complicated 

than developing a general business Web service since the discovery, access, binding and 

chaining of geospatial Web services differ from those of general business Web services. 

A better approach to the development of geospatial Web services is to separate the 

development of core functions and the development of Web applications and interfaces.  

This approach has two major advantages: the geospatial Web service can be well-

structured for easy maintenance and reuse, and some generalized wrapping methods may 

be applied regardless of the programming languages in writing core functions. A 

structure design and WSDL description of the Web Image Classification Service (WICS) 

in the system can be found in Appendix I. 

 

This “structuring and wrapping” approach is used in this research for converting the 

processing functions in the legacy systems into geospatial Web services. In order to 

reduce the overall efforts for the service development, a Web service wrapping toolkit 

has been developed. In fact, the Web service wrapping toolkit can also serve another 

purpose: making the community contribution of Web service module easier. A lot of 

scientists in the ES community have developed their own geoprocessing functions locally. 
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The toolkit enables them to convert their local capabilities into sharable geospatial Web 

services. Therefore, the toolkit is essential for realizing the vision of “developed for the 

community and by the community”. This approach encourages broader participation and 

reduces overall efforts.  Of course, many existing geospatial processing systems have 

been originally developed for desktop applications and are not meant for a distributed 

environment. Modifications or adding new modules to the existing systems may be 

needed in order to make the functions of the legacy system fully available at a Web 

service environment. 

 

Another consideration for the implementation of a geospatial Web service is the service 

style. As mentioned in Chapter 3, Web services can be implemented in three common 

styles: RPC, SOA, and REST. RPC Web service presents a distributed function or 

method call interface and its basic unit is WSDL operation. SOA Web service is more 

loosely coupled based on SOA concepts and its basic unit of communication is a message 

rather than an operation. REST Web services focus on interacting with stateful resources, 

rather than messages or operations. Selection of a service implementation style is mainly 

based on the service requirements, functionalities and usages. For example, SOA based 

loosely coupled and interoperable Web services seem to be more appropriate for 

establishing an online environment for users with the easy-to-use Web portals to access 

all data services and geoprocessing functionalities provided by the system. All the 

services within the SOA are independent, so that they can be accessed in a standard way 

without the user needing to know how the service actually performs its tasks. Moreover, 
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SOA can support integration and orchestration of individual services into composite 

services. SOA style is selected for implementing the geospatial Web services in the 

system. Some services are also implemented with RPC and REST styles.  RPC is a good 

choice to provide some data services. REST service is newly recognized but it is 

important for developing some services due to the resource state requirement. 

 

6.2 Implementation of Geospatial Web Services  

With the above implementation guidance and strategy, a great number of interoperable, 

chainable and value-added geospatial Web services have been successfully implemented 

as functional elements for the operational geospatial Web service system by the NEHEA-

GeoBrain project [GeoBrain Web site] development team. The major geospatial Web 

services implemented in the system can be categorized into three classes: data services, 

processing services, and catalogue services. The implementation of these three categories 

of services based on open consensus-based standards discussed in section 6.1.1 are the 

key to enable IPODAS, on-demand geoprocessing, and other fundamental functionalities 

for enhancing uses of geospatial data in the ES research and education. With IPODAS 

capability, users can find the exact data they want and obtain them in the exact form (in 

terms of spatial coverage, format, projection, resolution, etc.) they want, regardless of 

where are how they are archived. With on-demand geoprocessing services, users can 

conduct further processing or analysis on any data available through the system. An 
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overview of implementing these services in the system is given in the following 

subsections. 

 

6.2.1 Data Services  

The implementation of OGC data services in the system, mainly WCS, WMS and WFS, 

is essential for providing the needed common data environment, interoperability and 

functionality of geopsatial data access, visualization, and retrieval.  

 

A. Web Coverage Service (WCS) 

OGC WCS [Evans, 2003] provides intact multi-dimensional and multi-temporal 

geospatial data as coverage (encoded in HDF-EOS, NITF and GeoTIFF), to meet the 

requirements of client-side rendering, multi-source integration and analysis, and input 

for scientific computational models and clients other than simple viewers. It supports 

the networked access to geospatial data as "coverage" through “getCapabilities”, 

“describeCoverage” and “getCoverage” interfaces. The WCS 1.0 was implemented 

in NWGISS [Di et al, 2001; Di and McDonald, 2005]. But WCS specification 1.0 has 

problems associated with access to multiple-dimension remote sensing data. WCS 1.1 

specification has addressed these problems and enhanced capabilities for coordinate 

transformation, domain subsetting, range subsetting, spatial scaling and resampling, 

data format encoding and results file provision. The WCS in NWGISS based on 

version 1.0 is extended to support WCS 1.1. In addition, WSDL description and 
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SOAP binding were added to both versions of the servers so that they become 

chainable services.  

 

It is the implementation of WCS 1.1 server in the system that makes geospatial data 

accessible and retrievable in a customized way with coupled reformatting, subsetting, 

reprojecting, resampling and etc. services.  

 

B. Web Map Service (WMS) 

OGC WMS [Beaujardiere, 2004] supports the networked interchange of geospatial 

data as a map, which is generally rendered dynamically from real geographical data 

as a spatially referenced pictorial image such as PNG, GIF, or JPEG. NWGISS 

contains a WMS 1.1.1 server that works with NASA HDF-EOS data [Di and 

McDonald, 2005]. Similar to NWGISS WCS server, the server is enhanced to 

become a chainable service and provide visualization of geospatial data as an image 

map.  

 

C. Web Feature Service (WFS) 

OGC WFS [Vretanos, 2002] supports the networked interchange of geographical 

vector data as a feature encoded in GML. Feature (vector) data and some background 

information always play important roles in geospatial analysis. A new WFS based on 

OGC WFS 1.0 is developed so that users can get access to nationwide feature data, 

including those of states, counties, cities, roads, railroads and rivers.  
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6.2.2 Processing Services 

A large number of geospatial processing services are implemented along with data 

services in the system to provide IPODAS and on-demand data processing services (e.g. 

manipulation and analysis of vector and raster geospatial data). Development of those 

services generally observes the OGC Web Processing Service (WPS) specification 

[Schut, 2005; 2007] and W3C Web service standards.  

 

OGC WPS provides client access to any pre-programmed (simple or complicated) 

calculations and/or computation models that operate on spatially referenced data. The 

important processing services developed in the system from the scratch for supporting 

OGC WPS include  

1) Web Image Classification Service (WICS),  

2) Web Image Cutting Service (ICWS),  

3) Web Coordinate Transformation Service (WCTS), and  

4) Web Format Translation Service (WFTS). 

 

The majority of Web processing services implemented in the system is converted from 

the GRASS [Mitasova and Neteler, 2002; GRASS Web site] by the wrapping method 

discussed in section 6.1.3. GRASS is an open source GIS software package with over 350 

programs and tools for raster and vector data analysis. The basic approach for developing 

Web services from GRASS is to create atomic services by wrapping the GRASS API. 

Both OGC WPS Get/Post and SOAP bindings are provided. During the wrapping, it was 



 

 101 

 

found that all GRASS API commands are tightly bundled with each other, in conflicts 

with the Web service design. Some commands need to combine with others to have 

explicit physical meaning for some application. Therefore, a set of services have been 

developed on top of a large GRASS script, which represents a complex physical model. 

For example, “create_dummy_location”, “r_in_gdal”, “r_mapcalc”, and “r_out_png” are 

developed as self-contained services and used in composing a NDVI service with a 

loosely coupled way. A WSDL file of the NDVI service developed in this way is given in 

Appendix II. 

 

6.2.3 Catalogue Services 

The implementation of the catalogue service in the designed system includes three 

significant efforts: 1) to extend the ebRIM model defined by the OGC CSW, in order to 

provide an integrated interface to register, discover and access a wide variety of 

distributed geo-resources (i.e. geospatial data, applications, and services); 2) to build an 

internal CSW for maintaining metadata for data and services physically located in the 

system; 3) to build a catalogue federation service to search distributed catalogue services, 

such as GEOSS Clearinghouse, NASA Earth Observing System Clearinghouse (ECHO), 

and the system internal CSW catalogue service. The extensions of the ebRIM model are 

implemented in conformance with two international standards: ISO 19119:2005 and ISO 

19115:2003. The extensions make distributed data access and computing with more 

conveniences and realities. 
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6.3 Web Portals and Standalone Clients 

To provide users the capabilities of accessing the full functionality of the system, three 

extensible portals: data portal, geoprocessing portal, and geospatial modeling portal, are 

implemented. All three portals share the similar architecture but have different usages. 

Figure 5 shows the architecture of the geoprocessing portal as an example. 

 

 

 

Figure 5 A Web Portal System Structure  

(Source Note: [Di, et al, 2007]) 
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From the figure, we can see that a Web portal use standard Web browsers (e.g. Mozilla, 

Firefox, Microsoft Internet Explorer) as the clients to provide a user with an integrated 

Web interface to access all data/information products and functionalities available 

through the system. With the Web portals, users don’t need to download and install any 

new software for accessing a system; they can access enormous geospatial resources and 

the powerful computing capability provided in a remote system with a Web browser from 

any Internet connected computer. A Web portal system frees users from worrying lack of 

computing resources or installing something in a restricted computer (e.g., a computer in 

a public library). DHTML and JavaScript techniques are used to manipulate data objects 

in the browser. By using Asynchronous JavaScript and XML (AJAX), the portal (client) 

becomes more responsive and interactive to improve the user experience.  

 

The data services (WCS, WMS, and WFS), WPS, and CSW in the figure have been 

addressed in the above sections. In this section, only the Map Server will be introduced 

with some details based on the implementation for the geoprocessing portal for a better 

understanding of the Portal mechanism (implementations for the other two portals only 

have some minor differences). 

