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Geospatial cyberinfrastructure integrates distributed geographic information pro-

cessing (DGIP) technology, high-performance computing resources, interoperable

Web services, and sharable geographic knowledge to facilitate the advancement of

geographic information science (GIScience) research, geospatial technology, and

geographic education. This article addresses three major development issues of

geospatial cyberinfrastructure: the performance of grid-enabled DGIP services,

the integration of Internet GIService resources, and the technical challenges of

spatial Web portal implementation. A four-tier grid-enabled Internet GIService

framework was designed for geospatial cyberinfrastructure. The advantages of the

grid-enabled framework were demonstrated by a spatial Web portal. The spatial

Web portal was implemented based on current available Internet technologies and

utilizes multiple computing resources and high-performance systems, including

local PC clusters and the TeraGrid. By comparing their performance testing

results, we found that grid computing (TeraGrid) is more powerful and flexible

than local PC clusters. However, job queuing time and relatively poor performance

of cross-site computation are the major obstacles of grid computing for geospatial

cyberinfrastructure. Detailed analysis of different computational settings and

performance testing contributes to a deeper understanding of the improvements

of DGIP services and geospatial cyberinfrastructure. This research demonstrates

that resource/service integration and performance improvement can be accom-

plished by deploying the new four-tier grid-enabled Internet GIService framework.

This article also identifies four research priorities for developing geospatial cyber-

infrastructure: the design of GIS middleware, high-performance geovisualization

methods, semantic GIService, and the integration of multiple GIS grid

applications.

Keywords: Cyberinfrastructure; Internet GIServices; Grid computing; Web ser-

vices; Web portals

1. Introduction: what is geospatial cyberinfrastructure?

By extending the original definition of cyberinfrastructure in the 2003 National

Science Foundation (NSF) report Revolutionizing Science and Engineering through

Cyberinfrastructure (NSF 2003), this article refers to ‘geospatial cyberinfrastructure’

as a combination of distributed geographic information processing (DGIP; Yang and
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Raskin 2009) technology, high-performance computing (HPC) resources, interoper-

able Web services, and sharable geographic knowledge to facilitate the advancement

of geographic information science (GIScience), geospatial technology, and geo-

graphic education. The development of geospatial cyberinfrastructure will enhance

current Internet GIServices (Peng and Tsou 2003) and provide powerful and effective
computing capabilities for advanced spatial analysis methods and GIS models.

This article introduces a four-tier grid-enabled Internet GIService framework to

support geospatial cyberinfrastructure. A traditional three-tier client/server GIS

architecture is not capable of supporting highly scalable, secure, powerful, yet easy-

to-use GIServices, which are indispensable elements of geospatial cyberinfrastructure

(Zhang and Tsou 2005). The three-tier client/server architecture is limited to deliver-

ing centralized Web resources, such as Web sites or database servers, and is suscep-

tible to capacity limits. If a single server is requested by a large number of concurrent
clients (users), the server might be overloaded or crashed. The traditional client/server

architecture also has a dilemma of choosing thin-client or thick-client approaches (the

problem of assigning the bulk of the workload to the client-side machine or the server-

side machine). In addition, most three-tier client/server systems are vulnerable on the

server side in disaster recovery and fault tolerant events. Therefore, a new framework

is required for geospatial cyberinfrastructure to facilitate the sharing and exchanging

of DGIP-related data/information, processing resources, and knowledge across net-

works (Figure 1).
Among many technical concerns of geospatial cyberinfrastructure, performance is

one of the most salient issues. Some technical barriers have been identified in the

literature. For example, Anderson and Moreno-Sanchez (2003) pointed out that even

a simple DGIP task may produce a large amount of geography markup language

documents and raise parsing and storage problems. Data transfer mechanisms also

pose a major challenge of GIServices. As reported by Anselin et al. (2004) in their

Java-based spatial data analysis tools, Java applets (clients) may achieve poor per-

formance while downloading a large amount of data from Web servers. Recent
geoprocessing tests also reveal that high overhead could be incurred while transmit-

ting simple object access protocol (SOAP) messages by Web coverage services

between clients and servers (Scholten et al. 2006).

The overall performance issues include not only computing performance but also

network bandwidth, visualization processing speed, memory limits, and storage

capacity. While using complicated spatial analysis methods, such as spatial

Data, information, and knowledge
resources in isolated islands
without cyberinfrastructure

Linked and intergrated resources 
with cyberinfrastructure

Figure 1. Cyberinfrastructure facilitates the integration of data, information, and knowledge
resources.
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autocorrelation algorithms, central processing unit (CPU) performance is critical for

good overall performance. Massive GIS data sets, such as satellite images, may

require very large random access memory (RAM) and disk storage on both clients

and servers. Advanced geovisualization methods, such as 3D virtual globes, will rely

on powerful graphics memory and graphics processing units. High-speed networks
will be needed for communication-intensive geospatial applications, such as real-time

collaborative Web mapping services.

The grid computing architecture, which has powerful computing capacity, large

amounts of storage space, and high-speed networks, appears to be an ideal solution to

address the performance problem of GIServices and geoprocessing tasks. Current

multicore CPU Web servers or clusters may provide a partial solution for computa-

tionally intensive geospatial applications. However, most multicore CPU servers still

cannot match the performance, flexibility, and scalability of grid computing.
This article introduces a HPC framework (with a grid-enabled Web portal) for

Internet GIServices and geospatial cyberinfrastructure to address the limitations of

traditional three-tier GIService frameworks. We designed a feasible implementation

framework and established a grid-enabled high-performance spatial Web portal and

evaluated several performance criteria.

2. The foundation technologies for supporting geospatial cyberinfrastructure

A comprehensive geospatial cyberinfrastructure requires several key technologies

including high-performance geocomputation, grid computing, Internet GIServices,
and spatial Web portals.

2.1 High-performance geocomputation and GIS grid

HPC is an approach for handling computing-intensive tasks that are intractable (not

solvable in a reasonable amount of time) by a single processor. The experiments by Li

(1992) on primitive map analysis operations were early HPC endeavors to parallelize

raster-based map analysis. Marc Armstrong, another HPC pioneer, implemented

research projects on parallel domain decomposition (Armstrong and Densham

1992), terrain analysis (Rokos and Armstrong 1992), network analysis (Ding et al.

