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Abstract

In recentyears,systemdor processingnvironmentalnformationhavebeenevolving from
researchand developmentsystemsto practical applications.Today, many of thesesystems
alreadysupport environmentahctivitiesat the industrial,governmentaland worldwide levels.
A broadrangeof applicationsn environmentaprotectionis coveredby thesesystemsinclud-
ing monitoring and control, conventionainformation managemeniomputationand analysis,
as well as planningnddecisionsupport.A newdiscipline,knownasEnvironmentalnformat-
ics, is emergingwhich combinesresearcHields suchas databasesystemsgeographidnfor-
mationsystemsmodelingandsimulation,computergraphics userinterfacesneuralnetworks,
knowledge processing, and systems integration.
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1. INTRODUCTION

The environments one of the topicswhich are of crucial importancefor the transition of
industrial civilizations into the next century.To date,individual standardof living havebeen
growing rapidly in the developedcountriesof the world while global popuation growth is
exploding.Both trendsareaddingto everincreasingglobal consumptionWe arenow becom-
ing awareof the limits of our naturalresourceswhile producingglobal effectswith our daily
activities,thusleadingto a situationwhich canhardly be controlled,andwhich may eventually
lead to global instabilities.

It is not surprisinghatthe discussiongboutmeasure$or preservinghe environmenbften
lack the necessarynformation.On the one hand,we suffer from the hugeamountof available



data— peoplesometimespeakof datagraveyards- on the otherhand,the really relevantdata
may still be missng, eitherbecausehey arenot containedn the availabledataor becausdhe
researchers are not able to extract them.

Therefore,the designof information processingsystemsfor the appropriateutilization of
environmentatatais a big challengefor computerscientistsand otherinterestedparties.The
existing solutionsoften suffer from a narrowed,unidisciplinary view of the problem scope.
Thesesolutionsfail if additional requirementsare introduced,such as interoperability with
other environmentalinformation systemsand adaptabilityto future systemenvironmentsor
applicationscenariosAnotherrequirementwhich hasnot yet beenadequatelycovered,con-
cernsthe transformatiorof resultsinto reportsor other public communicatiorformatswhich
necessitatea strongintegrationwith the domainof multimediaanddesktoppulishing. More-
over,a majorobstacleon the way towardsgeneralizablesolutionsis the natureof the environ-
mentaldatawhich are sometimesvery large, very complex,and which require non-standard
datastructuresandprocessingnethodsn mostcasesFinally, an evenbiggerproblemmay be
the fact that many politicians,and also scientists,in this field do not yet fully understandhe
central importanceof the proper incorporationof conputer scienceknow-how into this
framework.

For copingwith all of theserequirementsand problems,a new discipline,known as Envi-
ronmental Informaticsis emerging. Ihefollowing section,applicationdomainsandessential
scientific aspects of this discipline are presented in more detail.

2. THE GLOBAL DIMENSION

Global developmentand the environmentakituationare becomingmore and more critical
anddangerousDriving factorsarethe uncontrolledgrowth of the world populdion combined
with the increasen consumptiordescribedabove.Both trends(more people,more consump-
tion) have been viewed throughdustory asunanimouslypositive.However this view is now
changing With morethanhalf of the peopleliving on Earthtodaybelowthe ageof reproduc-
tion, a time bombis developingwhich will be difficult to manage Evenworse,the level of
consumptionin the developedworld is viewed as a targetby billions of peoplearoundthe
globe, influenced by modernworldwide communication,while, at the sametime, we are
alreadywitnessingscarcityof waterresourcesextensionof desertareas,oss of tropical rain
forests,and, particularly, the acceleratedyrowth of megacitiesnvith many negativeeffectson
hundreds of thousands, if not millions, of people.

It is quite clear that all these trends can only be broken with very degrsigeams)imiting
further populationincrease,or, preferably,reducingthe world populationover the coming
generations.

To achievethis, however,will meanradical changesn our generalattitude. The political
andthe ethicalleadersof the world do not yet seemto be willing or ableto fully addresghese
problems.However,the pastseveralyearshavebroughtmany changesn this direction. Par-
ticularly, the Rio Summit has finally led to the acceptance of a point of view that is best charac-
terizedby the term “sustainablaedevelopment”Here, sustainablelevelopmenmeansa way of
living and a form of using resources that does not discriminate against future generations.