 

The map server follows the Model-View-Controller (MVC) design pattern. Typically, a 

model represents the information of the application and acts as a function by providing 

“get” methods to retrieve particular pieces of information or state and “set” methods to 

update the information and state of the model. A view is a representation of the 
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information in a model. When the relevant model is changed, the view is notified to make 

corresponding changes by using a “listener” call back method appropriate to the event 

type. Views may also provide means to send user gestures (e.g. mouse clicks for zoom 

out) to a controller. When “set” methods are invoked, views are notified to make some 

changes by calling listeners that are registered with the model. A controller translates 

interactions with the view into actions to be performed by the model. Controllers modify 

the information and state of a model. The separation of model and view allows multiple 

views to be used for the same model. Consequently, it is easy to extend the system 

because a view and some controller logic can simply be written and wired into the 

existing application models. 

 

The Map server for the geoprocessing portal includes five models that users can act on 

them: 

1) User Portal: Each user is able to store the current state of the portal in an OGC 

Web Map Context (WMC) document. This document can be imported again later 

to restore the portal to its earlier state. The WMC allows users to build their own 

maps and systems by including a list of all preferred data layers and relevant 

processing services [OGC WMC]. 

2) Data Management: Each user can retrieve geospatial data using a remote service 

and store them on the map server temporarily, with a network accessible point. 

All meta-information of the saved data is encoded in XML for further use. 
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3) Data Analysis: Each user is able to select or integrate a preferred processing 

service to do data analysis. This model provides users an easy way to set a 

processing service and get the service outputs. 

4) Workflow: If an analysis task is too complex to be performed by an individual 

service, this model allows user to build a chain of services to perform the task. 

5) Data Visualization: Users can set up their own preference on how to display data, 

such as overlay sequence, data subsetting, and image palette. A set of different 

rendering services is provided for the different data visualization methods. 

 

The data portal is implemented to provide enhanced data access services (e.g. with 

IPODAS) so that users can discover, access, visualize, and download data from 

distributed sources with customization (to get what they exactly want and in the exact 

forms they want for the data). The geoprocessing portal enables users to mine, visualize, 

process, and analyze distributed data from any OGC-compliant online data sources with 

interoperable geospatial Web services. The geoprocessing portal also has all capabilities 

of the Data Portal. But for users who are only interested in obtaining data, the Data Portal 

is recommended because it has a more intuitive and simple-to-use interface.  

 

A standalone client is also implemented to provide the desired functionalities of both the 

data portal and geoprocessing portal to give users some privileges in efficiency, offline 

work and additional capabilities.  



 

 106 

 

 

Chapter 7 Deployment, Operation and Demonstration  

 

7.1 Deployment and Operation 

The implemented geospatial Web service system has been deployed and operated as the 

GeoBrain system (http://geobrain.laits.gmu.edu) in a high-performance Apple G5 cluster 

server to provide operational, value-added data and services to ES research and education 

users. The Apple G5 Cluster Server with 1 head node, 7 cluster nodes, 32 Tb Xserver 

RAID Disks, 2Gbps Fiber Switch, an 8 Port Gigabit Ethernet Switch, and 1 Gbps Internet 

connection. Apache Web Server 2.2.8 and Tomcat 6.0.16 have been installed and 

configured in all nodes for the deployment of the system components. The supporting 

software, the JDK (Java Development Kit), Axis2 (the Apache Web service engine), 

MySQL (an open source relational database management system), PROJ4 (Cartographic 

Projection Library), GDAL (Geospatial Data Abstraction Library), and GRASS, also 

have been compiled and set up in these nodes. The WCS, which provides geospatial data 

access and retrieval, is deployed on multiple nodes of the system server because 

distributed management can shorten average request processing time and increase the 

maximum number of concurrent requests that can be satisfied. 

 

In a summary, the hardware, software, and network specifications of the system are: 
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1) Hardware 

• One Apple 64-bit Xserver G5 head node with dual 2.3 GHz G5 processors, 32 GB 

of DDR SDRAM and 2 * 250GB hard drive. 

• Seven Apple 64-bit Xserver G5 cluster nodes, two with dual 2.0GHz G5 

processors, and others with Quad 2.3 GHz G5 processors, and 32GB of DDR 

DSRAM and 80GB hard drive for each node. 

• Xserver RAID system with total capacity of 32 TB. 

• 2 Gbps Fiber Switch for exchanging data between cluster node and RAID system. 

• 1 Gbps network link to Internet II and 100 Mbps network link to Internet I 

• 8 Port Gigabit Ethernet Switch for system administration online. 

• 3000VA UPS for power protection and supply. 

• 25U Enclosure for racking cluster nodes and RAID system. 

• PowerBook G4 for system administration. 

• Other peripheral equipments. 

2) Software 

• Pre-installed Apple Mac OS X server V10.3 Unlimited-Client on head node. 

• Pre-installed Apple Mac OS X server V10.3 10-Client on cluster node. 

• Pre-installed Apple Mac OS X Panther V10.3 on PowerBook G4. 

• Installed Apple Remote Desktop 2 on cluster node and PowerBook G4. 

• Installed Apple Xcode Tools. 

• Installed other GNU tools. 

• Installed HDF, HDF-EOS tools and development library 
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• Installed Globus Toolkit 3.2.1 

• Installed Apache Web Server 2.2.8 and Tomcat 6.0.16 

• Installed components of the GeoBrain system, including the WCS, WMS, and 

CS/W servers.  

• Installed JDK, Axis2, MySQL, PROJ4, GDAL, and GRASS 

 

An online data repository is embedded in the GeoBrain local storage and populated with 

about 20TB key Earth remote sensing datasets to provide users faster and easier access to 

the most popular satellite data. Remote sensing data, particularly those produced by the 

NASA EOS program, are the most commonly used data in Earth, climate, and 

environmental research and education because of the variety of data sources, multi-

disciplinary coverage, science-oriented data collection, and no or low cost of the data. 

The data in the repository mainly include global coverage LANDSAT data, typical EOS 

data samples such as MODIS and ASTER data, and some important datasets for global 

change research activities (e.g., WindSat, Blue Marble, and DMSP city lights data).  

 

Besides the online data repository, GeoBrain also makes petabytes of EOS data in four 

NASA EOS online data pools, running at NASA GSFC, USGS EDC, NSIDC, and NASA 

LaRC, easily available to users through machine-to-machine interfaces between the 

GeoBrain system and the data pools. Users get transparent access to all GeoBrain data 

resources through its catalogue federation service, which provides a single access point to 

two distributed catalogues: a local CSW catalog and an external catalog system – 
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NASA’s ECHO. The local CSW catalogue maintains metadata for all data and services in 

the GeoBrain system and any data resources in other distributed online systems, which 

are shared by registering their metadata. NASA’s ECHO is a metadata clearinghouse and 

order broker being built by NASA’s Earth Science Data and Information System (ESDIS) 

to support efficient discovery and access to Earth Science data, especially those at NASA 

Distributed Active Archive Centers (DAACs). More data resources located in distributed 

systems are expected to be available through GeoBrain by either registering their 

metadata in the GeoBrain local CSW or federating their catalogues similarly as ECHO. 

 

7.2 Demonstration of the GeoBrain Capabilities 

The GeoBrain system is currently operated as an operational system, which provides 

online and on-demand data access and services at 99% reliability. Users can use the 

geospatial data portal system (GeoDataDownload) and the geoprocessing and data 

analysis portal system (GeOnAS) to access GeoBrain data and functionalities. 

 

In the following subsections, the operational functionalities of the two portal systems will 

be demonstrated through two use case scenarios. 

 

7.2.1 Using Data Portal to Find and Retrieve Data with Customization 

The GeoDataDownload Portal (http://geobrain.laits.gmu.edu:81/GeoDataDownload/) is 

an integrated and easy-to-use Web-based user interface that enables enhanced and 
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federated data discovery, access, and retrieval of distributed data resources. It is designed 

and implemented to provide users significant advantages in discovering, accessing, and 

downloading data from distributed GeoBrain data resources through regular Web 

browsers such as Internet Explorer and Firefox. It has a very intuitive and simple Web 

interface, dedicating to users only interested in obtaining data. Geospatial data search, 

access and retrieval can be customized through this Portal with automatically coupled 

data services (e.g. with IPODAS) so that users can discover, visualize, and download 

multiple datasets from distributed sources in the exact forms they want regardless of the 

data formats, projections, coverage, resolutions, and etc. in the archives. Multi-source 

datasets obtained through the Data Portal with customization and co-registration services 

will be easily integrated and further used since the difficulties of using multi-source data 

(e.g. data co-registration) have been automatically solved through the Portal. With the 

Portal, users can get ready-to-use data for their further study instead of wasting 

significant effort and computing resources in preprocessing data. 

 

The Portal provides a straightforward way for users to search for data from distributed 

locations (e.g. in GeoBrain Online Data Repository or in different NASA online data 

pools) based on different searching criteria, to visualize them, and to obtain them in the 

form desired by users. Figures 6, 7 and 8 are the screen snapshots showing the use of the 

Data Portal to search for and retrieve data. Data search criteria can cater to users’ specific 

interests, e.g., data source (catalogue), spatial coverage, temporal coverage, topics, sensor 

platforms, and parameters (Figure 6). The Portal returns only those data sets matching 



 

 111 

 

users’ requests. Users then select any data sets they want for downloading (Figure 7). 

Users can customize the downloading of multiple datasets by specifying spatial coverage, 

resolution, projections, and formats respectively so that they can obtain the data sets in 

the exact form they want through the embedded subsetting, resampling, reprojection and 

reformatting services (Figure 8).  

 

A detailed demo about how to use this Data Portal to find and retrieve data with 

customization is given in Appendix III.         

