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ABSTRACT

Global change research is a form of scientific discovery. This paper identifies
database requirements for global change research by examining the process of scien-
tific discovery. We find that current database technology is inadequate for the task
and a number of deficiencies are pointed out. Specific requirements are laid out in
the areas of Data Management, Methodology Management, Flexible Environments,
and User Interfaces.

INTRODUCTION

Global change research, a form of scientific discovery, is experiencing an explosive
growth, due mainly to the availability of vast quantities and types of information.
With this rapid growth comes a dramatic need to manage not only the data them-
selves but the algorithms, experiments, and hypotheses being generated by the
research community. This paper identifies these needs by examining the process of
scientific discovery in the context of global change research, and associate with it
the implications in database technology for managing all aspects of the process.

Stages of Scientific Discovery

Many attempts have been made over the years to formalize the process of scientific
discovery (Langley 87), though little consensus can be found among the various
schools of thought and several researchers, philosophers, and psychologists believe
that it cannot be formalized (Popper 61). Our view, developed through our own
experiences and examining the findings of other researchers, is that the procedure
of scientific discovery can be broken into a number of distinct stages, as described
below.

Examine prior work: What was done? What data and operations (experiments)
were used/performed? What is the meaning of the results? Do results validate
the researcher’s hypotheses? Is it repeatable? Is it applicable to other areas?

Create hypotheses: Possible starting points might include extending a previous
hypothesis, perhaps to another domain, repairing a defect in a prior hypoth-
ésis, or creating a new model.
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Design experiments: [t is important that the experiments are necessary and
sufficient to validate the hypotheses, and the researcher must be careful to
check the potential for misinterpretation.

Select or gather data: What data are available? What is its source and struc-
ture? Are new data needed? If so, how will they be obtained?

Select or design algorithms: What algorithms are currently available? Are they
sufficient, or do they need to be modified? Is it necessary to create totally
new methods?

Perform experiments: It is critical to keep accurate records of all intermediate
and final results.

Evaluate results: This involves both comparison to results of other researchers
as well as performing several experiments to uncover trends and verify the
robustness of the hypotheses.

Refine ideas and repeat as necessary: This may involve minor or major mod-
ifications and the use of different data or algorithms.

Report results: This must be done in a manner such that others may duplicate
and evaluate the results. When results are reported in peer-reviewed publi-
cations, some degree of validation is performed.

Independent validation: In most cases, scientific discoveries are not widely be-
lieved until external validation has occurred.

Many endeavors in GIS and global change research can be viewed as following the
template for discovery. For example, a hypothesis regarding land use/land cover
change might involve gathering many forms of data (AVHRR, SPOT, maps), evalu-
ating many classification schemes (principle components, maximum hkehhood lin-
ear mixture modeling), and performing experiments over diverse regions af different
periods of time. Comparison of regions with similar climatic, socio-economic, or ge-
ographic characteristics may reveal a heretofore undiscovered relationship or "trend.
However, inconsistencies between different classification methods may prompt the
development of entirely different techniques based on different forms of data. This
in turn can lead to additional hypotheses and discoveries.

Observations

The potential for management appears in many aspects of scientific discovery. The
most obvious aspect is data management, stemming from the increasing volume
and types of data. Similarly, there is a growing need to manage the algorithms to
be applied to the data. As there are standard mathematical and statistical software
libraries available to the general scientific community, so too should there be com-
mon and consistent algorithms for all components of data analysis. To accomplish
this requires the development of methods to manage the development, evolution,
verification, and dissemination of algorithms. A third focus of management is in the
scientific experiments themselves. The view of some types of discovery as iterative
refinement dictates a need to monitor the progression of experiments to best iden-
tify the most promising future directions. This also helps in avoiding unnecessary
repetition of experiments as well as using aspects of previously performed exper-
iments in designing new ones. Finally, to facilitate both dissemination of results
and external confirmation/verification, some form of management is needed. Some
branches of science, notably biological sciences, have already identified this need,
with standard formats for distributing data and reporting experimental results.
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DATABASE MANAGEMENT SYSTEMS: CURRENT
TECHNOLOGY AND ITS SHORTCOMINGS

Conventional DBMS

The needs and requirements put forth for database management systems (DBMS)
evolved considerably over the last decade. The relational model (Codd 70) was
developed in the early 1970s as the data model for business applications. One
shortcoming of this model is in its limited expressive power to conceptualize the real
world of business applications. The entity-relationship model has been proposed
as a high level conceptual modeling environment for such conventional applications
(Chen 76). Conceptual modeling tools similar to the ER model cannot efficiently
model scientific applications.

