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Abstract

Lately, a need for uniform access to and integration of
data stored in specialized, non-standard repositories such
as Gl Sor multimedia storage servers has become apparent.
In this paper, we provide an overview of a heterogeneous
geoscientific persistent object manager (geoPOM) devel-
oped at the UCLA Data Mining Laboratory. GeoPOM pro-
vides users with the “illusion” of a single object-oriented
gpatial data store even though the data is actually stored
in several different spatial data repositories, thus, allow-
ing users to define and handle spatial data in a uniform
manner. The geoPOM data model is based on the ODMG-
93 standard for object-oriented data models, and the Open
Geodata Consortium's (OGC) standardization effort for
temporal-spatial object types (OGIS).

1 Motivation

Distributed, heterogeneous data management is a promi-
nent database research area dueto the fact that adiversity of
independent databases and file systems exists, and aneed to
provide easy and uniform access to integrated data has be-
come everthemore apparent. In addition, despite database
standards, a variety of heterogeneous data models exists
today. Portability and/or automatic data model translation
from, for example, an object-oriented data model to arela
tional data model, has become an important portability is-
sue for applications that largely depend on interaction with
a database system.

Both issues aso play a significant role for applications
that deal with heterogeneous, non-traditional data reposito-
ries such as geographic and geoscientific information sys-
tems (GIS) or multimedia data servers. Of particular inter-
est to our research efforts are information systems which
support the collection, analysis and generation of geoscien-
tific data. Over the past two decades, a significant amount
of geographic information has been collected, and the ne-

cessity exists to share, join and uniformly access this spa-
tial data. Today’s spatial datais stored via numerous GISs
that have syntactically, semantically and functionally het-
erogeneous interfaces and data models. In GISs, the def-
inition and availability of spatia data types and operators
varies significantly from system to system. Most GIS pro-
vide a rather specialized set of spatial operators; it is quite
desirableto expose those operatorsthrough a heterogeneous
system, rather than to require each repository to adhereto a
common denominator of spatial functionality. Thus, the se-
mantic and functional gap between GISsis much larger than
that found in traditional heterogeneous systems. Unique
characteristics of spatial data include sheer size and po-
tentially complex structure (e.g. road networks). There-
fore, datais computational -expensive, mandating high per-
formance from a heterogeneous spatia object management
system. Thus, providing uniform, integrated access to het-
erogeneous spatial data repositoriesintroduces a set of new
challenges and system requirements. However, research in
thisdomainis till inits early stages.

At the UCLA Data Mining Laboratory, we are develop-
ing geoPOM (geoscientific Persistent Object Manager), a
geoscientific object system capable of integrating hetero-
geneous spatial data repositories. GeoPOM is developed
as part of the Open Architecture Scientific Information
System (OASIS) project [21, 20]. OASIS provides an ex-
tensible, seamless environment for scientific data analy-
sis, knowledge discovery, visualization, and collaboration
based on CORBA [27]. In OASIS, we use geoPOM to im-
plement the persistent state of geoscientific CORBA objects
in adata repository-independent way.

GeoPOM facilitates access to data in repositories while
maintaining their autonomy, and keeping the data in the
repositories.  GeoPOM provides an object-oriented data
model which is extended with a set of predefined geosci-
entific object types such as feature and coverage, a rich
set of geometry types and temporal-spatia reference sys-
tems necessary to model relevant information in the geo-
scientific domain. User-defined temporal-spatial object



types are automatically mapped to spatial data reposito-
ries such as a spatial DBMS or a scientific file archive
format library, thus, making it possible to define spatial
objects in a data repository-independent manner. Further-
more, geoPOM provides an object-oriented query language
to pose queries to geoPOM objects. The primary focus of
geoPOM liesin providing an abstraction layer from hetero-
geneous spatial data repositories by transparently mapping
newly-defined geoPOM types to available repositories, and
wrapping legacy data by geoPOM types. In this paper, we
do not focus on objects whose state is stored across multiple
repositories, query processing and concurrency issues.

Providing abstraction from heterogeneous data repos-
itories introduces performance issues. While traditional
heterogeneous data management systems are typicaly a
DBMS in their own right, i.e. they consist of a run-time
system, buffer management, etc., we want to minimize the
accesstimefor geoPOM objects, and avoid thetwo levels of
access (heterogeneous system and actual data repository).
Instead, the geoPOM compiler maps object type definitions
and queries into concrete types and schemas of the target
spatial data repository, and generates native data definition
and access code which is linked into a client application.
At run-time, a geoPOM application transparently accesses
the spatial datarepository directly using the generated code.
Thus, the performanceloss is minimized.

Theremainder of this paper is organized asfollows. Sec-
tion 2 presents related work in this area. The characteris-
tics of a heterogeneous geoscientific persistent object sys-
tem along with new research directions introduced are de-
scribed in Section 3. Section 4 presents the geoPOM data
model. In Section 5, geoPOM'’s approach to integrate and
abstract from spatial data repositoriesis described in detail
with an examplein Section 6. In section 7, implementation
issues are discussed. Lessons learned while implementing
and using geoPOM are described in Section 8, while Sec-
tion 9 presents our conclusions.