     

 

 

 

 

 

 

 

 

 

Figure 6 Defining Data Search Criteria 
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Figure 7 Data Found and Selected for Downloading 

 

 

 

Figure 8 Downloading Multiple Datasets With Customization 
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7.2.2 Using Data Analysis Portal for Discovery and Learning 

The GeOnAS Portal (http://geobrain.laits.gmu.edu:81/OnAS/) provides online on-

demand data visualization, mining, processing and analysis services to any data available 

through the system or from any OGC-compliant online distributed data sources. This 

Portal also has all capabilities of the Data Portal just demonstrated. It is dedicated for 

users who are interested in not only obtaining data, but also performing advanced 

geoprocessing and analysis tasks on the obtained data. It has the following features: 

• Web-Based System 

All user functions are presented via a standard Web browser—Internet Explorer 

or Firefox. 

• AJAX-Based User Interface 

The user interface (such as pull down menus, trees, modal/modeless popup 

dialogs, and tabbed dialogs) is implemented based on AJAX.  The user can 

operate it like the common desktop GIS software. 

• Standards Compliant  

The system supports OGC, W3C, OASIS, ISO and other international or 

international standards, includes CSW, GML, WCS, WFS, WMS, WMC, WPS, 

WSDL, SOAP, WS-BPEL and etc. 

• Geospatial Web Service Centric 

The system supports asynchronous geospatial Web service discovery, selection, 

negotiation and execution. 

• Google Earth Support 
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 The system provides export of KML file that could be opened and displayed in 

Google Earth. 

• Notification 

The system supports email methods for Web service task notifications. 

• Ease of Use 

The intuitive graphical user interface makes it easy to use and learn the system. 

 

GeOnAS is a fully extensible portal system based on SOA for multi-source discovery, 

heterogeneous retrieval, simultaneous visualization, and dynamic computation and 

analysis of geospatial and other network data [Di, et al, 2007].  It uses loosely coupled 

and interoperable Web services to implement system requirements. The functionalities of 

GeOnAS are powered by numerous interoperable geospatial Web services for 

manipulating and analyzing vector and raster geospatial data and by its mechanism for 

integrating any standard-based Web services into the system. GeOnAS allows users to 

dynamically preprocess, integrate, and analyze any part of the petabytes of the data 

searchable through GeoBrain and get back derived information products as well as 

original and customized data. GeOnAS has all the functionalities that the Data Portal has 

for data discovery, access, and retrieval and provides significant values by improving the 

overall efficiency and accuracy in processing, integrating, and analyzing distributed 

heterogeneous geospatial data over the Web.  
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GeOnAS is designed and implemented for users interested in performing advanced 

analysis of all data searchable through GeoBrain with any services found through the 

system. With GeOnAS, users only need to use regular Web browsers to do their 

discovery or learning projects. They can be largely relieved from worrying about their 

lack of computing resources, data processing and analysis skills and knowledge, and 

focus on doing scientific explorations.  

 

The steps of using GeOnAS starts with creating a new project which can be saved later 

for future use and defining the study area. Then the typical steps include adding 

customized data into the project to meet users’ personalized demands, displaying or 

hiding data layers, operating different raster and vector functions available in the system 

(e.g. image patch, mosaic, algebra, etc.) to the acquired data, and invoking a Web-based 

processing service (e.g. Stream Extraction service, Contouring Service, etc.) to do the 

desired analysis of the dataset and add the result to the project. The project can be saved 

in multiple formats, including KML file format that can be opened with Google Earth. 

Figures 9, 10 and 11 are screenshots showing how GeOnAS is used. A detailed demo 

about how to use GeOnAS to identify zone of risk under different tsunami run-ups is 

given in Appendix IV (this demo was conducted at AccessData Workshop, Portland, 

Oregon, 2008).        
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Figure 9 Launching GeOnAS through Web Interface 

 

 
 

 

Figure 10 Defining Study Area for A New Project 
 

 



 

 117 

 

 

Figure 11 Finding and Calling Services to Perform Tasks 
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Chapter 8 Evaluation and Analysis 

 

While the GeoBrain system has been built to demonstrate the feasibility and capability of 

a geospatial Web service system, the performance assessment of the GeoBrain system is 

needed for evaluating the research result and investigating how geospatial Web services 

and a geospatial Web service system can be better utilized by ES user communities. In 

this chapter, the evaluation and analysis of the applications of the GeoBrain system, 

particularly in ES higher education and research, will be conducted from three major 

aspects: online user access statistics, the practical experiences of using the GeoBrain 

learning and research environment in the classroom teaching and research activities of 

selected higher education partners, and metrics analysis. The evaluation and analysis will 

also give valuable lessons-learned on how geospatial Web service and interoperability 

technologies can be better developed to meet the changing needs of ES education and 

research.  

 

8.1 Online User Access Statistics  

GeoBrain provides operational data access and analysis services through interoperable, 

standards-compliant and value-added geospatial Web services. The online user access 

statistics of the GeoBrain system can be used as a good indicator for checking the 
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research result. A software package called Advanced Web Statistics 6.2 has been 

installed in the GeoBrain system to log monthly online user access statistics for tracking 

system performance. Mainly, three kinds of online user access information are reported 

each month in the statistics report in order to better understand how GeoBrain data and 

services are serving users: the number of distinguished users (with unique IP address), the 

users’ geographic and demographic distribution and the volume of data products 

distributed.  

 

The number of distinguished users (a distinguished user is a user with unique IP address) 

each month is one of the key indicators of the GeoBrain performance since it is an 

absolute and universal indicator of any system performance: the more users, the better 

performance of the system. Two figures (Figure 12 and Figure 13) are used to show the 

number of distinct users in each month during a two-year period (from March 2006 to 

February 2008) after the system became fully operational in March 2006. Figure 12 uses 

a line chart to show the growth of the users each month: for the first 12 months, it is a 

very stable growth and the number of distinct users increases month by month when the 

system operates normally. For the second 12 months, the number of distinct users has 

some fluctuation, mainly because the system was shut down for some time in some 

months due to Internet and security issues. But during the months when the system 

operates normally, the number of users increases over the previous months. During the 

two-year period, the system attracted from about 1500 distinct online users a month at the 

beginning (March 2006) to nearly 2500 online users per month in the end (February 
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2008). Figure 13 makes a comparison of the distinct users in each month between the two 

years. Each month in the second year, except July when the system was shut down for a 

long while for mitigating security issue, attracted more distinguished users than the 

previous year with the increase of the system capability (e.g. more value-added geospatial 

Web services were developed in the system with the time). 
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Figure 12 The Monthly Online User Access Statistics  
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Online User Access in Y07 and Y08
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Figure 13 A Comparison of Online User Access Between Y07 and Y08 

 

The volume of data products distributed should not be used as an indicator of the system 

performance but as a reference of users’ interest since the absolute data volume 

distributed by GeoBrain does not reflect directly how well the system is performing. One 

reason is because GeoBrain provides value-added services to the data it serves. Users can 

easily obtain value-added data or information products (usually much smaller in data size 

but much more valuable and convenient for further study or research activities) instead of 

raw data (usually very large in size and very difficult and costly for further use). So the 

absolute volume of data products distributed by the GeoBrain system should be generally 

much smaller comparing to the data volume distributed by other traditional systems with 

same numbers of users. Another significant advantage of GeoBrain is that it provides 

Web service based online data analysis functionalities so that users get their queries 

answered already without downloading any data or information products. The benefits of 

GeoBrain in enabling these capabilities have been explained earlier: data traffics and 
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requirements on user-side computing resource/power have been reduced significantly.  

However, the volume of data products distributed each month is still reported since it 

may provide some interested information about users. For example, if there is a bigger 

number of users but smaller volume of data distributed in one month than another month, 

then the users for that month might request more advanced information products (much 

smaller in data size) than raw data products. 

 

8.2 Practices in Education and Research 

GeoBrain is dedicated to serve the ES research and higher education community with CI-

enabled learning and research environment. Evaluating the performance of the system 

needs to know how the system could really help educators, students, and researchers. A 

dozen of universities are selected as funded educational partners to pilot the use of 

GeoBrain in their classroom teaching and research projects and provide feedbacks and 

student surveys. Based on their feedbacks, thousands of graduate, undergraduate and 

other students have been benefited directly or indirectly from GeoBrain each year, 

numerous new courses have been developed with full or partial support of GeoBrain, a 

large number of existing courses have incorporated GeoBrain into the classroom teaching 

and student learning activities, teaching and learning effectiveness has been improved, 

and most of research projects in the institutes have used GeoBrain as the research tool or 

data source or both. By keeping a track of the practices of GeoBrain in ES research and 

education, the GeoBrain development team has a better guidance for development 
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activities. Also, studying the uses of GeoBrain in ES research and education will give 

insights on how current and future generations of ES scientists, researchers, educators 

and students can utilize this kind of CI-enabled learning and research environments for 

their formal or informal educational training, research projects, career development and 

lifelong learning. 

 

The teaching, learning and research activities in utilizing GeoBrain are myriad. It is 

impossible to describe all of them in this dissertation work. For the evaluation and 

insights-seeking purposes, this dissertation only highlights some of the practices of 

GeoBrain among educational partners as illustrations in the following subsections.  

 

8.2.1 Improvement on Teaching and Learning Effectiveness  

The Old Dominion University (ODU) delivers GIS and advanced GIS courses for 

graduate students and undergraduate students to 15 states, 50 higher education centers, 

and 4 overseas navy bases (Japan, Korea, Mid-East, and Canada) via both the regular 

classroom and ODU TTN (Tele-Tech- Net) system (active satellites, stream video, video 

tapes, DVD, etc.). Usually, these courses are mainly focused on introducing students with 

basic concepts due to the difficulties of distance education and shortage of computing 

sources. However, in the semester of Spring 2006, Dr. Guoqing Zhou started to welcome 

quite big changes in teaching these courses after the introduction of GeoBrain. 