New Technologies

The 1980s oversaw a dramatic evolution of DBMS technology with the advent of
advanced semantic models for the conceptual design of computer-aided design and
engineering databases (Hull 87, Peckham 88). Such systems model the structural
aspects of data using basic data structuring constructs such as association, ag-
gregation, and generalization. Some of these modeling tools were also proposed
for specific statistical and scientific databases (Su 83). Object-oriented databases
appeared as an outgrowth of object-oriented programming and were concurrently
proposed with semantic models to overcome the shortcomings of relational DBMSs
(Maeir 86). These systems rely on the concepts of abstract data types and encap-
sulation to model the behavior of database objects (Atkinson 89). Other research
efforts sought to augment the relational model. One direction was to add deduc-
tive capabilities to DBMSs (Ullman 90), while the POSTGRES research group at
Berkeley developed extensible post-relational systems (Stonebreaker 90). Deduc-
tive databases add the power of inferencing to the programming language of a
DBMS while extensible systems such as POSTGRES attempt to integrate the ad-
vantages of object-oriented systems, rule-based system, and the relational model.

Current GISs

Current Geographic Information Systems generally concentrate on a single aspect
of data manipulation. For example, the GRASS system is a GIS which provides
a rich set of analysis operators for geographical applications. On the other hand,
GEO (Oosterom 91) is a geographical query system which concentrates on the
data management aspects of GIS. These systems manage the spatial properties of
geographical data and let the user worry about the data semantics.

Shortcomings

Conventional DBMSs are, in general, not suitable for dealing with the require-
ments put forth by the scientific community (French 90) nor the GIS community
(Aronoff 89). The diversity and size of data coupled with complicated manipulation
and analysis impose quite different needs from the business management environ-
ment in which most traditional database techniques are applied. Some of the added
requitements.of GlS.and.global change research can be satisfied using the emerging
technologies, while other requirements require further research and development ef-
forts. We list some important issues and shortcomings of current DBMSs for these
applications.
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Object sizes: Spatial objects as well as scientific methods are stored and retrieved
as large objects of variable sizes. Conventional DBMSs are not designed to
efficiently deal with such objects.

Volume of the data: Scientific data are rarely expunged and are usually archived
as their relevance to current needs decreases. For example, the Earth Obser-
vation System being planned for the 1990s may generate up to 10'? bytes per
day. Current DBMSs cannot easily cope with the additional requirements put
forth by the nature of scientific investigations.

Provision for spatial and temporal data objects: Global change research de-
mands GIS environments that can manage the spatial and temporal aspects
of the data. Time is essential in modeling the constantly changing world.
However, conventional database systems represent the real world with only a
tenseless snapshot that is inadequate for many applications where facts and
data need to be interpreted in the context of time. Research on temporal
databases is ongoing (Qiu 92, Soo 91, Stam 88), but the field is far from ma-
turity and no actual systems are available that meet the need to manage
spatial and temporal information. Spatial aspects of the data are equally im-
portant and current research efforts focus on extending current DBMS tech-
nology to include primitive operations for the management of spatial data

(Guenther 90).

Artificial separation of analysis and queries: The management of scientific
investigations, that is, analysis operators together with the management of
data, is essential to scientific databases. Current systems such as GRASS and
GEO focus on one aspect. What is needed is an integrated DBMS environ-
ment which views analysis operations as queries for which the data must be
computed, rather than simply retrieved.

Difficulty expressing semantics: Current semantic and object-oriented systems
do not provide the necessary mechanisms to express the full semantics of fuzzy
definitions of scientific concepts (Morehouse 91). For example, desertic region
is a concept with no precise definition. One user may relate it to the amount
of rainfall, while another relates it to the average amount of vegetation over a
time interval. Another concept with multiple definitions is watershed, which
may be expressed in terms of steepest slope lines, immersion algorithms, or
ridge lines (Vincent 91). Not only may data objects be fuzzily defined, so may
processes. The software in (Prashker 91) includes 20 different algorithms for
line simplification and smoothing.

Extensibility: In traditional DBMSs, the database schema is fixed when the sys-
tem is initialized, and may be difficult to modify. However, it is not possible
to anticipate the eventual schema in scientific investigations—new data types
and relations among them will need to be continuously added. Examples of

the diverse data types encountered can be found in (NERC 88, ESSC 88).

Lack of data integrity checks: Spatial data records are often highly interre-
lated, requiring a more sophisticated security system than the record locking
approach used by general purpose DBMS.

Cooperative and shared environments: It is becoming increasingly difficult to
store the needed data online at a single site. Thus, distributed databases will

become commonplace ((“)zsu 91). There is a need to allow not only sharing of
data in a distributed environment, but also sharing of operators, raising the
issues of security and update policies for operators as well as data.

Lack of metadata management: Current systems exhibit only limited capabil-
ity insexpressing-accuracy, precision and resolution of scientifically derived
data. DBMSs for GIS and global change research should be able to provide
some means for representing information about the accuracy and precision of
data objects.
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Inadequate output formats: Record-based DBMSs typically produce tabular
output. However, for global change studies it is more important to be able to
visualize a spatial distribution using a map, for example.