Sustainablaelevelopments animportantconcept.However,it is difficult to operationalize
andto makeconcrete We will probablybe confrontedwith quite sophisticatedcounter-argu-



ments,andit might happen- asit hasso often before— that uncoordinatedievelogpmentwill
actuallyleadto a stateof affairsthatis acceptabléo no one.lIt is not at all clearwhatcanbe
done tohelpto fight sucha negativedevelopmentCertainly,informationwill bea very critical
resourcdn changingattitudesand makingdecisivepolitical actionspossble. Amongthe many
information sources to be consideresinotesensingandthe couplingof datastreamgrom alll
over the world, a policy of sharinginformation, the formation of networksand broad-based
discussionswill probably be the bestthat can be achievedand arrangedin this framework
(GUNT94). Certainly, the most advanced @uiter science techniques must be employed here,
from networksto information processingimageanalysis federateddatabaseomputing,arti-
ficial intelligence,and neural networks, among other topics. Environmentalinformatics is
contributinghereto a matterof utmostimportance More on this topic is presentedn the fol-
lowing sections.

3. SUPPORTING THE PUBLIC SECTOR

In recentyears,environmentalprotectionas an objective of public activities hasreached
quite a high standardin Europe, particularly in Germany.Communaltasks, for example,
include land use planning, approving compliance eithironmentastandardsmanagemenf
hazardousvaste,and water and energymanagementor public facilities. Severalstatesand
regions of the EuropeanUnion have already installed effective environmentalinformation
systemsand powerful sensometworks.Thereis a broadlaboratoryinfrastructureboth in the
public sector and in industry.

Official systemssuch as the Environmental Information System Baden-Wirttemberg
(MAYE93) supportenvironmentatasksat variouslevels: DecisionSupportSystemsare pro-
vided for the high-levelenvironmentamanagementeportingand planningsystemsare avail-
ablefor middle managementyhile basiccomponentsupportthe acquisitionandmanagement
of specific environmental data at toperationalevel. In addition,interdisciplinaryinformation
systemsare beingusedin public environmentaimanagementhesesystemsare not restricted
to environmentataskssuchasthetopographicr cadastralnformationsystemsof the survey-
ing offices.

4. INDUSTRIAL APPLICATIONS

The needfor environmentainanagemensystemsn industrial productionis a recentchal-
lengeto informationtechnology.An environmentalnanagemensystemis the overall frame-
work for the actions that an enterprisetakesto manageits effects on the environment
(FAW94). Eurgoean regulations such as the “Eco-Managementand Audit Scheme”
(COMMB93) are intendedto standardizethis framework. Information systemsdesignedto
supportsuchactionsor the overallframework are calledindustrial envronmentalinformation
system®r environmental management information systédoiET93).

In so far assuchsystemsare usedfor productionplanningtasks,they may be designedn
accordance with conventional productiganningandcontrol systemsandincorporatednto a
CIM- or CIP-architecturHAAS91). Their task is to continuouslydocumentthe environ-



mentalload causedy the productionprocesgemissionmonitoring)andto optimizethe mate-
rial and energy flow through the production system.

Other approacheemergefrom the field of ecobalancesThis term refersto studiesor
methodsthat are usedto investigateand evaluatethe total massand energythroughputof a
given system.In most casesthe systemunderinvestigationis a productlife cycle. Suchan
investigationis then calledlife cycleanalysisor life cycleassessmenlL.CA). The goalis to
assesshe environmentalmpactsof a product“from cradleto grave”,i.e., from the extraction
of raw materialsup to wastedisposal.Thereis a growing numberof softwaretools for LCA
(MIET93). A generaltool for modelingsystemsof massand energyflow (at the company,
production process,and product life cycle levels) basedon Petri Nets was proposedby
Schmidt et al. (SCHM94).

Otherindustrialapplicationsof environmentalnformationprocessingarefoundin logistics,
wherethe ecologicalchallengehasled to the conceptof “eco-logistics”. In this new field,
methodsof modelingandsimulationareusedto assesshe resourceefficiency andthe specific
emission rates of alternative logistical strategies (HILT94a).

5. ENVIRONMENTAL INFORMATION PROCESSING SYSTEMS

Thereis a broadspectrumof environmentainformation processingsystemswhich can be
differentiatedbasedon the natureof the informationto be processedThis includesmonitoring
and control systems,conventionalinformation systems,computationand analysis systems,
planning and decision support systems,and integratedenvironmentalinformation systems
(PAGE92).

Monitoring and control systemsnteractvery closelywith environmentabbjectsandproc-
esses. Monitoring systems seimé¢he automatiorof measurement@ncludingremotesensing)
in water, air, soil, noise,andradiationcontrol. Thesealso includespreliminary analysis:time
seriesdataneedto be aggregatedenvironmentabbjectsneedto be classified(e.g.,in satellite
images), and chemical substances riedz identified basedon the measurediata. Computer-
ized processcontrol is eitherdirectly employedin environmentatechnologysuchasin air or
exhaustgas cleaning,sewage,sludge, or refuse processing,or usedin produdion process
automationwith secondaryeffects on environmentalprotection (e.g., energy conservation,
emissionreduction).Monitoring and control systemsoften require the processingof vague
information, e.g., usingthe evidencetheory of Dempsterand Shafer,fuzzy logic, or artificial
neural networks.

