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Web services can help facilitate the exchange and utilization of geotechnical

information. Such data is of critical interest to a growing number of municipal,

state, and federal agencies as well as private enterprises. However, the lack of

service infrastructures among heterogeneous data sources operating under

different administrative organizations or agencies hampers the full use of

geotechnical information. This article describes a Web-services-based way to

manage geotechnical data via XML.

Geotechnical information is critical
for many infrastructures. Universi-
ties, companies, and local, state,

and federal agencies need information
on soil deposits, for example, for a vari-
ety of civil engineering applications,
including land usage and development
and to map natural hazards such as soil
liquefaction and earthquake ground
motions. Geotechnical boreholes —
vertical holes drilled in the ground to
obtain soil and rock samples and deter-
mine stratigraphy, groundwater condi-
tions, and soil properties — are the
primary sources of geotechnical infor-
mation.1 Significant amounts of geo-
technical borehole data are generated in
the field from engineering projects each
year. These data range from basic logs
containing visual inspection reports of
soil cuttings to sophisticated composites

that combine visual inspection and in
situ laboratory tests. 

As data collection technologies im-
prove, researchers produce (or convert)
increasing amounts of geotechnical
borehole data from the field and labora-
tory in a digital format. Moreover, with
the recent ubiquity of communication
networks — particularly the Internet —
the trend toward electronic storage and
exchange of geotechnical borehole data
has accelerated. However, a significant
constraint to sharing this information is
that a multitude of private and public
agencies, such as the US Geological Sur-
vey (USGS), the California Department
of Transportation (CalTrans), and others,
collect and manage it. Several pilot
efforts currently under way aim to facil-
itate electronic access to geotechnical
information: the Resolution of Site



Response Issues from the Northridge Earthquake
(ROSRINE) project, for example, has produced an
integrated system based on a relational database
management system (RDBMS), a geographic
information system (GIS), and an Internet map
server (IMS) to disseminate geotechnical data via
the Internet.2 The USGS is also publishing seis-
mic cone penetration test (CPT) data through a
Web-based system managed by the Earthquake
Hazards Program.3

Our Geotechnical Information Management
and Exchange (GIME) project’s goal is to overcome
the challenges inherent in data sharing among het-
erogeneous database repositories under different
administrative control. Several features and goals
guided our design:

• Autonomy. Each archive contains data main-
tained by a specific organization. For organi-
zational rather than technical reasons, it isn’t

desirable to replicate or cache data sets at other
participating archives.

• Standardized access. It’s desirable to allow
direct, programmatic access to distributed data
sets from user applications. To hide the data
sources’ heterogeneity, Web services provide a
standardized interface. They build on the idea
of accessing resources from a local machine on
a powerful remote computer.

• Cooperative and efficient query processing.
When presented with a query at a participat-
ing database node, the overall system must
cooperatively execute the request and return
all relevant data. For this to happen, an effi-
cient access method rapidly decides which
nodes contain potentially relevant data and
which don’t.

Here, we describe the distributed GIME infrastruc-
ture’s design and implementation. 
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Related Work in Distributed GIS

The Open Geospatial Consortium
(OGC, www.opengeospatial.org) re-

cently proposed the OGC Web Services
(OWS) standard to facilitate the integra-
tion of geographic information systems
(GISs) and location services.OWS is a gen-
eral framework that enables distributed
geoprocessing systems to communicate
with each other through well-defined inter-
faces. One of the driving forces behind the
current major revision of the framework —
OWS-3 — is to provide interoperability
between different implementations. Specif-
ically, it targets wide-ranging applications
from geospatial sensors to geospatial deci-
sion support.

Our framework’s basic Web services
use different functions than OWS does.
Although OWS is an excellent framework,
we chose a strategy based on the Web
services standards from W3C. Although
OWS and the W3C Web services stan-
dards evolved somewhat in parallel, they
aren’t currently compatible. OWS focuses
specifically on geospatial applications,
whereas the W3C’s Web services —
which use the Web Services Description
Language (WSDL) to describe interfaces
and SOAP for data transport — target

more general applications. As a result,
many of the popular development tools
and technologies such as Eclipse, .NET, and
Java NetBeans provide W3C Web service
integration. The choices for OWS devel-
opment are somewhat more limited.More-
over, because of W3C’s wide support, our
implementation gives us the flexibility to
experiment with the newest techniques
such as asynchronous data access.

