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Abstract

Large-scalemineralexplorationstudiesor regionalmappingcampaignsoftenresultin largeand
complex spatialmodelsconsistingof many geologicalobjects.For thosemodelsit becomesdifficult
to determinethespatial,temporal,andstructuralrelationshipsbetweenthemodelledgeologicalob-
jectsandtheir consistency. This taskrequirestools for queryingthe modelfor thoserelationships,
andmethodsto representthequeryresultgraphicalor usingmeta-data.So far, a setof topological
anddirectionalquerytools,anda legendhavebeenimplementedasaprototypeversionin theGocad
3D modeller.

1 Introduction

What means“Geo-InformationSystem”in 3D? In geology, classical2d/2.5d-GISpackagesareexten-
sively usedin mineralexplorationsensitivity studiesor for generalregionalmappingcampaigns.They
are mainly employed to create,manage,query and analysegeoreferencedmaps[Bonham-C.2000].
While real geologicalobjectsare essentially3D, a map often representsjust a cross-sectionthrough
a 3D modelwith complex topologyandgeometry. For those,2D/2.5D-GISpackagesmustfail to inter-
rogateandanalysethegeometricalandtopologicalrelationshipsandpropertiesof thegeologicalobjects
asthey do not containthis information.
To solve this task,we have to usea modelwith true 3D topologyandquery it for thoserelationships
andproperties.As a result,onecanobtaineithera subsetof the queryargumentobjectsfulfilling the
searchconstraintsor abooleananswerwhetheragivenconstraintis matched.Thequeriesimportantfor
geologicalpurposesarebasedon the topology, geometry, directionandattributesof modelobjectsand
associatedmeta-data.Thedifferenttypescanbelogically combinedto sub-sampledatasetsin orderto
constrainexplorationtargetsor to testtheconceptualgeologicalmodel.To illustratethevastapplication
fields,herearesomequeryexamples:

� highlight all conjugatefault surfaceswith an east-weststrike anda gold anomalyin their 100m-
vicinity

� whichmodelregionsarecutby acertainfault?
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� detectstructuralpatternsusingstereographicprojectionandclusteranalysis,highlight thecluster
in the3D camera;
show all partsof a fault network with a certainmeannormalandtolerance

� highlightall modelregionsof CretaceousAND sandstoneAND with acertainpermeability

� highlightall modelregionswith acertainf(pressure,temperature,time) property

As the basefor this work the 3D modellerGocad,version2, hasbeenused[Mallet 1997]. The
topologicalkernel,thenotionof regionandgeologicalinformationprovideanexcellentstartingpoint for
thedevelopmentof functionsquerying3D modelobjects.A requirementto all of themis that they do
not changethemodelitself, storeif possiblenothingin memory, andgive fastanswers.In this work, a
basiccollectionof suchGocad-basedGIS toolshasbeenimplemented.

2 3D GIS-Tools - Overview of Functionality

Querytoolsactingon a 3D modelcanbeconceptuallydistinguishedin spatial,temporalandmeta-data
queryfunctionsandin queryrepresentationtools.

2.1 Spatial query functions

SpatialGIS functionscan be definedas interpretative dataexploration tools basedon the geometry,
topology, orientationandproximity of modelobjects.Spatialqueryfunctionscanbeusedfor theback-
samplingof modelobjectsto createobjectsubsets.Thesefunctionscanbeclassifiedasshown in Table
(1). For theimplementation,thecurrenttopologicalkernelof Gocadhasbeenused.Thequeriescanact
onmodel-regions(e.g.“Layer”, “FaultBlock” ) andon atomicobjects(“Part”).