1992), and spatial autocorrelation (Rokos and Armstrong 1993). His further studies

in applying parallel processing methods in spatial statistics (Armstrong and Marciano
1995, Armstrong and Marciano 1996) and spatial interpolation (Armstrong and

Marciano 1997) contributed to the development of parallel processing in

geocomputation.

The design of parallel GIS algorithms is important for geographic data partition

and geometry operation tasks. The two major GIS data models (vector and raster)

lead to distinct design strategies and methodologies for parallel GIS algorithms

(Healey et al. 1998). Recently, several studies of parallel GIS algorithm were pub-

lished in the special issue of Parallel Computing (Clematis et al. 2003). A few of these
articles highlighted the adoption of grid computing technologies as the next step in the

development of HPC GIS applications (Aloisio and Cafaro 2003; Chervenak et al.

2003; Wang and Armstrong 2003).

Grid computing technologies have evolved rapidly since the mid 1990s, with a focus

on the integration of large-scale computational resources and services via networks

(Baker et al. 2002). An ideal grid framework will integrate distributed and dynamic

computing resources. Therefore, service-oriented architecture (SOA) (Foster et al.

Developing a grid-enabled spatial Web portal 607
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2002) can offer an improved platform for integrating grid computing resources. The

Globus ToolkitTM (Foster and Kesselman 1997), developed by the Globus Alliance,

provides a good set of middleware for grid computing.

GIS researchers are also attracted to the grid computing paradigm. Several ongoing

geospatial grid projects share a similar technical foundation but address different
problems, such as the Geosciences Network: Building Cyberinfrastructure for the

Geosciences) (http://www.geongrid.org/), the Earth System Grid (http://www.earth-

systemgrid.org/), the GISolve (https://gisolve-portal.ncsa.uiuc.edu/), and the Linked

Environments for Atmospheric Discovery (https://portal.leadproject.org/).

2.2 Internet GIServices

Internet GIServices are network-based information services that enable users to

access geographic information, spatial analytical tools, and GIS Web services via

the Internet (Peng and Tsou 2003). Early examples of Internet GIServices can be

traced back to several Web-based maps in the 1990s, such as MapQuest and the Xerox
Map Viewer. Component-based GIServices became popular in the early 2000s and

offered new insights for building distributed GIServices online (Li 2000). Within

GIServices, the SOA supports flexible and customizable information services.

Service chaining mechanisms (Friis-Christensen et al. 2009) and workflow solutions

(Chen et al. 2009) are keys to such SOA-based solutions. Tsou (2004) identified three

levels of Internet GIServices from a user’s perspective: data services, information

services, and spatial analysis (knowledge) services. To date, most Internet GIServices

operate at the data services and information services levels. Under the traditional
client/server architecture, it is difficult to resolve the performance problems of geos-

patial Web services and the dilemma of client-side computing or server-side comput-

ing (Tsou and Buttenfield 2002). Geospatial cyberinfrastructure might provide

solutions by allowing users to dynamically build GIS functions and spatial models

at the knowledge level of GIServices. For model-level sharing, the identification of

common functions among models (Hu and Bian 2009) is a potential solution.

2.3 Spatial Web portals

A Web portal offers a centralized, uniform interface to access distributed and hetero-

geneous resources and services (Tang and Selwood 2005). Some researchers have
designed standard Web portal frameworks that host portal-based applications by

providing basic Web portal administration tools such as user authentication, custo-

mizable user interface, and user profile management. The framework can be seen as a

container to encapsulate simple portal applications, called portlet programs.

Within the GIS community, spatial (GIS) Web portals will be an important

component of geospatial cyberinfrastructure. The development of science gateways

has been encouraged by the needs of conducting scientific research through Web

portals using specific domain-oriented tools and data. In addition, based on common
science gateways, GIScience researchers develop comprehensive solutions to support

GIScience research and education (e.g. TeraGrid GIScience Gateways) (Wang and

Liu 2009). Spatial Web portals can facilitate geospatial data access and enhance

spatial data infrastructure (Maguire and Longley 2005) but must address issues

such as system usability, high availability, and lack of content standards (Tait 2005).

A noticeable weakness of current spatial Web portals is that they rarely provide

powerful analytical tools beyond data searching and map viewing, except for a few
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D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
S
a
n
 
D
i
e
g
o
 
S
t
a
t
e
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
2
2
:
5
3
 
2
7
 
J
u
l
y
 
2
0
0
9

http://www.geongrid.org
http://www.earth-systemgrid.org
http://www.earth-systemgrid.org
http://www.earth-systemgrid.org
https://gisolve-portal.ncsa.uiuc.edu
https://portal.leadproject.org


pioneering prototypes (e.g. PGIST portal) (Nyerges et al. 2006). Recent technical

advancements in Web Services and grid computing encouraged GIScience researchers

to design comprehensive spatial Web portal solutions for DGIP applications. For

example, Yang et al (2007) detailed (1) how to utilize interoperable DGIP services,

such as Web map service (WMS) and WFS, for interoperability solution and (2) how
to utilize Java specification request (JSR)-168/268 compliant portlets and Web ser-

vices for remote portlets to integrate a spatial Web portal.

3. A new framework for grid-enabled Internet GIServices

This article introduces a new grid-enabled Internet GIService framework for geospa-

tial cyberinfrastructure, which is flexible, interoperable, and scalable. This framework

(Figure 2) contains four tiers: a presentation tier, logic tier, service tier, and grid tier.
The presentation tier is a counterpart to the client in the traditional client/server

architecture. The logic tier incorporates the roles of map servers and GIS servers in

the traditional architecture. The logic tier has an additional role to coordinate grid-

enabled Web portal services according to user requests (converting them to geospatial

problem semantics). The service tier replaces traditional centralized GIS databases

Figure 2. A grid-enabled Internet GIService framework.
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with new grid-enabled geospatial Web data services. The grid tier supports the other

three tiers with distributed Web services, HPC, network resources, GIS data storage,

and other components. Due to the technical challenges of semantic implementation, the

grid-enabled Web portal prototype does not implement real geospatial problem seman-

tics but uses ad hoc programs to mimic the results of semantics and identify Web
services for spatial analysis methods. The major components outlined in red in Figure 2

have been implemented and developed in the prototype. Most functions provided by

the grid-enabled framework have been tested except workflows, job scheduler, and

geospatial semantics. The dashed arrow lines illustrate dependent/indirect data flow.

Communications among data service, common GIS data access interface, and GIS

storage also rely on other middleware components and grid services. For example,

grid security protocols are essential to enable grid data services. However, logically, GIS

data physical storage, GIS data access interface, and GIS data services are intercon-
nected. Solid arrow lines indicate direct and independent information exchange.

