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Abstract

Ž .Environmental planning takes advantage of geographic information systems GIS to manage geographic data. GIS are,
however, tools which require a great deal of training and programming expertise and, furthermore, have little support for
decision makers during their planning activities. This paper presents WOrkflOw-based spatial Decision Support System
Ž .WOODSS — a software developed at the University of Campinas, Brazil, to be used in conjunction with a GIS in order to
provide spatial decision support involving environmental data. WOODSS was implemented on top of a commercial GIS and
tested in the context of agri-environmental planning activities. WOODSS is centered on dynamically capturing user interactions
with a GIS in real time and documenting them by means of scientific workflows. It keeps track of decision procedures,
models applied and the choice of parameters in running these models. WOODSS’s workflows can be updated on the fly,
allowing testing and comparison of alternative planning strategies. They can, furthermore, be used as building blocks for the
construction of complex decision procedures, supporting a divide-and-conquer problem solution style. These workflows
interact directly with the GIS, sparing environmental planners and decision makers the burden of low-level programming.
q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Spatial decision support systems SDSS are deci-
sion support systems where the spatial properties of
the data to be analyzed play a major role in decision
making. Usually, these properties refer to the data’s
location on the Earth’s surface — the so-called
georeferenced data. The term refers to data about
geographic phenomena associated with its location,

w xspatially referenced to the Earth 6 .
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Spatial decision support is one of the facilities
that must be offered by environmental management

Ž . w xinformation systems EMIS 18 . These are systems
which are conceived to help users administer envi-
ronmental information within an enterprise. One of
the most important activities that must be supported
by EMIS is enÕironmental planning. This term en-
compasses a large set of planning and policy en-
forcement activities that have to deal with two
Ž .sometimes conflicting objectives: exploitation of
existing resources, to maximize profit; and preserva-
tion of these resources, to protect the environment.

This type of planning is usually conducted collab-
oratively by groups of experts in different fields
Že.g., earth and environmental sciences, agriculture,

.remote sensing, operations research and may cover
the entire life cycle of a given decision chain. For
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instance, in an agriculture context, it involves deter-
Ž .mining what to plant where and when , how to

prepare the soil, irrigation and fertilization policies,
harvest and distribution logistics. The combination of
� 4 � 4what, when and how to where constitutes the core
of spatial decision support, which must take into
account the fact that solutions are valid for a specific
temporal and spatial frame.

A major tool in the framework of EMIS is pro-
Ž .vided by geographic information systems GIS . A

GIS is a software that provides mechanisms to store,
analyze, manipulate and visualize georeferenced data.
GIS are used to help decision makers in identifying
geographic regions that satisfy one or more criteria,
exploring spatial and temporal relations among geo-
referenced data and providing data for analysis and

w xsimulation models 40 .
GIS are increasingly used to improve decision

processes in environmental, urban and socio-eco-
nomical applications. Even though the importance of
GIS in spatial decision making is recognized, the

Ž w x.capability of such systems is limited e.g., Ref. 28 .
They are, above all, pieces of software that provide a
wide variety of analysis functions over georefer-

Ž .enced data, and offer advanced cartographic visual
presentation. However, they do not provide any
means for helping users select the appropriate func-
tions to apply or to guide them in interpreting results.

GIS can only be considered as SDSS insofar as
they provide tools to generate different types of
maps, from which EMIS users identify solution alter-
natives. Each map reflects the choice of a given set
of models and decision procedures. The spatial deci-

Ž .sion process goes through two stages: 1 map gener-
Ž .ation using a GIS and 2 critical analysis of these

Žmaps. These stages can be iterated e.g., critical
.analysis leads to generation of new maps , until

planners are satisfied. Since environmental planning
is a very recent activity, these stages are performed
in an ad hoc manner, with insufficient documentation
and very little support for interchange of expertise
among groups of planners. Thus, a considerable
amount of time is spent in reinventing solutions to
problems, and much money is wasted in not profiting
from past experience.

The role of GIS within an EMIS and in spatial
decision support is discussed in several contexts
Ž w x.e.g., Refs. 9,18,39 . There is, however, consensus

that more powerful tools have to be provided in
order to help decision makers.

This paper presents a computational tool which
was developed with this objective in mind. This

Žsystem, named WOODSS WOrkflOw-based spatial
.Decision Support System , was developed in the

Institute of Computing of UNICAMP. It is based on
combining the concept of GIS as spatial decision
support tools within an EMIS to the notion of scien-

w xtific workflows 48 . The latter are a special kind of
workflow suited to documenting and specifying sci-
entific experimental activities within a laboratory.

WOODSS captures planners’ interactions with a GIS
in real time during their decision process, and has
three main goals.

Ø Documentation. Users’ interactions with GIS
are monitored and transformed into an intermediate
representation — scientific workflows. These are

Ž .stored in a database called WorkflowBase to docu-
ment previous solutions to similar spatial decision
problems. This allows faster comparison between
different methods for data analysis, promoting better
conditions for participatory planning. As shown sub-
sequently, this documentation format has the advan-
tage to be easier to use and understand than standard
GIS programming or interaction modes.

Ø Support for decision making. This is ensured
by the kinds of operations allowed by WOODSS. In-
deed, workflows are not just yet another means of
documenting planning activities, but also serve as
executable specifications of these activities. This
supports reproducibility of steps leading to a deci-

Ž .sion an important asset in decision support systems .
Furthermore, WOODSS allows interactive updating of

Žworkflows thereby generating alternative decision
.procedures , their re-use as partial solutions to larger
Ž .problems again, fundamental in decision making

and their validation against predefined criteria
Žequivalent to validation of steps leading to a deci-

.sion .
Ø Modelbase construction. Scientific workflows

present a concise notation for simulation models in
environmental planning. Thus, at the same time that
it allows documentation of user decision procedures,
WOODSS also supports progressive construction of the

Ž .Modelbase of the decision support system DSS .
WOODSS was developed using the object oriented

language Javae, and works in conjunction with IDRISI
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w x14 , a GIS widely used in the environmental area. It
is now being used by researchers and students of the
Agriculture Engineering Faculty in UNICAMP, to
document and speed up planning for agri-environ-
mental problems.

