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Abstract. The International Institute for Aerospace Survey
and Earth Sciences (ITC) has a research programme that
should result in an integrated environmental coastal zone
management system through three subprojects. Theprogramme
aims to develop methodologies and tools for ng coastal
zone changes, and for the evaluation of scenarios for coastal
zone management, based on a spatio-temporal Geographical
Information System (GIS) working platform which integrates
remote sensing data, physical-morphodynamic and eco-hydro-
logic modelling, and a decision support system.

The first subproject devel ops methodol ogies for the gen-
eration of optimum Remote Sensing (RS) data sets, leading to
better interpretation and complementary use of conventional
and new remote sensing imagery. It also integrates RS, GIS,
and modelling through hypothesis generation, parameter esti-
mation, evaluation and validation.

The second subproject facilitates qualitative and quantita-
tive analysis and prediction of the physical aspects of coastal
landscape development under the influence of natural proc-
esses and human impacts. This subproject is based on the
application of remote sensing and dynamic modelling.

The third subproject leads to a spatio-temporal working
platform which supports data integration of RS and in-situ
measurements, and qualitative and quantitative analysis for
the prediction of coastal landscape devel opment. Both support
decision making in Integrated Coastal Zone Management.

K eywor ds: Decision Support System; ImageAnalyss, Morpho-
dynamic modelling; Remote Sensing.

Abbreviations: RS =Remote Sensing; MBIA =Model Based
Image Analysis, GIS=Geographic Information System(s);
DSS =Decision Support System;

Introduction

The research programme described in this paper
demonstrates the interrelationships between physical
and ecological processes, using Remote Sensing (RS),
modelling and GIS techniques. It integrates and im-
proves the technologies that are available but have not
yet been fully exploited. The expected results include
the development of methodologies and tools to assess

the hazard and risk vulnerability in the coastal zonein
space and time, to define the environmental indicatorsand
indices on which the decision-making process can be
based, and to eval uate coastal zone management strategies.

Remote sensing techniques

The growing concentration of population and socio-
economic activities in coastal zones increases the pres-
sure on coastal systems, which at the same time are
threatened by various natural hazards, including the gen-
erdly assumed sealevel rise. In order to support the
development process and to minimize the loss from pos-
sible disasters in these aress, it is necessary to monitor
and to assess the ongoing coastal processes and devel op-
ments and their consequences for the systems through
effective and efficient (environmental) management.

Effective and efficient management depends on the
availahility of sufficient, proper and timely information
for thorough analysis. Due to the rapid and large-scale
access to multi-platform, multi-spectral, multi-resolu-
tion and multi-temporal information, RSisused for data
collection in many coastal areas. In this context, there
are three main elements for which RS may play arole:
¥ providing information on marine and coastal properties;
¥ providing basdineinformation on the coagta environment;
¥d etecting, mapping and measuring of e.g. sea state,
pollution, sediment transport, and coastline changes.

RS techniques generate different kinds of imagery
with specific characteristics and applications. Aeria
photographs have ahigh spatial resolution and thusthey
are suitable for detection of phenomenain aform simi-
lar to the human eyeQs view. Landsat TM and SPOT
satellite sensors detect objects in the (visible) light and
infrared bands. They can produce natural- and false-
colour images, carrying additional spectral information
with high reliability on e.g. the water surface and water
quality differences, vegetation types and the differences
of biomassand vitality of vegetation. An overall view of
the (tidal) sea surface changesis not feasible with aerial
photographs. The time for image acquisition is longer
than the changes in the environment. Satellite imagery
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does not have that drawback, but the repetition period
and the moment for observation are too limited for
adequate monitoring of the sea state and sequential and
homogeneousconditionanalysis. Thesolid-state Charge-
Coupled Device (CCD) imaging sensors have greater
radiometric resolution than either photographic film or
vidicon cameras and can be obtained under less favour-
able flight conditions. Hence, they may be specialy
suitable for sequential monitoring of dynamic changes
within short time intervals, e.g. tidal changes.

Under cloudy weather conditions RS techniques,
using the visual and infrared spectral bands, might fail
to catch sufficient information if there are clouds ob-
scuring the coastal area. All-weather microwave sensed
imagery, e.g. Synthetic Aperture Radar (SAR) imagery,
has hardly any constraint imposed by clouds, and is
potentially suitablefor mapping and monitoring changes
of waves, tides and currents. SAR interferometry and
laser altimetry can be applied to update and monitor
land subsidence, accumulation or erosion. However, the
resulting SAR images and laser relief profiles are quite
different from aeria photographs and (natural) colour
satellite images. New interpretation concepts and tools
are required.