The presentation tier works as a simplified integrated interface for users to access

intelligent and distributed Internet GIServices at the service tier. Also, the presenta-

tion tier offers mechanisms to view information about submitted grid jobs and grid

resources from the grid tier. The workflow view stores the semantics for geospatial

problems and is directly connected to the logic tier. The logic tier, which is located

between the presentation and the service tiers, defines a set of geospatial problem

semantics that formalize geospatial problem-solving procedures. The address and
identifier of the located GIServices can then be returned to the presentation tier to

dynamically build a real-time application. The service tier hosts distributed grid-

enabled GIServices that are connected to the subtasks defined in the logic tier. The

last grid tier underpins the other tiers to provide grid-based computing and geospatial

resources through geospatial middleware.

3.1 The presentation tier

The presentation tier is the interface between a user and the underlying distributed

grid computing environment. A grid-enabled spatial Web portal is the major compo-

nent in the presentation tier, which can provide interactive GIS tools for data search-

ing, geoprocessing, and the final display of GIS operation results. This tier is a thin

client because most intensive analysis procedures and data transfer tasks are migrated

to the high-end grid computing platforms. Users can monitor current progress of grid-

enabled GIS jobs, track the computing resources used, interrupt running jobs if

needed, and interact with (connect to) grid systems via grid–user interfaces.
Users can implement their personalized spatial analysis tasks in this tier. Several

windows (views) are available to examine the computational problems from different

perspectives, such as a workspace view, data view, map view, and workflow view. The

workspace view provides a high-level vision of the spatial analysis problems with basic

information, including participants, problem-solving history, progress, and calen-

dars. The data view presents a list of georeferenced data used in the current project.

A map view allows users to visualize the given data, to evaluate geocomputation

results, and to directly manipulate maps generated from grid-enabled GIS operations.
The workflow view is presented as a multistep GIS procedure flow chart with different

diagram shapes and colors to describe different elements, operations, and priority

levels. Users can visually and interactively manipulate Internet GIServices modules

(e.g. spatial querying, buffering, layering, autocorrelation, and cluster and outlier

610 T. Zhang and M.-H. Tsou
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detection). The workflow view stores the semantics for the geospatial problems, which

is updated when the contents are modified in other views.

3.2 The logic tier

A logic tier is required to handle the complexity of multiple geospatial problem-

solving methods. Different people may consider the same geospatial problem from

different perspectives, and this may lead to multiple problem definitions and descrip-
tions. These inconsistencies would produce different problem-solving procedures that

require different geospatial data, geoprocessing tools, and GIS operations. Ideally,

the visualization of workflows in the presentation tier will connect to the logic tier

where geospatial problem semantics can be formalized by the user.

The semantics in the logic tier will be described by formal semantic languages, such as

Web ontology language or other ontology frameworks. Usually, a workflow consists of

multiple subtasks. These multilevel structures are stored in the form of geospatial

semantics in the logic tier. Users with specialized privileges (defined in user profiles) can
modify the geospatial semantics by adding, deleting, or changing the subtask elements.

Subtasks are supported by customizable GIServices in the next tier (the service tier). The

automated and dynamic GIService discovery, selection, and composition mechanisms

are also operated in the logic tier. Given specific geospatial problem-solving semantics,

the logic tier mechanisms will describe what GIServices are needed given current contexts

and the preference criterion, such as data requirements, performance, visualization

preferences, and credibility of service providers. With intelligent matching mechanisms,

GIService locators and filters should be developed at the logic tier to query, locate, and
select the most appropriate GIServices for geospatial applications.

3.3 The service tier

The major goal of the service tier is to provide grid-enabled geospatial Web services

based on the subtasks in the logic tier. Three types of geospatial Web services are hosted

in this tier: visualization services for geovisualization and mapping tasks, data services

for archiving, searching, and transferring geospatial data, and geoprocessing services

for complex geocomputation tasks. Data services will replace the database servers in

traditional client/server architecture. Users can utilize integrated geospatial data ser-

vices remotely rather than access distributed GIS databases. This arrangement will
provide more robust data services and mitigate network traffic congestion problems.

For all three types of geospatial Web services to be interoperable, geospatial Web

services should follow XML-based (extensible markup language) standards and

specifications, which include SOAP, WSDL (Web service description language),

and UDDI (universal description, discovery, and integration) standards. Geospatial

Web services also need to follow Internet GIS specifications, such as open geospatial

consortium (OGC) standards (Web mapping service, Web feature service, and Web

coverage service) and the emerging DGIP standards (e.g. OGC Web processing
service). Users will be able to automatically locate the most suited geospatial Web

services given their preferences and task requirements with help from the Web service

locators and filters in the logic tier. Use of these Web service standards will ensure the

interoperability of GIS operations and data processing tasks. OGC conducted a series

of test-bed experiments to combine SOAP, UDDI, and WSDL with OGC interoper-

ability standards as a portion of OGC Web Services, Phase 2 (OWS-2) (http://

www.opengeospatial.org/projects/initiatives/ows-2/).
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One important aspect of the service tier is the security consideration for GIServices.

The new framework must ensure the integrity and confidentiality of GIService

messaging. Authentication, authorization, delegation, accounting, access control,

encryption, and data integrity are all critical to enhance the security of geospatial

Web services. By adopting the Web service security (WS security) protocol, the service
tier provides a better protection for geospatial Web services.

3.4 The grid tier

The foundation of the new framework is the grid tier, the fundamental element of
high-performance geospatial cyberinfrastructure. This tier includes grid fabric, con-

nectivity, and collective layers (Foster et al. 2001), and combines all the underlying grid

computing hardware and software components. High-speed interconnection net-

works, high-end computing, and large storage spaces are the basic fabric elements.

Coupled with grid middleware, multiple computers can be connected to provide

aggregated manageable resources in the grid fabric. To manage multiple computers,

several administrative rules, such as data access permissions, job management, fail-

over, authorization, authentication, service discovery, and diagnostic mechanisms,
have to be integrated by a geospatial grid middleware. The grid middleware provides

coordinated connections between geospatial Web services and the grid fabric. The

geospatial grid middleware extends generic grid software to facilitate the access of grid

fabric resources such as computing units, network resources, and GIS data storage.