2 Redated Work

The primary focusfor geoPOM’s development isthe im-
plementation of a heterogeneous geoscientific object sys-
tem. To the best of our knowledge, no such system existsto-
day. However, two areas are closely related to our research
efforts: the area of heterogeneous DBMS, and geographic
and geoscientific information systems (GIS).

2.1 Heterogeneous Object-Oriented DBM S

Over the past decade, various approaches have been
taken to addresstheissue of abstracting from heterogeneous
data repositories. Starting in the mid-eighties, most of
the work focussed on integrating relational DBMS through

multidatabase languages, and multidatabase systems with
varying degrees of coupling between data repositories and
the integrating system, as well as, the autonomy of the data
repositories ([26, 4]). In recent years, approaches have
been developed which leverage the benefits introduced by
the object-oriented programming paradigm (powerful data
modeling, new implementation strategies for problems in
heterogeneous DBMS transaction management, etc.). A
good overview of the work in this area can be found in
[22, 6].

First generation object-oriented, heterogeneous systems
provided their own data model, while recently developed
systems are based on the object-oriented data model de-
fined by ODMG [8]. However, several extensionshave been
added by different systems in order to make the ODMG
model feasible as a common data model for heterogeneous
DBMS; proposals have been made for adding view mech-
anisms [7, 1, 17], for object identifiers that do not guaran-
tee immutability during an object’slifetime (so-called weak
identifiers) [7, 14, 19], and for weak references which are
based on weak identifiers[7]. Also, avariety of new issues
in the area of heterogeneous DBMS have been addressed
such as object-oriented transaction management [11, 30],
and the integration of non-traditional DBM S through oper-
ational mapping [3].

However, a heterogeneous system that provides
application-specific types like geoscientific data types,
multimedia data types or other scientific data types, and
internally supports the optimized mapping to corresponding
storage systems like spatial DBM Ss, or scientific fileformat
systems, does not exist. Notable first approaches in this
area, athough not addressing GIS, are the Garlic project
[7] and different systems in the area of molecular biology
(e.9. [23, 9]). Garlic employsthe ODMG's data model and
adds specific data types for multimedia applications which
are mapped to a variety of multimedia storage systems.
Systems in the area of molecular biology mostly provide an
integrated environment for retrieval of molecular biology
data from externa on-line databases combined with the
retrieval and management of local data.

2.2 Geoscientific Information Systems

Geographic information systems appeared in the early
seventies. At that time, computer science and especialy
DBMS interest in GIS had been slow due in part to the in-
adequacy of data models to support the semantically rich
geographic and spatial data types, the non-availability of
comparatively cheap powerful, high performance proces-
sors and data storage devices. With therise of non-standard
data models like object-oriented and extended relational
data models as well as non-standard DBM Ss, development
of GIS support has been one of the prominent application



domainsfor non-standard DBM Sresearch [10, 29, 24]. Ad-
ditionally, high-performance computers, high-speed, ubig-
uitous communication, and cheap disk and tertiary stor-
age devices provided the enabling technol ogy necessary for
computer-aided geoscientific information systems.

Today, a variety of commercially-available GIS pack-
ages exist, most of which use file-based techniquesfor data
storage. Many low-level spatial data repositories are avail-
abletoday. They are mainly used for platform-independent
storage and retrieval of large scientific data sets and are
available for different scientific domains such as meteorol-
ogy, astronomy, for space mission data, etc. [12]. In recent
years, relational and extended relational DBM S technol ogy
has been employed for data storage by GIS systems in or-
der to support controlled data sharing between applications
and efficient queriesbased on the combination of spatial and
non-spatial attributes. However, in off-the-shelf products as
well asin research prototypes, data storage for GIS is gen-
erally assumed to be a homogeneous, centralized DBMS
[16, 25, 28] even though processing may be parallelized
[10]. Furthermore, lack of a standard spatial data model
hinders interoperability between GISs of different vendors
today.

On the other hand, new challenges of scale are continu-
ally introduced by e.g. the EOSDIS (Earth Observing Sys-
tem Data and Information System) project. EOSis a col-
lection of satellites to be launched by NASA starting in late
1998 to monitor global changesin the environment. Itisan-
ticipated that a fully operational EOS will generate about a
terabyte of data per day. Thisinformation has to be stored,
fused with other existing information and made available to
interested scientists, and the public at large.

3 Integrating Heterogeneous Geoscientific
Data Repositories

Since integrating and abstracting from heterogeneous
gpatial data repositories is a comparatively new research
areg, it is necessary to first define the characteristics of such
a system, and then describe the requirements imposed and
aset of new research challengesin this area.

3.1 Overview

The goal of a heterogeneous geoscientific persistent ob-
ject system (POS) is to provide applications with the bene-
fits of a single geoscientific repository, but without actually
storing the datain a single spatial repository. Rather, a col-
lection of diverse (spatial) DBMS or scientific file format
systems (e.g. HDF or netCDF) store the data. However, the
system providesthe user with the“illusion” that the “ same”
spatial repository is always used, thus, achieving location
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Figure 1. Architecture of a heterogeneous
geoscientific persistent object system

transparency for the user’s objects. An overview of the ar-
chitecture of a heterogeneous geoscientific POS is depicted
in Figure 1.