The rest of this paper is organized as follows.
Sections 2 and 3 introduce SDSS, and the application
of scientific workflows to spatial decision support
within EMIS. Section 4 presents the WOODSS system
architecture and Section 5 mentions some implemen-
tation aspects and a case study. Finally, Section 6
presents related work and Section 7 presents conclu-
sions and future work.

2. Spatial decision support

2.1. Main issues

A DSS is a computer-based system designed to
improve decision maker effectivity, by providing
mechanisms to facilitate user interaction with data

w x 4and analysis models 21,45 .
A SDSS is a DSS in which the spatial dimension

of the data is fundamental to the analysis of deci-
sions. Spatial decision support relies heavily on maps,
which form the backbone upon which plans and
policies are defined. Problems can roughly be classi-

Žfied into siting i.e., WHERE to place some given
.object — e.g., a dam, a house, a park and spatial

Žallocation i.e., for a predefined location, WHAT is
the best object among a class of objects to place

Ž .there e.g., a crop or building type . In the first case,
the main issue is determining the location, whereas
in spatial allocation the unknown is the object itself.
Some problems may require combination of both

Žcharacteristics e.g., in routing or urban expansion
.planning . Environmental planning, furthermore, in-

volves studies of riskrimpact assessment, and con-
tingency planning, which combine WHAT and WHERE

to WHEN and HOW.
Spatial decision making has traditionally been

associated with the use of GIS. However, as stressed
w xin Refs. 10,28 , GIS do not adequately support the

4 w x w xSee also Ref. 3 , as mentioned in Ref. 38 .

spatial decision process because they lack the appro-
priate modeling capabilities and do not accommodate
variations in context or process.

If, on one hand, GIS lack support for spatial
decision making, on the other hand current decision
support systems do not provide adequate tools to
solve spatial problems, especially those concerning
environmental issues, which are fuzzier in nature
than urban spatial problems.

Ž w x.Indeed, traditional DSS e.g., Refs. 34,45 lack
the cartographic presentation facilities essential to
spatial decision making. Furthermore, traditional DSS

are frequently based on models which consider only
one criterion, e.g., distance or cost functions to be
optimized. In the spatial context, more complex real-
ities must be considered, which must be analyzed
through the combination of multiple criteria. Multi-

Žple criteria decision making techniques e.g., Refs.
w x.20,24,29,47 allow users to select a satisfactory
solution among alternative solutions, based on analy-
sis of multiple criteria with different priorities. For
example, erosion forecasts must consider factors such
as land use, climate, slope, aspect and digital eleva-
tion model.

2.2. The spatial decision process

The spatial decision process within an EMIS can
be described as the repeated iteration of four steps,

w xwhich are based on the methodology in Ref. 37 for
the development of environmental planning applica-
tions. These steps, which have an immediate corre-

Ž .spondence to the non-spatial decision steps de-
w xscribed in Ref. 11 are:

1. Planning. This is a group decision making pro-
cess and involves the definition of the objectives,
the geographic area and the data and models to be
applied.

2. InÕentoryrgathering of data. It consists in deter-
mining the relevant data and in collecting these
data through, for example, air photos and satellite
images.

3. DeÕelopment. It corresponds to the implementa-
tion in a GIS of the models, using the data
defined by the previous step. Models are imple-
mented by constructing programs which invoke
GIS functions.
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4. Assessment. It involves impact assessment, inter-
pretation of results and specification of policies.

The first three steps correspond to the generation of
a set of maps, whereas assessment consists in analyz-
ing the maps to take decisions and calibrate the
models employed. From a DSS perspective, each map
is the result of the execution of a model. Each map
in the set may reflect an alternative solution scenario
for a given problem, or the map set may describe
complementary actions to be taken in a given situa-
tion.

The entire process is complicated by the fact that
Ždata are very heterogeneous e.g., collected by dif-

ferent devices, for distinct geographic scales and
.non-homogeneous spatial and temporal units and

that models vary according to the geographic region
to which the problem applies. Thus, whereas map
production for cartographic purposes is relatively

Žstraightforward e.g., produce a map of the State of
Parana in Southern Brazil, or the state of Bahia in

.NE Brazil , map production for spatial decision sup-
port is very complex. For instance, the models and
simulations necessary to produce an erosion map for
the State of Parana are very different from those
applied to the State of Bahia, due to enormous
differences in soil, climate, vegetation, relief and
land use management. Data and models are further-

Ž .more temporally sensitive e.g., seasonal changes
and subject to socioeconomical constraints.

Assessment — map interpretation — is again
dependent on the goals and expertise of the analysts,
and on legislation and cultural issues. Thus, given
one specific problem in environmental planning —
e.g., define a schedule for sugar cane crop rotation
for a specific region in Brazil — a multitude of map
sets may be generated and, subsequently, multiple
Ž .and even conflicting policies may be devised based
on the maps.

WOODSS provides support to the creation of maps,
i.e., steps 1 through 3 of the decision process.

3. Workflows

WOODSS is based on the concept of scientific
workflows. A workflow denotes the controlled exe-
cution of multiple tasks in an environment of dis-

w xtributed processing elements 41 . It can be defined a
set of tasks involved in a procedure along with their

interdependencies, inputs and outputs. Each task is
called an actiÕity, and can be executed by one or
more agents, in a given role — it is a unit of work.
An agent is a person or software component able to
execute one or more activities.

Workflows are gaining increasing acceptance in
the business world as a means of documenting and
organizing procedures, as well as helping the coordi-
nation of groups. Workflows were conceived as a
means for describing procedures in business environ-
ments which can be repeated over and over again.

The goal of a workflow management system
Ž .WFMS is to provide facilities to specify and exe-

w xcute workflows 8 . Traditionally, these systems dis-
tinguish between workflow modeling and execution.
The modeling phase consists in creating a workflow
specification, which is a description of activities,
dependencies and agents. Activities may be auto-

Ž .matic executed by a software component or manual
Ž .performed by a person . Dependencies describe con-
straints among activities and can be data, temporal

w xand execution dependencies 41 . The execution
Ž .phase consists in running executing a given work-

flow specification.