Topologicalqueriesmustbe carriedout on eachtopologicalsimplex of thequeriedobjects.Let A
andB be two discretetopologicalmodel-objects,wecandefinethe following setof simpletopological
relationshipsif thefollowing sufficient conditionsaretrue(after[Breunig2000]):

1. If all simplexesof A aredisjoint with all simplexesof B � �����	��


2. If all simplexesof A andB areby pairsequal � ���
�

3. If a boundarysimplex of A touchesa boundarysimplex of B from the outsideand if all other
simplexesof A aredisjoint to all othersimplexesof B (neighbourhood)

��� �����


4. If asimplex of A intersectsa simplex of B � ���������


5. If a boundarysimplex of B touchesa boundarysimplex of A from the inside and if all other
simplexesof B areinsideA (A coversB) � ��� �

6. If a boundarysimplex of B touchesa boundarysimplex of A from the outsideand if all other
simplexesof A areinsideB (A covered-ByB) � � ���

7. If all simplexesof A areinsidetheboundarysimplexesof B � �����

8. If all simplexesof B areinsidetheboundarysimplexesof A � �����
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Topological queries: Metrical queries: Directional queries:

Relationships:
GObjxGObj->bool

intersection,inclusion,
exclusion, equality,
neighbourhood

spatialbuffer directionbuffer,
relative situation

Functions:
GObj->real,
GObjxGObj->real

(already implemented
in Gocad2: )
binary: displacement,
distance;
unary: length,surface,
volume,curvature

binary: angle

Table1: Classificationof spatialqueryfunctions.(GObj= gocadobject)

Sincethis cangive differentanswersfor the simplexesof an object (e.g. someoverlapandsomeare
contained)asuperiortopologicalrelationshipshasto bedetermined:overlap> covers,covered-By, meet
> contain,inside. Using theserelationships,onecanformulateandanswerquestionsto modelregions
(e.g. “which are the neighboursof a region”, “is this region within our permit area”)or atomicparts
(e.g. “which surfacepartsarecut by a fault surface”). For largegeologicalmodels,agraphshowing the
topologyof themodelregionsandfaultscouldaid theunderstandingof thegeologicalrelationshipsbut
hasnotyet beenimplemented.

Directionalbuffer queriesareusefulfor objectswith a large 1D or 2D extensionlike fault surfaces
andtheir maptraces.Givena directionD ����� �"! (e.g. azimuthanddip angle)anda confidenceinterval
angle# , thetaskis to selectall partsof amulti-partobjectwhosemeanextensionlieswithin thatdirection
interval (Figure1). To determinethemeanextensionwith spatialdimensionn of agivendiscretemodel-
objectM, onecancomputeeither:

� themeanof thenormalsof thetopologicalsimplexesof M (e.g. triangles).In thecaseof n=2, the
meannormaldefinesthemeanplaneof thenodelocationsof M.

� computethe first (for n=1) or the first and the second(for n=2) greatestEigenvectorsof the
variance-covariancematrix of the nodelocationsof M. Thesedefinethe spacewith the highest
variability andthus,in thecaseof n=1 definethedirectionof a meanline, or in thecaseof n=2,
definethemeanplane.

Having calculatedthemeanextension,onecantestwhetherit (if n=1) or its normal(if n=2) lies within
thebi-conicalspacedefinedby thedirectioninterval. Both methodshave beentestedandgive similar
results.A descriptive measurefor themaximumcurvatureof theobjectshouldbegiven,asfor example
calculatingthedirectionof asphereis quiteuseless.If this measureis larger thanthestandarddeviation
of thesimplex normals,or thenormof thethird eigenvector, respectively, no trendwill becomputed.

In addition to directionalbuffer queries,the following tools for the analysisand visualisationof
directionaldataaresuggestedfor integratedstructuralgeologyinvestigations:

� stereographicprojection(Schmidtnet)of structuraldata.This includespole,greatcircle, contour
or roseplotting of pointswith directionproperty(e.gazimuthanddip, normalvector). Multiple
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Figure1: Directionquery“highlight all faultswith atrendnorth-west$ 10%'&)( ” appliedtoafaultnetwork.
Thefaultswhicharenotwithin thebuffer aretransparent.

data-setscanbe handled,andselectedsubsetsmay be highlightedin the plot window and in a
Gocad3D camera.This linking allows simultaneousexplorationof structuraltrendsandspatial
situationof the model objects. Another integrateddialog allows the computationof structures
(e.g. planeintersection),anddirectionstatistics.Thenext stepswill bethe implementationof (i)
clusteranalysis,(ii) theprojectionof poles,circlesandcontourson a 3D-sphere,and(iii) strain
calculationandvisualisation. A first prototypeof a generic“structuralanalyser”is available in
a Gocadplug-in (Figure2) aswell asan standaloneprogramwith dataimport facility. (source
availableatwww.ensg.inpl-nancy.fr/~apel/StrucAnal.tar.gz).