Abstracting from the various spatial data models and
APIs used by the participating spatial repositories, a hetero-
geneous geoscientific POS provides a uniform spatia data
model that enables a client to define and query geoscien-
tific information in a repository-independent fashion. This
data model can be based on relational, extended relational
or object-oriented data model techniques, and provides a
predefined set of spatial datatypes such as points, lines, and
polygons as well as a collection of spatial operators such as
intersection(), containg(), distance(), boundary(), etc.. We
will refer to this data model as the common spatial data
model (CSDM). The CSDM is used to define new struc-
tures which are based on existing spatia data types. The
CSDM'’s query language enables users to express queries
against spatial datain terms of POS types and apply spatial
operators as part of the queries. Such queries are trandated
onto the query language of the repositories, thus, allowing
users to perform spatial query processing over data stored
in the component spatial repositories.

A collection of repositoriesis used to provide the actual
storage of the data defined with the CSDM; a repository
participating in a heterogeneous geoscientific POS typically
provides some kind of spatial functionality.® A spatial data
repository consists of the management software (e.g. the ll-
lustra DBMS, or the HDF library) and the data that it man-

ages.

INon-spatial repositories might also participate in a heterogeneous spa-
tial POS; however, we assume that such a repository would be used for the
storage of non-spatial data such as data dictionary information.




Types defined with the CSDM are trandated to “types’
defined in terms of the APl of the spatial data repository
in which the data is stored. The mapping involves creat-
ing an equivalent “type” defined in the syntax of the un-
derlying spatial data repository’s API. For example, for a
road object with a set of non-spatia attributes and a line
string geometry object, a table consisting of equivalent at-
tributesand thelocal “equivalent” geometrictypeis created.
While an object type can be mapped to an equivalent ta-
ble structure, it might not be possible to map a geometric
type to an exactly equivalent type of an underlying repos-
itory. Similarly, requests for data creation, manipulation,
and queries defined in the CSDM'’s data manipulation and
guery language are translated into calls to the target spatial
data repository’s API. Since the mapping of both type and
manipulation commands to a spatial repository are repos-
itory type-specific (i.e. the repository type's specific API
and syntax), the mapping is performed by a spatial repos-
itory adaptor. This component “knows’ how to creste the
equivalent spatial typesand commandsfor arepository API.
Information about types, data objects, and other administra-
tive data are managed in the POS's data dictionary.

3.2 Requirements

Power ful Common Tempor al-Spatial Data M odel

A heterogeneous geoscientific POS should provideaCSDM
that supports high-level abstractions alowing simplified
modeling of geoscientific information. In geoscientific sys-
tems, two types of information are prevalent: vector and
raster data. Vector data includes points, lines, polygons,
etc. which represent real-world entities as (x,y) coordinates
in a Cartesian or spherical coordinate space. Raster datais
comparableto a photograph which is composed of cells (or
pixels); each cell isfilled with avalue.

In addition to simple GIS object types, it is necessary
to model complex GIS entities such as political boundaries
(e.g., hierarchical structure with the levels of continents,
countries, provinces, countiesand cities). It isdesirable that
these entities and their relationshipsare modeledinasimple
manner, and that the application of operators results in the
retrieval of an entity and al its subobjects (e.g. retrieving
information about a country, its counties, cities, etc.).

In addition to complex spatial structure, geoscientific
data often has a temporal component such as the time a
satellite raster image was recorded and represents the state
of a certain geophysical phenomenon. These phenomena
are often recorded in intervals to provide time varying data
analysis. Furthermore, temporal data can be represented via
different time models. For example, rea-worldtimeis used
for measured real-world data, while an “artificial” model
time (e.g. 30 day month) is used for model-generated data
(e.g. genera simulation models). A CSDM should enable a

user to represent the temporal dimension of spatial datain a
variety of time models.

The CSDM should support the expression of powerful
gueries against the geoscientific information stored in the
heterogeneous geoscientific persistent object system. Be-
side a declarative query language, a CSDM should provide
support for spatial queries such as calculating the distance
between two vector objects, length of lines, etc., proximity
analysis such as the computation of a“buffer zone” around
an object, raster image processing, network analysis, and
others.

Performance

A heterogeneous geoscientific persistent object system in-
troduces, by supplying a layer of software to abstract from
a collection of spatial repositories, an indirection that, on
the one hand, offers added functionality and ease of code
portability, but, on the other hand, might introduce a perfor-
mance penalty compared to using these GIS directly.

In this context, we define performance as the time to ac-
cess, retrieve and manipulate informationin a GIS. Clearly,
using a heterogeneous geosci entific POS at coding time out-
performs the traditional approach of writing (from scratch)
an application which combines information from different
GISs for a specific query or rewriting an existing applica-
tion using a different GIS. However, since GIS processing
is complex and time-consuming in itself, a heterogeneous
geoscientific POS should introduce only minimal overhead
at run-time. A high-performance heterogeneous system
is desirable for data analysis and visualization tools, dis-
tributed GI S applications, and data mining efforts.