Large bodies of work exist in several
related subfields, such as spatial query proc-
essing, distributed query processing, and
geospatial Web services, but a very limited
subfield combines all these topics.Clement
T. Yu and colleagues,1 for example, surveyed
various techniques for optimizing queries
in distributed databases. They assumed a
relational model and queries expressed in
a QUEL-like tuple relational calculus.
Sheng-Sheng Wang and colleagues2 pro-
posed a new qualitative spatial relation
model and a solution to its consistency
problem. Specifically, they described a new
method to deduce the constraints of spa-
tial queries, thus saving query-processing
time in distributed GISs. Finally, Efrat Jager3

presented an approach to compose various
geospatial Web services through generic

visual interfaces and scientific workflow
tools. The framework encompassed regis-
tering, discovering, composing, and execut-
ing Web services to support distributed
geospatial data processing.

On the commercial side, professional
GIS Web service platforms, such as ESRI’s
ArcWeb Services (www.esri.com/arcweb
services) and Microsoft’s MapPoint Web
Service (www.microsoft.com/mappoint),
provide solutions to GIS development
problems. Our example implementation is
leveraging open-source components, but
proprietary platforms can be attached via
middleware wrappers.
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GIME
Figure 1 illustrates the GIME system’s architecture.
GIME users can access multiple, distributed geo-
technical data archives via the Internet, and GIME
provides services such that practitioners in the
field can directly store newly acquired data in a
repository while users uniformly access these data
sets. By adopting a Web services infrastructure,
GIME users can build multiple applications, such
as a soil liquefaction analysis or a borehole visu-
alization, in a modular fashion.

GIME distinguishes two types of archives on
the basis of the data access allowed: read-write

(RW) or read-only (RO). RW archives host three
geotechnical Web services to provide the interface
for distributed applications to store (file storage
Web service; FSWS), query and retrieve (query and
exchange Web service; QEWS), and visualize (visu-
alization Web service; VWS) geotechnical infor-
mation. RO archives implement only the QEWS
Web service. In this case, an on-site database
administrator can insert the data directly into the
local database. The upper left corner of Figure 1
illustrates an RW archive’s components.

Finding the relevant data sets required for a
specific application among all the geotechnical
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Figure 1. Geotechnical Information Management and Exchange (GIME) architecture. Some of the
distributed archives are read-only (RO), whereas others allow read-write (RW) access. Each archive
contains middleware that uses replicated spatial index structures.
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archives can be a daunting task. To convenient-
ly process the spatial queries and locate the rel-
evant information, we designed an efficient
query-routing algorithm for GIME that auto-
matically forwards queries to other known
archives and collects the results before return-
ing the data to the application. Such forwarding
mechanisms are quite effective, as demonstrat-
ed by the SkyQuery project4 and our own dis-
tributed query-routing techniques.5

Geotechnical borehole data is complex and
sophisticated in that it contains both well-
structured and semi-structured elements; thus, we
need an efficient data format for storage and
exchange to handle the data’s diversity. In GIME,
we use XML as the preferred container format for
both functions.6 XML offers many advantages
over other data formats,7 and its tree structure
and flexible syntax are ideally suited for describ-
ing constantly evolving and annotated informa-
tion. It also lends itself to an automated
visualization capability that converts XML geot-
echnical data into a graphical view similar to the
traditional hardcopy format. The output can be
presented in scalable vector graphics (SVG; www.
w3.org/Graphics/SVG/). To process a user-
uploaded data file, GIME first places the file in a
temporary space in which the file validator can
validate it against the Document Type Definition
(DTD) or XML Schema for geotechnical data sets.
If the file is accepted, GIME then stores the data
in the main database.