Conventionalinformation systemsare systemsfor input, storage structuring,integration,
retrieval, and presentatiorof variouskinds of environmentainformation suchas raw meas-
urementdata, descriptionsof environmentabbjects(suchas geographicobjectsor chemical
substances)as well as formal, semi-formaland unformal documentssuch as environmental
regulations or literature references. Spatial and temporal aspects often play an imgeritant
the managementf thesekinds of information.Variouskinds of softwaretools, including geo-
graphicinformationsystemshypermediasystemsthesaurietc.,arenecesaryfor copingwith
all of these data.

Computationalevaluationand analysissystemssupportthe processingof environmental
data using complex mathematical-statisticanalysismethodsand modeling techniquesThis
includessimulatingand forecastingvarious environmentalscenarios Possibleapplicationsof



thesesystemsare the identificationof possiblecausesf variouskinds of envirormentalloads
or the derivation of possible effects of different planning scenarios (e.g., causal models in forest
damage research or forecast of emission loads over time and region).

Planningand decisionsupportsystemslirectly supportdecisionmakersby offering criteria
for the evaluation of alternatives or for justifying decisions, e.ggdorparingeco-balanceer
approvingeco-auditsfor conductingenvironmentalmpactanalysesandfor handlinghazard-
ous substances.

Integratedenvironmentainformation systemsas the last categorymentioned,cannotbe
uniquelyassociatedvith a singlesystemclass,sincethey consistof multiple componentserv-
ing various purposes. It can be expected that integrated environmental inforsgatemswill
be increasinglydesignedasdistributedsystemsThe integrationof variousconceptdor infor-
mation processingwhich is requiredfor building thesekinds of systemspresentsa special
challengeo the disciplineof appliedcomputersciencewith similarimportanceto otherappli-
cation fields.

6. FROM DATA TO INFORMATION

Environmentabatadiffer from traditionaldatain manyrespectsOftenthe dataarerelated
to a certainlocationandtime interval. Measurementlatathat are acquiredfor discreteloca-
tionsandpointsin time belongto a specialcategory;thesedataneedto be interpolatedf con-
tinuous profiles are required(e.g., air pollution dataor elevationmodels).A specialcaseis
imagedata(e.g., satellite sensordata), which typically consistof very large rasterdatasets.
NASA expertsoften handleterabytesof satellitedata;this is morethantwo ordersof magni-
tudegreaterthanthe amountof datamanagedodayin largeinternationalfinancial transaction
systemsThis requiresnew storagemodelsfor environmentablatabases.g.,the useof auto-
matic tape archives and CD ROM jukeboxes as tertiary storage medium.

The most demanding problem concerns the derivatidhe requestednformationfrom the
existingdata.Usually, the transitionfrom datato informationrequiresan appropriateapplica-
tion of algorithms on datgossiblyin aniterativeway, andsupportedy anappropriatanodel
or theory of the application domain. Models nieyweto be calibrated algorithmsmayhaveto
be parameterizedand, dependingon the results,theseprocessesnay haveto be repeated.
Thesetasksarevery demandingandrequiremassiveknowledgeprocessingandthe availability
of an appropriate model base. In addition, the translation of information into reports, documen-
tations, balancesgetc. needsto be supportedby appropriatereportgeneratorsand publishing
tools.

In the ideal case,an environmentaldatabasecontainsall the necessarydata which are
neededo conductthesetranslationprocessesindto derivethe informationrequestedy the
user.Apart from the raw environmentabata,this requiresthe availability of additionalinfor-
mation, known as metainformation(RADE91). In a broad sense this includesinformation
aboutlocation,time, precision,andrevisiondatesof the dataunderconsiderationaswell as
descriptions of the data structures and data formats used.

Metainformationis missingtoday in most existing environmentalinformation processing
systemsQOften the only datasourceconsistsof a magnetictapecontainingthe raw data(e.g.,
imagedataor measurementlata)to be analyzed.All of the additionalinformation which is
necesaryfor the correctinterpretationof the raw datais implicitly codedin the application



programs or must be contributed by the user. Suaipemaybecomecompletelyuselessfter
a changeof the personnelor of the data processingsoftware. Therefore, environmental
metainfomationsystemsalsoknown - with a reducedscope- asenvironmentallata directo-
ries (SCHU93),are currently being developedo overcomethe prevailing lack of metainfor-
mation. They constituteone of the centralscientific challengedo be adressedh this field, as
does coping with heterogeneous hard- and software, as well as network environments.