The same is true for the new laser remote sensing
technique LIDAR (Light Detection And Ranging). Due
toitshigh spatial and height resolution asaresult of the
angleand radiometry of the LIDAR beams, it hasshown
itsvalue in providing accurate relief profiles aswell as
reliable wind speed and wave data, useful for monitor-
ing and assessment of climate and pollution. Imaging
LIDAR may aso deliver useful additional spatio-tem-
pora information, particularly for wetlands. With the
help of Global Positioning Systems (GPS) for locating
position during flying, radar and laser altimetry can be
used to obtain terrain elevation datafor generating and /
or updating Digital Elevation Models (DEMS) quicker
than traditional photogrammetry. Acoustic sounding
(SONAR) can be used as a complementary tool to
Synthetic Aperture Radar (SAR) and laser-altimetry for
bathymetric surveying when the sea bottom topography
is too complex and/or too time consuming to be meas-
ured by other surveying equipment and techniques.

The above discussion briefly illustrates advantages
and disadvantages of some RS techniques. Theimpres-
sionisthat thereisgreat potential for obtaining better or
additional data sets through a series of new remote
sensing techniques, such as SAR imagery and interfer-
ometry, imaging LIDAR, CCD videography and acous-
tic sounding to supplement conventional (visible and
infrared) aerial photography and satellite imagery. The
experiences of thelast decadesin the attempt to develop
advanced multi-sensor, multi-spectral, multi-sourceim-
agefusion systems (Pohl 1996) might be astarting point

for new research focusing on Model Based Image Analy-
sis (MBIA). MBIA is a method which results in the
optimum potential of RSdataby integrating RSand GIS
through hypothesis generation and evauation and by
parameter estimation (see Section 1). Then therewill be
data assimilation of remotely sensed information, in-
situ measurements and the results of numerical models,
which will broaden the potential of remote sensing.

Modelling

Theintegration of RS dataand dynamic modelsin a
spatio-temporal GIS can contribute to quantitative
morphodynamic prediction of the coastal zone in rela-
tion to e.g. coastline defence and landscape develop-
ment. Then, decision-making will be facilitated and
management aternatives can be presented. However,
knowledge of the processes, the interactions of these
processes and the governing factors concerning e.g. the
sediment balance and transport on the land-seainterface
is needed to be able to predict which physical, morpho-
dynamic and eco-hydrol ogic processeswill dominatein
the future at a certain location and what will be the
conseguences thereof.

GISworking platform

In order to support the management of multi-source
information and (morphodynamic and eco-hydrologi-
cal) modelling, a spatio-dynamic representation of the
coastal changes is necessary. However, most of the
existing GISOs have atwo or two-and-half dimensional
operation system. Thus they can represent and analyse
natural phenomenain only those spatial representations.
The GISOs that can support a so-called two and half
dimensional operation, such as Digital Terrain Model-
ling, cannot capture and visualize information under the
terrain surface or changes along the vertical profile.
Also the time factor is not explicitly included in these
systems. Therefore, they cannot carry out adequately
dynamic analysis, support simulation of the past, or
represent the present and predicted conditions in the
future; aspects which are important for coastal zone
studies and management. A spatio-temporal GIS (three
spatial dimensions and one temporal dimension) seems
to betheideal tool to represent and to analyse the spatial
and temporal phenomena of the coastal zones.

Gl S-based decision support system

For the management and monitoring of coastd re-
sources for sustainable development, a Gl S-based Deci-
sion Support System (DSS) is most useful. It facilitates
efficient strategies based on dataintegration, dataanalysis
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and modelling, assessing the impacts derived from an-

thropogenic activities, modelling of natural processes,

predictive simulations and legidlation assessment. Such

aDSS should consider among others:

¥ dynamic environments,

¥ accuracy needed for representing coastal features and
processes;

¥ coastal hazards and risks;

¥ alternative activities of land use, protection or expan-
sion of coastal aress;

¥ sengitivity analysis, critical in adynamic situation;

¥ normalization techniques for spatial- and time-
dependent data (e.g. for indicators of change, such
as acceleration of processes);

¥ pressure of industry and tourism;

¥ seasonal activity (e.g. greater vegetation and tourist
density in summer).