User-definable Optimization

System performance can be enhanced if user knowledge
about data, data usage, and data layout isintegrated into the
system’s data management policies. For example, a user
might have specific knowledge as to how a geodataset of
a particular type is likely to be accessed and used; thus,
hig’her knowledge should be allowed to influence the stor-
age layout of the dataset or the choice of spatial access
paths. Furthermore, users might need to access the same
datasets in different ways; e.g., a network analysis appli-
cation might experiment with a data set consisting of a set
of point, line and area features (such as censor data for a
city planning application) over along period of time while
rarely updating the database. For these applications, per-
formance can be improved if the user can request that the
relevant data is cached in memory. Another application
might only access a small subset of the same data set; in
this case, the performance is enhanced when only relevant
datais retrieved from the underlying spatial repositories by
the heterogeneous geoscientific object system. Thus, the



user should be allowed to choose strategiesfor caching/non-
caching of data.

3.3 Problems

The integration and abstraction from non-standard data
repositories such as GIS and spatial DBMS or multime-
dia storage systems introduces a set of research challenges
which already exist in the area of traditional heterogeneous
DBMSin abasic form, and also new challenges.

Capability-Based Usage of Spatial Repositories

Providing a heterogeneous spatial data management system
is motivated by the existence of large amount of GIS data
that one wants to share, join, and access uniformly, and the
need to integrate specialized services of single spatial repos-
itories, and make them available through a common inter-
face. Thus, a heterogeneous system provides a larger suite
of spatial functionality than any single participating reposi-
tory through functionality-integration while repositories are
used according to their capability. This capability-based us-
age of repositoriesintroduces a new problem which can be
divided into two aspects. First, independent of their special-
ized spatial services, spatial repositories offer functionality
that can be “low-level”, asis the case for file-system based
geoscientific file archive format systems (i.e. basic storage
types and access operators), or “high-level” as provided by
aspatial DBMS (e.g. spatia query language, storage opti-
mization, etc.). Second, regarding the spatia functionality
itself, thereis asignificant differencein availability and im-
plementation of geometry types, spatial operators, coordi-
nate systems, spatial reference systems, etc. offered today
by spatial repositories.

When abstracting functionality from such a set of spa-
tial datarepositories, the goal isto preserve a high common
denominator of the functionality provided by the individual
spatial repositories. On the other hand, it is not a goal to
implement alarge amount of additional code on top of low-
level repositories to “bridge’the functionality gap between
the high-level, DBM S-like functionality of the CSDM and
the rudimentary functionality of a scientific file format sys-
tem, or to expect that each participating repository supports
similar spatial functionality.

Mapping of Syntactically and Semantically-varying
Spatial Data Modéels

The process of mapping the concepts of a CSDM to the
spatial data models or APIs of the heterogeneous spatial
data repositories can be divided into two parts: mapping
the non-spatial part of the CSDM and mapping of spatial
object types of the CSDM to the spatial APl of the un-
derlying repositories. For the first part, a set of solutions

has been proposed in the field of traditional heterogeneous
data management systems such as mapping relational and
object-oriented data models to relational, network and hi-
erarchical data models [2, 18]. The second part, however,
introduces a set of novel problems. Spatial data models
or APIs vary significantly in the spatial concepts they of-
fer. Firgt, they differ in the availability of geometry types
and their operators. This might necessitate the approxi-
mation of a spatial type of the CSDM by a simpler type
supported by the spatial repository. However, this mapping
might introduce inaccuracy. Inaccuracy is a novel problem
to deal with in heterogeneous systems, since it challenges
the premise that the heterogeneous system is able to hide
the differences between underlying repositories. Second,
the semantics of similar types in two systems might vary.
Third, spatial repositories might not support al coordinate
systems offered by the CSDM.

4 geoPOM Data Model

geoPOM’s data model is based on object-oriented data
model technology for several reasons including its pow-
erful modeling and abstraction capabilities (e.g. user-
definable object types with type-specific operators, com-
plex objects, and inheritance between object types), and the
fact, that lately, an increasing number of new geoscientific
applications have been based on object-oriented and dis-
tributed software technology such as CORBA, DCOM or
Java. Therefore, providing an object-oriented data model
avoids an impedance mismatch between applications and
geoPOM. To enhance the reusability of geoPOM and its ap-
plications, we have based its data model on two standards:
the proposed standard for object-oriented data models by
ODMG, and the work done by OGC on the definition of
a standard GIS object model as part of the Open GeoData
Interoperability Specification (OGIS) [5].

The ODMG model is the foundation of the geoPOM ob-
ject model. Used without spatial types, geoPOM provides
the functionality of a“plain” ODMG-based heterogeneous
system. Themain spatial types are derived from the ODMG
basetypes (Persistent Object, Collection, Iterator, etc.), and
can be used to derive “ spatially-enabled” objects. Since the
OGIS standardization is an ongoing effort, we have taken
a snapshot of the OGIS model, and extracted a subset of
types necessary for the geoscientific application domain to
model feature collections with simple and complex geome-
try aswell as geoscientific sets consisting of raster satellite
images.