3.1. Scientific workflows

w xThe term scientific workflow 43,48 was coined
to denote a specific kind of workflow which can be
used to document and control the execution of scien-
tific experiments and procedures — e.g., in DNA

w x w xsequencing 33 or in geoprocessing 4,32 . Scientific
work is characterized by a great degree of flexibility
and presents a much higher amount of uncertainty
and exceptions than business work. Thus, standard
workflow mechanisms are insufficient to describe
this kind of work.

In business applications, the main motivation for
introducing workflow management is the desire to
‘‘re-engineer’’ work to enhance efficiency. The mo-
tivation for workflow management in scientific ap-
plications, however, is less to enhance efficiency, but
to control experiments, and to make available to
scientific users the information on how experiments
were conducted.

Intuitively, scientific workflows differ from stan-
Ž .dard business workflows in two senses: a activities

Žare experiment-oriented as opposed to business-ori-
. Ž .ented ; and b the ‘‘flow of the work’’ being mod-
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eled and the interactions among activities must sup-
port the trial-and-error and ad hocness of scientific
experimentation. More precisely, scientific work-
flows are defined as extending traditional workflow
functionality to support the following aspects
w x2,43,48 .

Ø Ad hocness and incompleteness. Scientific
workflows can be executed even when incomplete.
being progressively built during their execution.
Modeling and execution phases are interleaved — it
is only upon the completion of an activity that
subsequent activities may be specified. Traditional
workflows, on the other hand, must be totally speci-
fied before being executed.

Ø Partial re-use. Scientific workflows differ from
the traditional ones in the sense that they are consid-
ered to be building blocks for experiment specifica-
tion. Thus, one can re-use partial workflows to
specify new ones.

Ø Abandonrrewind and dynamic modification.
Scientific workflows allow not only re-executing an
activity but also rewinding to a previous one, re-
establishing its context and continuing the execution
through another course of action, which corresponds
to specifying a new workflow on the fly.

Ø Tracing of inÕalid processes. In the scientific
domain, decision processes are based in a trial and

Ž .error mechanism learning from mistakes . Hence,
unlike business workflows, scientific workflows
serve as a means to document both successful and
unsuccessful processes. The latter should be, more-
over, amenable to re-execution.

Ø Specification from case. Traditional workflows
are specifications that are expected to be executed
frequently. Each such execution is called a case.
Scientific workflows, on the other hand, may be

Ž .executed only once e.g., for unsuccessful trials .
Furthermore, since they may be specified on the fly,
their specification may be prompted by the case —
i.e., the case defines the workflow, instead of the
specification guiding the case.

3.2. Using scientific workflows to document enÕiron-
mental decision making

We recall that map production is an important
stage in spatial decision support. Users interact with
GIS during their decision process to generate maps
over which decisions are based.

Some types of spatial decision procedures, espe-
cially in network-related problems, are already well

Ž w x.understood e.g., Ref. 36 . Environmental decision
making is however still in its infancy, in part due to
our yet incomplete knowledge of natural phenomena.
Among the particularities of environmental decision

w xprocesses, Mann 31 mentions:
ŽØ The lack of precision in goal definition e.g., no

standard definition for ‘‘sustainability’’ or ‘‘bio-
.diversity’’ ;

Ø The complexity and dynamicity of the natural
environment, where feedback paths entail evolu-
tion and continuous change;

Ø The dependency of problems on the geographic
scale, and the fact that the decision making pro-
cess straddles many different approaches, reflect-
ing planners’ varying views of natural phenom-
ena;

Ø Finally, several problems are new, sometimes
one-of-a-kind, and do not occur frequently enough
to warrant generalization of solutions or rigorous
mathematical treatment.
Environmental decision making has thus a strong

component of empirical experimentation, with a long
cycle of successive approximations through trial and
error. It can thus be naturally expressed as a scien-
tific experiment, in which the goal is to produce a
map which will indicate how to solve a problem.
WOODSS takes advantage of this analogy and uses
scientific workflows to document and support spatial
decision procedures for environmental problems.

Environmental decision making through a GIS
corresponds to defining and calibrating a model by
using the GIS’ functions to construct a set of maps.
Map generation is a partially ordered sequence of
activities, which are related by data and control
links. These activities intermingle direct interaction

Ž . Žwith the GIS with the mouse and coding of macros
.or programs . This can be appropriately modeled by

scientific workflows in the following aspects.
Ø Ad hocness. Map generation in environmental

planning has a strong empirical component, not be-
ing specified in advance but being determined during
the decision process according to the GIS being used
and the participants in the decision process.

Ø Partial re-use. In spatial decision making,
Ž .parts of maps can be combined to produce more
complex maps.
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Ø Abandonrrewind and dynamic modification.
The map sequences built during environmental plan-
ning are often discarded when users detect a trend
that is not of interest. Map construction parameters
can furthermore be dynamically modified by invok-
ing distinct GIS modules to perform one given func-
tion. Decisions on which module to choose are data
and context-sensitive — i.e., according to the way
intermediaterpartial maps look.

Ø Tracing of inÕalid processes. Environmental
planners often need to reproduce unsuccessful map
generation procedures in order to identify error
sources.

Ø Specification from case. Many models are
constructed while creating a map, rather than being
specified in advance. This is a consequence of the
fact that environmental planning involves many un-
knowns, and that often models have to be experimen-
tally built from scratch.

4. The WOODSS system

WOODSS is a system based on scientific workflows
whose goal is to support spatial decision processes.
WOODSS supports all characteristics of these work-
flows as defined in Section 3. Scientific workflows

Ž .are used by WOODSS in three roles: i as a means for
Ž .documenting a decision process; ii as high-level

specifications of an environmental simulation model;
Ž .and iii as executable parametrized specifications of

decision procedures, which can be re-used and
adapted for similar situations. Workflows stored in
WOODSS can be queried to give a global vision of the
work developed to solve a problem or to guide the
resolution of similar problems. Furthermore, they
can be launched to automatically re-execute analo-
gous activities with different parameters.

