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a b s t r a c t
A Cyberinfrastructure (CI) is a combination of data resources, network protocols, computing platforms,
and computational services that brings people, information, and computational tools together to perform
science or other data-rich applications in this information-driven world. Most science domains adopt
intrinsic geospatial principles (such as spatial constraints in phenomena evolution) for large amounts
of geospatial data processing (such as geospatial analysis, feature relationship calculations, geospatial
modeling, geovisualization, and geospatial decision support). Geospatial CI (GCI) refers to CI that utilizes
geospatial principles and geospatial information to transform how research, development, and education
are conducted within and across science domains (such as the environmental and Earth sciences). GCI is
based on recent advancements in geographic information science, information technology, computer networks, sensor networks, Web computing, CI, and e-research/e-science. This paper reviews the research,
development, education, and other efforts that have contributed to building GCI in terms of its history,
objectives, architecture, supporting technologies, functions, application communities, and future research
directions. Similar to how GIS transformed the procedures for geospatial sciences, GCI provides signiﬁcant
improvements to how the sciences that need geospatial information will advance. The evolution of GCI
will produce platforms for geospatial science domains and communities to better conduct research
and development and to better collect data, access data, analyze data, model and simulate phenomena,
visualize data and information, and produce knowledge. To achieve these transformative objectives, collaborative research and federated developments are needed for the following reasons: (1) to address social
heterogeneity to identify geospatial problems encountered by relevant sciences and applications, (2) to
analyze data for information ﬂows and processing needed to solve the identiﬁed problems, (3) to utilize
Semantic Web to support building knowledge and semantics into future GCI tools, (4) to develop geospatial middleware to provide functional and intermediate services and support service evolution for stakeholders, (5) to advance citizen-based sciences to reﬂect the fact that cyberspace is open to the public and
citizen participation will be essential, (6) to advance GCI to geospatial cloud computing to implement the
transparent and opaque platforms required for addressing fundamental science questions and application problems, and (7) to develop a research and development agenda that addresses these needs with
good federation and collaboration across GCI communities, such as government agencies, non-government organizations, industries, academia, and the public.
Ó 2010 Elsevier Ltd. All rights reserved.

1. Introduction history, origin, and status
Following the invention of electronic computers in the 1940s,
scientists began to transform data from paper-based copies to electronic forms, a trend that has transformed scientiﬁc research procedures by allowing for easy shipping and sharing of information
among colleagues (Lerner, 2001). The invention of computer networks in the 1960s greatly simpliﬁed this sharing of electronic
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information, and the introduction of email, FTP, and other electronic communication protocols made computer networks a physical infrastructure that transformed how scientists, educators,
government ofﬁcials, and the public exchange ideas, conduct research, and share knowledge (Holzmann & Pehrson, 1994). Computer networks grew so fast that they became one of the
deﬁning features of cyberspace (Smith & Kollock, 1999) by providing important infrastructural support for our activities. The evolution of cyberspace has resulted in an increasing number of
applications to support research, development, and decision making (Smith & Kollock, 1999) and improved the rate of sharing of
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information from traditional mail-based time frames to Internetbased to real-time speeds associated with mobile devices (Murthy
& Manimaran, 2001) such as Location Based Services (LBS, Kupper,
2005). A vast number of functions have been developed that have
revolutionized how we conduct our daily work.
In 1998, the word Cyberinfrastructure (CI) was used in a White
House press brieﬁng by Richard Clarke, then United States (US) national coordinator for security, infrastructure protection, and counter-terrorism, and Jeffrey Hunker, then US director of the critical
infrastructure assurance ofﬁce, referring to the infrastructure
underlying cyberspace. The US National Science Foundation (NSF)
Computer & Information Science & Engineering (CISE) Directorate
called for a review of this infrastructure and formed a blue ribbon
review team that used the term CI formally for their landmark Atkins report (NSF., 2003) and established an Ofﬁce of CI (OCI) to advance the research, development, and construction of CI.
As a generic information infrastructure, CI can support all scientiﬁc domains that collect, archive, share, analyze, visualize, and
simulate data, information, and knowledge. Many science domains
generate data and information with a geographic location reference. These georeferenced or geospatial data have inter-connections that follow geospatial principles/constraints, such those of
geospatial analysis and geospatial modeling (de Smith, Longley, &
Goodchild, 2007), and are distinguished from generic data by processing method requirements for providing LBS and place-based
policies. A cross-cutting infrastructure that can support geospatial
data processing within and across scientiﬁc domains is desirable.
Geospatial CI (GCI) refers to infrastructure that supports the collection, management, and utilization of geospatial data, information,
and knowledge for multiple science domains. The realization of
the importance of such an infrastructure can be traced back conceptually to 1884 when the national program for topographic mapping was started, and formally to 1994 when the US Federal
Geographic Data Committee (FGDC) was established to build a
cross-agency National Spatial Data Infrastructure (NSDI). Since
then, much progress has been made in deﬁning standards by the
Open Geospatial Consortium (OGC) and the International Organization for Standardization (ISO), implementing prototypes through
various testbeds, popularizing industry products through seed
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funding, and building applications for this infrastructure (Fig. 1)
through several initiatives. For example, in 2007, the Infrastructure
for Spatial Information in the European Community (INSPIRE)
directive entered into force and laid down a general framework
for a Spatial Data Infrastructure (SDI) to support European Community environmental policies and activities.
These initiatives support each other with their own unique
emphases: for example, the NSDI focuses on spatial data collection,
sharing, and service, and its geodata.gov provides geospatial data
services. Data.gov provides all publicly available US government
data, with their geospatial aspects supplemented by geodata.gov.
Digital Earth is a vision popularized by US Vice President Al Gore
in 1998 for advancing technology to store, integrate, and utilize
georeferenced data to build a virtual world for multiple applications. Grid computing is focused on distributed computers to optimize distributed computing. Cloud computing is focused on data,
platforms, infrastructure, and software as services for end-users.
The Global Earth Observation System of Systems (GEOSS) is an initiative to build a system of systems for global Earth observations
focused initially on nine societal beneﬁt areas.
Over time, the amount and availability of geographic information has grown exponentially, and a new dedicated GCI is needed
to process and integrate geospatial information to, for example:
(a) provide LBS for stakeholders, such as place-based policy makers, (b) supply geospatial analysis and modeling as services, and
(c) support scientiﬁc and application problem solving across geographic regions. The Association of American Geographers (AAG)
began discussing CI in 2005, and ultimately, a dedicated Specialty
Group was formed to advance the geospatial aspect of CI. Relevant
GCI meetings were held by the University Consortium for Geographic Information Science (UCGIS) in 2007 and at the Geographic
Information Science (GIScience) Conference in 2008. This special
issue of GCI by CEUS is one such effort to capture the recent and
growing activities, and this paper is a review of these developments. To conduct this review, we evaluated all SCI (Science Citation Index) and EI (Engineering Index) papers relevant to CI and
geospatial information. Since most of the authors are US researchers, this review emphasizes American developments, but we added
other geographic regions based on our experiences.