The basic modeling primitive in the geoPOM object
model is the feature. The type Feature is derived from Per-
sistent Object, and represents a real world or abstract (spa-
tial) entity. A feature contains geometric and non-geometric
properties (i.e. attributes or relationships), and a set of
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Figure 2. geoPOM'’s spatial data model

methods (e.g. aroad is afeature). The second model prim-
itive is the coverage which is derived from feature, and is
an association of points, polygons or solids within a spatial-
temporal domain with avalue (of acertain type). E.g. point
set coverages are used to represent raster images. A spa-
tial domain consists of a geometric description such as a
description of points, curves, surfaces etc, and includes a
mechanism for mapping the underlying coordinate geome-
try to a spatial reference system (such as a coordinate sys-
tem consisting of latitude and longitude coordinates). The
Feature and Coverage type are the root object types for all
spatial types (comparable to the Persistent Object). Ag-
gregations of spatial objects are modeled by feature collec-
tions. Geometric object types support spatial operatorssuch
as intersection(), contains(), distance(), boundary(). More
details of the spatial model can be found in [5]. Figure 2
depicts an overview of the basic geoPOM data model and
its predefined spatial types.

GeoPOM provides spatial query processing services.
geoPOM’s query language (geoOQL ) is based on the query
language OQL of ODMG-93. GeoOQL is a superset of
SQL92, and is based on select-from-where clauses. How-
ever, geoOQL also dealswith complex (spatial) objects, and
supports (spatial) method invocation and path expressions
within select-from-where clauses. Spatial query process-
ing is performed by invoking the spatial operators within
a query. E.g., a query to a collection of cities would be
expressed as “ select c.number_of_inhabitants from Cities
¢ where c.extent.Containedin(area);” . The object-oriented
part of geoOQL supportsthe expression of complex queries;
combined with the use of spatial operators, spatial query
processing can be performed in a powerful fashion.

The concepts of the geoPOM object model support the
definition of diverse collections of spatial objects (e.g. lists,

sets, bags, and arrays). In order to provide fast access to
subsets of these temporal-spatial object collections, spatial
access paths such as R-trees, Quadtrees, etc. areprovidedin
addition to basic indexes (hash, B-trees) by geoPOM. The
geoPOM abject model consists of the ggoPOM Object Def-
inition Language (geoODL) and the geoPOM Object Ma-
nipulation Language (geoOML).

5 ThegeoPOM Approach toIntegrating Het-
er ogeneous Spatial Repositories

This section describes the approach employed by
geoPOM tointegrateand abstract from the functionality and
varying capabilities of a collection of spatial data repos-
itories. First, the architecture of geoPOM is presented
along with the design and implementation decisions made
to achieve a high-performance system. Second, the archi-
tectural aspects related to the varying capabilities of spatial
repositoriesis described.

5.1 High-Performance Geoscientific Persistent
Object Manager

One of the major goals of geoPOM s to provide high-
performance geoscientific data management for heteroge-
neous spatial repositories. Two main architectural decisions
were made to achieve this goal: first, the elimination of a
set of indirections which are known from the “ classical” ar-
chitecture of heterogeneous systems ([26]), and second, the
empowerment of users to choose several optimization pa-
rameters.

A full-blown heterogeneous geoscientific persistent ob-
ject system is a very complex software system; several as-
sumption were made to make the problem more tractable.
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First, the state of a geoPOM object is always mapped to a
single spatial datarepository, i.e. it isnot spread across sev-
era repositories. However, ageoPOM type can have objects
in several different repositories. Second, for the time being,
gueries can only be posed to a geoPOM abject collection;
i.e. full query processing is not supported yet.

The main task of geoPOM is to map geoPOM types to
“types’ defined in the APl of a given spatial repository.
Since the geoPOM types are known to users and are in-
dependent of a particular repository, they are called global
types. From geoPOM’s perspective, the “types’ agiven spa-
tial repository supports are known only by that the repos-
itory (and geoPOM) and are therefore called local types.
The architecture of traditional heterogeneous DBMS con-
sists of five intermediate levels of mapping between local
and global types[26]. To avoid multiple mapping steps and
the processing overhead introduced, we have simplified this
architecture to three levels while still being able to achieve
dataintegration and management of semantic heterogeneity
(see Figure 3).

e Thefirst level consists of the local “ types’ (i.e. rela
tions or storage types) of the spatial data repositories
in the geoPOM environment. They are described by
means of the data model or API of the data reposito-
ries.

e A local “type’, i.e. aset of relations is transformed
into a corresponding global type, i.e. ageoPOM type,
expressed in terms of the geoPOM data model.

e Thethird level allows for enhancement, simplification
or composition of geoPOM typesviaviews. Viewsare
also used to manage semantic heterogeneity.

Implementing two levels of types provides a direct map-
ping of a geoPOM type to a local “type’; using minimal

indirection, improved performance is achieved during run-
time. While a geoPOM object is stored in a single reposi-
tory, geoPOM collection types containing objects in differ-
ent repositories and the extension of a type provide support
for data integration across repositories.