Geotechnical Web Services Functionalities
Web services commonly operate from a combina-
tion of a Web and an application server; they can
be implemented via many existing tools. Our local
GIME prototype testbed uses the open-source soft-
ware components Apache Tomcat (Web server) and
Apache Axis (application server). The application
code specific to GIME is embedded within Axis,
which proves convenient: when Tomcat starts,
Axis automatically compiles the application codes
located in its working directory and generates the
necessary object class files.

The three main geotechnical Web services pro-
vide several specialized methods for programmat-
ic access to geotechnical data. The FSWS provides
client programs with an interface to upload their
XML data files into the main database. During the
upload process, GIME extracts and stores the meta-
data, including the specific elements that facilitate
querying. The QEWS’s main purpose is to facilitate

the dissemination of valuable geotechnical data
sets and encourage their use in broad and novel
applications. XML borehole files, although easy for
computers to read, become meaningful to geolo-
gists and civil engineers only after they’re rendered
into images, so the VWS’s main purpose is to gen-
erate SVG files. 

GIME also has several API methods:

• GeoPutDTD(): uploads and stores a new DTD
file on the server (FSWS);

• GeoGetDTD(): retrieves the current DTD file
(FSWS);

• GeoPutXMLFile(): uploads an XML borehole
data file and stores it on the server (FSWS);

• GeoQuery(): executes a query expression and
returns a list of unique identification numbers,
one for each borehole file in the result set
(QEWS);

• GetXMLFile(): retrieves an XML borehole data
file based on a unique identification number
(QEWS);

• GeoVisualization(): transforms the XML
borehole file selected with the unique identifi-
cation number into SVG format on the server
(VWS); and

• GeoGetSVGFile(): retrieves an SVG borehole
file based on a unique identification number
(VWS).

These methods allow uniform access to the GIME
functionality while hiding the heterogeneous
resources.

Efficient Query Routing with Spatial Indexing
Given a federation of independently managed
spatial database servers, one research challenge is
the efficient querying of the distributed infra-
structure. Complicating matters, the data set in
each repository could be disjoint or overlap with
other archives. To keep an application from
contacting each and every repository, we imple-
mented a distributed query mechanism that auto-
matically forwards queries to other known
archives and collects the results before returning
the data to the application. Repository data sets
are spatially indexed at a middleware5 layer via
replicated R-trees or Quadtrees.

Exhaustive query routing. Geotechnical data sets
are generally large and valuable and thus profes-
sionally managed. We consider this a stable envi-
ronment in which occasionally, but not very
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frequently, a repository leaves or joins the collec-
tive. Consequently, we can compile a list of all par-
ticipating archives. This list might not be
completely up to date at a specific time instance,
but should be accurate enough to result in few dis-
ruptions. The list is distributed to every archive;
when a query q arrives at a specific node, the node
forwards it to all the other nodes for exhaustive
processing. Although this naïve method — called
exhaustive query routing (EQR) — is inefficient, it’s
useful as a baseline mechanism.

The metric we use for comparison is the total
number of messages created in the system to exe-
cute a query q and collect the results. A lower
number of messages reduces network traffic and
indicates better system scalability. We can repre-
sent the number of messages generated by queries
with EQR as M = 2 � Q � (N – 1): the overall num-
ber of messages M is the product of the total num-
ber of queries Q and the number of archives N in
the system. The total is doubled because an equal
number of result messages are generated.

Query routing with R-trees and Quadtrees spatial
indexing. The R-tree8 and Quadtree9 families of
algorithms are well established for spatial data

indexing. Both build a tree-structure that parti-
tions the overall space into successively smaller
areas at lower levels of the index hierarchy, and
both are very useful in the core engines of spatial
database systems. We use them in a novel way in
GIME as index structures across multiple spatial
databases to decrease the query-forwarding traf-
fic. Specifically, we insert the minimum bounding
rectangle (MBR) of each archive’s data set into a
global R-tree or Quadtree. Because we prefer to
avoid a centralized index server, we further dis-
tribute copies of this global index structure to each
archive. During query processing, an archive inter-
sects each query rectangle with the MBRs stored
in the global index. The query is then forwarded
only to candidate archives whose MBR overlaps
with the query rectangle, immediately reducing
internode message traffic significantly. Figure 2
shows an example, with a blue query rectangle
intersecting with a green and a brown MBR,
respectively. Forwarded queries are marked to
show that they originated from a server rather than
a client to avoid query loops. The results of for-
warded queries are returned to the initially con-
tacted server, which aggregates them and returns
the set to the client.