Fig. 1. History of geospatial Cyberinfrastructure.
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GCI utilizes an integrated architecture that builds upon past
investments to share spatial data, information, and knowledge.
These systems facilitate or advance the development, research,
education, popularization, and advancement of geospatial sciences
and often enable functions that were not previously feasible, for
example, mashups that leverage petabytes of global geospatial
information served through Google Earth and Bing Maps. NSF has
been a major driver in the development of CI. NSF has made significant strategic investments in CI development (both before and
after the establishment of the OCI) in targeted domains, such as
ecology, hydrology, and social sciences. Each of these domains requires geospatial information in their research and developments
that enable research sharing and the collection of geospatial information to advance their objectives. GCI provides much needed
infrastructural support for these efforts.
A predecessor to the OCI program was the NSF National Middleware Initiative (NMI), which generated many middleware
products that connect software components and applications.
Other relevant early NSF initiatives were the large Information
Technology Research (ITR) projects and the Grid initiative. NSF.
(2007) later produced a landmark CI vision document that
emphasizes four strategic areas: (a) data and visualization, (b)
High-Performance Computing, (c) virtual organizations, and (d)
education and workforce training. All four components are fundamental to the advancement of geospatial science research. For
example, the NSDI focuses on data sharing and utilization. Geospatial visualization is a longstanding research endeavor to better
interpret geospatial data and information, and high-performance
geospatial computing provides a driving technology to simulate
and predict complex geospatial science phenomena (Yang, Li,
Xie, & Zhou, 2008). Many organizations have become increasingly
important for driving the advancement of geospatial science in
global and climate change applications. Education and workforce
training has always been at the center of geospatial sciences. Current practices in geospatial science provide crosscutting geospatial analysis and modeling support to many scientiﬁc domains
including ecology, geosciences, Earth science, air quality, water
studies, and atmospheric science.
Humanity in the 21st century faces great challenges to better
understand why and how the Earth is changing (http://nasascience.nasa.gov) and to make better decisions at global to personal levels (Lannotta, 2007). Representative challenges include
strategies to reduce energy consumption and stabilize atmospheric
emissions so that the global temperature will not increase several
degrees in the next century; choose a housing site that minimizes
the risks of forest ﬁre, ﬂooding, and other natural/man-made hazards; and more generally, improve the quality of life. These practical questions require us to utilize most available geospatial data,
information, and knowledge to produce scientiﬁcally sound decision supporting information and require capabilities to achieve
the following (Yang & Raskin, 2009): (1) integrate real-time and
historical data resources, (2) leverage both traditional and fully
interoperable and open resources, (3) interpret data and information that cross-domains, regions, and cultures, and (4) capture
and utilize knowledge autonomously so that the most appropriate
inputs can be utilized and the best decision supporting information
can be generated. To answer complex questions, we must effectively utilize facilities, instruments, and other resources to pursue
fundamental and transformational questions, unravel newly revealed mysteries, and expand our understanding of the Earth and
the universe (NSF., 2009). As a long-term objective, GCI will facilitate answering these daunting questions and build the capacity to
leverage existing geospatial knowledge and resources, transform
how we conduct research, pursue scientiﬁc and application questions, and collaborate across geographic regions, cultural differences, and domain turfs.

For a fast evolving, broad-based ﬁeld such as GCI for which the
geospatial dimension cuts across domains and disciplines, a review
can not focus on any one aspect that might provide researchers
with a clear step-by-step research agenda. Instead, we provide an
overview of GCI from the perspectives of its history, current status,
and future developments with a focus on aspects that are common
to all relevant domains. Our objectives are to introduce GCI to the
following groups: (1) scientists who could beneﬁt from its end use
capabilities, (2) information scientists who could potentially advance the leading-edge research frontiers, and (3) geospatial information scientists who desire a systematic view about GCI and its
future directions. We present views of GCI from ﬁve perspectives:
logical frameworks, enabling technologies, geospatial functions,
domain applications, and desired future research. These ﬁve perspectives are presented in the next ﬁve sections, respectively.
2. Framework
2.1. GCI resources and logical framework
GCI includes multiple categories of resources within a ﬂexible,
scalable, and expandable framework cube (Fig. 2). This prototypical
GCI cube consists of the following three dimensions:
(1) Functions include both generic CI functions (computing, networking, and hardware) and those that are geospatial-speciﬁc. The GCI functions include the following: (a) a
middleware layer to bridge geospatial functions and resource
management, monitoring, scheduling, and other system-level
functions, (b) a geospatial information integration layer to
integrate geospatial data, information, and knowledge ﬂow
as supported by observations, geospatial processing, and
knowledge mining, and (c) geospatial functions to provide
various analytical functions for end-users.
(2) The community represents the virtual organizations and enduser interactions within speciﬁc communities including geographic, environmental, Earth, and other science domains.
This dimension also provides feedback channels for knowledge collection functions to leverage scientiﬁc community
and citizen participation.
(3) Enabling technologies provide technological support to
invent, mature, and maintain all GCI functions, such as collecting data through observations and collecting and utilizing knowledge through a semantic web.
The geospatial information integration and the geospatial functions layers distinguish GCI from other generic CIs. GCI should
leverage successes derived from enabling technologies (detailed
in Section 3), functional components (detailed in Section 4), and
comprehensive solutions to community applications (detailed in
Section 5). The Computing and Networking functions are not detailed because they are IT generic.
3. Enabling technologies
The architecture and integration of GCI beneﬁt from numerous
enabling technologies, many of which contributed to the birth of
GCI.
3.1. Earth observation and sensor networks
Earth observation and sensor networks provide data collection
capabilities to feed petabytes of data into a GCI on a daily basis
(Freudinger, 2009). Sensor networks also utilize GCI to support
the evolution from passive logging systems to an intelligent sensor
networks that actively send data to servers, a capability that will
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Fig. 2. GCI framework cube.

become a critical asset for Earth and environmental science studies
(Hart & Martinez, 2006). Because of the direct connection of realtime sensor network to GCI, real-time decisions can be made to
be effective in applications such as emergency response (Akyildiz,
Su, Sankarasubramaniam, & Cayirci, 2002). This capability will provide an essential driving force for GCI in the coming decades because citizens increasingly depend on real-time information to
make personal, business, and management decisions. The development of smart, self-adjustable sensor networks will further contribute to real-time decision making.
3.2. SDI
The SDI made vast amounts of geographic information that
were collected by government agencies or private companies publicly available and built them into open services to be integrated
into customized scientiﬁc and practical applications (Nebert,
2004). SDI developments will contribute signiﬁcant lessons
learned and experiences to future GCI developments, such as those
for quality control and resource synchronization (Yang, Cao, &
Evans, 2007).