 



 

 124 

 

First, new concepts and technologies related to the GeoBrain system are introduced to 

students, including  

1) Geo-object and geo-tree concepts as well as their applications in geospatial data 

analysis,  

2) Geospatial interoperability and interoperable geospatial Web services,  

3) Standard-based Web information and knowledge system and its application in the 

dynamic and interactive construction and running of interoperable geospatial 

service modules and models,  

4) Characteristics of Open GIS Consortium (OGC), Web Coverage Service (WCS), 

Web Feature Service (WFS), and Web Registries Service (WRS). 

 

After these concepts are introduced, the GeoBrain system is introduced and provided to 

students for free exploration and homework. Assignments are designed and developed for 

undergraduate and graduate students based on GIS theories, concepts and the GeoBrain 

functionalities. 

 

Finally, the effectiveness of developed education materials and teaching style is assessed 

through the questionnaire survey. The questionnaires include such as 

• How could the GeoBrain better support your course knowledge and improve your 

learning? 

• What (which component) did you like best/least about the GeoBrain system? 

• What problems have you encountered when operating GeoBrain system? 
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• Did these chapters related to GeoBrain system show interesting ways of applying 

knowledge? 

• Did these activities help you develop a better understanding to Web-based GIS? 

• What did you like best/least about these chapters and exercises? 

 

The feedback from students through the survey showed that over 97% of students in the 

class believed that they were benefited from the GeoBrain system, mainly because the 

GeoBrain system enhanced their learning effectiveness and changed their learning 

manner. With the geospatial Web services and technology developed in GeoBrain, the 

remote students successfully implemented their homework that the traditional teaching 

mode could not do because they now could easily access large volumes of geospatial data 

and services 24/7 through any Internet-connected desktop computers anywhere without 

any restrictions or requirements of fast Internet connection, additional software 

installation, and etc. 

 

8.2.2 Professional Development of Educators 

Educator professional development is critical to the success of ES education and 

research. The Middle Tennessee State University (MTSU) Geosciences faculty and 

students are using the GeoBrain system to obtain remote sensing data for K-12 educator 

professional development and undergraduate instruction and research. The following 

section briefly describes the educator professional development work of faculty members 
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Mark Abolins and Laura Collins and undergraduates Travis Estep, Larry Cole and Lisa 

Travers. They used GeoBrain to obtain images for illustrations of Costa Rican tectonics. 

Instructor Collins used these illustrations while working in Costa Rica during the summer 

2006, and she used them again during a “Geology for Teachers” course held in Costa 

Rica during the summer 2007. 

 

The GeoBrain system provides a fast and convenient way to access the image archives of 

global coverage, and images from these archives can be used to illustrate the geology of 

any part of the world and these simple, colorful illustrations make complex research 

accessible to K-12 teachers. For example, Costa Rica is a great place to teach teachers 

about the connection between contemporary volcanic activities, on one hand, and features 

on the seafloor and within the Earth’s interior, on the other. To create illustrations of 

Costa Rican tectonics, the MTSU group used GeoBrain to download free images from the 

Jet Propulsion Laboratory World Map Service and the Committee on Earth Observing 

Satellites (CEOS) European Data Server. Useful illustrations were derived from Shuttle 

Radar Topography Mapping (SRTM), Blue Marble Next Generation (BMNG), Defense 

Meteorological Satellite Mapping (DMSP), and Moderate Resolution Imaging 

Spectroradiometer (MODIS) images. These images would likely have been prohibitively 

difficult and time-consuming to obtain in any other way. 

 



 

 127 

 

8.2.3 Classroom Teaching and Lab Exercise Enhancement 

For three quarters of the semester in spring 2006, Dr. Hongmian Gong’s Urban GIS 

applications class at Hunter College of the City University of New York (CUNY) had 

been struggling hard to teach students techniques and models used to analyze complex 

urban phenomena. However, all exercises and analyses had been executed exclusively on 

vector data within the ArcGIS platform, the wealth of remote sensing imagery could 

never been made available to students through this traditional platform. Most students 

had not gotten a profound sense to do analysis for determining the change over time of 

the racial and ethnic composition of a neighborhood, or for explaining the clustering of 

industrial activity of various types using a location quotient analysis, or defining urban 

extent within the study area more accurately.  

 

At this point, GeoBrain was introduced into the urban extent lab to help both the 

professor and students. Equipped with GeoBrain, Professor Gong felt really relieved from 

working hard to prepare appropriate data. For most students without prior knowledge 

about data types and sources, GeoBrain immediately piqued their interests. It served as a 

great introduction to the various types of remote sensing data that could be applied to the 

analysis of urban phenomena, adding another level of complexity to, and enriching the 

students’ potential for understanding urban dynamics. Best of all, the data were made 

available to them at no cost. Several students commented that they had been under the 

impression that the only way to obtain such data was to buy it. One first-year graduate 

student in geography who has taken an introductory remote sensing course during the 
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previous semester was excited to learn that both MODIS and ASTER data could be 

downloaded from a single location using GeoBrain’s intuitive interface, which he said 

could potentially be a “major time saver”. Even the students who had never worked with 

satellite data before could appreciate the ease and speed with which a wide range of data 

products could be obtained; many of them had been already all too familiar with having 

to conduct difficult and time consuming searches for shape files. 

 

Once armed with the Landsat data they downloaded from GeoBrain, the students learned 

how to import them into a remote sensing software suite in which it could be processed 

and manipulated in a multitude of ways. In this way, GeoBrain products allow students 

who were unfamiliar with remote sensing software to be introduced to it. Furthermore, 

through the use and analysis of several data types from different sources—including 

vector data from the city, USGS, and census, and the raster data from the GeoBrain 

website—students were able to more thoroughly understand the concept of urban extent. 

Students found that Landsat data from GeoBrain were more accurate than both the census 

and USGS data in defining the urban extent of the New York metro area. At the end of 

the lab session, a second year master’s student who was also taking a remote sensing 

class that semester, commented that it was the first time he had been able to integrate 

remote sensing data with the GIS. Echoing what another student had mentioned earlier in 

the period, he said that he had no idea before that satellite data could be so simple to 

obtain through the GeoBrain website. An undergraduate in her senior year majoring in 

geography observed that Landsat data were great for comparing seemingly arbitrary 
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census-defined boundaries to the extent of the urbanized region. She also mentioned that 

the GeoBrain website served as an excellent introduction to remote sensing data because 

it offers free, high-quality data products through an intuitive, straightforward user 

interface. Much of Professor Gong’s class agreed with her statements, concluding that 

GeoBrain plays an important role in providing a clear introduction to a field that might be 

quite difficult to understand in other ways. 

 

Words of GeoBrain quickly propagated among many of the graduate and undergraduate 

students in the geography department in the days following the lab. Many students who 

were still new to the field of remote sensing and who had been struggling to locate 

satellite data for class projects found GeoBrain to be an excellent, comprehensive 

resource for their data needs. 

 

8.2.4 Problem-based Learning Support 

In 2006 and 2007, Dr. Robert E. Ford and his graduate students at Loma Linda University 

(LLU) worked with several field partners in Honduras and Belize—local, regional, and 

global NGOs, governments, and university entities—in field-level analysis and mitigation 

of hazards, assessment of biodiversity resources, and other analyses of “sustainability” 

problems that affect the coastal and insular zone of Northern Mesoamerica, particularly 

the North Coast of Honduras. Supported by the GeoBrain data products and software 

tools, they developed problem-based learning as the core approach, i.e. they emphasized 

providing opportunities for joint student/faculty and local level partner collaboration on 
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real-world science, policy, and place-based problems related to human impacts on natural 

systems such as reefs, estuaries, deltas, savannas, mangrove swamps, rivers, beaches, and 

forests in protected areas managed by the Forestry agency of Honduras. This problem-

based learning approach has great advantages over other approaches for training students 

and for real-world applications. However, it might not be possible to carry out this 

approach easily or successfully without the support of GeoBrain. 

 

8.2.5 Authentic Learning and Research Support 

Authentic learning is engaging student interest and creating understanding with solving 

real world problems. It is especially important to support authentic learning activities in 

Earth science since the very nature of the science is involving investigation, research, 

analysis, and discovery of natural phenomena [Marlino, et al., 2004]. However, authentic 

learning and research requires sufficient framework and tools that support distributed 

data access and analysis capabilities and automated capture, recording, retrieval, and 

preservation of research information. GeoBrain provides an effective framework and 

establishes a unique online learning and research environment that supports authentic 

learning and research and make both activities fruitful. The authentic learning and 

research activities supported by GeoBrain in Appalachian State University (ASU) are 

studied in the following for a glimpse. 

 

Dr. Jeffrey Colby and Dr. Christopher Badurek, and their graduate students at 

Appalachian State University (ASU) started to utilize GeoBrain in their teaching and 



 

 131 

 

research activities in March 2007. After that, they found out, the classroom teaching and 

affiliated lab exercises and research work became much different with the support of 

GeoBrain.  

 

Specifically, in an undergraduate course GHY 3812 (Introduction to GIS), and a dual-

listed (undergraduate/graduate) course GHY 4810\5810 (Digital Image Processing), 

GeoBrain becomes an ideal platform for the courses affiliated lab exercises. For the 

Introduction to GIS course, more meaningful and real-world application exercises (e.g. 

mapping volcanoes in Costa Rica) can be easily conducted on utilization of data accessed 

through the GeoBrain Website. For the Digital Image Processing course, imagery 

acquisition from the GeoBrain Website provides more conveniences and practices to the 

exercises and numerous final projects from the course utilized satellite imagery accessed 

through the Website. After completion of the respective exercises in both courses, 

surveys were administered to participating students, and the results from the surveys were 

recorded and compiled. A total of 64 students were involved in doing GeoBrain affiliated 

lab exercises and had positive experiences based on the survey result. 