The geospatial grid middleware provides a common GIS data access interface based on

geospatial interoperability principles and standards. Popular GIS data storage models,

such as file-based data sets (e.g. ESRI shapefileTM), GIS proprietary databases (e.g. ESRI

ArcSDETM), and open source GIS databases (e.g. PostGIS), should be supported in the
grid middleware. Data service requests will be sent via the common GIS data access

interface to the grid fabric to retrieve data from the GIS data storage devices.

4. The implementation of a grid-enabled spatial Web portal

We implemented a spatial Web portal prototype to demonstrate the feasibility of the

new grid-enabled Internet GIService framework. This prototype provides high-

performance DGIP capabilities to support an accessibility analysis task with a unified
Web portal interface.

4.1 A transport accessibility analysis case study

A simplified transport accessibility analysis case study was introduced to demonstrate
the advantages of the grid-enabled spatial Web portal. Transport accessibility refers

to the capabilities of individuals to reach destinations to perform specific errands.

This case study computed zone-based accessibility measures at multiple scales and

provided Web-based accessibility maps. Given a geographic zone (e.g. traffic analysis

zone or census block), a generic accessibility measure is

Accessibilityi ¼
X

j

X
m

opportunitiesj · f Cijm

� �
(1)

where

i is the index of the zone where accessibility is measured,

j is the index of the zones comprising potential travel destination,

612 T. Zhang and M.-H. Tsou
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m is the transportation modes,

Accessibilityi is accessibility measured at zone i,

Opportunitiesj is opportunities in zone j,

f(Cijm) is the generic travel cost function between zone i and j by transportation

mode m.

Travel cost functions, f(Cijm), calculate time or other types of generalized costs (i.e.

money, congestion, and risk) between zones for a given transportation mode. In the

prototype, two classical accessibility measures are implemented: cumulative opportu-

nity measure and gravity-based measure. The travel cost function for the cumulative

opportunity measure (Wachs and Kumagai 1973) is

Fjm ¼
0 costj > threshold

1 costj < threshold

�
(2)

Opportunities in zone j are counted only if the associated costs do not exceed the

thresholds.

The gravity-based measure (Hansen 1959) defines accessibility by calculating
potential accessibility with f(Cijm) describing the impedance between zones i and j

by transportation mode m, where f(Cijm) = Cijm
-2. In this study, travel cost is measured

by the distance between zones, using the (x, y) coordinates of the zone centroids.

4.2 The implementation framework of the spatial Web portal prototype

The spatial Web portal is a proof-of-concept demonstration of the four-tier frame-

work for geospatial cyberinfrastructure. The portal was constructed using grid com-

puting technologies, commercial off-the-shelf software, and open source

programming tools. Figure 3 presents the technical implementation framework for

the spatial Web portal. The portal server hosts a Web portal framework that adopts

Web portal service

Figure 3. A technical framework for the accessibility analysis Web portal.
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the Open Grid Computing Environments (OGCE) Portal and Gateway Toolkit

(version 2.2.1) as the container for JSR-168-compatible portlets (http://www.collab-

ogce.org).

The Web portal framework consists of two types of components: JSR 168-

compatible portlets and nonportlet applications. The JSR 168 portlets provide man-
agement, data, mapping, and analysis services. For nonportlet applications, multiple

data services, Web mapping tools, and spatial analysis services were implemented by a

hybrid combination of ESRITM Web GIS solutions (ArcIMSTM, ArcWeb ServicesTM,

ArcGIS ServerTM), GeoServer, and Google� Maps. Google maps application pro-

gramming interfaces (APIs) were used to display accessibility analysis maps on

Google Maps using the WMS protocol via an ArcIMS WMS connector and the

GeoServer WMS server. The accessibility analysis results were also published by

ArcIMS and ArcWeb REST (representational state transfer) services. GeoServer, a
popular open source GIS server package, was used to generate various accessibility

maps in multiple formats (e.g. PDF, OpenLayer, geography markup language).

The OGCE portal framework has built-in management portlets for user account

management and user profiling. This prototype installed new georeferenced data

portlets, which are mainly responsible for providing the data view window and

metadata services. Accessibility mapping and analysis portlets were also created in

the portlet container to provide map viewer functions and grid computing configura-

tion for the accessibility analysis model. Scalable Vector Graphics (SVG)TM was
adopted as a map export format for visualizing accessibility analysis results. GIS

grid middleware was created using GeoTools (a Java GIS development library)

(http://geotools.codehaus.org/). The major tasks of the GIS grid middleware are to

(1) establish connections to remote computing resources, (2) initiate computing ses-

sions, (3) process geospatial data, (4) coordinate network communications, (5) fetch

and store the computing results, and (6) generate visualization maps. The Globus

ToolkitTM (4.0.3) was installed on the Web portal server to offer grid programming

capability for geospatial cyberinfrastructure.
All of these Web-based services are powered by the Apache Tomcat Web applica-

tion container. JavaServer PagesTM, JavaServerTM Faces, and JavaScript technolo-

gies were used to develop Web interfaces for both portlet and nonportlet applications.

The JavaTM Development Kit provided the major programming environment for

creating the grid-enabled GIS applications and programs.

The prototype deploys accessibility analysis portlets in three test-bench environ-

ments: a stand-alone Web server (GeoGrid), a PC cluster in the Computational

Science Research Center (CSRC) at San Diego State University (SDSU), and the
TeraGrid. The spatial Web portal executes GIServices using the message passing

interface (MPI) as the parallel programming model on multiple processors.

Georeferenced data and MPI programs were transferred to remote machines to

calculate transport accessibility based on two accessibility measures. Returned ana-

lysis results are visualized either in SVG or in a shapefile format on the spatial Web

portal.

The GeoGrid server (http://geogrid.sdsu.edu) runs on a DELLTM DimensionTM

E310 workstation computer (IntelTM PentiumTM 4 CPU 3.06 GHz. 1 GB DDR2
SDRAM at 400 MHz) located in the Department of Geography at SDSU. The PC

cluster (http://dolphin.sdsu.edu) is located in the CSRC at SDSU. It is a Beowulf-style

Linux cluster with 40 batch nodes. Every node hosts an IntelTM P4/XeonTM Dual 2.4

GHz CPU and 2 GB RAM. The MPI compilers of the CSRC cluster use portable
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batch system (PBS). PBS is a popular parallel job scheduler that is a widely used

queuing system for PC clusters and supercomputers.