7. SPATIOTEMPORAL ASPECTS

Environmental dataften describeenvironmentabbjectswith a spatialandtemporalextent.
Theseobjects,alsoknown asgeographimbjects,possess geometryconsistingof point-form
(OD), linear (1D), flat (2D), or solid (3D) features.Often geographicmbjectsalso havea life-
time which is given by their datesof constructionand destruction.During the lifetime of an
environmentabbject, its attributesmay change.That is, the valuesof the attributesare only
valid during a certaintime interval, anda given attribute(e.g.,the populationof a city or the
land use of a parcel)may possessnany possiblevaluesduring the lifetime of the object. A
specialcaseis the changeof the geometryof a geographimbjectsuchasthe growth of a city
or the shrinking of a lake or a forest.

The adequateepresentationf spatio-temporaénvironmentabbjectsis a specialchallenge
to appliedcomputerscientists Abstractdatatypesarerequiredfor representingonceptssuch
asthe partonomy,the topology, and the spatio-temporakxtensionof geographicobjectsas
well as the thematic information associabgth theseobjects,suchasalpha-numeriattributes
and relationshipsto other geographicobjects.An importanttask is also the (carto-)graphic
presentatiorof theseobjects.In most caseshon-standardlatatypesare requiredfor repre-
sening thesekinds of information and, therefore,a trend towards systemswhich allow the
definition of such data types, such as extendedrelational or object-orienteddatabases
(CACM91), can be recognized in current developments (GUNT93).

The special nature of environmental data also requires a lamenyagewith specialcharac-
teristics. Apart from typical SQL-like questions,the forthcoming object-orienteddatabase
maragemensystemgCATT93) alsoallow navigationalqueriesand queriesthatinclude user-
defined predicates.In particularthe latter allows the usageof spatio-temporapredicatesn
gueries.The optimization of spatio-temporaljuery-processings a scientifically demanding
problemwhich concernsboth storagemodelsand indexing techniquesor multi-dimensional
data.The integration of thesetechniqueswith existingdatabases a hard problemwhich will
still require major research activities in the future.

8. OVERCOMING THE HETEROGENEITY

The harmonizationof environmentalinformation at national, Europeanand worldwide
levelsis of centralimportancefor gaininga reliable descriptionof the environmentakituation
and, at the sametime, is a basicrequirementor any reportingsystemin this context. These
requirementshowever,are confrontedwith the existing heterogeneityf hardwareand soft-
ware environmentsof databasesystems,of methodbases,of network technology,and of
variouscomputerlanguagesApproachedor overcomingthe heterogeneitypne of the major



obstaclesto open software solutions,can have a tremendousmpact on the productivity in
environmental management, and can also lead to a greater stalsjisgamdesignandsystem
usage.

The task of overcomingheterogeneitys a challengewhich is mainly addressedo applied
computerscienceandwhich mustbe tackledprimarily by appliedcomputerscienceDoubtless
the development and promotion of standards jgoficularimportancen this respectExperi-
ence shows, howevehatwe will still haveto copewith competingstandardsn the future.In
addition, technologicaladvanceswill always producenew heterogeneityprodems and will
require strategiedor migrating the softwaretowardsnew solutions.The properhandling of
guestionsof this kind is very importantfor obtainingpowerful solutionsin the environmental
domain.A pragmaticusageof the currentlyevolving architecturesuchas client/serverarchi-
tecturespbjectrequestorokers,hypermediaechnologyfor identifying andaccessingervices
and data, and remote procedure components are important in this field (RIEK94).

9. ENVIRONMENTAL INFORMATICS

The solution of the versatile,strongly interrelated,and highly interdisciplinarytasksin the
environmentalfield requiresthe intensiveuseof moderninformation processingnethodsand
techniques. This has led to a new scientific discipline, known asdnwental Informatics.

This discipline hasbeenmaturingsincethe eighties.In Germanythis is nicely documented
by the yearly conferenceserieson “Environmental Informatics”. These conferenceswhich
havebeenorganizedby the working group “Informatics in EnvironmentalProtection”in the
GermanSocietyfor Informatics(Gl) since1987, haveyielded a growing numberof partici-
pants,projects,and publications(e.g., JAES93,PAGE94,HILT94b). Today, environmental
informaticsis anintegralpartof appliedcomputersciencelt providesmethodologicasupport
for computerutilization in environmentalprotectionby combining advancedresearchfields
suchasdatabaseystemsgeographidnformationsystemsmodelingandsimulation,computer
graphics, user interfaces, neural networks, knowledge processing, and systems integration.
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