The mapping of a geoPOM type to alocal type (or vice
versa) is divided into two parts: on the one hand, mapping
the object-oriented concepts of geoPOM’s CSDM to the
non-spatial part of the underlying spatial repository’s data
model, and, on the other hand, mapping geoPOM'’s prede-
fined spatial types to the repository’s spatial functionality.
Thefirst part is based on [2, 18] in geoPOM.

The mapping of geoPOM's spatial types and operators,
however, is much harder to solve, in part due to the signif-
icant heterogeneity of spatial object models, especialy for
the geometric data types and their operators. Each geoPOM
spatial type is mapped (via a particular implementation) to
a corresponding spatial type of the different spatial data
repositories; e.g. the point type of gegoPOM’s CSDM is
mapped to a point data type of Illustra or a point feature
in ESRI's SDE. Similarly, a geoPOM type's operators are
implemented using the corresponding operators of the spa-
tial “types’ of the underlying repository; i.e. a geoPOM
spatial type“knows’ how to map itself to the corresponding
concepts of a supported spatial repository. However, the
mapping of geometry, especially simple geometry such as
e.g. aline string as part of aroad object, is closely related
to the mapping of the feature itself. Instead of treating the
geometry object as afirst-class object (i.e. being mapped to
its own table structure and having an id), it is more efficient
to combine the mapping of a simple geometry object with
the feature object (i.e. append the geometry datatypeto the
table of the feature). Therefore, in geoPOM the mapping
of simple geometry is handled by the feature. The mapping
of a collection of geometry objects, however, is managed
by the collection type. GeoPOM only supports collections
of geometry objects (rather than collections of referencesto
geometry objects); therefore, the collection object acts as
a container treating the geometry objects as its dependents,
and creates e.g. atable with the set id as primary key, and
the geometry data type as second attribute.

Similarly, legacy datais “wrapped” by geoPOM object
types. For each legacy data set, mostly a relation, a set
of relations or data files, a corresponding geoPOM type
is defined. For simplicity, we assume that the same at-
tribute names of the legacy data set are used for the (sm-
ple) attributes of the geoPOM object. For a set of legacy
tables which are joined over foreign keys, a semantically-
equivalent structure is chosen for the geoPOM type (using
collections, references, or relationships). Here, the signifi-
cant task is to define an equivalent structure of the geoPOM
object type?. The geoPOM compiler will generate al other

2The geoPOM type implementor has to be aware of the way geoPOM



necessary code to access and manipul ate the legacy data set,
so that only the correct geoPOM type has to be defined. It
might be possible that a semantically equivalent typeisrep-
resented differently in two (or more) repositories; here, for
each repository an equivalent geoPOM object type is de-
fined. The semantic heterogeneity is solved by defining a
view over both types.

Object types defined via the geoPOM data model con-
tain methods. We distinguish two types of methods for an
object: predefined methods such as create, delete, activate,
modify, and deactivate, and user-defined methods. Prede-
fined methods are mapped to corresponding calls (or acom-
bination of calls) provided by the spatial repositories. User-
defined methods, however, are implemented as methods on
the geoPOM C++ objects, and executed on instantiated C++
objects (in the application’s process).

Besides asimplified internal architecture, geoPOM sup-
ports various optimization parametersthat can be chosen by
the user. GeoPOM objects areinstantiated as C++ objects at
run-time. However, it might not be optimal to load the com-
plete state of a geoPOM object into memory; e.g. auser is
interested in accessing certain temporal-spatia “dlices’ of
araster object rather than the entire sequence. Thus, when
a user instantiated a geoPOM raster object, geoPOM does
not load the object in its entirety into memory, but allows
the user to retrieve only the object parts of interest. Spatial
object collection are handled in a similar fashion; however,
in this case the user is alowed to choose whether the el-
ements of a collection should be cached in memory (thus,
all elements are instantiated as C++ objects), or if elements
should be instantiated on demand.

5.2 Capability-based Usage of Spatial Data
Repositories

Providing an abstract layer over various specialized
repositories requires the ability to handle dissimilar capa
bilities of spatial repositories. We distinguish mainly two
types of varying capabilities. first, differences in the data
model and query capabilities, and second, differences in
the spatial capabilities a repository provides. For the time
being, we assume that the missing (query) functionality
of low-level repositories is implemented in the repository
adaptor. In the section below, we describe the approach
taken by geoPOM to handle varying spatial capabilities of
participating spatial repositories.

In atraditional approach to heterogeneous data manage-
ment, one assumes that all object types definable via the
CSDM can be mapped to each participating data reposi-
tory; thus, repositories are interchangeable, and can be used
transparently by the integrating system. However, thisis

maps object types to e.g. relational-based repositories.
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Figure 4. Capability-Based Usage of Spatial
Repositories in geoPOM

not the goal for specialized repositories, since the reposito-
ries should be used according to the spatial capabilitiesthey
offer. Furthermore, the integration system provides a su-
perset of functionality available at the single spatia repos-
itories. However, the need for a semi-transparent use of
repositories still exists in order to reduce the complexity of
geoPOM.