TeraGrid (http://www.teragrid.org/) is a nationwide grid computing platform that

integrates the most advanced supercomputer resources at geographically distributed

sites. Three sites are chosen for the TeraGrid testing experiments: the San Diego
Supercomputer Center (SDSC), the National Center for Supercomputing

Applications (NCSA), and the Argonne National Laboratory (UC/ANL). For the

purpose of performance comparison, three DTF IA-64 Linux Clusters at the three

sites are the major TeraGrid resources used in the experiments. All sites offer IBMTM

Dual IntelTM ItaniumTM processors and have comprehensive job submission and

scheduling mechanisms, such as PBS, Condor-G, Globus, MPICH-G2, MyCluster,

and Multi-site VMI (http://www.teragrid.org/userinfo/jobs/index.php). We selected

PBS, Globus, and MPICH-G2 as the three grid submission job methods for the
spatial Web portal.

4.3 The spatial Web portal prototype

We created a grid-enabled GIService Research prototype, which is a spatial Web

portal for transport accessibility analysis tasks. Each user type (e.g. administrator,

super user, TeraGrid user, or CSRC user) has associated security privileges to access

various functions in the spatial Web portal. The Web portal adopted a ‘single sign-on’
mechanism in which users log on once to gain access to multiple computing resources,

distributed database servers, and remote storage devices. The spatial Web portal

provides a Web-based graphical user interface, containing multiple portlet tabs

(Figure 4). Four groups of portlets are designed for GIServices: management portlets,

HPC analysis and supplemental portlets, mapping portlets, and GIS data portlets.

Three management portlets incorporate user and group account management (the

Administration portlet), portlet deployment (the Proxy Manager portlet), and user

login functions (the Welcome portlet).
Six HPC analysis and supplemental portlets have been implemented for this pro-

totype (CSRC, MPICH-G2, TeraGrid, grid information, cluster status, and TG

Prediction). The CSRC portlet allows users to execute transport accessibility analysis

Figure 4. The user interface of the grid-enabled GIService research portal.
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tasks using the local server (GeoGrid) or the CSRC cluster (Figure 5). Two TeraGrid-

based portlets (TeraGrid and MPICH-G2) are implemented using three MPI stan-

dards: PBS, Globus, and MPICH-G2. The PBS and Globus job submission mechan-

isms are provided in the TeraGrid portlet, which can only submit GIService tasks to a

single grid computing site on the TeraGrid. MPICH-G2 is a separate portlet that
enables cross-site job submission, enabling users to submit a GIService task to multi-

ple TeraGrid computing sites concurrently.

Three other portlets, grid information, cluster status, and TG (TeraGrid) predic-

tion, are supplemental components to update real-time TeraGrid system informa-

tion, CSRC cluster status, and TeraGrid batch queue prediction services,

respectively. This information can be used to determine where to submit the next

GIService job and how many grid ‘nodes’ should be requested from the spatial Web

portal.
Figure 6 shows a screenshot of the CSRC portlet used in the transport accessibility

analysis. The accessibility analysis task was executed by the CSRC cluster (16 nodes),

and the result map was displayed using SVG for the continental US.

The accessibility analysis results were also visualized in four Web mapping portlets:

Google maps, ArcIMS, ArcWeb services, and GeoServer. The purpose of including

these Web mapping tools is to compare the advantages of these Web mapping

technologies for the spatial Web portal. The Google Maps portlet tested the adoption

of the Google Map API and the mashup application. The mapping tools adopted the
OGC WMS to provide interoperable mapping services and ensure the integrity of

mapping information from multiple map servers.

The GIS data portlet delivers GIS metadata services using ArcGIS Metadata

Explorer. Users can register and upload geospatial data to this portlet which later

will publish them as downloadable data sets. These data sets can be directly processed

by the accessibility analysis portlets.

Figure 5. The local-based/cluster-based accessibility analysis portlet.
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4.4 A usage scenario and stress test for the spatial Web portal prototype

This section illustrates a usage scenario to demonstrate the advantages of the spatial

Web portal prototype and the needs of HPC. The usage scenario simulates a GIS

analyst from the California Department of Transportation conducting a transport

accessibility analysis for the San Diego region. The analyst can log on to the portal

and specify a service area (e.g. San Diego) and transportation planning tasks
(e.g. measuring accessibility to job by transit). The portal provides an integrated

working environment to access original geospatial data, Web-based mapping tools,

and other geoprocessing services from a united Web-based interface.

This integrated spatial Web portal can become a problem-solving environment in

which multiple government employees and common citizens enter and (with sufficient

privileges) conduct personalized analysis with active online Internet GIServices. This

scenario demonstrates a typical geospatial cyberinfrastructure tool enabling multiple

users to conduct personalized geospatial analysis for solving complex geospatial
problems. Part of the scenario has been simulated in our high-performance spatial

Web portal prototype, which is composed of multiple data sets, mapping services, and

geoprocessing services.

One major advantage of this grid-enabled portal is that it enables many concurrent

users, a capability not generally possible with traditional three-tier GIS servers.

Therefore, we conducted stress tests for the portal using Apache JMeter (http://

jakarta.apache.org/jmeter/), a Java-based testing tool for system performance. The

test results indicate that the system can support 3000 simultaneous user sessions. The
spatial Web portal system crashed when 3100–3400 virtual users were simulated. With

3000 simulated users, the total throughput for selected portlets can reach 16.9 requests

per second, with an average time per request of 8.2 seconds. The stress test results

demonstrate the advantage of scalable user capacity in the new grid-enabled

GIService framework.

Figure 6. An accessibility analysis result using the CSRC cluster.
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4.5 Experimental GIS data

Three groups of georeferenced data objects were used in the prototype experiments:

San Diego County, the State of California, and the continental United States. For

both San Diego and California data sets, the attribute information includes census

2000 population data and employment data at the census block group level. For the

continental US, only census 2000 population data are available. The Web portal

prototype uses these three sets of data to compare the performance of grid-enabled

Web portlets in various settings. The data reside in ESRI shapefilesTM. The San Diego

County shapefiles have 1762 polygons, the State of California shapefiles have 22,195
polygons, and the continental US shapefile has 207,755 census block group polygons.

The two accessibility measures were used to examine the transport accessibility to jobs

and to residential homes based on employment and population data.