Description of the subprojects

The following sections will indicate how research in
the three subprojectsisdirected to fulfil the expectations.

Qubproject 1. Model based image analysis for use of
remote sensing in integrated coastal zone management

The need for model based image analysis (MBIA)

Most problemsinvisual and computer-assisted analy-
sis of remote sensing data are related to insufficient
representation of knowledge. MBIA is an attempt to
promote the disciplines involved (e.g. oceanography,
geomorphology or ecology) withthe extraction of infor-
mation from digital remotely sensed imagery on amore
scientific basis, governed by facts, and constrained by
natural and physical laws. The method of MBIA func-
tionsthrough knowledge-based image analysisinwhich
the physics of objects and remote sensing will be repre-
sented by numerical models (Mulder 1994). This con-
trasts with the representation of empirical, context-
dependent knowledge often represented by qualitative
rules. The MBIA method isbased on predictive models,
and can predict the RSimage propertiesfrom object and
process models combined with remote sensing models
through sensor measurements from the object (images)
and sensor parameters. To makethis possible, advanced
numerical techniques are to be applied to extract the
most likely parameter values by model inversion.

The method under development is based on the
assumption that both object parameters and sensor/
sensing parameters can be retrieved from (multiple) sen-
sor measurements, given that sufficient prior knowledge
is available and that through independent ground ob-
servations it can be verified. Then subjective picture

mani pul ation procedures can be avoided, whiletheanaly-
sis system works directly towards the goals set by the
information requirements, whichinturn depend directly
on the decision-making model.

Theintegral use of suchamodel inaspatio-temporal
GIS is under investigation, particularly for new and
promising techniques such as SAR interferometric data,
airborne CCD video data, 35 mm digitized (KODAK
CD) images and LIDAR.

MBIA in coastal zone environmental management

The integration of RS data and GIS technologiesis
frequently based on modelling and simulation charac-
terized by the Qart® of putting image transformation in
sequence according to a recipe or by trial and error.
With large volumes of available RS data and little
specific knowledge about the objects and processes, the
data-driven approaches are likely to succeed in estimat-
ing the state of the environment in an empirical and
operational manner. However, integration must have a
predictive power with sufficient knowledge about &l of
the systemOs components, i.e. the scene (field/image)
and the sensing and imaging processes. Here, the inte-
gration of RS and GIS should be achieved through
hypothesis generation and evaluation/validation and by
parameter estimation (Mulder 1994). An iterative pro-
cedure may adjust the hypotheses and the parameterson
the basis of the costs of errors in predicting the RS
measurements. Inthis Gl S-based system, the scenemodel
may result inimproved RSimagery defining the objects
with a specific accuracy, provided either in terms of
likelihood or in terms of integration of minimum risk
values for the hypothesis and parameters.

Fig. 1 showsthe MBIA method by which ahypothesis
of asensor and object model has been predicted from the
observed and messured data for a certain initia set of
parameters, compared with the actual measured datausing
acost functionwhich eval uatesthe usefulnessof theimage.
The cost function is based on the differences between
predicted data (hypothesis) and measured data (observa
tion); theestimated cost of error (thedifferenceintheactua
and the optimum estimated image) can be caculated:

Cost = (mBh)? 1)
where m=the measurement; h = the hypothesis/predicted
measurements (parameters).

From the flow diagram of Fig. 1 it can be observed
that the optimizer (estimator) keeps changing the pa
rameters of the sensor/sensing model and the object
model until no lower cost can be found. Theideaof this
iteration loop is to define the best set of parameters
which, together with a sensor/sensing model and an
object model, describesthe best solution (Schutte 1994).
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Fig. 1. Model based image analysis (MBIA) using minimum
cost estimation of ahypothesisand corresponding parameters.

Minimum cost and
coresponding parameters

We suppose that this MBIA method is applicable for
coagtal zone management and facilitates aworkable Spatia
Information and Decision Support System (SIDSS).

Remarks

Theintegrated use of multi-sensor RS data, based on
the MBIA technique, should result in the definition of
the best set of parameters which describes the best
solution for obtaining the most reliable data sets for
coastal studies. Thiswill be the caseif it is possible to:
¥define the role of multi-sensor remote sensing image
analysisin the definition of minimum risk for aspecific
information user;
¥ establish the sensor and platform parameters and a
sensing model under assumed a-priori likely hypotheses
and parameters B which leads to two important geo-
informatic problems:

- Object parameter estimation given one sensor and a
multiple view data set, and

- object parameter estimation given various and dif-
ferent sensors;
¥evauate and validate the hypotheses, and to estimate
the best parameters;
¥ represent the residual uncertainty in the mode!;
¥ update the state models based on image analysis re-
sults.