Stein, 2008) as critical support (Fox & Pierce, 2009). Further advances in web computing toward an intelligent Semantic Web
(de Longueville, 2010) will provide additional practical support
to GCI.
3.5. Open and interoperable access technologies
Open and interoperable access technologies, such as XML/GML,
Javascript, and AJAX, enable geospatial data to be published, accessed easily, and adapted to customized applications through
mashups. The contributions from interoperability research and
development over the past decade have rapidly popularized the
sharing of geospatial information. Spatial Web portals (Yang, Li,
Xiao, Raskin, & Bambacus, 2007) and gateways (Wilkins-Diehr,
Gannon, Klimeck, Oster, & Pamidighantam, 2008) have enabled access to supercomputing and information systems that manage geophysical datasets across Grid platforms (Pierce et al., 2008).
Standards organizations (e.g., the OGC) increasingly collaborate
with domain disciplines (e.g., Earth science) to build cross-cutting
interoperable speciﬁcations and prototypes. This recent trend will
help advance sharing and interoperability within and across
disciplines.

3.3. Distributed geographic information processing (DGIP)
3.6. High-Performance Computing (HPC)
Distributed geographic information processing (DGIP) handles
geospatial information for GCI using dispersed computing resources across platforms, such as Web computing and computer
clusters (Yang & Raskin, 2009). Many geospatial processing functions need to be rethought or rewritten to ﬁt into GCI. DGIP research will provide a guiding methodology and principles for
implementing geospatial middleware that can support geospatial
processing in GCI.

High-Performance Computing (HPC), including Grid computing,
cluster computing, and ubiquitous computing, provides computing
power for GCI users to conduct data and computing-intensive research that cannot be conducted on single computers (Xie, Yang,
Zhou, & Huang, 2010; Yang, Wong, Miao, & Yang, 2010). Further
research is needed on how to leverage HPC for geospatial information with new methods, approaches, and middleware.

3.4. Web computing

3.7. Open-source software and middleware

Web computing, especially the recent advancements to Web 2.0
and Web 3.0, provides an important platform for GCI applications
such as online data searching, mapping, and utilization and supports uniform interfaces, such as Google Maps, for the exploration
of scientiﬁc data (Pierce et al., 2009). Web computing also provides
innovative technical approaches (protocols, message formats, and
programming tools) and groundbreaking services (such as wikis;

Open-source software and middleware provide a glue function
to integrate the components of data, processing, applications, and
infrastructure. For example, the NSF NMI produced many products
that are widely used in CI for supporting these functions (http://
www.nsf.gov/news/special_reports/cyber/middleware.jsp). The
Unidata Internet Data Distribution system provides real-time data
distribution of atmospheric and meteorological datasets. Workﬂow
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(Papadopoulos & Linke, 2009) and distributed visualization (Smarr,
Brown, & de Laat, 2009) middleware are often needed for complex
scientiﬁc applications. For the development and maturation of
middleware, the Reuse Readiness Level (RRL, Marshall & Downs,
2008) is an important indicator of middleware readiness. Experiences with middleware technology provide important hints for
how to adapt geospatial software to a GCI, but more research is required on methods to distribute, synchronize, integrate, and balance the processing within a distributed environment.

3.8. Data visualization needs in applied science
Solutions to data visualization needs in applied science made it
easy to engage end-users to utilize and contribute to a GCI. Geospatial information has a geographic connection that spans multiple domains; the FGDC framework datasets can be leveraged as a
framework to facilitate the sharing of data, information, and
knowledge within and across domains. How to best present data
and information from multiple resources and within applied science domains is a critical challenge.

3.9. Cross-domain sharing and collaborations
Cross-domain sharing and collaborations are essential to the
ability of a GCI to support and leverage expertise across user communities. The past decades’ efforts in multidisciplinary research
and development have helped us realize the importance of crossdomain collaboration and provided lessons and experiences that
can be utilized for our subsequent beneﬁt (MacEachren & Brewer,
2004). A multi-domain perspective requires a GCI to be sufﬁciently
expandable and ﬂexible to support the easy plug-and-play of new
functions through a service-oriented architecture (SOA) with standards-based interoperable interfaces and open-source access. Further research using social sciences to help cross domains, cultures,
and jurisdictional boundaries are important for these
collaborations.

3.10. Knowledge capture and utilization
Knowledge capture and utilization provide for the smart discovery, integration, indexing, collection, and utilization of vast
amounts of data, processing components, and other tools available
in a GCI. Research on the Semantic Web (Brodaric, Fox, & McGuinness, 2009) includes research on semantic understanding (such as
Embley, 2004), knowledge-based functions (Reynolds & Zhu,
2001), ontology-based dynamic query rewriting for the semantic
translation of data, and other learning processes (Shimbo & Ishidab, 2003). Semantic interoperability is an important prerequisite
to information integration across domains, where vocabulary differences may be common. The geospatial Semantic Web is a vision in which locations and LBS are fully understood by
machines (Egenhofer, 2002). Google Earth and other visual globe
technologies have provided the initial strides in this direction,
which were based upon a common understanding of geospatial
dimensions. An analogous understanding of features and attributes will help advance the future capabilities of GCI. Geospatial
knowledge refers to a shared understanding of geospatial terms
and the collective, expert intelligence it makes available (Raskin
& Pan, 2005). As knowledge is inherently dynamic and expanding,
a GCI must consider a constantly changing ﬁeld of knowledge. The
geospatial Semantic Web is a Web in which the browser, crawler,
and other tools understand spatial content and can exploit this
knowledge on-the-ﬂy (Maué & Schade, 2009; Roman & Klien,
2007).