Ideally, indexed, optimized GIS databases should be used for grid-enabled

GIServices rather than file-based shapefiles. However, current grid computing envir-

onments in both PC clusters and the TeraGrid do not support GIS data formats

(either GIS database or shapefiles). Consequently, we created a geospatial grid mid-

dleware to convert the GIS data sets from shapefiles to a text-based format that were
then transferred to remote grid computing platforms for accessibility model compu-

tation. Based on the data conversion experience, we suggest that geospatial cyberin-

frastructure support common GIS data models for the grid computing and parallel

programming environments. The next section demonstrates the advantages of the

grid-enabled framework compared to traditional local GIS servers and PC clusters.

The major evaluation criterion is the run time to conduct the accessibility analysis

with varying experimental settings.

4.6 Computational performance results

The first experiment used the GeoGrid portal server (a stand-alone server) to compare

the performance between a local stand-alone Java program and a Web portal portlet

developed in the prototype. The accessibility analysis algorithm was executed in both

frameworks (Java and portlet). The run time comparison for the accessibility analysis

task (the cumulative opportunity measurement method) with multiple GIService

tasks is shown in Table 1.

From Table 1, the following observations were made:

l There is no significant performance difference between a stand-alone Java

program and a portlet inside a Web portal (a portlet container) in terms of

execution time of the spatial model computation.

l The run time of the spatial model computation increases nonlinearly with data
set size. For the large-size continental GIS data set (286 Mb), the computation

run time (2054 seconds) is almost 12,000 times longer than the run time (0.17

seconds) of the county-level data set (2.1 Mb).

l The SVG-based visualization method is very effective for the spatial Web portal.

The continental data set, with more than 220,000 polygons, can be rendered in

30y seconds to provide high-quality SVG-based mapping output.

In addition to testing on a Java platform and a portlet container, we applied the same

GIS algorithms on a high-performance single GIS server (2 · AMDTM OpteronTM

2224 SE Dual Core 3.2 GHz, 16 Gb RAM). The run time for the continental US data

on the single high-performance GIS server was 5.39 (data reading), 624.56 (GIS
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model computation), 18.43 (storing results), and 12.89 (visualization). Clearly, a

single high-performance server can boost the computation performance of GIS

tasks significantly.

The second experiment examined the scalability of the CSRC cluster for parallel

computing frameworks. The test used two data sets, California employment and

continental US population data sets. Table 2 and Figure 7 present the execution

times of the two large data sets. However, the US population case could not be
executed successfully with a single node. This test illustrated that parallel computing

can significantly reduce the run time of GIS tasks with large data sets by using

multiple computer nodes.

In a third experiment, we measured the run time of accessibility analysis tasks on

the TeraGrid using PBS and Globus GRAM (Grid Resource Allocation and

Management) submission methods. The continental US population data set was

used, and high-quality SVG maps were adopted for the default output visualization

format. Table 3 presents the test results for TeraGrid PBS and Globus. This test only
utilized one grid computing site (NCSA) in the TeraGrid because PBS and Globus

methods cannot submit GIService tasks to multiple grid computing sites

Table 1. The run-time comparison between Java program and portlets (time in seconds).

Data
Data

reading
Model

computation
Results
storage Visualization Total

San Diego
population
(2.1 Mb)

Java 0.44 0.18 0.47 0.18 1.27
Portlet 0.09 0.16 0.31 0.10 0.66

San Diego
employment
(3.0 Mb)

Java 0.49 0.17 0.70 0.18 1.54
Portlet 0.13 0.16 0.57 0.16 1.02

California
population
(27.2 Mb)

Java 1.45 24.44 3.75 2.07 31.71
Portlet 1.07 24.42 3.94 2.22 31.65

California
employment
(38.6 Mb)

Java 2.03 24.50 6.90 2.00 35.43
Portlet 1.64 24.40 6.94 2.24 35.22

Continental
population
(286.0 Mb)

Java 10.92 2054.22 36.19 26.33 2127.66
Portlet 10.64 2054.63 39.10 31.05 2135.42

Table 2. Model computing time with California/US data using CSRC cluster.

Number of nodes (each node has 2
processors) time (seconds)

Data Measures 1 4 8 12 16 20

California employment
(CA data)

Gravity based 25.05 3.85 3.21 2.22 1.77 1.05
Cumulative

opportunity
12.13 2.39 1.97 0.98 1.25 0.78

Continental US
population
(continental data)

Gravity based 338.29 157.95 104.30 77.55 61.97
Cumulative

opportunity
199.26 94.10 77.71 57.83 38.05

Developing a grid-enabled spatial Web portal 619

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
S
a
n
 
D
i
e
g
o
 
S
t
a
t
e
 
U
n
i
v
e
r
s
i
t
y
]
 
A
t
:
 
2
2
:
5
3
 
2
7
 
J
u
l
y
 
2
0
0
9



concurrently. The execution times of PBS and Globus GRAM on the TeraGrid are

illustrated in Table 3 and Figure 8.

Based on the third performance test, we observed the following:

l The two-grid computing job submission methods, PBS and Globus GRAM,
achieved similar performances. Grid computing can significantly reduce the run

time of GIS tasks by increasing the number of computer nodes in the grid

framework.

l Experimental results were compared between the CSRC cluster and the

TeraGrid. Overall, the TeraGrid outperformed the CSRC cluster. For example,

the eight-node CSRC cluster required 157.95 seconds to process the continental

US population data set, while the eight-node TeraGrid only needed 71.83

seconds to process the same data set using Globus. The TeraGrid has more
powerful computing resources than the CSRC cluster, and its more advanced

load-balancing mechanism helps achieve better performance.

l The Globus GRAM job submission method reduced the job queuing time in our

experiments and provides a standard interface to execute remote jobs

(Czajkowski et al. 1998). Our experiments used the Pre-Web service GRAM2

instead of GRAM4 (based on Web service interfaces) because of the slower

performance of Web Services.

Gravity–based continental data300
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Figure 7. Model computation time with California/US data using CSRC cluster.

Table 3. Model computation time with US data using TeraGrid PBS and Globus.

Number of nodes (each node has two processors)
time (seconds)

Submission
methods Measures 4 8 12 16 20 24

Globus Gravity based 129.16 71.83 47.48 36.63 29.28 23.24
PBS Gravity based 124.35 65.23 43.59 34.76 31.42 25.69
Globus Cumulative opportunity 52.77 26.43 19.04 14.94 12.63 11.18
PBS Cumulative opportunity 52.61 26.51 18.76 15.13 13.23 11.21
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The next experiment used the MPICH-G2 submission method to run a cross-site grid

computation for the continental US population data at two TeraGrid sites (SDSC

and NCSA). The number of nodes from each site is the same. For example, four nodes

from each site were used in the first test. Table 4 and Figure 9 illustrate the comparison

of execution run times for the accessibility measurements between MPICH-G2 and

PBS.