30 SEPTEMBER • OCTOBER 2006 www.computer.org/internet/ IEEE INTERNET COMPUTING

Web Services for GIS

Figure 2. Example of query routing. The blue query rectangle intersects with two minimum bounding rectangles (MBRs)
(brown and green), which results in those archives being queried for data. The message traffic is greatly reduced (shown
on the right) when only relevant archives are contacted.
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This design requires GIME to synchronize the
global index structures and keep them consistent,
which introduces overhead in terms of both com-
munication cost and implementation complexity.
However, one characteristic of this technique
greatly reduces overhead and makes it an attrac-
tive solution: because the global index structures
manage bounding rectangles and not individual
data points, changes to the data set of any specif-
ic archive only result in index updates if the MBR
changes (which happens infrequently). Let’s say an
archive manages 1,000 spatial-point objects in a
two-dimensional space. The MBR is generally
defined by four of them: the two points with the
most and least x values and the two points with the
most and least y values (see Figure 3). Any inser-
tion or deletion of data objects confined within the
MBR doesn’t affect the global index — only
changes that either stretch or shrink the MBR need
to propagate.

With our spatial-indexing mechanism, the
query traffic reduces by a factor equal to the
query’s selectivity SQ. The selectivity 0 � SQ � 1
estimates what fraction of the total number of
archives might need to be contacted. Similarly, the
update message traffic U is diminished by 0 � SU

� 1, which describes how many data updates
(including insertions and deletions) actually result
in global index changes. Consequently, the fre-
quency of data updates in the system affects the

aggregate number of messages. However, we found
in our experiments that the update traffic is a neg-
ligible fraction — less than 5 percent — of the over-
all message traffic.

Experimental validation. To validate our query-
routing design’s efficiency with a controlled and
large quantity of access traffic, we ported the
GIME modules to a simulation environment. We
implemented the query-routing component with
two plug-in modules to enable either the R-tree
or the Quadtree algorithms. In a distributed
environment, the communication overhead
between servers dominates search complexity.
Therefore, our simulation’s goal was to quanti-
fy the query-routing traffic generated by proc-
essing a sequence of spatial-range queries and
updates. If a query window intersected with sev-
eral server MBRs, then the queried server for-
warded the query to each repository. Any server
with updated MBR broadcast tree-update infor-
mation to all servers. We performed our experi-
ments with both synthetic and real-world spatial
data sets and created a simulation module to
analyze EQR-generated message traffic with the
same event sequence. Consequently, we could
measure performance differences between the
two approaches.

Figure 2 shows how our design improves
query-routing performance. Tree-based designs
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Figure 3. A sample borehole query and drafting client application. After a query is issued, a small pop-up display (the left
window) shows a borehole’s metadata. The fence diagram rendering (the right window) is generated from three selected
XML data files.



result in a decrease of approximately 60 to 70 per-
cent of interserver message traffic compared with
exhaustive query routing (with query window
sizes of 10 to 20 percent of the data area). These
results also indicate that our techniques should
scale well.

During the simulation, we gained some addi-
tional insights into our techniques. For the R-tree
based design, every MBR change translates into an
index structure update. By contrast, we found that
the index structure updates are reduced by an
order of magnitude in the Quadtree design. We can
conclude that the update message traffic to syn-
chronize distributed Quadtrees is thus much lower
than for R-trees because most MBR updates don’t
affect the Quadtree structure (meaning no index
synchronization is necessary).