2.2 Temporal query functions: The Legend

In mostwell-known earthmodellersincluding Gocad,the modelobjectsareaccessedvia a list of the
physicalobjects(e.g.Surfaces,Voxets,...)- which is not thesyntaxgeologistsareusedto communicate.
Geologicalobjectsarecommonlyreferredto by their age. Theagecanbedescribedin threeways: (i)
stratigraphicage,(ii) absoluteage,and (iii) relative age. The stratigraphicageandabsoluteagecan
be storedwith the modelobjects. A legendprovides in addition to the object browser a generalised
hierarchicalgraphrepresentingconsistentlytheagerelationshipof all geologicalfeatures.Theideaof a
legendis nothingnew - geologicalmapsareusuallyhandledthisway. But in a3D modellera legendcan
provide evenmorefunctionality: TheLegendis query-able.For exampleonecanshow “all Cretaceous
objects”,“all objectsbetweentwo discontinuitieswith certainages”,“all faultsof acertainage”in the3D
camera.Thisapproach- in combinationwith spatialqueries- allowsconceptualquestionsto beanswered
like: Do CambrianunconformitiesintersectPermianlime-stones?If they do, thereis eithera problem
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Figure2: Exampleof structuralanalyserintegratedwith Gocad.

in (i) theGocad-model,(ii) theageinformationassociatedwith themodelobjectsor (iii) thegeological
meaningof thesupposedunconformity(exampleby Eric deKemp/NRCanOttawa). Finally, if a legend
graphbecomesextendedto a stratigraphiccolumncontainingthe graphicobjectsymbol in a look-up
table,it canalsobeattachedto modelscreen-shotsasanexplanation.Concerningthe implementation,
accessto thegeologicalinformationassociatedwith themodelobjectshasbeenintegratedwith theobject
browser(Figure3). However, this is not sufficient asoften a moredetailedstratigraphicclassification
is necessary. Therefore,classificationschemesfor stratifiedmodelobjects(e.g. “super-group-group-
formation-member-?userdefined?” dependingon requiredlevel of detail) and for unstratifiedmodel
objects(e.g. lithodemicranks,tectonicdivision) shouldbecreatedandbemadeaccessiblein a legend
graph.

2.3 Query result representation options

Theresultof spatial,temporalor attributequeriescanberepresented:

� graphicalby usingadistinctsymbolisationin the3D cameraor in a2D projectionview (e.g.stere-
ographicprojection).This is themostimportantmethod,asit is transientanddoesnot changethe
modelobjectitself. Thewayit becomessymboliseddependsontheobjecttypeandthequerytype.
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Figure3: Examplefor objectaccessusinggeologicalinformation:“show all but Permian”.

In theory, changesin transparency, shape,size,colour, thickness,continuity, or textureof symbol
graphicsarepossible.Themostapplicableandobvious techniqueis to make thecomplementof
the queryresult transparent(Figure4); a booleanvalueindicatingwhethera simplex belongsto
theresultis storedasa temporarypropertyandlinearinterpolated.For structuralobservations,the
visualisationof orientationpropertiesattachedto nodesis importantandcanberealizede.g.using
tabletsor disksindicatingtheorientationof a plane. This providesvisualqueuesto extendlocal
structures.In addition,otherobjectpropertiescanbecomecomponentscontrollingthe3D-symbols
sizeor colour; like a tablet indicatingtheorientationwith a sizecontrolledby an elementabun-
dance.Thismakesit possibleto visualiserelationshipswithoutsophisticatedqueriesandstatistical
analysis.

� by changingthe modelobjectsthemselves. Using the standardGocadlibraries,onecancreate
persistentnew regions,propertiesor objectsfrom a thequeryresult.