Based on the fourth performance test, we observed the following:

l The MPICH-G2 method required more time to complete the GIS model com-

putation compared to the PBS method (Figure 9). For example, 118.04 seconds
are needed for the eight-node MPICH-G2 compared to 65.23 seconds for the

eight-node PBS. Similar results are reported by Dong et al. (2005).

l The slower performance of cross-site grid computing experiments can be explained

by the high network latency in its wide area network between SDSC (San Diego,

California) and NCSA (Urbana-Champaign, Illinois). However, the MPICH-G2

performance (118.04 seconds) is still much better than the CSRC cluster (157.95

seconds).
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Figure 8. Model computation time with US data using TeraGrid PBS and Globus.

Table 4. Model computation time with US data using TeraGrid MPICH-G2 and PBS.

Submission
methods Measures

Number of nodes and nodes from each site time (seconds)

8 (4 + 4) 12 (6 + 6) 16 (8 + 8) 20 (10 + 10) 24 (12 + 12)

MPICH-G2 Gravity based 118.04 84.88 61.83 54.97 46.15
PBS Gravity based 65.23 43.59 34.76 31.42 25.69
MPICH-G2 Cumulative

opportunity
52.62 47.78 35.02 21.71 18.63

PBS Cumulative
opportunity

26.51 18.76 15.13 13.23 11.21
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We also compared the job queuing time (and any executable staging time) for the

CSRC cluster, TeraGrid PBS, Globus GRAM, and MPICH-G2 methods. The job

queuing times for the continental US population data set are shown in Table 5.

Based on Table 5, we observed the following:

l The job queuing time was affected by several factors including the current load of

the TeraGrid sites, available CPU processors and memory, and job characteristics
(e.g. requested number of nodes). The availability of grid computing resources,

network traffic, and the job submission time has significant impacts on the job

waiting (queuing) time.

l The wait times for the NCSA PBS and SDSC MPICH-G2 sites were much

longer than on the CSRC cluster. NCSA and SDSC sites are very popular

TeraGrid hubs and typically have many users. In contrast, the CSRC cluster is

used only by the SDSU Computer Science Department.
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Figure 9. Model computation time with US data using TeraGrid MPICH-G2 and PBS.

Table 5. Comparison of job queuing time costs.

Submission
methods Measures

Number of nodes (each node has two processors)
time (seconds)

4 8 12 16 20 24

Gravity based 2.96 2.61 3.16 3.33 6.28CSRC PBS
Cumulative opportunity 2.06 2.42 1.01 6.02 2.57
Gravity based 81.65 44.77 104.41 131.93 154.58 178.31TeraGrid PBS
Cumulative opportunity 20.39 61.49 34.24 75.87 78.77 39.80

TeraGrid globus Gravity based 27.84 53.17 47.53 58.37 65.72 74.76
Cumulative opportunity 23.23 38.57 29.96 80.01 51.38 52.82

TeraGrid
MPICH-G2

Gravity based 65.96 69.12 80.18 36.03 40.85
Cumulative opportunity 69.38 63.22 65.98 99.29 61.37
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l The job queuing time increased as the number of requested processors increased.

For example, user wait time was 178.31 seconds for a 24-node job submission

and 44.77 seconds for an eight-node job submission. However, smaller jobs

might require a longer waiting time depending on the availability of computing

resources.

4.7 Parallel computing programming in the prototype

The spatial Web portal prototype ran the gravity-based accessibility algorithm and

the cumulative opportunity measure algorithm to compare the performance of var-

ious grid computing parameters. Figure 10 illustrates a pseudocode for the gravity-

based measure algorithm.

The m_weight array represents accessibility opportunity (i.e., population or
employment) data and the m_result array stores accessibility result values. The time

complexity of the gravity-based measures is O(n2):

Tg nð Þ ¼ tan2 tb þ tc þ tdð Þ þ ten (3)

To compare the performance between PC clusters and the TeraGrid, the two acces-

sibility algorithms were converted into the MPI parallel codes shown in Figure 11.

This MPI program-enabled data parallelism, in that every processor can per-

form the same accessibility computation on different data portions (also called

single program multiple data). The size of individual data sets for each machine

can be reduced as the whole data set is divided and distributed to parallel

processors. The observed speedup for the continental US population data set

computation is a factor that is close to the number of processors N, for small N

(i.e., less than 10 nodes/20 processors). This speedup factor decreases as N

increases. This nonlinear effect may be due to the overhead introduced by

data communications when a relatively large number of processors are deployed.

Figure 10. The gravity-based measure algorithm.
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According to Amdahl’s law (1967), the speedup factor can be calculated using

Speedup Nð Þ ¼ Ts þ Tp

Ts þ Tp

N

(4)

where Ts is the amount of time used on serial sections of the entire program and Tp is the

time on parallel sections. In our experience, the design of the MPI programs can

maximize the parallel sections of the program, which can speed up the performance

of geoprocessing tasks.

4.8 GIS middleware

The spatial Web portal prototype converted a complete GIS process into four component

subtasks: data reading/preparation, model computation, results storage, and output

visualization. For the cluster or TeraGrid test bed, there are two additional subtasks,

data uploading and result downloading. As shown in Table 1, the model computation

will be very time intensive if large amounts of geospatial data are processed. In this

prototype, only the model computation subtask utilized the parallel computing program-

ming model and was executed by remote clusters and TeraGrid sites. The GIS grid
middleware processed the four subtasks of grid computing: data reading/processing,

data uploading, data downloading, and results storage (Figure 12).

The geospatial grid middleware performed well in our experiments. The middle-

ware run times for the NCSA Globus experiments (cumulative opportunity measure-

ment) with the continental US population data are shown in Table 6 and Figure 12.

The data downloading subtask time varied slightly, while the other three subtasks had

very similar run times as the number of nodes was increased from 4 to 24. Among the

four subtasks, data reading and processing, and results storage are conducted locally
on the GeoGrid server, while data uploading and downloading tasks required

dynamic connections to the CSRC cluster and the TeraGrid. The connection’s

Figure 11. The pseudo codes of MPI programs.
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stability between the local machine and the TeraGrid may have a negative impact on

the stability of data transfer.

5. Discussion

This section discusses the advantages of the new four-tier grid-enabled GIService
framework and the technical challenges of developing a grid-enabled spatial Web

portal.