— Fluctuations detected in bimonthly observations

- Large-scale fluctuations

Prediction based on bimonthly or monthly data

Subproject 2: Integration of dynamic modelsand remote
sensing monitoring techniquesin a spatio-temporal GIS
for integrated coastal zone management

Predicting morphodynamics

The research programme should find a method for
qualitativeand quantitative prediction of themorphol ogi-
cal development of acoastal |andscape under influence of
natural processes and human impacts, based on suitable
RS data and the application of dynamic modelling and
GIS techniques. The method will be tested for the
morphodynamics of the sandy coast of the Dutch coastal
barrieridand Ameland, at time scalesfrom several months
to severd years. Subsequent attention can then be paid to
the consequences of the morphological predictions for
coastline defence i.a., but, to some extent, also to the
hydrological and ecological development of the dunes.
Insight into both the morphodynamic and eco-hydrol ogi-
cal processes can serve as a basis for management.

The study of coastal changes during the recent past
(5-10 yrs) and present formsthe basis for prediction of
the morphology in the near future. It can benefit from
the increased frequency of data generation through air-
and space-borne RS techniques. The prediction of the
future morphology has to be in the order of years as
well. Upscaling in coastal morphodynamics is very
difficult, since these may be the result of complex, and
possibly chaotic, processesandinteractionsinthecoastal
zone. Thus, trends on alower scale may be considered
as hoise on a higher scale level.

On the other hand, large-scale fluctuations some-
times seem to influence the results of smaller-scale
morphodynamic predictions significantly. This may
include large-scale transport processes, e.g. asaresult of
the migration of Osand wavesO on the foreshore, or the
impacts of climate change. For the prediction of
morphodynamicsat acertain scaeoneshould haveknowl-
edge on processes acting on a larger time scale. Fig. 2
shows the theoretical concepts of the different levels of
coastal behaviour within coastal geomorphic systems.

Fig. 2. Large-scalesand transport and
climate changefluctuationsinfluence
prediction of morphodynamic phe-
nomena at a smaller scale (after
Terwindt & Kroon 1993).



- Developments in remote sensing, dynamic modelling and Gl Sapplications - 195

|

Water movements (seconds, minutes)

|

Sediments transport (hours)

l

l Changes in morphology
(days, weeks, months, years)

Fig. 3. Increasing inaccuracy with increasing time scale of the
process modelled (after Kroon 1994).

Increasing
inaccuracy

Quialitative morphodynamic prediction

RS techniques are complementary to non-RS-data,
(e.g. ground-truth data) and may each have practical
advantages for anaysis, mapping and monitoring of
certain landscape aspects within the active landscape
units. RS images are to be analysed and classified with
image processing techniques, leading to a qualitative
prediction of near future development. This prediction
isfeasible because RSdataallow usto definequalitative
empirical relationships that describe the exchange of
sediment volumes in the research area.

Quantitative morphodynamic prediction

To enable quantitative monitoring and prediction of
changes, information from the RS datawill be used for
morphodynamic modelling. Theresultsfrom the above-
mentioned empirical qualitative research can be used
additionally for calibration and optimization of the pa-
rameters of the models. The present generation of
morphodynamic models is divided into two main cat-
egories, depending on the concepts for describing the
actual processes within the system and the resulting
output, i.e. the process-related models and the behav-
iour-related models.

Models that are based on a detailed description of
elementary physicsof thefluid and the sediment particle
motion areclassified asprocess-related models. Theuse
of these models requires a detailed knowledge of the
physics of many interacting processes (Hoekstra 1995).
Current research in the framework of aproject on inno-
vative nourishment techniques shows that quantitative
morphodynamic predictions from process-related mod-
els often do not correspond with reality (A. Kroon pers.
comm.) because of the stochastic character of the
morphodynamics of coastal systems, and the increasing
inaccuracy with scale (Fig. 3). This type of modelling,
however, does provide much insight into the processes
and can therefore be used as extrainformation for quali-
tative prediction. In this context the use of anew model
for uniform beach sediment transport (P. Hoekstra pers.
comm.) could be considered for the research.