3.11. System integration architectures
Four major architectures have been widely researched and
adopted for GCI system integration (Yang & Raskin, 2009).
 Multi-tier/layer organizations support and implement CI objectives through layers of functions with community-speciﬁc
knowledge environments for research and education. The NSF
(2003) Atkins report laid out a four-layer architecture emphasizing the following: (a) core technologies, such as HPC, incorporated into CI services, (b) CI supporting applications, (c)
applications of IT to science and engineering research, and (d)
science and engineering research activities. The NSF (2007) CI
report further emphasizes HPC, visualization and data/information/knowledge, virtual organizations, and education and workforce training. Zhang and Tsou (2009) and Wang and Liu (2009)
described layered architectures for integrating geospatial components to support GCI. These layered views of GCI are in alignment with those of the Federal Enterprise Architecture (FEA)
and provide good guidance for the logic design of the components necessary to implement a GCI. Challenges remain in this
architecture; for example, how to utilize a knowledge-oriented
layered framework for integrating/interoperating multiple
infrastructures (Jabeur, McCarthy, Xing, & Graniero, 2009).
 Mashup and plug-and-play leverage the achievements of geospatial interoperability over the past few decades. Interoperability
lays out a foundation for easily integrating heterogeneous components in a plug-and-play fashion or for mashup with minor
scripting of the interfaces (Bambacus et al., 2007). This plugand-play integration has become an ideal illustration of the
achievements of interoperability and provides new system integration methods that are envisioned to be critical to effective system integration in the coming decades (Nebert, 2004).
 SOA is based on the assumption that all components can be
built as services and the SOA can facilitate service registration,
discovery, and binding to form new functional and/or scientiﬁc
applications. For example, Hey and Trefethen (2005) described
how the United Kingdom’s e-science program utilized SOA to
compose an e-Infrastructure or CI to support multiple science
domains. Bogden et al. (2006) described how an SOA was used
to design the Southeastern Universities Research Association
(SURA) Coastal Ocean Observing and Prediction (SCOOP) program to support coastal real-time decision making. Zhang, Tsou,
Qiao, and Xu (2006) discussed the need of GCI for the development of future geospatial information services based on Grid
computing, Web services, and OGC standards.
 Workﬂow chaining utilizes business logic in integrating applications to construct a GCI application and was popularized with
OGC service proliferation within geospatial domains using BPEL,
eBRIM, Kepler, and other generic- or geospatial-speciﬁc chaining
engines and description languages. Minsker et al. (2006)
described a workﬂow chaining service that integrates heterogeneous tools to support environmental engineering and hydrological science communities to (a) share data and research through
interactive provenance and (b) discover, share, analyze, and evaluate research tools. Pennington et al. (2008) used workﬂow
chaining to chain services that educate scientists to better leverage resources in their scientiﬁc research. Workﬂow chaining also
provides an interesting architectural method for scientiﬁc experimentation (von Laszewski, Younge, Xi, Mahinthakumar, & Lizhe,
2009). An important task in the workﬂow chaining process is to
compare the capabilities of the various available tools to compose
scientiﬁcally sound applications (Deelman, Gannon, Shields, &
Taylor, 2009).
These four architectures are practical and popularly used to develop GCI systems or applications. They may be mixed in a real
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development scheme, but each emphasizes separate aspects of the
system integration: (a) multi-tier organization focuses on business
logic and is suitable for requirement analysis, (b) mashup and
plug-and-play emphasize practical development within the current stage by leveraging public available resources, (c) SOA emphasizes component interoperability if services are strictly conformed
with standards, and (d) work ﬂow chaining emphasize semiautomatic or automatic integration of applications. Further architectural improvements are needed and can be contributed from
future GCI research pursuits (detailed in Section 6), such as how
to (a) maintain and discover service performance patterns (Li,
Yang, & Yang, 2010), (b) optimize a framework, and (c) build in
knowledge for automating work ﬂow chaining (Li, Yang, & Raskin,
2008).
4. GCI functions
The basic functional components within a GCI provide users access to geospatial data, information, knowledge, and processing
tools.
4.1. Multi-dimensional data processing
The multidimensional nature of geospatial data and information forms an essential theoretical foundation for GCI (Li, Kim,
Govindan, & Hong, 2003). For example, the inclusion of the time
dimension leads to geospatial dynamics (Hornsby & Yuan, 2008).
The vertical dimension is crucial in understanding the atmosphere
and ocean. Other higher dimensions represent focused scientiﬁc
parameters (e.g., a spectral band) that integrate domain knowledge
(Yang, 2000). Research on multi-dimensional data has been ongoing for decades, but new technologies can help us to process data
with better resolution in three dimensional space, time, and spectral bands and to extract information hidden in data. Therefore,
efﬁcient multi-dimensional data processing represents a challenging, driving GCI function.
4.2. Data collection and heterogeneous integration
Data collection and heterogeneous integration processes can
introduce petabytes of data into a GCI. For example, a tidal creek
watershed data management framework (White et al., 2009) integrates terabytes of environmental, demographic, and socioeconomic data using OGC/FGDC data sharing standards. Sensor
webs, Earth observations, ground surveying, and questionnaires
have produced a signiﬁcant amount of geospatial information in
various forms, locations, and systems and served multiple purposes (Nittel et al., 2004). Data integration is essential to the ability
of a GCI to publish data (Horsburgh et al., 2009) and to feed data
from sensors to users (Ledford, 2009). How to better organize the
vast amounts of geospatial data across domains, resources, applications, and cultural backgrounds represents a grand challenge of
GCI.
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ing (Morisette et al., 2009). These capabilities require a GCI to provide sustainable and long-term data archival capability and easy
discovery, access, and utilization of historical datasets.
4.4. Supporting the life cycle from data to knowledge
A GCI should support the entire data life cycle, including the
acquisition, veriﬁcation, documentation for subsequent interpretation, integration from multiple sources, analysis, and decision support (Borgman, Wallis, Mayernik, & Pepe, 2007). For example, a GCI
was utilized to integrate informatics and intelligent systems to
support decision making in chemical engineering for the entire
product life cycle – from individual units to enterprise-level geographically dispersed supply chains (Venkatasubramanian, 2009a,
2009b). In a collaborative environment, GCI is widely needed to
manage data and serve as a tool for managers and practitioners
to access, analyze, and determine data management needs (Carter
& Green, 2009).
 Metadata are important for helping preserve understanding and
building new research environments for data sharing and repurposing (Henry & Friedlander, 2008). Metadata also form the foundation for catalogs, Web portals, and other discovery services (de
Longueville, 2010; Yang et al., 2007). Unique object identiﬁers provide permanent names for archived data and for their inclusion in
journal article references (Digital National Framework, 2007).
Information extraction is made possible through data mining,
knowledge reasoning, and other artiﬁcial intelligence processes
(e.g., Li, Yang, & Sun, 2009). Targeted parameters of importance
to a science domain can be extracted to feed a model simulation
or decision support system (Datcu et al., 2003), and geospatial
data mining typically requires geospatial analysis and modeling
principles in the mining process.
 Results representation and visualization are especially critical
when using semantic technology to interpret datasets and to
develop attractive end-user interfaces (Gahegan, Luo, Weaver,
Pike, & Banchuen, 2009).
 Services should be utilized and chained in response to rapid
application development, such as for emergency response
(Friis-Christensen, Lucchi, Lutz, & Ostlinder, 2009).
 Uniform access to data and information services: Web portals (de
Longueville, 2010; Maguire & Longley, 2005; Yang, Evans, et al.,
2007) such as the Geospatial One Stop (GOS), provide a single
entry point to data, information, and knowledge. For example,
Papadopoulos and Linke (2009) utilized Web portals to enable
their seamless access and utilization of geospatial resources.
Web portals are also used for integrating distributed generalization and geoprocessing (Wolf & Howe, 2009).
Many achievements have been made in integrating data, information, and knowledge management and access, but supporting
the automatic integration of a data life cycle requires a greater
understanding of the geospatial data life cycle.
4.5. Virtual Organizations (VO)