User interfaces: Interfaces are generally not intuitive to non-computer scientists.
The use of special database languages, such as SQL, exacerbate the problem.

SPECIFIC REQUIREMENTS FOR GLOBAL CHANGE STUDIES

There are four types of requirements that must be met for global change studies: 1)
Data Management, 2) Methodology Management, 3) Flexible Environments, and
4) Interface Considerations.

Data Management

Any study of global change must support spatial data access and analysis. Spatial
data require a DBMS to

e Hold variable length records. Fixed length records are inadequate and in-
appropriate for representing the variety of spatial structures that may be
encountered.

o Allow for spatial queries. Describing objects of interest by their location is
more natural than specifying exact field values.

e Maintain integrity constraints. There are many interrelationships among data
elements. Hiding implementation details from the user means that it might
not be apparent how a given query will be processed—conflicting subqueries
might be issued.

Different disciplines use different data formats (Townshend 91). Spatial data are
commonly stored in either raster or vector formats. Each has its advantages and
disadvantages. However, the format in which data are supplied depends more on
the particular sensor type that was used than on the uses to which the data are
put. Thus, satellite images are supplied in raster format while digital line graphs are
vectors. However, the data user does not and should not care about this distinction;
the specifics of data storage should be invisible. Thus, conversion between formats
must be automatic and efficient. It should be treated as type coercion in high-level
programming languages, working best when the user is unaware of it.

Detection of change requires that the DBMS access data using time as well as space.
This introduces another set of issues, such as the need to

e Hold unevenly sampled data. Some temporal data are acquired at irregular
intervals.

o Allow for temporal queries. Some, but not all, have counterparts in the spatial
domain. Thus, temporal access primitives must be supplied (Qiu 92).

Data exist at many scales in space and time. There are several reasons. A researcher
is typically interested in a specific range of scales, for example, days or weeks for
Global Circulation models and years or decades for regional ecosystem changes.
Notwevery-query-needs-to-refer to data at the finest level of resolution—it would
be wasteful to estimate population at the same 10m resolution as SPOT imagery,
for example. Also, cartographic products are available at a variety of scales; this
functionality must be duplicated in any GIS. The multi-scale needs are
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Represent data at many scales in space and time.

Link data at one level of resolution with data at higher and lower scales, if
available.

Provide interpolation operators to synthesize coarser scale data when needed.

o Allow for extremely low resolution yet rapid data browsing.

Methodology Management

Global change study is multidisciplinary science, where each discipline has its own
methods. Global change study is also a new scientific horizon; new data, experi-
ments, theories and technologies will result in new methods and results. Organizing
these methods becomes a necessity.

The methods (or tools) used in global change study include:

o (IS functions

e Image processing

Cartographic performance, e.g., projection transformation

Global modeling

e Statistical analyses

Expert systems

It is important that many of the implementation details be hidden from the user.
For example, image processing operations typically need to access the image pixels
is row-major order, yet the description of the algorithm should not refer to that
order. Another implementation detail is file names; data should be accessed based
upon semantics and the semantics should be understandable to the computer. File
names fail this criterion. What is needed is a means of specifying what is desired
at the appropriate level of description.

Flexible Environments

A scientific DBMS should provide a flexible and creative environment to allow
users to manage their own methodologies. Recognizing that each discipline may
have their own methods to analyze global environmental data, different users will
want to use different methods in order to reach their goals. Therefore, a flexible

DBMS should allow users to

Organize their own procedures and data.

o Add new or override existing procedures and data.

Share procedures and data once they have been verified.

e Browse for applicable data and operators.
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Interface Considerations

In order to be usable to all levels of users, it is necessary to pay attention to the
user interface. The interface must be mtultlve even for novices. It should be
visually-oriented for input as well as output. Speaﬁc needs are

e The interface should be intuitive to all levels of users.

o The language used to describe queries and operations must be clear and un-
ambiguous. Visual programming is one possible approach.

e Examine and repeat experiments. The experiments of others should be as
easy to repeat as one’s own.

o Generate graphical output. A temporal query might be displayed as a graph
with time as one axis, for example. Since the result of a query will often be a
geographic object, that object should be depicted as clearly as possible. This
is more likely to be an image rather than a textual table.

CONCLUSIONS

We have examined the process of scientific discovery and related it to DBMS needs
for global change research. A number of shortcoming with current DBMS tech-
nology were identified and specific requirements were given in several areas: Data
Management, Methodology Management, Flexible Environments, and Interfaces.
Meeting these requirements will pose a challenge to database researchers, but the
payoft will be more usable tools for empowering global change researchers to un-
derstand the dynamic system they inhabit. We are now developing an architecture
to meet these requirements (Hachem 92).
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