In behaviour-related models, the physics are only

included at a high level of abstraction; i.e. the physical
details are no longer incorporated in those models. In
thisway, the morphological development of large-scale
coastal featuresisrepresented by relatively simple algo-
rithms, combining both process-rel ated information (e.g.
from stripped process-based models) and empirical data
sets, showing the devel opment based on observationsin
thefield or on RS images (Hoekstra 1995). These mod-
€els seem to be more suitable for quantitative prediction
and integration in a spatio-temporal GIS. However, the
possibilities for adaptation and consequent integration
of existing models depend on the qualitative empirical
relations between sand sharing systems and the level of
coastal behaviour described in these models.

For the study of the Ameland coast, of which mor-
phologic changes are considered on a time scale of
months or years, and of which the data set mainly
consists of RS data and of yearly elevation data along
various transects (the so-called JARKUS data, de Ruig
& Louisse 1991), afull integration of models in GIS,
through development of new modelswithin a prototype
spatio-temporal GIS environment (see next subproject),
might be the most convenient solution (Cremers et al.
1995; Goodchild et al. 1993). Fig. 4 showsthe proposed
approach to be taken in modelling morphodynamics.

I dentification of management scenarios

With the knowledge of processes and interactions of
sediment transport on the land-seainterface and predic-
tions of the volumetric changes, it will be possible to
design scenarios of future changes and predict their
environmental consequences. With an additional input
of data on current and possible management practices,
alternative possibilities for management can be tested
and presented through the identification of future man-
agement scenarios. In this way management activities
for coastal defence which require high investments,
such as beach nourishment or the planting of marram
grass (Ammophila arenaria), can be optimized.

The procedureisillustrated in Fig. 5. The results of
the different phases of research and the different objec-
tives are mentioned in the boxes.

Remarks

Research on RS and dynamic modelling of coastal
zones can benefit from the following new developments
in various disciplines:
¥More (diverse) and useful RS dataare becoming avail-
able, facilitating the extraction of information that can
be used in models.
¥In the past, morphodynamic research was mainly de-
scriptive but now the Osystems approachO is adopted. A
study areais seen asasystemwith strongly interdependent
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Fig. 4. Modelling coastal behaviour in a spatio-temporal GIS environment.

sub-environmentsor landscape units, sharing an amount
of sediment. Processes, like marine or aeolian sediment
transport, present interrel ationshi ps between the various
landscape units (Oost & de Boer 1994; Hoekstra 1995).
Therefore, the devel opment of Oobject-oriented program-
mingO can beanimpulsefor modelling morphodynamics,
asit supports the simulation of the system with subsys-
tems and interrelations (Cremers et al. 1995).

¥Many modelsthat can be applied in the coastdl zone have
become available; these models are two dimensional

Remote sensing
and other data

Processing remote sensing
and other data

—

Process Morpodynamic
geomorphological ¢ E > models

study

|

Qualitative
morphodynamic
models

(Quantitative
morphodynamic
models

Sediment volume change
Hydrological and Eco-hydrological

ecological studies \ models

N

Qualitative
eco-hydrological
prediction

Quantitative
eco-hydrological
prediction

| Morphodynamic scenarios |‘

Fig. 5. A method for the application of RS in dynamic model-
ling and for decision support in sustainable development of
coastal zones.

/T

(2-D) horizontal, 2-D vertical, 3-D andeven4-D (Cremers
et al. 1995). Inthelast few years, progress has been made
in the parameterization of coastal behaviour and in the
development of behaviour-oriented models (Terwindt &
Kroon 1993; Kroon 1994; de Vriend et a. 1993).

¥The possibilities of integrating dynamic models with
GlSarebeinginvestigated in several research institutes.
Successful examples of |oose coupling and of full inte-
gration of themodel inaGlShavebeenreported (Cremers
et al. 1995; Goodchild et al. 1993). A first attempt has
been made to develop a practical tool in a dynamic
modelling language, which allows direct modellingin a
GIS environment (Wesseling et al. 1996).