The spatial capabilities of repositories can be described
by the repository’s support for vector data types, raster data
types, coordinate systems, time-models, etc.. To make the
use of spatial repositories (semi-)transparent to geoPOM,
we classify geoPOM’s spatial object types as well as the
capabilities of a spatial repository by describing reposito-
ries via a collection of functionality classes, and repository
classes. The spatial functionality of geoPOM's CSDM is
divided into two main classes: vector and raster data. Each
class is specialized; e.g. the vector data class is divided
into 2-D vector data, and 3-D vector data. The number of
subclasses is a function of the number of coordinate sys-
tems supported. Each geoPOM spatial type is assigned to
one functionality class. Membership in a repository class
indicates that a given repository provides support for the
spatial data types described in the corresponding function-
ality class. E.g., the vector repository class of geoPOM con-
tains al repositories that handle vector data. Each concrete
spatial repository is assigned membership in one or more
repository classes. We assume that all repositories within a
repository class can be used interchangeably (see Figure 4).

geoPOM’s gpatial types and their mapping to relevant
repositories are implemented within the geoPOM class li-
brary, and information about repository classes is used
withinit. A spatial geoPOM type can be integrated into any
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user-defined geoPOM type; at compile-time of a geoPOM
type, it is not defined which repository a user will choose
to store the data (i.e. arepository is selected indirectly by
the choosing a geoPOM database). Furthermore, the “real”
type of a geometry object type such as Point can not be
determined yet, since it depends on the instantiation of its
spatial reference system object (e.g. 2-D or 3-D, Cartesian
or spherical coordinate system). The necessary informa-
tion, however, is available at run-time. GeoPOM uses in-
formation about repository classes to determine efficiently
whether the (indirectly) chosen repository can be used for
storing the spatial object.

Since geoPOM provides a superset of functionality that
is normally available at any single spatial repository, the
concept of repository classes also helps to ensure that a
given installation of geoPOM with a selection of spatial
repositories is indeed able to provide the full set of func-
tionality. At installation time, the database administrator
has to make sure that each repository class contains at |east
one member.

6 Example

Suppose a user wants to query and analyze freeway and
city information across California and Arizona (see Figure
5). The user defines a geoPOM schema consisting of the
types Freeway and City. In this scenario, the information
happens to be scattered across three databases. The ex-
tent (i.e. the set of instances) of the type Freeway is spread
across two different databases, one containing the freeways
of California(managed by Illustra), while the other one con-

tains the freeways of Arizona (managed by SDE). The ex-
tent of City is stored in athird database managed by another
[llustrainstallation.

L ocal Database Schemas

Before describing the geoPOM schemaitself, it is instruc-
tive to take a quick look at the existing local schemas for
freeways and cities. The schemas can be described by the
following table creation commands (for simplification, the
same schema for freewaysis used for both repositories):

Illustra schema:

create table City (
name text not null unique,
state text not null,
city area Poly
)i
create table Freeway (
freeway number
freeway geometry

int not null unique,
Path
)i

SDE schema:
create table Freeway (

freeway number
freeway geometry

int not null unique,
Shape
)i

A Freeway tuple contains the freeway number as the pri-
mary key, and its geometry is described by a linestring ge-
ometry in both cases (as a Path ADT in Illustra, and as a
Linestring geometry (class derived from type Shape and in-
stantiated at run-time) in SDE). A city tuple is described by
its name and state (primary keys) and contains a polygon
defining the city’s area.



geoPOM Schema
The corresponding geoPOM types are defined as follows:

class City : public Feature (
public:

char* name;
char* state;
Polygon city area;

City ()
City(int oid);
~City();

// creates new object persistently in a geoPOM database
void* operator new(size t size, Database* database,
const char *typename, char* name);

// deletes object from the database
void delete_object();

void activate();
void deactivate();
void mark modified();
}i
class Freeway : public Feature (
public:
int freeway number;
LineString freeway geometry;
Set< Ref<City> > cities;

Freeway () ;
Freeway (int oid);
~Freeway () ;

// creates new object persistently in a geoPOM database
void* operator new(size_t size, Database* database,
const char *typename, char* name);

// deletes object from the database
void delete_object();

void activate();
void deactivate();
void mark modified();

// user-defined methods
float get freeway length();

The geoPOM types derive a set of create, activate
and delete functions from Feature which defines their
basic database behavior (the method code is generated
by geoPOM). For the Freeway type, additiona infor-
mation is modeled such as the user-defined function
get_freeway_length() and a set of referencesto cities which
intersect or touch a freeway. The geometric attribute is de-
fined via a LineString type which can be mapped, with-
out introducing inaccuracy, to both the SDE and Illustra
types. The geoPOM type City is defined in the same way.
The additional reference information which relates free-
ways to the information stored in the city database is stored
in geoPOM’s data dictionary (each freeway object identifier
is stored with a set identifier).

Querying the data

The user can query the extent of al freeways, and iterate
through the result set, or select al freeways that intersect
Los Angeles using the following code fragment:

In geoPOM, a query is represented as an object contain-
ing the query string. The function ogl _execute is a free-
standing template function which executes the query and

Ref<City> la;

OQL Query g("select f from Freeway f where

f.freeway geometry.intersects(la.city area)");
Set< Ref<Freeway> > freeways of LA;
ogl_execute(q, freeways of La);

copiesthe result set in the second parameter given as an ar-
gument, in this case a set of references to freeways. The
function intersects within the query string is a predefined
spatial operator for the Linestring geometry. The query
passes the query to the participating repositories and uses
the Los Angeles area as an argument for the spatial predi-
cate. Therepositories' query engines make use of available
spatial access paths to evaluate the query. The result set is
instantiated as Freeway objects at the geoPOM level (i.e,
the application level).