 

Particularly, authentic learning activities supported by GeoBrain brought about 

incomparable fruition.  In the spring of 2008, an undergraduate student completed an 

Honor thesis using GeoBrain satellite imagery to analyze mass balance change of the 

Franz Joseph Glacier, New Zealand. His thesis work was presented as a poster at the 31
st
 

International Geographical Congress sponsored by the International Geographical Union 
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(IGU) in Tunisia in August 2008. In the fall of 2008, a graduate student presented a 

remote sensing analysis of refugee camp impacts in Tanzania at the Annual Meeting of 

the Southeastern Division of the Association of American Geographers (SEDAAG). In 

February 2009, two other students, (one undergraduate and one graduate), gave 

presentations utilizing NASA imagery acquired through the GeoBrain website at the 

North Carolina GIS Conference held in Raleigh, NC. In addition, GeoBrain data have 

been used in a completed Masters Thesis and several other undergraduate Honors and 

Masters Theses currently in progress. An integrated mountain watershed database for the 

South Fork of the New River in the mountains of western North Carolina using NASA 

imagery are also being developed through the GeoBrain site at this dissertation study 

time.  

 

In summary, fruitful educational and research results have been achieved from the 

authentic learning with full or partial GeoBrain support at ASU. Some of them are listed 

in Appendix V. 

 

8.2.6 Computational Cyber-Laboratory 

It is very expensive or impossible for individual scientists, educators, or students to have 

all needed computing resources or computer skills to conduct Earth system science 

research and education activities due to the complexities involved and computing 

resources required for ES study. Course teaching and learn activities are often restricted 

by lack of adequate computational resources. The GeoBrain online learning and research 
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environment functions as a computational cyber-laboratory with easily accessible data, 

software tools, and other computing resources, which can benefit ES research and 

education a lot.  

 

GeoBrain computational cyber-laboratory makes huge data and analytic services online 

and freely available to worldwide users. Prof. Anupma Prakash at University of Alaska – 

Fairbanks (UAF), benefited from such a computational cyber-laboratory, has largely 

extended her teaching courses and broadened the scope of her students’ curriculum since 

2007. Her teaching and research activities have been pervasively powered (see Appendix 

VI for detailed activities) by the data and computational capabilities of GeoBrain. 

 

 “GeoBrain data and tools are of greatest use to enhance course teaching and learning 

activities, e.g., the Web service tool in GeoBrain for drainage extraction from DEMs is 

very convenient for classroom demonstration and the easy-to-use Web sites for online on-

demand data search, query and retrieval are widely used by students.” said by Prof. 

Prakash. 

 

8.3 Metrics Analysis 

In the previous sections, GeoBrain was evaluated with the number of distinct users 

through monthly online access statistics and with the numerous GeoBrain enabled or 

supported teaching, learning, and research activities through the practices of GeoBrain in 

ES higher education and research. From the above evaluations and the capability 
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demonstrations in Chapter 7, it is easily to draw that users can be much relieved from 

worrying about lack of data, computing skills or computing resources with current 

GeoBrain capabilities. In this section, some additional metrics analysis will be also given 

to measure the quality, capability, and value of the GeoBrain system as an operational 

geospatial Web service system. 

 

As an operational geospatial Web service system, GeoBrain makes enormous valuable 

ES data (more than 4 Peta-bytes) located in distributed archives online available and 

easily accessible with coupled data services. Multi-source data products obtained through 

GeoBrain can be easily co-registered and integrated, which approach much closer to the 

“Earth Science Data Usability Vision” stated in Section 2.1. Its embedded online data 

repository populated with key ES data products provides dedicated services to ES 

education with expanded metadata structure and supplemental data ontology (enabled by 

SCS) so that educators and students can find data easier and more accurately (see Section 

8.2.3), which provides a solution to the issues associated with use of large volumes of 

Earth science data in education addressed by DAWG and [Ledley, et al., 2008] (see 

Section 2.1).  

 

GeoBrain provides online, 24/7, and on-demand data discovery, access, visualization, 

retrieval, and analysis services, which are powered by a large number of standard-

compliant, interoperable, chainable, and value-added geospatial Web services. The 

typical ES data acquirement and analysis tasks taking weeks of time could be shorted to 
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just minutes or seconds with GeoBrain. This provides promises to conduct studies 

requiring real or near real time data and data analysis. Those studies might not be able to 

be fulfilled before. 

 

With its extensible, SOA-oriented and easy-to-use Web portal systems, GeoBrain 

requires least user-side computing resources so that complicated geoprocessing and 

computing tasks can be achieved with a Web browser from any Internet connected 

computer. Users can dynamically explore real-world problems by accessing and 

analyzing large volumes of global coverage data from the enormous, distributed data 

available through the system just like those data and analytic functionalities are in their 

local machines. The unique GeoBrain capabilities, which are enabled by interoperable, 

dynamically chainable geospatial Web services, largely save users’ efforts, time and 

computing resources in data preparation, processing and analysis and distributed 

geospatial computing tasks. With its unique capabilities, GeoBrain provides promising 

solutions in removing the two major barriers to ES research and education stated in 

Chapter 2 (“difficulty to find and use ES data” and “lack of analytic functions”).   

 

In the following, how GeoBrain can help a typical ES research project will be used as a 

general example for illustration of GeoBrain capabilities. 

 

A typical data-intensive ES research project involves the following steps: 

Step 1: Find a real-world problem to solve. 
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Step 2: Develop/Modify a hypothesis/model. 

Step 3: Implement the model/develop analysis procedure at computer systems and 

determine the data requirements. 

Step4: Search, find, and order the data from data providers. 

Step 5: Preprocess the data into the ready-to-analysis form (e.g. reprojection, 

reformatting, subsetting, subsampling, geometric/radiometric correction). 

Step 6: Execute the model/analysis procedure to obtain the results. 

Step 7: Analyze and validate the results. 

(Step 8: Repeat steps 2-7 until the problem is solved.) 

 

Without using GeoBrain, a researcher may need to spend a lot of time and computing 

resources for steps 2-7. Therefore, many projects requiring real or near-real time data 

couldn’t be conducted. With GeoBrain, steps 3-6 could be fully automated, saving 

significant amount of time and computing resources for users. In addition, the 

geoprocessing modeling and knowledge sharing capability of GeoBrain can provide 

useful helps to users at steps 2 and 7. 

 

In summary, GeoBrain has successfully established a unique, integrated, data-enhanced, 

and SOA-based online learning and research environment by adopting and developing 

geospatial Web service technology. This online environment has removed layers of 

difficulties of finding and using geospatial data in ES research and education and greatly 

facilitated Earth science higher education and research by 
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1) Making large amounts of distributed multi-source Earth science data and services 

resources easily online available;  

2) Enabling easy, open, seamless, and on-demand discovery, access, retrieval, 

visualization and analysis of distributed geospatial data, information, services, and 

models with a Web browser from any computer connected to the Internet;  

3) Bridging gaps between data users’ needs and providers’ capabilities; 

4) Addressing current issues of Earth science data availability, interoperability, and 

integration, especially about the challenge that most current Earth science data and 

information system are of limited use particularly to non-expert user communities; 

5) Providing exciting, data-enhanced, and CI-enabled discovery and learning 

environment; 

6) Encouraging broadened participation and wider diversity along individual, 

geographical and institutional dimensions. 
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Chapter 9 Conclusion and Future Work 

 

This dissertation work has conducted extensive research in facilitating ES education and 

research by taking advantages of recent advances in cyberinfrastructure (CI), Web service, 

and geospatial interoperability technologies. It has largely extended the author’s previous 

studies on developing geospatial Web service technology and system and explored the 

feasibility and methodology on developing an operational geospatial Web service system 

for better serving ES research and education.  The major technology barriers in ES 

research and education and the associated challenges for geoinformatics to provide 

solutions have been identified and analyzed. The state of the art in geoinformatics has 

been studied for addressing those challenges. Functional requirements and the 

methodology to build an operational geospatial Web service system for meeting those 

challenges have been substantially studied. The functional requirements, methodology, 

and many system framework principles including interoperability, scalability, reusability, 

and adaptability of the system have been comprehensively considered in the system 

architecture design. The system has been designed as an open, interoperable, interactive, 

standard-compliant, scalable, adaptable (self-evolvable and maintainable), and SOA-

based geospatial Web service system. The implementation issues and guidance for 

building the system have also been explored in this research. 
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With the funding support from NASA, the system designed has been implemented, 

deployed and operated as GeoBrain by the NASA Higher Education Alliance (NEHEA). 

GeoBrain has demonstrated the feasibility and advantages of a geospatial Web service 

system to meet the common needs of ES research and education. It provides operational, 

online, and on-demand geospatial data, geoprocessing, and data analysis services. It 

shortens the time required for ES data access, processing, and analysis from weeks to just 

minutes or seconds. It automates many research steps and provides needed help to other 

steps in typical ES research projects. It establishes an integrated, collaborative, data-

enhanced online learning and research environment. The online environment makes vast 

amount of distributed data, services, and computing resources easily accessible and 

usable to any users who has an Internet connected computer. The distinguished 

characteristics of GeoBrain online environment (e.g., a single point of access to 

distributed data, Web services, and other computing resources across domains over the 

Web) determine the unique capabilities and advantages of GeoBrain as an operational 

geospatial Web service system. 

 

In addition to studying the feasibility and methodology in facilitating data-intensive ES 

research and education with geospatial Web service technology, this research has also 

investigated how the advanced learning and research environment provided by GeoBrain 

can be utilized by current and future generations of scientists, researchers, educators and 

students for their formal or informal educational training, research projects, career 

development and lifelong learning. The performance evaluation and metrics analysis of 
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the GeoBrain system conducted in this research have tracked the online user access and 

applications of GeoBrain in ES higher education and research. Thousands of unique users 

have accessed GeoBrain online data and services each month. New teaching and learning 

modes have been supported with GeoBrain in ES higher education. Based on the 

feedbacks and surveys from the NEHEA selected educational partners, thousands of 

graduate, undergraduate and other students have been benefited directly or indirectly 

from GeoBrain each year and numerous new courses have been developed with full or 

partial support of GeoBrain. GeoBrain has also been incorporated into large amounts of 

existing courses for enhancing the classroom teaching and student learning activities. 