Development of a spatio-temporal GISshell to support
coastal environmental modelling

The need for a spatio-temporal GISshell

Natural phenomena show large spatial and temporal
variability. Coppock (1995) stated, that Onatural phe-
nomena are multidimensional and multi-disciplinary
phenomena which, whatever their initial focus, have a
strong spatial component. Understanding and coping
with them requires access to spatially-referenced data
from a wide variety of sources, at different scales,
resolution and reliability, and often over time, and imply
analyses of such datain four dimensionsO. The horizon-
tally and vertically varying distribution of moving water
and sediment is an example of such a complex spatial
and temporal variability example. To understand and
simulatetheformations, changesand interactionsof this
variability, dynamic representing, analysis and model-
ling of these phenomena are necessary. In our test area,
research of geomorphology of the coastal dunes is re-
quired to reveal the temporal and spatial dynamics of
their mobile nature and their interaction with beach
processes. A complex computer system, GIS is used to
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collect, store, retrieve, analyse, query and display geo-
referenced data. All these functions can be used to
facilitate environmental modelling. Particularly spatio-
tempora GIS facilitate better access to data, efficient
data processing and diverse output capabilities which
Olead to immediate eval uation of dataquality and model
results, thus enabling rapid improvementsto the spatial
form of the dataand its modellingO (Batty & Xie 1994).

As mentioned before, most (commercia) GIS are
two or two and half dimensional (2-D or 2.5-D). They
can assemble a variety of data to produce static maps
and to show how natural phenomena vary spatialy.
None of them includes the temporal dimension. Conse-
quently, they cannot support time series information
and dynamic analysis. Asfor environmental modelling,
only simple deterministic models can be developed or
integrated in most current commercia GIS. Thelack of
atimefactor in Gl Sresultsin drawbacks of Gl Sapplica-
tionfor environmental studies(Coppock 1995; Burrough
1996), for example, in the application of GIS to coastal
natural hazard mitigation, where models should dedl
with varying and complex circumstances.

Inthiscontext, Mason et a. (1994) stated, that Othere
seems no overriding reason why GIS should not be
developed to assist in complex environment modelling,
in away that involves close integration of the GIS and
the modelO. It implies that a new generation of GIS
including the time dimension is required to support
environmental modelling. Only a spatio-temporal GIS
will provide the means to understand, explain and pre-
dict future events (Al-Taha & Frank 1993).

Soatio-temporal data models

At present, four basic conceptua spatio-temporal
data models are available, i.e. the Space-Time Cube
(ST-Cube), the Snapshot, the Space-Time Composites
(ST-Composites), and the Spatial- Temporal Objects(ST-
Objects) models. The ST-Cube model is a 3-D cube
representing onetime dimension and two spatial dimen-
sions. It depicts processes in a 2-D space which act
aong athird time dimension (Langran 1992). Snapshot
models are images with a geographic distribution at
different times, just like remote sensing images of an
area taken at different times (Armstrong 1988). ST-
Composites represent objects, of which the boundaries
havesharp attribute changes(Langran & Chrisman 1988).
The ST-object models are seen as afinite collection of
digointed prisms (ST-atoms), where Sisthe base of the
prism, representing its spatial extent, and T isthe height
of the prism, representing its temporal extent (Worboys
1992, 1994).

Recently, the ST-Cube model has been extended to
a4-D space, i.e. a4-D hyper-cube built by bitrees (Ma
son et al. 1994). Such a 4-D hyper-cube model might

facilitate the interpolation along the four dimensions,
but extraction and tracking of the objectsis quite diffi-
cult. Spatio-temporal object concepts can now be used
in a 4-D geomorphologic information system, i.e.
OOgeomorph (Raper & Livingstone 1995). The OO-
geomorph system can handle point-based |ocational
information well, but has difficulties in manipulating
area data and topological relationships (Y uan 1996).

Other conceptsthat might have afuture for handling
spatio-tempora objects are the Triad Model (Peuquet
1995; Peuquet & Qian 1996) and the Three Domain
Model (Yuan & Albrecht 1995). Thetriad model shows
threeviewsof spatio-temporal changesasfeature-based,
event-based and location-based changes. The feature-
based representation includesthe generalized locational
indicator, temporal intervals, non-spatio-temporal data
and the class type of the feature. In the event-based
model, an event is stored as an observation in the time-
based view. Each event and attribute described is stored
in its chronological order of occurrence. The location-
based representation i saraster-based snapshot. Although
it seems agreat step forward in handling spatio-tempo-
ral data, the question of complexity of the querying
processis not fully answered (Roshannejad 1996).

Each of the existing spatio-temporal data models
(STDM) hasits pros and cons. It seemsthat they do not
represent theway the object ischanged from one stateto
another. In other words, the processes underlying all
dynamic changes are not explicitly and adequately rep-
resented in the spatio-temporal data. Therefore, we pro-
pose a process-oriented spatio-temporal data model,
which presents the changes of natural phenomenain a
set of dynamic processes (move, transfer, erode, etc.)
explicitly represented in the data model and fully em-
bedded in a spatio-temporal GIS. Then the features can
be represented in an initial state with the developing
processes.

