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Abstract　Geographyrequiresacomprehensiveunderstandingofbothnaturalandhumanfactors,aswell
astheirinteractions．Duetothecomplexityandmultiplicityofgeographicproblems,varioustheoriesand
methodsforgeographicmodellingandsimulationhavebeenproposed．Currently,geographyhasentered
anerainwhichquantitativeanalysisand modellingareessentialforunderstandingthemechanismsof
geographicprocesses．Asthebasicideaofquantitativespatialanalysis,thespecifiedspaceoftenneedsto
bepartitionedbyaseriesofsmallcomputationalunits (cells),i．e．,grids．Thus,thereisaclose
relationshipbetweenthegridsandgeographicmodelling．Thisarticlereviewsthemainstreamandtypical
gridsused for modelling and simulation．In addition to classification,the derived theories and
technologies,includinggridgenerationmethods,dataorganizationstrategies,multiＧdimensionalquerying
methods,andgridadaptationtechniques,arediscussed．Forintegratedgeographicsimulationtoexplore
comprehensivegeographicproblems,wearguedthatitisreasonabletobuildbridgesamongdifferenttypes
ofgrids (e．g．,transformationstrategies),and morepowerfulgridsthatcansupportmultiＧtypeof
numericalcomputationareurgentlyneeded．
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１　Introduction

Therealworldiscomposedofdiversesystemsandsubsystems,suchashydrologic,ecological,
biological,andsocialsystems．Althoughachievementshaveappearedinvariousfieldsofstudy,exploring
thedeepmechanismsofsurfaceprocessesisstillapersistenthottopic．Withtheevolutionofgeographic
researchfromqualitativetoquantitativemethods,variousnumericalgeographicanalysismodels,especially
intheatmosphericandhydrologicdomains,havebeenbuilttosimulateandstudygeographicscenesand
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processes．These modelsemploydifferenttypesofnumericalmethods,suchasstatisticalmethods,
stochastictheories,artificialintelligencemethods,andsystemdynamicsmethods．

Whenmodelling,twotypesofstrategiesaremainlyutilizedtoaddressgeographicspace．Oneistreating
theexperimentalspaceasawhole(e．g．,globalstatistics),whiletheotherdividesthespaceintovarious
unitstoconductmoreprecisecomputations．Forexample,partialdifferentialequations (PDEs),the
latticeboltzmannmethod(LBM),andcellautomata(CA)arethemostcommonlyusedmethodstosolve
dynamicproblems．NumericalmethodscontrolledbyPDEs,e．g．,thefinitedifferencemethod(FDM),
thefiniteelementmethod (FEM),andthefinitevolumemethod (FVM),areoftenappliedwhenthe
computationaldomainisdiscretizedwithagridsystem [１—４]．TheLBMisanalternativediscretemethod
thatisoftenemployedtosimulatecomplexfluidsystemsandmodelsafluidconsistingoffictiveparticles,
andtheseparticlesperformconsecutivepropagationandcollisionprocessesoveradiscretelatticegrid[５,
６]．CAisalsoadiscretemodelthatconsistsofaseriesofshapedcellsorgrids,buttheedgesandnodesof
thegridsarenotnormallyconsidered．Thenewstateofeachcellisdeterminedbythecurrentstateofthe
cellandthestatesoftheneighbouringcells[７,８]．

TheaboveＧmentionedmethodsindicatethatgridsareoneofthemostimportantandessentialstructures
fornumericalcomputations．Asvarioustypesofgridsystemshavebeendesignedfordifferentsimulation
purposes,thereisanurgentneedtoprovideabetterunderstandingofthesesystemstoimproveboth
modelsandsimulations．Thedifferenttypesofgridsystemsneedtobeclassified,andthetheoriesand
techniquesderivedfromthesesystems,suchasgridgeneration methods,dataorganizationstrategies,
multiＧdimensionalqueryingmethods,andgridadaptationtechniques,shouldbediscussed．Moreover,due
tothemultiplescalesandvaryingcomplexityofgeographicalissues,asinglegridsystemcannotbeusedto
simulatecomplexgeographicprocessesinmanycases．Therefore,bettersolutionsneedtobefoundto
employexisting gridsystemsforthe moreefficientreformation ofthecomprehensivegeographical
environments．Thisreviewarticleaimstoaddresstheseissuesaswellasdiscusspotentialstrategiesfor
usinggridsystemstosupportcomprehensivegeographicsimulations．

２　Classificationofgrids

Griddingistheprocessofsubdividingaregiontobemodelledintoasetofunits,e．g．,smallpolygons
orcontrolvolumes,whichhaveregularorirregularshapes．Theshapesoftheseunitsareoneofthemost
obviousgridfeatures．Ingeneral,theseshapesmainlyincludetrianglesorquadrilateralsin２Dcases,and
tetrahedrons,pyramids,triＧprismsandhexahedronsin３Dcases(asshowninFig．１)．

Figure１　Generalgridshapesin２Dcasesand３Dcases．
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Thevaluesofoneormoredependentflowvariables(e．g．,velocity,pressure,andtemperature)are
associated witheachunit．Normally,thesevariablesrepresentvaluesthathavebeenaveragedover
differentunits．Forapproximatesolutionstotheconservationlawsofmass,momentum,andenergy,
numericalmethodsarethenusedtocomputemoreapproximatevaluesofthevariablesineachunit．