4.3. Data preservation and accessibility
Historical data are important to the understanding of dynamic
processes (such as global change) and should be preserved and made
accessible to users for perpetuity (Berman, 2008). For example, scientiﬁc breakthroughs or patents may be illuminated only in the context of subsequent related scientiﬁc resources (Clarkson, 2008;
Jensen, Chen, & Murray, 2008). In the future, the processes associated
with data, information, and knowledge transformations should be
preserved as data provenance (Simmhan, Plale, & Gannon, 2008),
especially for global and climate studies and long-term policy mak-

Virtual Organizations (VO) bring together distant users to form
collaborations across regions, domains, cultures, and scales
(Myhill, Cogburn, Samant, Addom, & Blanck, 2008 and Baker
et al., 2009). A VO is a dynamic set of individuals and/or institutions deﬁned by a set of resource-sharing rules and conditions.
The individuals/institutions share some commonality in their
concerns and requirements. While they may vary in scale, scope,
duration, sociology, and structure and be dispersed geographically
and institutionally, they can still function as a coherent unit
(Cummings, Finholt, Foster, Kesselman, & Lawrence, 2008). For
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example, the TeraGrid provides a comprehensive GCI for bridging
domains through portals utilizing one of the world’s largest computing alliances across eight campuses (Catlett, 2005). VOs have
become increasingly important because of the frequent exchanges
needed among geographically dispersed scientists (Gemmill,
Robinson, & Scavo, 2009). The GCI community should pay attention
to diversity requirements and address how to bridge geographically dispersed virtual communities that connect participants with
diverse backgrounds (Myhill et al., 2008).
4.6. Semantic Web and knowledge sharing
Semantic Web and knowledge sharing is an essential ingredient
to cross-domain collaborations, interdisciplinary discoveries
(Berners-Lee, Hendler, & Lassila, 2001; Brodaric et al., 2009), and
the life cycle from data to knowledge. For example, meaning-based
data integration forms a basis for Web 3.0 heterogeneous data
sharing (Lassila & Hendler, 2007), and the semantic, knowledge,
or cross-cultural sharing of resources forms a basis for cross-domain studies (Lightfoot, Bachrach, Abrams, Kielman, & Weiss,
2009). A GCI should provide a common semantic framework to enable long-term semantic interoperability and shared scientiﬁc
understanding.
4.7. HPC and associated spatial computing
HPC and associated spatial computing are essential for enabling
computing-intensive and data-intensive geospatial research and
applications, for example, for rapid response (Chiang, Dove, Ballard, Bostater, & Frame, 2006) and dust storm forecasting (Xie
et al., 2010). Further research is needed to best leverage computing
platforms for geospatial domains according to newly discovered
geospatial best practices and principles.
4.8. Location based service
LBS is becoming increasingly important as witnessed by (a) the
popularization of mobile devices, such as PDAs and iPhones, (b) the
research and development that made LBS efﬁcient and convenient,
(c) the establishment of the Journal of LBS, and (d) the popularity of
Google Earth and related virtual globe software. This need is likely
to further increase as more geospatial data becomes available.
4.9. Cross-scale and domain management
Cross-scale and domain management have emerged as essential
for GCI (Lightfoot et al., 2009). For example, GCI is utilized to support a broad set of functions for Chesapeake Bay studies including
(Ball et al., 2008): (a) single interface access to heterogeneous datasets, (b) new tools to support multi-domain scientists, and (c) integration with other networks. Multidisciplinary research drives the
integrated understanding of geospatial sciences and provides more
accurate scientiﬁc studies and greater utilization than any single
domain (Baker et al., 2009). However, the full implementation of
cross-domain sharing and collaboration will require signiﬁcant
improvements in GCI for all of the functions mentioned.

5. Application domains and user communities
Geospatial principles intrinsically reside in almost all scientiﬁc
domains (Yang et al., 2010). GCI functions provide domain users
with real experiences and new requirements as witnessed within
multiple domains.