A process-oriented spatio-temporal data model

For studies of the natural environment, two models
can be used to capture the important aspects of physical
phenomena: the field-oriented model and the object-
oriented model (Goodchild et al. 1993; Kemp 1992;
Burrough 1996; Molenaar 1995). In the field-ori-
ented model the environment is continuous. Each
attributeisassumed to vary continuously and smoothly
in space. It is a locational-dependent representation
in the sense of Owhat exists whereQ, i.e. the thematic
information of the entitiesis attached with their loca-
tions or geometric data. In practice, the OfieldO is
often discretized to a regular grid at a given level of
resolution within a GIS. In the object-oriented repre-
sentation, the world is made up of objects with crisp
spatial boundaries and awell defined set of attributes,
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which arelinked together through the uniqueidentifier

of each object. The data are structured in the GIS

according to the object, describing Owhere it is and
what thematic attributes it hasO.

It seems that both the object and the field concept
are not sufficient to describe the natural phenomena.
To capture these two aspectsin aGI S, environmental
modelling needs the object concept, whereas its spa-
tial distribution is continuous. Therefore we propose
the OfeatureO model, which represents the real entities
used in the specific field of application. This model
reflects a particular application context and resolu-
tion of the representation (such as pollution plumes
with fronts and effuse in oceanography and meteorol -
ogy). Here, a feature is categorized as an abstract
representation of a natural phenomenon (such as a
coastline, dune or beach) and defined according to the
application discipline. Its boundary is created by ap-
plying categorizing rulesto discretize thereality. The
interior or volume of the feature still has field-ori-
ented properties, representing the natural phenom-
enonOs gradual and continuous distribution perspec-
tive. In our test area Ameland, the landscape units
foreshore, beach and foredune are considered as such
kind of features.

Claramunt & Therlault (1996) presented a seman-
tic description of the spatio-temporal process evolv-
ing and mutating features, i.e.

(1) theevolutionof asingleentity representsbasi c changes,
transformation and movements of a entity, such as
(dis)appearance, contraction, displacement, etc.;

(2) a functional process represents change relating to
several entities, such as succession, permutation, pro-
duction, transmission, €tc.;

(3) a restructuring process representing spatial topo-
logic changeinvolving severa entities, e.g., split, union.

In our case study of Ameland, the landscape proc-

lTimeList |TO|T1]...| Tn

A/

IProcessList| PO|P1|P2|..|Pn |

esses of foreshore, beach and foredune result in erosion
and accumulation of sediments, and they can be de-
scribed as Features and Spatial objects (Sobj):
- Transmission [Feature(i), Feature(j), Sobj(i), Sobj(j)];
- Appear [Feature(i), Sobj(i)];

Disappear [Feature(i)];

Union [Feature(i), Feature(j), Feature(k), Sobj(i),

Sobj(j), Sobj(K)];
where Feature(i), represents the landscape unit i, and
Sobj(i) its spatial extent; Appear(Feature(i), Sobj(i))
means that the landscape unit (i) appears with the spatia
extent of a spatia object (i). Asthe processes are related
to the spatid, thematic aspects of landscape unit(s) and
object(s), represented by the vaues based on the grids
related to its goatial extent, the data can be structured ac-
cording to these processes as a process-based view (Fig. 6).

The structure of the spatio-temporal GIS shell

The proposed process-oriented spatio-temporal data
model isbeing implemented in an object-oriented proto-
type system, which supports environmental modelling
by providing a meansto predict future events about the
real world it represents. The system will provide func-
tionsto analyse, model and predict the natural phenom-
ena, through four function modules: OData ExplorerQ,
OFeature Definition®, OChange Identification® and ODy-
namic Modellingd (Fig.7). Then it accomplishes the
modelling process, which includes stepsto devel op, test
and evaluate, and to apply the model (Steyaert 1993).

The OData ExplorerO module can browse the dataand
choosethe most suitable datafor their analysis. OFeature
Definition® chooses an appropriate strategy to definethe
features of interest and to understand the reality. The
features can thus be extracted from the temporal data by
applying the feature definitions. In the next stage, the
extracted features at different moments will be com-

FeatureList | Featurel | Feature2 | ... FeatureN

SobjList | Sobj1 | S0j2 | ... | SobjN I

[\

| ClassList | Class1 |Class2 | ... | ClassN |

GridList | Gridl | Grid2 | ...| GridN

l

l

| Structure of the description J |ThematicInfo| Valuel | Value2 | ... | ValueN J

Fig. 6. Process-based view and structure.
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Images DTM

y v

Thematic Maps

Data Explorer

Feature Definition

| Change Identification [¢————————

.