4.1. WOODSS from a DSS perspectiÕe

A traditional DSS architecture considers the inter-
action of three components: Interface, Database and

w xModelbase 11 . The interface interacts with a
Ž .database management system DBMS , which ma-

nipulates data, and a modelbase management system
Ž .MBMS , which manipulates models to be applied

w xon these data. Fig. 1, adapted from Ref. 22 , illus-
trates the architecture of WOODSS in this context. 5

4.1.1. Database
Ž .A DSS must manipulate internal application and

Žexternal for example, national and international
.policies data, and user’s estimatives. Data may be

queried by users or provided as the input to models.
The DBMS must allow the combination and visual-
ization of heterogeneous data and the manipulation
of subjective data. In WOODSS, the Database encapsu-
lates two kinds of data: georeferenced data used in
the planning process, and which is manipulated by
the GIS; and a WorkflowBase, which stores scien-
tific workflow specifications and which use the other
data to describe the map generation process in GIS.
Both bases are stored in a relational database system.

4.1.2. Modelbase
Models provide analysis capabilities to the DSS.

There are different kinds of models, depending of
their purpose, the use of random parameters, their
generality and their structure. The Modelbase of

ŽWOODSS consists of spatial analysis models specified
.in terms of combination of GIS functions and deci-

sion techniques employed by the users. The decision
process for environmental planning often combines

w x Žfour types of models 18 : transport model migration
.of substances in air, water or ground , process model

Žsimulation of interactions of economical and natural
.agents , resource utilization model, and ecosystem

model. The heterogeneity of issues encountered is
exemplified by the variety of analytical and proba-

Ž w x.bilistic models proposed e.g., see Ref. 16 , whereas
w xRef. 35 presents over 100 methodologies for imple-

menting models in environmental planning.
Each model, in environmental decision making,

Žcan be specified in terms of its inputs data files and
. Ž .parameter values , outputs materialized in maps

w xand states 39 . Inputs, states and outputs can assume
different values during a given simulationrexperi-
ment. The workflows of WOODSS document the exe-
cution of models, for specific parameters and inputs.

5 w xAs mentioned in Ref. 38 .
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Fig. 1. WOODSS from a DSS perspective. The GIS is responsible for handling georeferenced data and providing functions to execute the spatial
analysis models.

They can, however, be re-executed with distinct
parameters and inputs, thus, constituting a high-level
specification of a set of simulation models. The
Modelbase of WOODSS is geared towards process
models, resource utilization models and some types

Žof ecosystem models for medium and small geo-
.graphic scales . Transport models and ecosystem

models for large scales would require the use of a
more versatile DBMS, with active and object-ori-
ented capabilities.

4.1.3. Interface
The interface allows users to interact with models

and data. This component requires a great part of the
effort of system development. In WOODSS, the inter-
face is coupled to a monitoring layer which inter-
cepts user interactions, translating them into work-
flows stored in the WorkflowBase.

4.2. Architecture

The architecture of WOODSS — illustrated in Fig.
2 — consists of five modules: Interface, Monitor,
Update, Query and Workflow Manager. The Monitor
module captures users’ interactions with the GIS,
informing them to the Workflow Manager. The latter
is responsible for managing the WorkflowBase. The
Interface module allows users to graphically visual-
ize and create planning processes and models in
terms of workflows. It mediates user requests for

Ž . Žbrowsing Query module and update Update mod-
.ule the WorkflowBase.
Workflows, models and data are encapsulated in a

database, managed by a relational DBMS. Spatial
models are specified as workflows and executed
within the GIS.

This architecture isolates users from internal data
storage details — scientific workflows can be stored
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Fig. 2. WOODSS architecture. Coupling to the GIS is achieved by means of the Monitor module, which ensures adaptability of WOODSS to
several GIS.

in a standard database, and thus take advantage of
standard DBMS functions such as query optimiza-
tion and indexing. Furthermore, the architecture can
be coupled to several GIS, since the Monitor is the
only module that interacts with the GIS. Thus, cou-
pling WOODSS to a GIS requires only customizing the
Monitor.

4.2.1. WorkflowBase
The WorkflowBase is a relational database. It

consists of set of scientific workflows and related
Ž .metadata, stored in database relations i.e., tables .

Each workflow is specified in terms of activities,
data, dependencies and agents, translated into a set

Ž .of relation tuples i.e., table rows .
Metadata have a very important role in supporting

browsing and data transfer in environmental informa-

tion systems, serving as additional online documenta-
w xtion for automated tools and human users 8 . In

WOODSS, metadata are used to document facts related
to a workflow and to the associated decision making
process. Each workflow is linked to a metadata
record. This record contains information about the
objectives of a decision process and the geographic
area considered, both being necessary to identify the
nature of the environmental planning problem being

w xhandled 37 . The metadata record may include, fur-
thermore, information about the author of the work-
flow and other additional data considered relevant
Ž .e.g., quality of data used .

4.2.2. Interface
The Interface is the only module visible to the

user, and transforms user query and update requests
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into appropriate sequences of commands to the other
modules. It allows two types of interaction modes:
Ø Textual — The user fills in parameters in prede-

fined query and update forms.
Ø Direct Manipulation — The user uses the mouse

to manipulate workflow elements or click on
some interface button.
The first type of interaction is employed to browse

the WorkflowBase — retrieving all workflows that
Žsatisfy a given set of conditions e.g., concern a

.specific region . The second type of interaction typi-
cally occurs when the user has already retrieved the
workflows of interest and either wants to examine or
update them, or to select sub-workflows for execu-
tion or re-use.

Both interaction modes hide from the user the fact
that the storage and data management system is a
relational DBMS. The interface just forwards user

requests to the Update and Query modules, which
interact with the Workflow Manager to transform

Ž .these requests into SQL commands to the database
Ž .or GIS macro programs to the GIS . All the user
Ž .ever sees are workflows e.g., Fig. 3 or queryrup-

Ž .date forms e.g., Fig. 4 .

4.2.3. Query module
The Query module handles querying and naviga-

tion in the WorkflowBase. Users can request access
Ž .to a specific workflow by name or sets of work-

Ž .flows by keywords . Other typical queries are as
follows.

Ø Area-based queries. Users search for decision
processes andror models executed involving a spe-
cific geographic area. This allows finding out, for
instance, all studies conducted in a given region. One

Fig. 3. WOODSS main interface.
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Fig. 4. Result of querying ‘‘slope calculation’’ activity.

example would be to find out if there is a crop yield
forecast model for the area in question.