7 Implementation |ssues

The initial geoPOM prototype provides a compiler that
allows the user to define geoPOM types using ODMG syn-
tax. The compiler generates the corresponding C++ class,
i.e. the .h and .C files, and the code to create, activate,
deactivate, modify, and delete geoPOM objects. The user
writes user-defined methods only. Furthermore, geoPOM
provides a C++ class library that contains the collection of
ODMG bhase classes, i.e. persistent object, database, trans-
action, reference, collection, set and iterator and the de-
scribed spatial types. The user-defined geoPOM types and
the geoPOM class library are used to write geoPOM appli-
cations.

To provide the ODMG base classes to the user, the
geoPOM class library internally contains the code to con-
nect to different spatial repositories, manage sessions, trans-
late between the CSDM and the spatial repositories’ API,
open databases and perform transaction management. In or-
der to keep the implementation of the ODMG base classes
separate from the actual spatial repositories, we designed
the class library using the “bridge” design pattern [13].
Here, an object like Database delegates its implementation
to an implementation object; thus, e.g. the body of the open
method contains a call to the Database implementation ob-
ject. Theimplementation object isan abstract object; at run-
time, however, aconcreteimplementation object such asthe
[llustraDatabasel mpl object is instantiated which translates
the input parameters and performsa call to open an Illustra
database. Spatial repository adaptors are implemented as
implementation classes for the geoPOM base types. Since
al repository-specific code is encapsulated in the imple-
mentation classes, there is only one geoPOM compiler nec-
essary to generate the geoPOM code. The cached and non-
cached version of geoPOM collection classes are imple-



mented in asimilar manner.

Inthefirst version, geoPOM employs|llustraDBM S and
its2-D and 3-D Spatial DataBlade [16], and ESRI’s Spatial
Database Engine SDE [25]. In the area of low-level spa-
tial data repositories, the HDF scientific file format [15] is
employed.

8 LessonsLearned and Observations

The following summarizes the lessons learned while de-
veloping and applying geoPOM.

e Heterogeneous spatial systems are domain-specific.
Designing and implementing geoPOM, it was no-
ticed that if a heterogeneous spatial system is quite
“generic”, it is likely to be of little use. A “generic”
system supports awide-range of common spatial func-
tionality and data types via the CSDM which, on one
hand, makes the heterogeneous system very complex
and, on the other hand always contains “ baggage” that
isnot necessary for aparticular domain. Only the basic
architecture of a heterogeneousspatial object systemis
domain-independent; a concrete heterogeneous spatial
object system, however, should be domain-specific,
i.e. provide a domain-specific choice of spatial CSDM
functionality, such as base geometry types, coordinate
and spatial reference systems, spatial operators, etc.,
aswell as, aselection of spatial repositories. This pro-
vides for a complete and light-weight implementation,
and enabled the addition of domain-specific optimiza-
tions.

e Reimplement spatial functionality on the integration
level. Our initial assumptionwasto “push down” func-
tionality, such as evaluation of spatial operators from
the geoPOM level to therepository level and avoid any
reimplementation of spatial functionality by geoPOM;
therefore, spatial operators on a geometry type are
implemented as wrappers which delegate the evalua-
tion to a repository. However, first performance tests
demonstrated clearly that this approach results in an
unacceptable performance penalty. To achievethe nec-
essary performancelevels, spatia functionality should
be reimplemented on the geoPOM level, and executed
viathe intermediate C++ objects after they have been
extracted from the underlying repositories.

e Design patterns proved helpful for architectural ab-
stractions.  Implementing geoPOM, we used de-
sign patterns to design the internal abstractions of
the geoPOM architecture.  The design patterns
helped to keep the main parts of geoPOM repository-
independent and avoided code replication. Also, writ-
ing code to adapt to additional spatial DBMS was sig-

nificantly ssimplified; e.g. adding SDE to the system
took around 3 days.

9 Conclusions

In this paper, an overview of geoPOM, a heterogeneous
geoscientific persistent object system developed at the
UCLA Data Mining Laboratory was presented. GeoPOM
provides applications the abstraction from heterogeneous
spatial data repositories. GeoPOM |everages the ODMG
datamodel as well asthe OGIS datamodel for the common
spatial data model provided to the user. GeoPOM'’s data
model provides support for modeling of complex temporal-
gpatial information. GeoPOM generates code that maps
user-defined geoPOM types to spatial “types’ of the local
spatial data repositories. The generated code is linked into
the geoPOM application, permitting the application to di-
rectly accessthe spatial datarepositoriesin order to achieve
minimal performance loss. Different problems that arise
when integrating and abstracting from different specialized
repositories were described and implementation strategies
discussed. The strategy of classifying a CSDM'’s function-
ality and repository capabilities in order to use specialized
repositories according to their capability was presented.
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