GIME Client Application Example
Figure 3 shows the GIME concept’s feasibility in a
sample client application. We wrote the borehole
query and drafting (BQ&D) application the figure
shows in Java; it demonstrates all of GIME’s fea-
tures. We assembled the background map from
aerial images retrieved from the Microsoft Terra-
Server Web service.10 A user can select a query
window and get the metadata for matching bore-
hole files from GIME along with their locations
(displayed as dots over the background map; see
Figure 3).

One advantage of a Web services infrastruc-
ture over traditional browser-based applications
is that raw data can be programmatically ac-
cessed and locally processed. This integration is
illustrated with a drafting capability in our
client. The drafting component produces fence
diagrams and a log of test borings (LOTBs) along
user-defined alignments, based on data retrieved
from GIME’s Web services. A fence diagram is a
two-dimensional interpretation of the soil
stratigraphy along a (usually) vertical plane; the
right-most pop-up window in Figure 3 illustrates
the concept of a fence diagram. Fence diagrams
and LOTBs are the fundamental tools civil engi-
neers use to perform major geotechnical studies.
Traditionally, the production of these diagrams
has required significant drafting efforts. The
drafting application (BQ&D) reduces this effort
by automating the drafting process and directly
accessing the required borehole data via the
GIME infrastructure.

An earlier version of the GIME borehole visu-
alization component generates SVG files using

Apache Batik. It’s available at the GIME Web site
(http://datalab.usc.edu/gime/) for installation as a
standalone Java program along with the Batik
Squiggle package for displaying SVG files.

Asynchronous Data Access
Although the GIME infrastructure provides an
efficient spatial query-routing algorithm, access-
ing and moving data in widely distributed envi-
ronments naturally introduces communications
overhead and delays between servers. Providing
low system latency and good response time is
especially challenging with services that move
large volumes of data — for example, by retriev-
ing map information from a Web service such as
TerraServer. Web services provide a synchronous
access method, but in a worst-case scenario, a ser-
vice could become a bottleneck in the system.
System designers must carefully consider perfor-
mance issues when handling large data sets via
Web services.

Novel techniques for asynchronous data access,
such as Asynchronous JavaScript and XML
(AJAX), aim to reduce system response latency and
increase interactivity. AJAX is based on the obser-
vation that, for several tasks, only small amounts
of data need to be retrieved from the server incre-
mentally. In AJAX, a client adaptively retrieves
data from a server based on, say, a user’s interac-
tion and navigation. As a result, the user experi-
ences prompt system responses. Although AJAX
is geared toward interactive applications, it’s also
useful for large-scale simulations that progres-
sively access volumes of data.

In 2006, we implemented a Web browser-
based prototype of the GIME client application
that supports asynchronous data access. On the
client side, the map data comes from Yahoo’s
map Web services via AJAX so that map retrieval
latency is diminished. In addition, we defined the
map tile area displayed on the client program as
the borehole data access area. Once the user sub-
mits a spatial query, the client program only
retrieves the query results that overlap with the
visible map area. If the user changes the dis-
played area and navigates to a different location,
the client program will calculate the data access
area and retrieve the query result set corre-
spondingly. In essence, GIME’s data retrieval
function is adaptively invoked from the user’s
interactions. Initial user experience has con-
firmed that the system’s responsiveness is
notably enhanced.
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We’re currently testing our Web services in
realistic work environments in collaboration

with municipal, state, and federal agencies, as
well as international partners. We plan to extend
our work further in various directions. First, we
anticipate that we’ll need additional Web services
once GIME users deploy more sophisticated
applications. One new Web service under devel-
opment is for automatic format transformation
(for example, taking XML to the Association of
Geotechnical and Geoenvironmental Specialists
[AGS]). Second, the progressive streaming of
large query result sets is beneficial for some
applications, so that the asynchronous process-
ing of time-consuming simulations, for example,
can start as quickly as possible. We plan to inte-
grate the AJAX technology into existing GIME
clients. You can find GIME project-related infor-
mation and GIME client application examples at
http://dmrl.usc.edu/gime/.
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