Ø Problem-based queries. Users look for deci-
sion processes developed to solve problems with
similar objectives, to take advantage of experience
gotten in the resolution of the same problem over
other geographic areas. For instance, a given erosion
modeling procedure in one region may be adopted
for other areas with similar characteristics.

Ø Process-based queries. Users request to see the
sequence of activities that originated a given map
set. This could help determining the quality or preci-
sion of the set and, indirectly, of the decisions taken
based on the data.

4.2.4. Update module
The Update module mediates creation, removal or

modification of workflows. A workflow can be up-
dated in two ways.

Ø Component modification — The user requests
insertionrdeletionrmodification of any workflow

Žcomponent individual activities, data files, depen-
.dencies and agents . Metadata records can only be

Žcreated by invocation of the Update module equiv-
.alent to writing annotations on sets of activities .

Ø Workflow creation — The user requests com-
Žbination of existing workflows e.g., by concatenat-

.ing them . Commonly, experts approach a decision
problem by solving sub-problems and combining the
solutions. This type of update contemplates this ap-
proach to decision taking. Workflow creation is also
performed by the Monitor module.

4.2.5. Workflow Manager
The Workflow Manager is responsible for manag-

ing the WorkflowBase, handling the communication
between the other modules and the DBMS, by trans-
lating the stored relations into workflows and vice-
versa. Basically, it manages workflows according to
two main functionalities:

Ø Queryrbrowse — retrieves workflows from
the WorkflowBase. A user’s request via the Interface
is transformed by the Query module into a set of
SQL commands to the underlying database. The
tuples retrieved are graphically presented to the user
as workflows. These queries act both on metadata
and on the workflows themselves.

Ø Update — creates, deletes and modifies work-
flows by requesting updates on the corresponding
relations stored in the WorkflowBase. Updates may

Žbe requested either by the Update module user-
. Žoriginated or the Monitor during workflow genera-

.tion .

4.3. Interaction User–GIS–WOODSS

WOODSS caters to three kinds of user interaction
Ž .modes see Fig. 2 . These modes support the aspects

of scientific workflows defined in Section 3.
Ž .1 User–GIS. Users ignore WOODSS and interact

with the GIS, to generate maps according to some
model, which is translated into executing sequences
of GIS functions. WOODSS monitors this interaction in
real time and generates the corresponding scientific

Žworkflow specification specifying workflows from
.the case .

Ž .2 User–WOODSS. Users interact only with
WOODSS, querying and updating the WorkflowBase.
Typically, this occurs when decision makers want to
find out about previous solutions to a similar prob-
lem. WOODSS stores both successful and unsuccessful
workflows, which allows not only re-use of past

Ž .experiences partial re-use , but also learning from
Ž .past mistakes tracing invalid processes , a very im-

portant factor in decision making.
Ž .3 User–GIS–WOODSS. This mode of interaction

combines the previous ones. Users alternate between
WOODSS and the GIS, using the information in the
WorkflowBase to continue their decision process.
This allows creating alternative scenarios and design-
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ing new decision strategies. In practice, this corre-
sponds to querying the WorkflowBase to find the
workflows of interest, selecting and combining parts
of these workflows to create a new workflow, and

Žhaving the GIS execute this new workflow ad hoc-
.ness and dynamic modification .

5. Implementation

WOODSS was implemented on a PC platform, and
the target GIS was IDRISI for Windows version 2.0.
The implementation was developed with the object
oriented language Javae. The WorkflowBase is im-
plemented as relations in a relational database, which
is connected to Java through the JDBC interface.
This section gives a brief description of the imple-
mentation. For more details, the reader is referred to

w xRef. 42 .

5.1. IDRISI and WOODSS

IDRISI is a GIS developed to be used in microcom-
puters. It is widely used in environmental monitoring
and natural resources management. IDRISI records
user interactions in a sequential log file, which was
used as input to the Monitor module of WOODSS.

Ž .User interactions activities with IDRISI to generate
maps are of three kinds: clicking at maps and invok-
ing functions from a set of menus; typing com-

Ž .mands; and running programs macro files .
Lines in the log file correspond to the execution

of an IDRISI function, or to an error or warning
message. In the first case, the line contains the name
of the function and its parameters, which vary ac-
cording to the function and, possibly, a option in it.
For instance, the log record ‘‘c: idrisiw OÕerlay
w421 1 image1 image2 image21’’ indicates that
function oÕerlay was executed with option 1, using
as input images stored in files image1 and image2,
and producing as output image stored in image21.
An image overlay corresponds roughly to adding the
contents of the images to obtain a third image —
e.g., an overlay of a soil and a vegetation maps will
result in a composite map. This operation may be
weighted — e.g., attributing weights to different
values of soil and vegetation may result in a map
indicating areas where conditions are good for plant-
ing a given type of crop.

The Monitor module was implemented to read the
log of IDRISI in real time while it is being updated
with user operations. It performs a syntactic analysis
of the log file, identifying activities actually executed
Ž .which did not generate errors , disregarding mes-
sages and identifying activities that were not exe-
cuted because of errors. The log analysis also allows
detecting data dependencies among activities. Other
types of dependencies cannot be derived from the
log and must be provided by the user directly via the
Update module.

5.2. WorkflowBase

WOODSS WorkflowBase is implemented in the re-
lational DBMS Visual FoxProe, version 5.0. Each
workflow corresponds to a set of tuples stored in five
relations: Activities, Data, Workflow, Metadata and
Dependencies. The Metadata relation contains infor-
mation about authors, objectives, geographic area
and relevant comments. The Workflow relation
maintains a record of the workflows in the Work-
flowBase.

Each activity corresponds to a tuple in the relation
Activities. It contains an internal WOODSS identifier, a
name descriptor, an indication if it is a manual

Žactivity or if it was executed in IDRISI, pointers i.e.,
.in relational database terminology, foreign keys to

its input and output files, and activity-dependent
parameters. Input and output files are used by the
Workflow Manager to derive data dependencies be-
tween activities.

The Data relation records all data files used and
produced in a given decision process. Each file
corresponds to a relation tuple, containing a WOODSS

Žinternal identifier and other parameters e.g., file
.name .