5.1. Geographic sciences
GCI is widely used to support the sharing and utilization of geospatial data. For example, the successes of GOS, the ESRI geography
network, Google Earth, and MS Virtual Earth (now Bing Maps) provide popular portals to support geographic research and international applications (Yang & Raskin, 2009). However, more
research is critically needed by GCI researchers and geographers
to mine the mechanisms of complex phenomena for building
new GCI functions to solve complex problems.
5.2. Environmental sciences
GCI has been used extensively for environmental studies (for an
example, see Minsker et al., 2006) to (a) share data and research results, (b) provide tools to discover, share, analyze, and discuss results, and (c) utilize workﬂow chaining services for integrating
heterogeneous tools.
 GCI has been widely adopted in Water Management and Water
Quality to (a) preserve and archive records, integrate data grids
and GIS to provide universal access to records to support environmental policy decisions and planning for water quality and
watershed management (Pezzoli, Marciano, & Robertus, 2006
and Rich, Weintraub, Ewers, Riggs, & Wilson, 2005), (b) connect
heterogeneous databases and analytical functions to support a national water management system (Goodall, Jeffery,
Whiteaker, Maidment, & Zaslavsky, 2008), (c) monitor the
Hawaiin water and hydrological cycles by integrating wireless
sensors, grid computing, and 3D geospatial data visualization
tools connected through a secured single portal entry (Kido
et al., 2008), and (d) support water distribution system monitoring, analysis, and control through real-time observations
(Mahinthakumar et al., 2006).
However, further advancements in GCI are needed to (a)
support multidisciplinary scientiﬁc research, such as the Chesapeake Bay Environmental Observatory (CBEO) (Ball et al., 2008)
that integrates hundreds of parameters for short term and longterm environmental decisions, (b) support real-time decision
making with real-time output, using high performance and
adaptive computing (Ramaprivan, 2008), and (c) provide novel
processes for understanding the composition and behavior of
natural waters, the distribution of water, and more effectively
coupling water supplies to societal needs (Bartrand, Weir, &
Haas, 2007).
 Kahhat et al. (2008) evaluated a GCI built for waste management to track and manage the life cycle of e-waste, support
future e-waste regulation and management, and analyze the
impact of e-waste on US and international communities. A fully
integrated waste management system is still not available to
track all of the important components, such as the components
of a computer. Research is needed on both the technological
side for better product tracking systems and with respect to privacy concerns over what we should and should not track.
 A GCI was used in ecology and public health to (a) place information on four decades of annual mosquito population dynamics online for biomedical and public health studies (Sucaet, Van
Hemert, Tucker, & Bartholomay, 2008), (b) connect terabytes to
petabytes of data from relevant cancer surveillance systems and
databases into a seamless thread to support public health
researchers, policy makers, and administrators who were geographically dispersed (Contractor & Hesse, 2006), (c) facilitate
the monitoring and analysis of the dynamics of a mosquito population (Sucaet et al., 2008), and (d) track and monitor invasive
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species (Graham et al., 2008). Problems still remain though, for
example, how to optimally manage terabytes of historical and
real-time data to ensure maximum usability.
 Keating (2009) laid out a detailed inventory of GCI components
related to Air Quality (AQ) that can be utilized to build a multidisciplinary AQ GCI through (a) wikis, (b) network development
and maintenance, (c) analytical and visualization development,
and (d) outreach.
5.3. Climate sciences
GCI was utilized to integrate, archive, and distribute phenological research to support climate change analysis (Morisette et al.,
2009). Within the global environment, GCI must play a much larger
role in global and climate change studies by helping to integrate
resources and bridge geographic regions worldwide. For example,
methods are required to coordinate simulations of parameters at
multiple scales to enable customized climate predictions and the
retrieval of accurate historical climate records.
5.4. Coastal and ocean studies
A GCI with developed middleware is being used for model integration/analysis, data mining, cross-application integration, and to
provide real-time forecasting to support coastal research and decision making (Agrawal, Ferhatosmanoglu, Niu, Bedford, & Li, 2006).
A collaborative CI was used for event-driven coastal modeling to
support real-time forecasting systems for the southeast US (Bogden et al., 2006). The North-East Paciﬁc Time-series Undersea Networked Experiment (NEPTUNE) in Canada is a sensor web and
virtual observatory that was created to monitor and disseminate
sea ﬂoor conditions for real-time coastal applications (Clark,
2001). GCI is also used to integrate satellites, shore-based radios,
and a growing ﬂeet of smart undersea gliders to provide near
real-time data for assimilative models (Cao, Yang, & Wong, 2009;
Schoﬁeld, Glenn, Chant, Kohut, & McDonnell, 2007). Further research that conducts simulations or real-time forecasting for applications such as tsunami emergency prediction, response and
mitigation is still needed.
5.5. Broader Earth-system sciences
GCI provides a platform for sharing data and computing resources
that can bridge data producers and data consumers through portals
and information exchange (Yang, Li, et al., 2007). This infrastructure
assists in the collection of data, mediating cross-domain collaborations, and utilizing multiple types of knowledge to support (Kessler,
Mathers, & Sobisch, 2009), for example, long-term ecology studies
(Baker & Bowker, 2007), polar research (Lubin et al., 2009), the Geosciences Network (GEON, www.geogrid.org), Sharing Environmental Education Knowledge (SEEK, www.seek.state.mn.us), Earth
science infrastructure in Australia (www.auscope.org.au/), and the
solid Earth and environment GRID (ScenzGrid, http://www.seegrid.csiro.au/twiki/bin/view/SCENZGrid/WebHome). Within the
Earth sciences, scientists face problems of how to solve the following
issues: (a) integrate petabytes of data efﬁciently, (b) provide smart
access to petabytes of data, (c) support higher resolution simulations
and forecasting, and (d) visualize 3D and 4D data from both observations and model simulations.
5.6. GEOSS
OptIPlanet (Smarr et al., 2009) is utilizing GCI to solve complex
global problems to control the establishment and maintenance of
connections in a network to support distributed visualization.
GCI can be essential for integrating global resources to support
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the applications of GEOSS and GEO is designing a GEOSS Common
Infrastructure and implementing it by deploying a component and
service registry, a clearinghouse, and portals. Problems of data and
metadata provenance and distributed search performance (Yang,
Cao, et al., 2007) are waiting to be addressed.
5.7. Geomatics
GCI transforms Geomatics by providing reliable communications and HPC to enable scientists, researchers, students, and practitioners to share data, tools, procedures, and expertise in
geospatial information (Blais & Esche, 2008). The further introduction of mobile devices will broaden access to GCI to anywhere and
anytime through LBS.
5.8. Digital libraries
GCI has been utilized to evolve digital libraries into educational
resources for a cyber-teaching environment, a cyber-workbench
for researchers, and an integration environment for educational research and practice (McArthur & Zia, 2008). Delserone (2009) reported utilizing GCI technologies to implement a digital library
for the initiation of the e-Science and Data Services Collaborative.
The further development of gazetteers and geospatial information
retrieval (GIR) techniques will be essential to this application.
5.9. Education
Education has been a focus of GCI developments by providing
convenient methods for educators, students, and researchers in
Earth and geographic sciences to disseminate, collect, collaborate,
review, and comment on data and information (Buhr, Barker, & Reeves, 2005). Various GCI technologies, such as mobile computing
and modern GCI (Bugallo, Marx, Bynum, Takai, & Hover, 2009),
have been leveraged to support classroom education. For example,
Eschenbach et al. (2006) used GCI to support environmental education for K-12 students using CLEANER. Chang, Lim, Hedberg, The,
and Theng (2005) described a portal that allows students to explore the various scenarios for sea level rise and beach erosion
by integrating data through a GCI. Virtual globe technologies such
as Google Earth and Microsoft Bing Maps are widely used in classrooms, but more effective methods are required to integrate heterogeneous geospatial information for the classroom and present
them in an intuitive fashion that facilitates learning. Better
methods for visualization, multi-dimensional data integration,
and knowledge management and utilization are still required
(MacEachren & Kraak, 2001).
Numerous GCI achievements have been made in transforming
data-rich scientiﬁc studies over the past decade, as reviewed in
previous sections. These successes range from a sub-domain project partnership for data sharing and information exchange (Yang,
Li, et al., 2007) to cross-domain (Katz et al., 2009 and Winer, 2006)
and cross-continent (Peters et al., 2008) collaborations. For example, TeraGrid provides a comprehensive GCI for bridging domains
through portals utilizing one of the world’s largest computing alliances across eight campuses (Catlett, 2005). GCI tools are used in
multiple domain designs to integrate manufacturing constraints
and qualitative knowledge to maximize proﬁts and minimize the
environmental impact of industrial production across geographic
regions (Winer, 2006). However, most of these successes are built
on simple system integrations, and many research questions remain to be addressed before we can achieve the GCI objective to
facilitate answering the most daunting questions and transform
how we conduct research.
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6. Discussion and future strategies
To achieve the transformative function of GCI, we need to complete the following tasks: (1) research and develop a GCI-centered
research platform that enables discovery in multidisciplinary science (Elmagarmid, Samuel, & Ouzzani, 2008) and knowledge sharing, and fosters more meaningful analyses of data and the
visualization, modeling, and simulation of real-world phenomena,
(2) change the focus from technology to humans for GCIs built to
enable science and engineering discovery (Tsai et al., 2008) so that
scientists can focus on ideas and innovation and engineers can focus on engineering development (Whey-Fone et al., 2008), and (3)
develop new GCI technologies and tools to help answer fundamental science questions and enable complex applications that beneﬁt
human beings. However, to implement a GCI that transforms how
scientists and the public pursue fundamental scientiﬁc questions
and complex application problems, we must leverage the current
successes and potential problem solving capabilities of GCIs with
a focus on sharing and collaboration, such as geocollaboration
(MacEachren & Brewer, 2004). The future of GCI poses grand challenges in many aspects including the integration of currently isolated CIs from multiple domains, the evolution of GCI from a
technology-centered to a human-centered paradigm, the advancement of GCI to support multiple science domains by simulating
complex phenomena in a virtual fashion, and the acceptance of
GCI by a broad range of stakeholders who use geospatial data. With
the advancement of technologies, more study in social sciences is
urgently needed to enable efﬁcient collaboration among team
members, communities, and domains. We believe at least seven aspects need further research and development:

6.1. Studying social heterogeneity to identify geospatial problems
encountered by relevant sciences and applications in the context of GCI
GCI is targeted to provide solutions to complex scientiﬁc and
application problems identiﬁed through initiatives such as Digital
Earth (Goodchild, 2008a) and GEOSS (Lannotta, 2007) by enabling
scientists and decision makers to focus on ideas and innovations
and relieving them from considering technical details. This is a
very complex task that starts with clearly identifying problems
that cannot be solved without a GCI; its challenges are both technological and social. The complexity of GCI itself originates with
its contributions from broad technological areas, such as Grid,
infrastructure, workﬂow, scheduling, resource discovery and allocation, security and algorithms (Chiu & Fox, 2009), business models, domain knowledge frameworks, study methods, Web 2.0, and
multi-core computing (Fox & Pierce, 2009; Loudon, 2009). The
identiﬁcation of appropriate problems will require scientists with
different backgrounds to work together. Socially, the blending of
scientists across domains and geographically dispersed teams is
a grand challenge as has been observed by various GCI projects,
such as LEAD (Lawrence, Finholt, & Kim, 2007). Therefore, (a)
the attitudes and needs of data curation in collection, representation, and dissemination also pose challenges to both knowledge
sharing and social complexities for the success of a GCI (Winget,
2008), (b) how to design a GCI for diverse end-users is a challenge
to cross-cultural participation (Fischer, 2009), (c) the collaboration among scientists for the next generation of GCI poses challenges due to their heterogeneity in culture, geography, and
scientiﬁc domain (Olson, 2009), (d) the openness among people
and domains will take time to be implemented from public debate to public policy (Wunsch-Vincent, Reynolds, & Wyckoff,
2008), and (e) how users view GCI and their willingness to contribute, take, and maintain a GCI will involve social dynamics
(Ribes & Finholt, 2009).

Meyer and Schroeder (2009) argued that we need to establish a
new sociology for e-Research based on GCI by developing a sociology of knowledge that is based on an understanding of how science
has been historically transformed and shifted into online media.
The experiences of the Open Science Grid (OSG) (Avery, 2008)
broadly illustrate the breadth and scale of the efforts that a diverse,
evolving collaboration must undertake to build and sustain a largescale, multidisciplinary GCI.
6.2. Analyzing the information ﬂow from data to information and the
processing needed for solving problems
 Progress in multidimensional sciences: geospatial phenomena
typically display characteristics that depend upon the selected
time scale, spatial scale, and scientiﬁc domain. Therefore, a better understanding of the dynamic dimensions of scientiﬁc phenomena will help us design better adaptive computing to
understand the principles driving scientiﬁc problems (Hornsby
and Yuan, 2008; Maguire, Goodchild, & Rhind, 1991) and provide better technological solutions for scientiﬁc problem solving. These advancements will also provide theoretical support
for developing new sensor networks for more targeted multidimensional data collections.
 To support place-based policy and other national and international initiatives, various SDIs should be integrated into the Global SDI (Nebert, 2004) based on a seamless integration of data.
Data provenance is essential in such a process for the following
tasks: (a) facilitate the sharing of geospatial datasets, (b) maintain the information processed from raw data, and (c) validate
the knowledge obtained from the information. Interoperability
is critical to the integration process and should be maintained
at the data, information, and knowledge levels to avoid building
non-sharable stove-piped data systems (Cruz, Sunna, Makar, &
Bathala, 2007). A practical integration process should respect
existing resources and provide metadata harvesting or on-theﬂy searching to distributed catalogs based on community consensus on a digital data rights management schema.
 Quality assurance: the quality of information and resources
within a GCI is not yet easy to evaluate (Giersch, Leary, Palmer,
& Recker, 2008), and it remains a daunting task to manage federated virtual organizations (Gemmill et al., 2009). The uncertainty
introduced in the process of a workﬂow within a complex decision support system is a critical issue. Advancements in quality
related research within GCIs are urgently needed to better categorize, locate, select, and utilize more proper geospatial resources
that address scientiﬁc and public problems.
6.3. Utilizing the Semantic Web to support building knowledge and
semantics
Utilizing the Semantic Web to support building knowledge and
semantics into the next generation of scientiﬁc tools will support
smart processing of geospatial metadata, data, information, knowledge, and services for virtual communities and multiple scientiﬁc
domains (Hendler, 2003). How to capture, represent, and integrate
knowledge within and across geospatial domains are all ongoing
challenges (Brodaric et al., 2009). Venkatasubramanian (2009a,
2009b) found that, in a data-rich world, we must ﬁnd a way to
automatically utilize knowledge acquired in the past to facilitate
the automatic identiﬁcation, utilization, and integration of datasets
into operational systems. A semantic (ontology) based framework
that is sensitive to the scale, richness, character, and heterogeneity
within and across disciplines is desirable (Patterson, Faulwetter, &
Shipunov, 2008). Transforming and integrating informal ontologies
into formal community-accepted ontologies is a further challenge
(Lumb, Freemantle, Lederman, & Aldridge, 2009). Multilingual
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ontologies present the challenge of matching the meanings of relevant terminologies within and across languages, such as those
encountered in INSPIRE (Masser, 2007). Future research with GCIs
will require us to collaborate with linguistics and translation professionals. Cross-domain ontologies will have similar beneﬁts to
multidisciplinary pursuits.
6.4. Developing geospatial middleware to provide functional and
intermediate services and support service evolution to stakeholders
The GCIs envisioned cannot be built overnight and require sustainable and long-term planning, coordination, and maintenance.
Therefore, an iterative process will provide intermediate services
that beneﬁt initial stakeholders and entice additional stakeholders
by revising and introducing more services. The involvement of new
stakeholders will also provide potential solutions to the generic
challenge of maintaining a GCI after agency research or development funding is exhausted (Mackie, 2008). For example, the GOS
now provides services to a wide variety of communities (Goodchild, Fu, & Rich, 2007). Google Earth and other popular mapping
systems broaden the stakeholders of these GCIs from traditional
geospatial sciences to the general public (Flora, 2007). The continuing evolution and success of such GCI examples and services will
add more scientiﬁc research, models, and decision support analyses and provide concrete building blocks for future GCIs.
6.5. Advancing citizen sciences or public-based sciences
Advancing citizen sciences or public-based sciences will reﬂect
the fact that cyberspace is open to the public and citizen participation will play vital roles, such as providing the following (Goodchild, 2008b): (a) Volunteer Geographic Information (VGI), (b)
ratings for the quality of data, information, and services, (c) endusers to operate and test a GCI and provide feedback, and (d) data
for the statistical analysis of a GCI. The full utilization of citizen
contributions to control the quality of a GCI will require the
active involvement of both social and relevant domain scientists
(de Longueville, 2010).
6.6. Advancing GCI to geospatial cloud computing will implement
transparent and opaque platforms
Advancing GCI to geospatial cloud computing will implement
transparent and opaque platforms for addressing fundamental science questions and application problems through advancements in
information technology and computing sciences.
 Maturation of adaptive computing: it is desirable to have a new
GCI framework in which remote and in situ atmospheric sensors, data acquisition and storage systems, assimilation and prediction codes, data mining and visualization engines, and the