Teaching and learning effectiveness has been improved through GeoBrain. Numerous 

research projects have used GeoBrain as the research tool or data source or both. The 

GeoBrain capabilities are potential to lead to deep and far-reaching scientific discoveries 

and educational pervasiveness in the Earth sciences.  

 

The major achievements of this research can be summarized as:  

1) Enabled easier access, integration and use of multi-source, distributed geospatial 

resources (e.g. data, services, and models) by adopting and developing latest 

Geospatial Web services and interoperability technologies,  

2) Addressed the computational challenges and approaches for providing 

interoperable, online, and on-demand data mining, analysis, visualization and 

modeling,  
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3) Designed an integrated, sustainable, evolvable and reliable framework with 

dynamic mechanism for enhancing current data-intensive and distributed 

computing capabilities,  

4) Guided the implementation of an operational geospatial Web services system, and 

5) Obtained the practical experience and lessons-learned on how geospatial web 

services and operational geospatial Web service system can better serve the ES 

education and research.  

 

In conclusion, the geoinformatics research conducted in this dissertation work has 

addressed challenges in the ES data life cycle. It has studied the feasibility, methodology 

and approaches to facilitate ES research and education with interoperable geospatial Web 

services. It has designed the integrated framework and dynamic mechanisms to meet the 

common needs of ES research and education for data services and analytic functions. It 

has guided the development of an operational geospatial Web service system named 

GeoBrain. The system establishes an effective online learning and research environment, 

which enables easy access to and convenient use of large volume of distributed ES data 

and provides online on-demand geospatial analysis through value-added geospatial Web 

services. The data service and information service technology developed in this research 

has greatly facilitated ES research and education. This research provides insights, 

lessons-learned and technology readiness to develop more capable geospatial Web 

service systems and build more effective online learning and research environments, 

which can meet wider-range needs of current and future generations of scientists, 
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researchers, educators and students for their formal or informal educational training, 

research projects, career development and lifelong learning.  

 

Although the study of functional requirements, methodology, and system architecture in 

this dissertation work has considered the infrastructure, mechanisms and service tools 

needed for geospatial modeling and knowledge building and sharing, this research mainly 

addresses challenges in the geospatial data accessibility and usability. The interoperable 

geospatial Web service system designed and developed by this dissertation work mainly 

provides data and information services. Users can dynamically get customized data 

products or derived information products instead of raw data through the system, but not 

the knowledge products that can answer users’ query or can be easily used to support 

decision making. Significant efforts are needed to make GeoBrain a geospatial 

knowledge system, which can provide adequate knowledge services as well as data and 

information services to directly support decision-makings.  

 

A knowledge system is a system that can provide user-specific knowledge based on 

users’ query. Building knowledge systems has been a hot research topic recently. All 

knowledge systems in different domains should share some fundamental characteristics, 

such as automatic reasoning mechanisms, dynamic knowledge generation, question 

answering capabilities, and so on. A geospatial knowledge system is an intelligent system 

that provides geospatial knowledge to users. In such a system, intelligence is 

characterized as the system’s capability to understand a user’s geospatial question, and to 
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find right answer to the question. If such an answer does not pre-exist, the system should 

be able to generate an answer from existing lower-level geospatial data or information. 

Therefore, a geospatial knowledge system automatically coverts geospatial data to user-

specific geospatial information and knowledge, which is the answer to a user-specific, 

non pre-specified question. Such a system should be able to answer many “what if” 

questions by automatically and intelligently chaining individual service instances to form 

a complex geospatial model (e.g. automatic construction of a geo-tree), matching the 

input data with model, and executing the model to deliver the answer to the users. Four 

aspects of the geospatial question-answering mechanism in a Web-service based 

geospatial knowledge system need to be addressed:  

1) Standard-based automated geospatial data and services discovery and access;  

2) Domain knowledge-driven intelligent decomposition of user query into geospatial 

processing model for workflow construction;  

3) Automated geospatial web service chaining, binding, and execution based on 

workflow; and 

4) Management of workflows and geospatial models. 

 

Building a geospatial knowledge system based on this research will significantly leap 

forward in helping ES to solve numerous challenging science problems that threaten the 

health and safety of the human being and in supporting decision makers for better 

policies to protect our home planet. It is logical that the future work following this 
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dissertation is to develop an interoperable geospatial knowledge system in the Web 

service environment.  
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Appendix I Web Image Classification Service (WICS) – 
the Structure and WSDL file 

 

 

The WICS structure  

 

 

 
The WSDL file for the WICS is:  

 

<?xml version="1.0"?> 

<definitions xmlns="http://schemas.xmlsoap.org/wsdl/" 

xmlns:wsdl="http://schemas.xmlsoap.org/wsdl/" 

xmlns:xsd="http://www.w3.org/2001/XMLSchema" 

xmlns:http="http://schemas.xmlsoap.org/wsdl/http/" 

xmlns:mime="http://schemas.xmlsoap.org/wsdl/mime/" 

xmlns:wics="http://www.opengis.net/wics" xmlns:ows="http://www.opengis.net/ows" 

targetNamespace="http://www.opengis.net/wics" name="WICS"> 

 <types> 

  <schema targetNamespace="http://www.opengis.net/wics" 

xmlns="http://www.w3.org/2001/XMLSchema"> 
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   <include 

schemaLocation="http://www.laits.gmu.edu/geo/ws/schemas/wics/0.0.20/WICS.xsd"/> 

   <import 

namespace="http://www.laits.gmu.edu/geo/ws/schemas/ows/0.3.20/owsExceptionReport.

xsd" 

schemaLocation="http://www.laits.gmu.edu/geo/ws/schemas/ows/0.3.20/owsExceptionR

eport.xsd"/> 

  </schema> 

 </types> 

 <message name="GetCapabilities_GET"> 

  <part name="service" type="xsd:string"/> 

  <part name="request" type="xsd:string"/> 

  <part name="version" type="xsd:string"/> 

  <part name="updatesequence" type="xsd:string"/> 

 </message> 

 <message name="GetCapabilitiesResponse"> 

  <part name="payload" element="wics:Capabilities"/> 

 </message> 

 <message name="DescribeClassifier_GET"> 

  <part name="service" type="xsd:string"/> 

  <part name="request" type="xsd:string"/> 

  <part name="version" type="xsd:string"/> 

 </message> 

 <message name="DescribeClassifierResponse"> 

  <part name="payload" element="wics:ClassifierDescription"/> 

 </message> 

 <message name="GetClassification_GET"> 

  <part name="service" type="xsd:string"/> 

  <part name="request" type="xsd:string"/> 

  <part name="version" type="xsd:string"/> 

  <part name="sourceURL" type="xsd:anyURI"/> 

  <part name="sourceFormat" type="ows:MimeType"/> 

  <part name="targetFormat" type="ows:MimeType"/> 

  <part name="trainedParametersID" type="xsd:string"/> 

 </message> 

 <message name="GetClassificationResponse"> 

  <part name="payload" element="wics:Classification"/> 

 </message> 

 <message name="TrainClassifier_GET"> 

  <part name="service" type="xsd:string"/> 

  <part name="request" type="xsd:string"/> 

  <part name="version" type="xsd:string"/> 

  <part name="trainingImageURL" type="xsd:anyURI"/> 

  <part name="trainingImageFormat" type="ows:MimeType"/> 
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  <part name="trainingImageLabelURL" type="xsd:anyURI"/> 

  <part name="trainingImageLabelFormat" type="ows:MimeType"/> 

  <part name="numberOfClusters" type="xsd:int"/> 

 </message> 

 <message name="TrainClassifierResponse"> 

  <part name="payload" type="xsd:string"/> 

 </message> 

 <message name="owsExceptionReport"> 

  <part name="payload" element="ows:ExceptionReport"/> 

 </message> 

 <portType name="WICS_HTTP_GET_PortType"> 

  <operation name="GetCapabilities"> 

   <input message="wics:GetCapabilities_GET"/> 

   <output message="wics:GetCapabilitiesResponse"/> 

  </operation> 

  <operation name="DescribeClassifier"> 

   <input message="wics:DescribeClassifier_GET"/> 

   <output message="wics:DescribeClassifierResponse"/> 

  </operation> 

  <operation name="GetClassification"> 

   <input message="wics:GetClassification_GET"/> 

   <output message="wics:GetClassificationResponse"/> 

  </operation> 

  <operation name="TrainClassifier"> 

   <input message="wics:TrainClassifier_GET"/> 

   <output message="wics:TrainClassifierResponse"/> 

  </operation> 

 </portType> 

 <message name="WICSRequestPOST"> 

  <part name="messageInput" type="xsd:string"/> 

 </message> 

 <message name="WICSResponsePOST"> 

  <part name="payload" element="xsd:string"/> 

 </message> 

 <portType name="WICSServicePT"> 

  <operation name="ClassificationPost"> 

   <input message="wics:WICSRequestPOST"/> 

   <output message="wics:WICSResponsePOST"/> 

  </operation> 

 </portType> 

 <binding name="WICSBinding" type="wics:WICSServicePT"> 

  <http:binding verb="POST"/> 

  <operation name="ClassificationPost"> 

   <http:operation location="wics"/> 
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   <input> 