The Dependencies relation maintains data depen-
dencies, as well as a restricted set of temporal and
execution dependencies. Each tuple in this relation

Ž .associates an activity precedent to another activity
Ž .subsequent through pairs of internal identifiers
Ž .foreign keys . Furthermore, each tuple contains ad-
ditional information which depends on the type of
dependency being stored. For data dependencies, the
tuple stores the file identifiers of files which are
produced by one activity and used as input by an-
other. Execution dependencies are represented in a
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similar way, signalling when the beginning of an
activity depends on the successful termination of

Ž .other s . Temporal dependencies allow synchroniz-
ing activities. In WOODSS, they are specified only for
documentation purposes, since their enforcement
would require modification of the transaction mecha-

Ž w x.nism of the underlying DBMS e.g., Ref. 41 .

5.3. Workflow Manager

The Workflow Manager does not use a commer-
cial WFMS. Rather, it is implemented within WOODSS

to manage scientific workflows. Each log entry cor-
responding to an activity executed in IDRISI is trans-
formed in a tuple in the relation Activities. The
Workflow Manager inserts a tuple in the Data rela-
tion each time a new file is referenced. It inserts a
tuple in the relation Dependencies each time it deter-
mines that an activity uses a file generated by a
previous activity in the workflow. This requires that
the Monitor keeps track of all files mentioned in a

Žlog until the end of a given decision process either
.successfully or unsuccessfully . Manual activities

Ž .e.g., command editing and temporal and execution
dependencies must be directly provided by the user
through the Update module.

5.4. Query and Update modules

Query and Update modules are responsible for the
access to the WorkflowBase. Once a workflow is
selected, users can query and update information
about activities, data, dependencies and metadata.
Query and update requests are forwarded by the
Interface to the Workflow Manager, which translates

Žthem into SQL query and update INSERT, DELETE,
.UPDATE commands to the five relations within the

WorkflowBase. The result of these operations is
returned to the Workflow Manager, and shown
graphically to the user by the Interface module.

5.5. Interface

The interface is responsible for the communica-
tion of users with the Query and Update modules.
Fig. 3 illustrates the main interface of WOODSS. It
depicts a partial workflow which is part of the case
study discussed in Section 5.7. It consists of a set of
buttons for user interaction and a workflow display

window. Each rectangle represents an activity, and
each arrow a dependency, which is labeled by file

Ž . Žnames data dependency or conditions temporal or
.execution dependencies . Each activity is labeled

with its name and, if executed in IDRISI, the IDRISI

function is used.
For instance, in the figure, activity Slope Calcula-

tion is linked to UserDefined Classification via the
Slopes file, which is produced as output by the
former and used as input by the latter. This means
that there is a data dependency from Slope Calcula-
tion to UserDefined Classification. Slope Calcula-
tion is an activity performed by invoking IDRISI

function surface.
Users can access the current workflow by clicking

Žon the Current Workflow button the third interac-
.tion mode , and navigate through the WorkflowBase

clicking the WorkflowBase button. Once a workflow
is shown in the workflow display window, users can
query or modify its metadata record through the
Metadata button, insert manual activities or depen-
dencies through New ActiÕity and New Dependency,
respectively, or update workflow components. Fi-
nally, Begin Selection and End Selection buttons let
users select a partial workflow.

Activities and dependencies can be queried by
clicking on the corresponding workflow graphical
elements. Parameters displayed on the window are
activity-dependent. Fig. 4 shows the result of query-
ing the contents of the Slope Calculation activity.
The Modify button, in the figure, is the one that
allows update of activity details.

5.6. Re-execution and definition of new decision
processes

WOODSS provides the facility of re-executing se-
quences of activities performed in IDRISI and that
were documented through workflows. This way,
users need not repeat their manual interaction with
IDRISI, which is time consuming and error-prone. If a
workflow is updated for re-execution, it is consid-
ered to be a new workflow — akin to defining a
newralternative decision process for a given prob-
lem.

Ideally, workflow launching would invoke a GIS
directly. Unfortunately, because IDRISI is a propri-
etary software, this is not possible. So, WOODSS

automatically creates a macro file from the work-
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flow. This file is made available to users, who can
execute it on IDRISI.

This is a powerful feature of WOODSS, since it is
equivalent to programming applications directly in a
GIS using a workflow notation. It is a means of
ensuring reproducibility of a sequence of steps in a
decision process. Re-execution has two roles in a

Ž .decision support process: a independent observers
can analyze past procedures, to audit or validate

Ž .them; b at the same time, similar problems can be
approached in an analogous way.

Users can select activities to be updated or re-ex-
ecuted. Fig. 5 illustrates the re-execution window
after selection of four activities from the workflow in
Fig. 3. The possibility of updating existing work-
flows is another plus offered by WOODSS. When the
updates performed are just the change of input files
or of parameters, without changing activities, this is
tantamount to parameter tuning in DSS. The most
complex update is building new workflows from
partial workflows. It corresponds to constructing the
solution of a problem by combining solutions of its
parts.

5.7. Example of enÕironmental planning using
WOODSS

We now give an example of an environmental
decision making process using WOODSS. The work-

flow of Fig. 3 represents part of the solution for a
w xsiting problem described in Ref. 14 , and which was

adapted to Brazilian agri-environmental data.
Given a certain region in the state of Sao Paulo,˜

planners must identify areas which are appropriate
for planting sugar cane. The main constraints are that

Ž .these areas are characterized by a little or no
Ždeclivity to allow mechanical harvesting proce-

. Ž . Ždures , b close to waterways for irrigation pur-

.poses , while at the same time keeping a certain
Ž . Ž .minimum distance from c natural reserves and d

forest areas, to avoid environmental degradation.
Ž .Finally, they must be e close to highways, to

ensure appropriate transportation of the cane to the
Ž . Žmills, and f respect urban distance constraints to

.avoid increasing urban air pollution .

5.7.1. Beginning a planning session
The user initially activates WOODSS and browses

the WorkflowBase to check if there have been simi-
lar planning activities already performed for the same

Žarea combination of area-based query and problem-
.based query . Browsing is initiated by clicking on

Ž .the WorkflowBase button see Fig. 3 . The user is
next presented with a query form, with the options of

Ž .indicating a specific workflow by name or filling in
one or more fields. Suppose the user enters data in
form fields Area — entering region coordinates —

Fig. 5. New workflow created from partial selection and update of workflow of Fig. 3.
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and Keywords — typing ‘‘sugar cane’’. Query form
parameters are checked by WOODSS against the Meta-
data relation, to retrieve all workflows that obey the
conditions.