Dynamic Modelling

Fig. 7. Logic dataflow in a spatial-temporal GIS shell.

pared to identify changes and to build links among
them. Thisprocessiscalled OChange | dentification® and
isimplemented in the third module. When the historical
links among features are built, the changes of features
can be mapped and modelled, atask accomplishedinthe
ODynamic Modellingd module. Once the models are
created, prediction can be made based on existing data.

1990

1993

199

North Sea

Ameland

Wadden Sea

Fig. 8. Location of the study area.

Someresults

The af ore-explained methodol ogies are being tested
in a case study carried out in the northwest of Ameland
(Fig. 8). The elevations of theterrain surface from 1990
to 1995 were processed to model the changes of the
(geo)morphology of the coastal zone. Foreshore, beach
and dune areas are defined according to their height
value. Areas below B 1.1 m are considered foreshore,
areas between B1.1m to 2 m are defined as beach, and
areas above 2m are considered foredune. Fig. 9isatime
series of these landscape units extracted from the tempo-
ra data. It shows clearly that the (geo)morphology is
changing intime, representing erosion and accumul ation.

1991 1992

1994 1995

Fig. 9. Changes in the main land- I:i
scape units of Northwest Ameland e

EEHE]

Landscape Unit

Foreshore
Beach
Dune

(1990-1995).
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L User Interface j
i- remote sensing images |
______ L ' ﬂXiStiﬂg maps
Data ]nput - field surveys

Data Integration Module

- Image pre-processing
(co-registration)

i- other data sources

- Image fusion

- Detection of change

- Image interpretation : Data Processing

Decision Support
- Definition of problems
4-D Spatio-temporal DBMS i |- Identification of problems
- Data Model Database i+—- Generating and opti-
- Data Structure Management System | : mizing policy options
'y : |- Evalution of policy
: impacts
Environmental modeling
(e.g. physical/morpho dynamic Spatial Analysis and
moadels for coastal zone studies Modeling
- reports
- tables
Visualization i charts
(dynamic display Output ... - images
of 3-D obijects) © i maps

Fig. 10. Structure of the spatio-temporal GIS shell for integrated coastal zone management.

Concluding remarks

The spatio-temporal GI S shell may lead to amethod
for dynamic modelling, mapping and visualization of
phenomenain coastal zones, based on multi-sensor and
multi-tempora remote sensing data, GIS techniques
and achievements of database management. A practical
approach has been suggested based on an existing GIS,
complemented by spatio-temporal datamodels, asindi-
cated in the structural diagram (Fig. 10).

The integration of RS, GIS and Decision Support Sys-
tem (DSS)* technologies in the proposed structure pro-
motes cons stent decision-making and supports the evaua-
tion of coastal devel opment dternativesfor thecoasta zone.

Two perspectives in developing good decision sup-

port capabilities of a Geographical Information System
can be mentioned:
(1) analytical problem solving capabilities of a DSS
which offer modelling, optimization, and simulation func-
tionsrequired to generate, evaluate, recommend, and test
the sengitivity or the problem solution strategies, and

A Decision Support System (DSS) may be defined as an integrated,
interactive and flexible computer system that supports all phases of
decision-making with a user-friendly interface, data sets and expert
knowledge (Bishr 1997).
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(2) integration of GIS and specialized analytical mod-
elstoimprove decision support capabilities, focusing on
the expansion of GIS descriptive, perspective and pre-
dictive capabilities by integrating GIS software with
other general software packages (e.g., statistical soft-
ware) and with speciaized analytical models such as
environmental and socioeconomic models.

Then, i.a., the following can be achieved:
¥ provide aknowledge base and awell structured infor-
mation system for ICZM (physical, socioeconomic and
legislative data);
¥ summarize relevant processes and information for
ICZM onwhich plannersand decision-makersmay base
their decisions;
¥ consider elementsof uncertainty and error propagation
at different levels of the ICZM process;
¥ trace why a certain aternative is better than others,
considering limiting factors and the effects of spatial
and temporal distribution in both long-term and short-
term processes, impacts and alternatives.
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