    <mime:content type="application/x-www-form-

urlencoded"/> 

   </input> 

   <output> 

    <mime:mimeXml part="Body"/> 

   </output> 

  </operation> 

 </binding> 

 <binding name="WICS_HTTP_GET_Binding" 

type="wics:WICS_HTTP_GET_PortType"> 

  <http:binding verb="GET"/> 

  <operation name="GetCapabilities"> 

   <http:operation location="ISODATA"/> 

   <input> 

    <http:urlEncoded/> 

   </input> 

   <output> 

    <mime:mimeXml/> 

   </output> 

  </operation> 

  <operation name="DescribeClassifier"> 

   <http:operation location="ISODATA"/> 

   <input> 

    <http:urlEncoded/> 

   </input> 

   <output> 

    <mime:mimeXml/> 

   </output> 

  </operation> 

  <operation name="GetClassification"> 

   <http:operation location="ISODATA"/> 

   <input> 

    <http:urlEncoded/> 

   </input> 

   <output> 

    <mime:mimeXml/> 

   </output> 

  </operation> 

  <operation name="TrainClassifier"> 

   <http:operation location="MinDistance"/> 

   <input> 

    <http:urlEncoded/> 

   </input> 
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   <output> 

    <mime:mimeXml/> 

   </output> 

  </operation> 

 </binding> 

 <service name="GMU-WICS"> 

  <documentation>GMU WICS service HTTP POST and 

GET</documentation> 

  <port name="WICS_HTTP_GET" 

binding="wics:WICS_HTTP_GET_Binding"> 

   <http:address 

location="http://laits.gmu.edu:8099/wics/classifiers/"/> 

  </port> 

  <port name="WICS_HTTP_POST" binding="wics:WICSBinding"> 

   <http:address location="http://bpel.laits.gmu.edu/bpel/services/"/> 

  </port> 

 </service> 

</definitions> 
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Appendix II WSDL of Web NDVI Service 
 

<?xml version="1.0"?> 

<wsdl:definitions targetNamespace="http://ndvi.laits.gmu.edu" 

xmlns:apachesoap="http://xml.apache.org/xml-soap" 

xmlns:impl="http://ndvi.laits.gmu.edu" xmlns:intf="http://ndvi.laits.gmu.edu" 

xmlns:soapenc="http://schemas.xmlsoap.org/soap/encoding/" 

xmlns:tns1="http://ws.laits.gmu.edu" xmlns:wsdl="http://schemas.xmlsoap.org/wsdl/" 

xmlns:wsdlsoap="http://schemas.xmlsoap.org/wsdl/soap/" 

xmlns:xsd="http://www.w3.org/2001/XMLSchema"> 

 <wsdl:types> 

  <schema targetNamespace="http://ws.laits.gmu.edu" 

xmlns:tns="http://ws.laits.gmu.edu" xmlns="http://www.w3.org/2001/XMLSchema"> 

   <include 

schemaLocation="http://laits.gmu.edu/ServiceWSDL/ws.xsd"/> 

  </schema> 

 </wsdl:types> 

 <wsdl:message name="WebServiceExceptionsType"> 

  <wsdl:part name="fault" type="tns1:WebServiceExceptionsType"/> 

 </wsdl:message> 

 <wsdl:message name="NDVI_2iResponse"> 

  <wsdl:part name="NDVIReturn" type="tns1:DataLinkType"/> 

 </wsdl:message> 

 <wsdl:message name="NDVI_2iRequest"> 

  <wsdl:part name="ETM_BAND_3" type="tns1:DataLinkType"/> 

  <wsdl:part name="ETM_BAND_4" type="tns1:DataLinkType"/> 

 </wsdl:message> 

 <wsdl:portType name="NDVICal"> 

  <wsdl:operation name="NDVI_2i" parameterOrder="ETM_BAND_3 

ETM_BAND_4"> 

   <wsdl:input message="impl:NDVI_2iRequest" 

name="NDVI_2iRequest"/> 

   <wsdl:output message="impl:NDVI_2iResponse" 

name="NDVI_2iResponse"/> 

   <wsdl:fault message="impl:WebServiceExceptionsType" 

name="WebServiceExceptionsType"/> 

  </wsdl:operation> 

 </wsdl:portType> 

 <wsdl:binding name="NDVISoapBinding" type="impl:NDVICal"> 

  <wsdlsoap:binding style="rpc" 

transport="http://schemas.xmlsoap.org/soap/http"/> 

  <wsdl:operation name="NDVI_2i"> 
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   <wsdlsoap:operation soapAction=""/> 

   <wsdl:input name="NDVI_2iRequest"> 

    <wsdlsoap:body 

encodingStyle="http://schemas.xmlsoap.org/soap/encoding/" 

namespace="http://ndvi.laits.gmu.edu" use="encoded"/> 

   </wsdl:input> 

   <wsdl:output name="NDVI_2iResponse"> 

    <wsdlsoap:body 

encodingStyle="http://schemas.xmlsoap.org/soap/encoding/" 

namespace="http://ndvi.laits.gmu.edu" use="encoded"/> 

   </wsdl:output> 

   <wsdl:fault name="WebServiceExceptionsType"> 

    <wsdlsoap:fault 

encodingStyle="http://schemas.xmlsoap.org/soap/encoding/" 

name="WebServiceExceptionsType" namespace="http://ndvi.laits.gmu.edu" 

use="encoded"/> 

   </wsdl:fault> 

  </wsdl:operation> 

 </wsdl:binding> 

 <wsdl:service name="NDVIService"> 

  <wsdl:port binding="impl:NDVISoapBinding" name="NDVI"> 

   <wsdlsoap:address 

location="http://www.laits.gmu.edu:8099/languageparser/services/NDVI"/> 

  </wsdl:port> 

 </wsdl:service> 

</wsdl:definitions> 
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Appendix III Using Data Portal to Find and Retrieve Data 
with Customization 

 

 

0. Launch the System  
Launch a web browser (IE 7 or Firefox, Firefox is preferred) and go the following 

URL:  

http://geobrain.laits.gmu.edu:81/GeoDataDownload/index.jsp 

You will see the following default page: 
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Specify the conditions of a new search  

Users can specify different catalogue, spatial, temporal, and other conditions for the 

search. These conditions can all be specified together for a single search, or a user can 

just specify the conditions they need and leave the others as default values. Query can be 

invoked by clicking the ‘Make Query’ button at the bottom of index page. Or the 

conditions specified in the previous query could be set as default values by clicking the 

‘Set To Default’ button at the bottom of the index page. 
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1. Specify catalog services 

Press ‘Catalog’ tab on the left of the tab bar.  

The user can choose to search one or both of the two catalog services for the 

data products: GMU-LAITS CSW and NASA ECHO. GMU-LAITS CSW is a 

local catalog maintained by GMU CSISS. It catalogs global Landsat TM/ETM 

data, some MODIS and ASTER data, and other remote sensing data. NASA 

ECHO is an external catalog service. It may take several minutes to fulfill a 

request. The default catalog to search is GMU-CSISS CSW. If the NASA 

ECHO catalog service was chosen, the user also needs to specify archive center 

and collection. The default value for both the criteria is  ‘Any’ which means all 

NASA archive centers and data collections will be searched.  

 

 

 
 

 

2. Specify spatial coverage 

Press ‘Spatial’ tab on the left of the tab bar.  

Spatial coverage can be specified in four ways:  

· Input longitude-latitude range by entering those values into the input box 

(after entering, the corresponding bounding box will be automatically 

drawn on the map);  

· Specify your spatial coverage of interest by clicking  and drawing a 

rectangle as the bounding box;  

· Choose state and county of United States in the pull down box (the 

responding bounding box will be automatically drawn on the map after 

choice);  
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· Or specify the country you are interested in by entering it in the ‘input a 

Country name ’ input box , press ‘go ’ button and the corresponding 

bounding box will be drawn on the map. 
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3. Specify temporal coverage 

Press ‘Temporal’ tab on the left of the tab bar.  

Choose ‘<=’ in the pull down box behind ‘Begin Date Time range’ Label. Press 

 behind the pull down box, and choose ‘2000-5-2’ on the calendar in the pop 

up window. That mean in this query, the begin time of the data should be no 

later than 2000-5-2. 
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4. Specify other search criteria 

Press ‘Other’ tab on the left of the tab bar.  

Choose ‘Night’ in the pull down box behind ‘Day/Night Flag’ Label. After that, 

the data in this query will be narrowed to data captured during the night time. 

A user can still specify many other parameters for this search to get a more 

accurate search result, for example, short name of sensor (Red, VNIR, etc), 

instrument (Modis, Aster, etc), and platform (LANDSAT -1, Terra, Aqua) by 

which the data were collected. A more detailed introduction of each parameter 

could be found on the right of that page. 
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Make the query 

5.  Start query 

Press ‘Make Query’ button at the bottom of the page. 

A list of data satisfying the search criteria will pop up. Clicking the “Download 

Data with Customization” link of a specific dataset allows the user to customize 

the data for downloading. 
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6. Add to the selection and customize the data 

Press the button “Add Selected Data to My Selection” at the bottom of the page. 

In the pop up page, the user can customize the data ordered. 

First, the user can specify the data format of the data in the pull down box after 

the label ‘Formats’. We choose GeoTiff here. 

 

 
 

 

Then, specify the width and height of the image ordered. Here we specify the 

width as 204 pixels, and the height as 102 pixels. 
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Download data 

7.  Add the customized data to My Selection 

Press the ‘Add Coverage to My Selection’ button at the bottom of the page.  