5.7.2. Situation 1 — a preÕious solution for the
solution for the problem exists

Assume first that WOODSS finds a workflow that
answers the request. It is then presented to the user,
who can either re-execute it on IDRISI, or update it
and execute the new updated version. Updating in-

Žcludes, among others, changing input files e.g.,
.running the workflow for the new region , changing

Ž .parameters e.g., tuning , modifying workflow de-
pendencies and attributes or creating new dependen-

Žcies and activities by clicking on New ActiÕity and
.New Dependency interface buttons . Workflow

Ž .re execution corresponds to asking WOODSS to trans-
late the workflow into IDRISI executable code. Fig. 6,
for instance, corresponds to the IDRISI code generated
by WOODSS for the partial workflow of Fig. 3.

5.7.3. Situation 2 — no preÕious solution exists
Suppose, on the other hand, that WOODSS does not

find any workflow to satisfy the request. In this
situation, the user must start a new decision proce-
dure by interacting directly with IDRISI. As soon as
the user switches to IDRISI, WOODSS initializes a new
Ž .empty workflow called Current Workflow, and the
Monitor module will start capturing into it user
interactions in real time.

According to the user’s decision strategy, the first
constraints to be checked will be those concerning

Ž . Ž .declivity a and forestrreserve c, d constraints.
The actual interaction with IDRISI is as follows. First,
the user invokes the IDRISI Surface operation on

Fig. 6. IDRISI code generated by execution of workflow of Fig. 3.

relief data, to obtain a declivity map, and then
classifies the areas in this map according to the

Ž .gradient e.g., feeble, medium, high using a Reclass
operation. Next, the user finds out which areas are

Žunder environmental protection by identifying re-
.serves and forests in a land use map , and pinpoints

Žregions according to distance from the reserves Dis-
.tance operation , again reclassifying the result into

distance zones. The user then combines all these
maps into an intermediate map by applying succes-
sive OÕerlay operations. The result is an intermedi-
ate map that indicates areas where sugar cane can be

Ž . Ž . Ž .planted as far as a declivity, c forest and d
reserves constraints are concerned.

There still remains to further restrict these areas
Ž . Ž . Ž .according to b irrigation, e transportation and f

urban constraints. Suppose however the user wants
to interrupt this decision procedure, to check the
steps taken so far. In order to do this, the user can
switch to WOODSS main interface window and click
on the Current Workflow button. Immediately, the
user will see the current execution state displayed on
Fig. 3. Internally, this is handled as an SQL query
Ž .Query module to the WorkflowBase, asking for the
Current Workflow.

Once the user examines the current workflow,
there are three options to choose to continue the

Ž .spatial decision process: i to go back to IDRISI, in
which case the current workflow will continue being

Žconstructed in real time by WOODSS the user is
. Ž .happy with what has been done so far ; ii to select

just part of this workflow, optionally editing it by
adding activities and dependencies, and having it
executed as the beginning of a new decision proce-

Ž .dure just some of the steps taken were appropriate
Ž .— see Fig. 5; or iii to abandon the current execu-

tion and start a new one. In the last two cases, the
user can indicate whether the abandoned current
workflow should be stored in the WorkflowBase as
an incompletererroneous solution. Also, at any time,
the user can enter metadata and update and query
information on the WorkflowBase.

After several such interactions, the user comes up
with the final map which indicates the regions suit-
able for sugar cane plantation. This map must be
examined in a context which involves other related
information, which does not concern this paper. Fig.
7 shows a partial screen copy of this map, in the area
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Fig. 7. Regions suitable for planting sugar cane.

of the county of Campinas. The corresponding full
workflow will not be shown here, for readability
reasons.

5.7.4. Situation 3 — participatory planning
Even though the example describes the work of a

single user, it can also concern several users cooper-
ating to develop a solution using the workflows as a
communication means. For instance, one user can

Ž .develop the first part Fig. 3 , and some other user
can develop another part, and the final result is
obtained by combining the workflows and executing
this composite workflow. Or groups of users can
develop partial or alternative solutions at different
times, and keep track of what everyone is doing by
looking at the respective workflows.

6. Related work

The work presented in this paper is related to two
research fields: use of scientific workflows for exper-
imental activities in a laboratory, and use of GIS in
spatial decision support, within an EMIS. This paper
reports the first attempt to link both contexts and
implement them into a single tool.

Scientific workflows are a relatively new concept
in the area of workflow management, and their use is
still a matter of research. They have been reported as
a means of documenting and keeping track of activi-
ties in a scientific environment. Research in the area
is related to their use in specific domains, varying
from their capacity to support collaborative scientific

Ž w x.task execution e.g., Ref. 2 , long transaction capa-
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w xbility 43 and, more specifically, their suitableness
w xfor documenting geoprocessing tasks 4,50 . The em-

phasis, however, is on task execution and documen-
tation, and not their role in decision support. Further-
more, unlike WOODSS, there is no implementation
which allows direct linking to a GIS.

On the other hand, there are many proposals for
extending GIS to provide spatial decision support.

Ž .These proposals can be roughly classified into a
Ž .case study presentation, b model implementation

Ž .and c architecture and system design. Approaches
vary between considering a GIS as the spatial DSS

itself, to building or proposing a DSS which will take
advantage of data stored within a GIS.

Case study presentations are centered on showing
how the use of a GIS’ functions and cartographic
display improves decision making in specific prob-

w xlems. The examples in Ref. 23 show how environ-
mental problems often fall into a multi-criteria
multi-objective situation, complicating the decision
process. Other examples of case studies solved by

w x Žextending GIS are found in Refs. 13 evaluation of
health risk awareness and assessment in the Philip-

. w x Ž .pines , 7 use in environmental study support , or
w x Ž49 role in strategic policy analysis concerning the

.environment .
Model implementation studies concern the build-

ing of tools that help spatial analysis studies within
or in parallel to a GIS. This approach consists in
‘‘hardwiring’’ a set of models into a GIS for a given

w xproblem domain. As remarked by Ref. 28 , the GIS
will provide the database and interface component of
the DSS and the added module will contain the mod-

w x Žels. Examples are Refs. 46 tools which apply
probabilistic Bayesian networks to combine geo-

. w x Žgraphic information , 15 application of expert sys-
. w x Žtems to environmental planning , 24,30 application

of multi-criteria techniques to GIS tools for decision
. w x Žsupport , 12 facility location in an urban environ-

. w x Ž . w x Žment , 36 transportation planning and 47 in-
.dustrial siting . The three last studies are also exam-

ples of the growing work which integrates GIS and
operations research for decision support.