5.1 The advantages of the grid-enabled GIService framework

Compared to the current prevailing three-tier client/server Internet GIS architecture,

the four-tier framework introduced in this article has several advantages that can be

categorized as conceptual, organizational, operational, and implementation aspects.

At the conceptual level, the new framework illustrates the trend toward building a

comprehensive geospatial cyberinfrastructure. High-performance grid computing

frameworks and geospatial grid middleware can empower Internet GIServices.

Data downloading

40

35

30

15

20

25

5 10 15 20

Results storage
Data uploading
Data reading/processing

Number of nodes

T
im

e 
(S

ec
on

ds
)

Figure 12. Performance comparison of GIS middleware subtasks.

Table 6. Performance comparison of middleware subtasks.

Tasks

Number of nodes (each node has two processors) time (seconds)

4 8 12 16 20 24

Data reading/processing 11.42 11.87 11.41 11.42 11.72 11.49
Data uploading 24.0 25.0 24.0 25.0 25.0 25.0
Data downloading 36.0 38.0 30.0 35.0 41.0 36.0
Results storage 36.41 36.93 36.64 36.46 36.27 36.68
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Customizable and user-friendly spatial Web portals allow GIS users to build com-

prehensive GIServices according to their individual needs.

At the organizational level, the framework adopts an open and distributed grid

computing framework that can be utilized by numerous Internet users concurrently.

The new framework can facilitate the collaboration of geospatial problem solving
across multiple communities and disciplines. This framework provides an opportu-

nity for anyone to publish high-performance GIServices and to collaborate in grid-

enabled virtual organizations (Foster et al. 2001) across institutional boundaries.

At the operational level, our framework can support the integration of multiple

distributed GIServices. With the traditional client/server architecture, it is difficult

to integrate multiple GIS servers or Web services. In the future, multiple traditional

GIS servers could be replaced by a single spatial Web portal offering multiple

services. A spatial Web portal can direct user requests to multiple grid-enabled
computing resources on the grid computing platform while providing better disaster

recovery and fault tolerance solutions.

At the implementation level, the new framework provides GIS developers a user-

friendly and flexible development environment for creating DGIP applications. Any

GIS application can be packaged into a portlet and become widely accessible via a

spatial Web portal. The dilemma of thick-client or thin-client solutions no longer

exists because most spatial Web portal interfaces will be very thin and connected to

very powerful grid computing resources. Interoperable standards (e.g. OGCTM stan-
dards) are easy to implement in the grid computing framework.

5.2 The technical challenges of creating a grid-enabled spatial Web portal

Several technical challenges remain in producing a spatial Web portal. The lack of

commonly accepted geospatial ontology frameworks in GIService discovery and

semantic composition is a major obstacle for the implementation of the logic tier.

For this reason, the prototype did not deploy a logic tier based on the four-tier
GIService framework. In the presentation tier, the spatial Web portal prototype

adopted generic Web portal frameworks. We made a special effort to develop and

customize geospatial-oriented interfaces with basic mapping functions (i.e., zoom and

pan). The generic Web portal framework did not provide any GIS mapping function

or GIS data connectivity. One possible mapping solution is to utilize open source Web

mapping clients (e.g., Mapbuilder, Ka-map, and CartoWeb), which can provide

highly interactive GIS Web portal interfaces. The primary barrier in the service tier

is the very limited number of online interoperable GIServices available. Many
Internet GIServices are heterogeneous. In the grid tier, the crucial challenge is the

development of effective geospatial grid middleware. Geospatial grid middleware

should provide a standard Web service interface (based on Web services and OGC

standards) to bridge grid-enabled GIS tasks and the underlying grid computing

resources (at the TeraGrid sites).

6. Conclusions

This article introduces a new grid-enabled Internet GIService framework that can

provide an integrated HPC environment for the future development of geospatial

cyberinfrastructure. The four-tier framework was implemented and demonstrated by

a Web portal prototype. The performance testing results demonstrated that grid-
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enabled spatial Web portals can provide high-performance GIServices and geopro-

cessing functionality.

Our performance experiments generated the following valuable findings:

l When computation tasks get more complex or data size is very large, the run time

savings in grid computing systems becomes significant. Therefore, advanced

GIS applications may benefit from the use of grid computing systems due to

the increasingly complicated nature of GIS studies and use of large data sets.

l In the cross-site grid computing job submission method (MPICH-G2), perfor-

mance is slower than the single-site job submission method (Globus and PBS)
due to the wide area network latency. In the future, as advanced grid computing

systems utilize very high-speed networks, such as the National LambdaRail

(http://www.nlr.net/), the cross-site grid computing latency problems should be

resolved.

l Although the run time of GIS tasks in grid computing can be improved sig-

nificantly, job queuing time (waiting time) in the TeraGrid is not predictable.

Sometimes the job waiting time greatly exceeds the actual run time of GIS tasks.

The problem of job submission waiting time may be alleviated by building more
grid computing sites/machines or creating a dedicated geospatial grid computing

facility to meet computational needs.

l To improve the overall performance of grid-enabled Internet GIServices, we

must investigate the bottleneck of GIS middleware, including GIS database

access, data transfer methods, GIS model computation, and visualization

tools. Advanced high-speed grid-enabled GIS data transfer mechanisms and

remote grid-enabled geovisualization methods could improve the overall perfor-

mance of geoprocessing tasks within the new framework.

Future research topics based on our prototyping experience include the following:

l The new GIService framework should be tested for other geospatial applications

(e.g., emergency management or urban planning) to further demonstrate the

feasibility and advantages of grid computing for various DGIP applications.

l GIS professionals need to develop new, high-performance geovisualization

methods suitable for grid-enabled Web services and mapping services.

l Geospatial grid middleware should be more robust and capable to meet the
needs of more diversified DGIP Web GIServices.

l The semantics for GIS Web portals should be fully developed and formalized to

provide the mechanisms for match making, discovery, and service chaining for

semantic-based Web GIServices.

In summary, the new grid-enabled Internet GIService framework can facilitate the

development of low-cost, scalable, and powerful on-line GIS applications and geo-

processing functions. A grid-enabled spatial Web portal can deliver high-performance

GIS solutions in a cost-effective manner. We hope that the GIS community, in

collaboration with other disciplines, can work together to build a comprehensive

and high-performance geospatial cyberinfrastructure for all geographers and other

users deploying geographic applications.
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