information technology frameworks within which they operate
can change conﬁguration automatically in response to evolving
weather (Droegemeier, 2009). Similar automated adaptability is
desirable in other sciences, such as those that study ecological
dynamics and climate change.
 The advancement of computer science and engineering is
needed to (a) develop new models and methods for mass data
transmission and storage, which is a challenge for all geospatial
domains (Ashenfelder et al., 2009), (b) support virtual science
by simulating algorithms and mechanisms within a computing
environment, such as stress testing (Harris & Impelluso, 2008),
biodefense (Zhang et al., 2008), and massive parallel analyses of
regional earthquake activities (Zhang, Shi, & Wu, 2009), (c)
transform science and engineering through collaborative,
long-term, solid support from multiple domains (Freeman,
Crawford, Kim, & Munoz, 2005 and NSF, 2007), and (d) ensure
information security in algorithms, methods, framework integration, and solutions (Raghu & Chen, 2007; Tadiparthi &
Sueyoshi, 2008).
 Advancing system architecture will support the following: (a)
geospatial quality monitoring (Yang, Cao, et al., 2007), (b) system architecture optimization for better performance and
results, (c) scalability and reliability for dynamic adoption (Li
et al., 2010), and (d) automatic chaining of GCI components
(Yue, Di, Yang, Yu, & Zhao, 2007).
 Evolution of computing to transparent and opaque cloud computing is needed to help to build end-to-end systems for endusers to inexpensively and transparently deploy computational
resources to store, manipulate, and query large data sets to
facilitate new science, such as environmental discovery (Govindaraju et al., 2009), and to relieve scientists and decision makers of the technical details of a GCI.
6.7. Developing a research agenda that addresses the needs of GCIs
through effective federation and collaboration across communities
Developing a research agenda that addresses the needs of GCIs
through effective federation and collaboration across communities,
such as government agencies, non-government organizations,
industries, academia, and the public is ideal. The federation/coordination and interconnection of stove-piped community and domain
GCIs are needed to foster collaborations across domains, communities (de Assuncao, Buyya, & Venugopal, 2007), and continents (Peters
et al., 2008). This agenda can leverage existing research facilities and
GCIs including their data, analysis, metadata, and processing and
analytical capabilities to maintain provenance (Simmhan et al.,
2008) and promote the development of new tools to handle the integrated data, information, and knowledge. The agenda should integrate the requirements for a cross-scale, cross-domain, open, and
interoperable approach to solve multidisciplinary problems, such
as forecasting global environmental change at multiple spatial

Table 1
Direct connections between enabling technologies and future research needs.
6.1 Social
3.1 Observation
3.2 SDI
3.3 DGIP
3.4 Web
3.5 Interoperability
3.6 HPC
3.7 Middleware
3.8 Representation
3.9 Cross domain
3.10 Knowledge
3.11 Architecture
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Table 2
Direct connections between GCI functions and future research needs.
6.1 Social
4.1 Data processing
4.2 Data integration
4.3 Preservation and accessibility
4.4 Data life cycle
4.5 VO
4.6 Semantics
4.7 HPC
4.8 LBS
4.9 Cross domain
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scales (e.g., from local sites to regions and continents) and utilizing
multi-scale, multi-regional weather forecasting, land cover, and soil
type data for agricultural forecasting (Baker et al., 2009) as well as for
ecology (Jones, 2007) and biological sciences (Yu et al., 2008). The
agenda should also include cross-geographic and cross-cultural
integration and evolution of social, behavioral, and economic
research within multiple contexts (Lightfoot et al., 2009).
The GCIs of the future will require a new generation of research
tools, techniques, and educational support (Schlager, Farooq, Fusco,
Schank, & Dwyer, 2009), and a new generation of scientists and
engineers who can support, learn, and collaborate with one another more effectively in cyber-enabled professional communities.
This advancement is needed in a broad stream of science domains
(Newman, Ellisman, & Orcutt, 2003) and will require all application
domains to provide requirements, tests, and maturation environments for GCIs. The seven aspects described will beneﬁt from
and drive the enabling technologies for future GCIs (Table 1) and
provide improved functions for GCI application domains (Table 2).
More direct connections of an item with other items illustrate
broader needs for the item.
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