� by creatingmeta-data.With respectto adiscretemodel,meta-datacanbedefinedasdataattached
to a modelasa wholeandnot to eachcell. Thus,datalike "geologicalage","boundingbox" of a
discreteobjectcanbetreatedasmeta-data.

3 Next steps - discussion of perspectives

Thefollowing facilitiesareproposedto bedevelopedin thenearfuturein orderto createacomprehensive
GIS-environmenton topof Gocad:

� A work-flow-like arrangementof the setof tools is necessaryto facilitate logical combinations
of differentqueriesanduser-friendly accessandits implementationis alreadyin progress.The
following structureis proposed:

1. “Usepreviousqueryresult” || “resetpreviousqueryresult”
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Figure4: Highlighting thefault partsfalling within adistancebuffer of anotherfault

2. “Chooseobjects”(e.g.“Model3D”)

3. “Choosequeries”(e.g.topological,directional,meta-dataquerywith logical combination)

4. “Chooseresultrepresentations”

5. “Apply” || “start queryingagain”|| “OK, resetall” || “OK, storemeta-data”.

The inter-operabilitywith othermeansof dataanalysishasalsoto be developed. For example,
spatialqueriescanbe combinedwith statisticalanalysisof the objectpropertiesfor further dis-
criminationof targetregions.Especiallymultivariatestatisticaltoolsareusefulin this respect,like
principalcomponentanalysis[Lafferiere2000].

� This work focusedon toolsactingon theobjectsof a transientGocadmodel.For very largemod-
elswherehandlingin memorybecomesdifficult like large grids,onecanmove thedatafiltering
processto aCORBA-accessedobject-orienteddatabase[Breunig1999], whichallows for retrieval
of thepersistentobjectsbasedonspatialindex treequeriesusingR-Treesor objectquerylanguage
(OQL, www.odmg.org) for queryingnon-standarddata-types.Becausethechangeto persistence
usingobjectdatabasesis an expensive and intrusive process,the possibilitiesof XML/RDF for
searchquerieson persistentobjectswill beexplored.Thedevelopmentof XML/RDF representa-
tionsfor spatialobjectsandmeta-dataconformingwith theOpenGISstandard(www.opengis.org)
providesthepossibilityof a datainterchangeplatformwith otherapplicationsanda bettermeta-
datamanagement.
XML/RDF provides- in contrastto the relationalor objectdatamodels- thepossibility for user
defineddataschemasbecauseXML documentsareself-describing.This canbeusefulfor meta-
dataastherequirementsaredifferentfor differentsites.For example,aminingexplorationproject
mightwantto storedescriptive coredatawith thewell objectwhereasapetroleumproductionwell
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objectmight requirea descriptionof the well perforation. Having the possibility to accessthis
meta-datavia thenetandusingit to searchobjectswith certaincriteriausinganXML querylan-
guage(e.g. XML-QL, www.w3c.org/TR/NOTE-xml-ql) canprovide a convenient“data-mining”
framework. As discretedataasthey areusedin 3D geo-modellingcanleadto to verylargedatasets,
XML documentscanbecomevery largeandslow to handle.For commonqueries,thesediscrete
elementsshouldbedeclaredasunparsedsectionslike binaryobjects.Only informationvalid for
thewholemodelobjectlikeboundingbox,agedata,coordinatesystemwill bestoredin XML and
beavailableto queries.

� Topologicalqueriescanalsobe implementedusingGMaps[Lienhardt1994]. Preliminarytests
have beenmadeusingtheGMap-basedresearch-kernel“TopoLab2”[Levy 2000] andwill bede-
velopedfurther. This kernelallows arbitrarydata-typesto be attachedto any typeof cell, which
couldbeusedin thequerywork-flow to facilitatequerieson complex propertytypes.

4 Conclusion

Within this work, a setof 3D-GIS tools encompassinga variety of query typeshave beendeveloped.
Thoughthey arenotyetcompleteandlackinter-operability, they canalreadybeusedto answerquestions
concerningsimpletopological,directionalandagerelationshipsof 3D modelobjects.
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