 

 
 

 

Press the ‘Download Selected Data’ button in the pop up page. 
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The selected data will be prepared and downloaded automatically in the following page. 
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Appendix IV Using Data Analysis Portal to Identify Zone 
of Risk Under Different Tsunami Run-ups 

 

Launch the System 

 

0. Launch a web browser (IE 7 or Firefox) and go the following URL:  

      http://geobrain.laits.gmu.edu:81/OnAS/; click on Enter; 

 

Define Study Area 

 

1. File > New project; enter the exact latitude, 

longitude range by clicking on Input Bounding Box 

if you know them (The corresponding bounding box 

will be automatically drawn on the map); or specify 

your spatial coverage of interest by clicking  and 

drawing a rectangle as the bounding box (try by 

yourself); enter project name; click on OK. 
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Find and add SRTM DEM data 

2. Click on the Add New Layer icon 

 

 

 
 

 

3.  The Geospatial Data Selection window will pop up, make sure Raster is selected, and 

click on Choose 

 

 
 

 

4. Raster Dataset selection will pop up with the data found; click on data customization 

and check the box below for the four DEMs as shown below; 
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5. Click on submit  

 

 
 

 

6. In the pop up window, click on Submit 
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Patch DEMs together for the study area 

7. Raster > Image Patch > Gray (this will patch the 4 pieces of DEM that comprises the 

study area in to one DEM) 
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8. Click on drop down arrow and select Patch Four. 

 

 
 

9. Select the DEM on the left Data panel, and click on the + sign to the right of the first 

map; the DEM will be added; Do the same for the rest of the DEMs. 

 

 
 

 

Generate Shaded relief map 

10. Web Service > Invoke > Registered 
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11. Click on topographic at the bottom  

 
 

12. Click on Choose  
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13. Highlight the patched DEM on the left data panel, click the + button to the right of the 

sourceURL change the outputGeoTiffType to Float32, and click Invoke; 

 

 

 
 

 

14. When step 13 is finished, click the “add data to current project” button 

 

Generate contour 

15.Repeat steps 10-11, except at step 11, enter contour in the keyword field, then click on 

Search.  

 

16. In the pop up window, click on Choose; 
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17. Highlight the patched image on the left data panel, click on + button to the right of 

sourceURL, enter counter step (interval) 20; change outputGeoTiffType to Float32; click  

Invoke  

 

 

 
 

 

18. When step 17 is finished, click the “add data to current project” button 

 

Use image algebra to identify zone of risk under tsunami runup of 5, 10, 15 meters 

19. Raster > Image Algebra 

 
 

 

20. Highlight the patched DEM on the left data panel, click on the + button the right of 

parameter a; in the formula field, enter if(a>5,1,2), which means if the elevation value is 

greater than 5 meters, set its value to 1, otherwise, set its value to 2; change the output 

type to float32, click on invoke 
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21. Click Add in the resulted pop up window 

 

 
 

 

22. Repeat steps 20-21, but change the formula to if(a>10, 1, 2) and if(a>15,1,2) 

Save to KML 

23. Check/uncheck layers on the left data panel so it shows the desired layer. 

24. File > save project as  

 

 

 
 

 

 

25. Enter the name of the KML file and click on Submit 
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26. Click on Save 

 

 

 
 

 

27. Click on save 
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28. Open Google Earth and open the kml file you just saved. 

 

29. Review the map on Google Earth.  Setting different transparencies and examine 

which areas will be under water under 5, 10, 15 m of runup and plan the best evacuation 

route. 
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Appendix V GeoBrain Supported Activities at ASU 
 

The following is a partial list of educational and research results achieved from the 

authentic learning at ASU with full or partial GeoBrain support: 

 

Conference Presentations 
Colby, J., Badurek, C.A., and Edwards, L.A. 2009. Application of NASA EOS Data to Research 

and Education in Mountain-focused Geographic Information Science. Annual Meeting of the 

Association of American Geographers, Las Vegas, NV, March 22-27, 2009. 

Gentry, J., and Badurek, C.A., 2009. A Spatial Analysis of Socioeconomic Indicators and 

Refugee Camp Environmental Impacts in Western Tanzania. Annual Meeting of the 

Association of American Geographers, Las Vegas, NV, March 22-27, 2009. 

Edwards, L.A., Colby, J., and Badurek, C.A. 2009. An Efficient Method for Creating and 

Updating High Resolution Land Use Land Cover Data Sets. North Carolina GIS Conference, 

Raleigh, NC, February 19-20, 2009. 

Aull, R., and Badurek, C.A., 2009. A Comparison of Image Enhancement and Classification 

Techniques to Aid Feature Detection in Arid Environments. North Carolina GIS Conference, 

Raleigh, NC, February 19-20, 2009. 

Gentry, J., and Badurek, C.A., 2008. Multi-method Geographic Analysis of Refugee Impacts in 

Western Tanzania. Southeast Division of the Association of American Geographers Meeting, 

Greensboro, NC, Nov. 22-25, 2008.  

Sugg, J.W., and Badurek, C.A., 2008. A GIScience Investigation of Mass Balance Change of the 

Franz Josef Glacier, New Zealand. 31
st
 International Geographical Congress, Tunis, Tunisia, 

August 15-19, 2008. 

 

MA Geography Theses 
Gentry, D.J., 2009. Refugee Impacts on Host Communities in Western Tanzania: A Multi-Method 

Geographic Analysis. Unpublished Masters Thesis, Department of Geography and Planning, 

Appalachian State University.  

 

BS Geography (GIScience Concentration) Honors Theses 
Aull, R., in progress. A Comparison of Image Enhancement and Classification Techniques to Aid 

Feature Detection in Arid Environments. Unpublished Honors Thesis, Department of 

Geography and Planning, Appalachian State University.  

Sugg, J., 2008. A GIScience Investigation of Mass Balance Change on the Franz Josef Glacier, 

New Zealand. Unpublished Honors Thesis, Department of Geography and Planning, 

Appalachian State University.  
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Appendix VI GeoBrain Supported Activities at UAF 
 

 Classroom teaching activities enhanced by Geobrain data and functionalities  

• Spring 2007: GEOS 654 (Visible and Infrared Remote Sensing), with an 

enrollment of 10 graduate students - at University of Alaska Fairbanks 

• Summer 2007: ED593 (GIS/GPS Essentials for EDGE Project), summer 

workshop for middle school and high school teachers from all over Alaska. – the 

course was given at University of Alaska Southeast 

• Fall 2007: GEOS 422 (Geoscience applications of Remote Sensing), enrollment 9 

students at upper undergraduate and graduate levels 

• Spring 2008: GEOS 458/658 (Geoscience applications of GPS and GIS); 

enrollment 9 students including four graduate and five undergraduate. 

• Spring 2008: Upper undergraduate/graduate class: GEOS458/658 entitled 

“Geoscience applications of GIS and GPS”. The class had 6 undergraduate and 4 

graduate students, a total enrollment of 10 students. 

• Fall 2008: Upper undergraduate class: GEOS 422 entitled “Geoscience 

applications of remote sensing”. The class had full enrollment of 13 students (this 

is the cap limit of our class). Though the class is offered at upper undergraduate 

level, 10 of the 13 students enrolled were graduate level students. 

• Spring 2009: Upper undergraduate/graduate class: GEOS458/658 entitled 

“Geoscience applications of GIS and GPS”. The class had overwhelming 

response this year. One seat was increased. A total of 9 undergraduate students 

and 5 graduate students are enrolled. And four students, who could not be 

enrolled, were taken up by Prof. Prakash as independent research students. Sp, a 

total number of student’s reached was therefore 18. 

• March 27, 2008: Demonstration of use of Geobrain functionality in Juneau 

(Alaska’s capital) to a group of 19 students (7 from grades 8-12 from schools), 

and 9 High School teachers spread out in different parts of Alaska. 

 
 

Publications/Presentations/Talks supported by Geobrain data and technology 

Prof. Prakash also conducted many research activities with the help of GeoBrain and 

published her results. In 2007, she did “Remote Sensing and GIS based Alaska mapping 

and monitoring studies” and “Promoting Use of Remote Sensing Data and Technology 

through Polar Case Studies for Post-Secondary Education and Research”. In 2008, she 

had the following publishing and presentation supported by GeoBrain. Gens, R., Prakash, 

A., and Li, S., 2008, Mapping deforestation in parts of the Amazon forest using JERS-1 

SAR images: Case study for an area north west of Rondonia, Brazil. Annual meeting of 

the American Geophysical Union, San Francisco, CA, December 15-19. 
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Prakash, A., Bailey, J.E., and Webley, P., 2008, Integrating Virtual Globe Research 

Applications into the Educational Curriculum. Geological Society of America, 

Houston, Texas.  

Connor, C., Prakash, A., and Brownlee, M., 2008, GIS In Alaska's Grades 6-12 Earth 

Science Environment: The Experiential Discoveries in Geoscience Education 

(EDGE) Project. Geological Society of America, Houston, Texas. 

Invited keynote Address: April 10, 2008 at theAlaska Section Meeting of American 

Institute of Professional Geologist, Fairbanks, AK. Title “Remote-sensing and GIS based 

case studies for geological, mining and environmental engineers.” 
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Appendix VII List of Web Sites 
 

 

AccessData (Workshops), http://serc.carleton.edu/usingdata/accessdata/index.html 

ADaM,  http://datamining.itsc.uah.edu/  

CSISS, http://csiss.gmu.edu/  

DAWG, http://serc.carleton.edu/usingdata/dawg/index.html  

ESG, http://www.earthsystemgrid.org/ 

GeoBrain, http://geobrain.laits.gmu.edu  

GEON, http://www.geongrid.org/  

GSDI, http://www.gsdi.org/  

NVO, http://www.us-vo.org/ 

OASIS, http://www.oasis-open.org/home/index.php  

OGC, http://www.opengeospatial.org/  

SWEET, http://sweet.jpl.nasa.gov 

THREDDS, http://www.unidata.ucar.edu/projects/THREDDS/  

UCGIS, http://www.ucgis.org  

UCGIS Research Agenda,  

http://www.ucgis.org/priorities/research/2006ResearchNextSteps.htm  

W3C, http://www.w3.org  

Wikipedia, http://en.wikipedia.org  

TeraGrid, http://www.teragrid.org/about/ 
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