Even though helpful in understanding the variety
of issues involved in spatial decision processes, these
studies do not help the more general problem,
namely, how to construct SDSS. WOODSS can be
placed within this category. Examples of this type of

w x Žresearch are the work of Refs. 1,5 both of which
propose a general architecture for environmental de-

. w x Žcision support , 27 which provides an analysis of
.the multiple roles of GIS in spatial decision support ,

w x Ž . w x Ž25 environment for group work and 26 for
.collaborative environmental planning on the www .

Except for this last work, which actually imple-
mented a documentation and mediation system on
the Web, the others present architectures without
implementation. This is not to say that implementa-
tions do not exist. However, they are of limited
scope, and usually do not take advantage of combin-
ing GIS facilities to decision support capabilities.

w xThe emphasis in Ref. 26 , as opposed to WOODSS, is
Ž .in the collaborative discussion issues involved in

environmental planning, rather than on the modeling
itself.

From a functionality point of view, WOODSS ap-
w xproaches the work in Ref. 17 . The latter is based on

the fact that modeling is one of the key activities
necessary to solve a complex problem, and that
therefore a system which supports modeling will
enhance decision making activities. Their system is
based on allowing users to define and simulate sev-
eral types of models, and storing these models in a
model base. The system is geared towards users who
are able to understand equations, motivated by envi-
ronmental modeling. A similar system is described in

w xRef. 44 , in the context of environmental process
modeling. The paper describes a computational envi-
ronment for characterizing scientific modeling meth-
ods, in order to support representation, manipulation
and evaluation of scientific concepts. Models are

Žconstructed in terms of R-structures representation
.structures , which are abstract representations of a

Ž .concept similar to the concept of abstract data types .
The dynamics of real world processes are modeled
through sequences of R-structure instance transfor-
mations. These ideas were applied to building a
computational modeling environment — Amazonia
— which supports large scale hydrologic research.

w xFinally, the work in Ref. 39 concentrates on build-
ing an object-oriented modelbase for environmental
systems. This allows flexible model construction and
enhances the possibility of smooth modelbase expan-
sion.

WOODSS, though based on the same premises as
w x ŽRefs. 17,39,44 i.e., considering model definition
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.and documentation as central to a spatial DSS , gener-
alizes them by the following.

Ø It is not restricted to users who understand
Žmathematical models or a specific GIS program-

.ming language , but also directed towards managers,
planners and environmental scientists.

Ø Its use of scientific workflows unifies activities
of model specification and execution. Indeed, due to
their nature, workflows act both as a documentation

Ž w x.media similar to the R-structures in Ref. 44 and as
Ž w x.executable entities as in the models in Ref. 39 .

Ø Rather than demanding that users always spec-
ify a model, it allows the construction of the model
by capturing user interactionswith a GIS. Thus, it

Žcan both be used in a spatial DSS sense when
.pre-existing models are selected for execution as

Ž w x.well as a model construction tool as in Ref. 39 .
Ø Unlike all other approaches, it is integrated

within a GIS context. Therefore, users can simulate
their models directly on the GIS.

Furthermore, WOODSS is loosely coupled to the
GIS via the Monitor module. Thus, it can be used in
other GIS environments, contingent on coding the
interface between the GIS and the Monitor module.

7. Concluding remarks

This paper presented WOODSS — an SDSS for an
EMIS, whose goal is to help experts in the environ-
mental area to solve their decision problems. WOODSS

is centered on dynamically monitoring user activities
in a GIS and documenting them using scientific
workflows.

Besides documenting decision processes on the
fly, these workflows also constitute a means of
progressively enriching the modelbase. They can be
used to guide experts in solving analogous problems,
or as partial solutions to a bigger problem, allowing
a global view of the current state of a decision
process, and helping to justify decisions. This is
especially important in environmental planning,
which involves a large volume of activities and data,
and where decision making is primordially multi-par-
ticipant.

WOODSS was tested with real environmental data
and applications for agri-environmental planning, for
the state of Sao Paulo, Brazil. More specifically, it˜
was used in constructing alternatives for implement-

ing a soil erosion model, in a study of land suitability
Žfor sugar cane plantations superficially described in

.Section 5 and in delimitation of conservation areas
for sustainable agriculture. Some of the users in-
volved in these applications did not know how to use
the GIS, but adapted easily to the workflow represen-
tation.

Among the basic characteristics that DSS should
satisfy, and which are contemplated by WOODSS, we
can cite:
Ø To help users who have different kinds of knowl-

edge and expertise.
Ø To adapt to changes in computational environ-

ment and decision styles.
Ø To offer an interactive user-friendly interface.
Ø To support non linear executions, allowing users

to give up or re-consider solution scenarios.
Ø To facilitate the dynamic addition of new knowl-

edge obtained from previous expertise.
Ø To document decision and decision processes to

justify decisions or re-use them in other pro-
cesses.
Ongoing work involves extensions to the imple-

mentation and extensions to the architecture of
WOODSS. From an implementation point of view,
extensions being explored involve building a Moni-
tor module for another GIS and generalizing the
WorkflowBase to accommodate dynamic constraints.
The WorkflowBase must also be ported to a more
sophisticated DBMS, in order to handle large data
sets.

From a theoretical point of view, the notion of
metadata must be extended to accommodate geo-

Ž w x.graphic metadata standards e.g., Ref. 19 and en-
hance metadata indexing. Another important issue
will be analyzing the use of WOODSS in other spatial

Ždecision support contexts e.g., utility management
.or transportation . A possible extension would be to

add an intelligent learning module to the monitor, to
help detect work patterns and identifying, from user
interactions with the GIS, already stored workflows.
This will be approached using case-based reasoning.
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