Todescribegridsaswellastheirunits,thefirststepistoclassifythesegridsintodifferentcategories
accordingtodifferentcriteria．Forexample,gridscanbeclassifiedasglobalgridsorregionalgridsbased
onthespatialcomputationalscales,visualizationＧorientedgridsormodellingＧorientedgridsaccordingto
differentapplicationobjectives,andtwoＧdimensional(２D)grids,surfacegridsandthreeＧdimensional(３D)

gridsbased onthespatialdimensions．Asthestructureofa gridis mostcloselyrelatedtothe
correspondingnumericalmethod [９],amongtheseclassification methods,thestructureofthegridis
normallyemployedasthemostimportantcriterion．Accordingtothestructureofthegrid,discretegrids
cancurrentlybeclassifiedintofourmaincategories:structuredgrids,unＧstructuredgrids,hybridgrids
andChimeragrids．Table１providesanoverviewofthecharacteristicsofdifferentcategoriesofgrids
classifiedbystructure．Thesecharacteristicsaresummarizedinnormalbutnotabsolutecases．

Table１　Characteristicsoffourtypesofgridsclassifiedbystructure

Structuredgrids Unstructuredgrids Hybridgrids Chimeragrids

Numberofneighbours Fixed Varied Varied Fixedorvaried

Gridshape Rectangle
Quadrilateral
Hexahedron

Triangle
Quadrilateral
Tetrahedron
Hexahedron

Triangle
Quadrilateral
Tetrahedron
Hexahedron

Triangle
Quadrilateral
Tetrahedron
Hexahedron

Gridcoding Easy Normal Difficult Difficult

Boundaryfitting Feasible Desirable Good Desirable

Numericalmodelling Easy Normal Difficult Difficult

Usage Visualization
Dataorganization

Simulation

Visualization
Dataorganization

Simulation

Simulation Simulation

Applicationfields Fluiddynamics
Soliddynamics

Fluiddynamics
Soliddynamics

Fluiddynamics
Soliddynamics

Fluiddynamics
Soliddynamics

２．１　Structuredgrids
Structuredgridshaveonemainfeature,i．e．,thearrangementlayoutisorderedbothverticallyand

horizontally．Foreachunitinagrid,thenumberofitsfirstＧorderneighboursisfixed,anditisrelatively
easytoimplementgridcodinganddiscretecomputationalprogramming．Iftheorthogonalityofthegridis
considered,structuredgridscanbefurtherdividedintoorthogonalcurvilineargridsandnonＧorthogonal
curvilineargrids[１０]．Themainadvantageoforthogonalgridsisthattheformulasoftheequationsthat
controlthemodeldynamicscanbeexpressedinamoreconcisewayunderanorthogonalcoordinatesystem．
IftheFDM,whichismoreoftenusedinnumericalsimulation,isimplementedonstructuredgrids,
especiallyorthogonalgrids,themaindifferentialoperatorsinthePDEscanbediscretizedintuitivelyand
easily．Basedonthespatialdimension,structuredgridscanbedividedinto２Dstructuredgrids,surface
structuredgridsand３Dstructuredgrids．

２．１．１　TwoＧdimensional(２D)structuredgrids
In２Dcases,structuredgridsmainlyincludegeneralcurvilineargrids,andstructuredrectangulargrids

(e．g．,orthogonalcurvilineargridsandconventionallongitudeＧlatitudecoordinategrids,asshowninFig．
２)．Thesetypesofgridsareoftenutilizedinregionalhydrologyorhydrodynamicmodelling[１１—１５]．
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Figure２　Gridsfor２Dcasesofregionaloceanmodelling．(a)TheorthogonalcurvilineargridsforthePearlRiverestuary
[１４];(b)thelongitudeＧlatitudegridsforthemarginalseasinChina．

２．１．２　Surfacestructuredgrids
Atypicaltypeofsurfacestructuredgridisasphericalgrid,whichhaswidespreadapplicationsinglobal

numericalweatherandmarineforecasts[９,１６,１７]．Thesesphericalgridsshouldmeetsomeconditions
beforebeingusedinmodelsandsimulations[１８,１９]．Currently,sphericalgridsincludedifferenttypesof
grids(seeFig．３),suchastraditionallongitudeＧlatitude(LL)grids[２０],reducedLLgrids[２１],general
orthogonalcurvilineargrids[２２],sphericalstructuredquadrilateralgridsbasedoncubes[２３—２５],and
sphericalrhombusgridsbasedonicosahedrons[２６]．

Figure３　Structuredgridsonasphericalsurface．(a)TraditionalLLgrid;(b)reducedLLgrid;(c)generalorthogonal
curvilineargrid(modifiedbyXuetal．,２０１５);(d)cubedspheregrid;(e)icosahedronsphererhombusgrid．

ThetraditionalLLgridisoneofthemostwidelyusedsurfacestructuredgrids．However,thetraditional
LLgridhasadefect,asmostoftheglobalatmosphereoroceannumericalmodelssufferfromissuesrelated
tothe“poleproblem”thatoccursintheareasadjacenttothetwopolesonthesphere．Thisproblemcould
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berelieved byseveralapproaches,includingfiltering [２７,２８],semiＧLagrangian andsemiＧimplicit
integration[２９,３０],transformationofthecoordinatesystem [３１],andgridtopologyimprovement[３２]．
Toavoidthisproblem,manyglobaloceannumericalmodelsbasedon LL grids werebuiltwithout
consideringtheArcticOcean[３３—３７]．

ReducedLLgridsareimprovementsoftraditionalLLgrids[３８]．ThekeyideabehindreducedLLgrids
istoproperlymergegridunitsalongcertainlatitudesnearthepoles,whichgreatlyrelievesthe “pole
problem”．

Sphericalorthogonalcurvegridsarecommonlyusedinregionaloceanmodels．Thistypeofgridcanfit
thecoastlinebetterthangeneralstructuredgrids．Usually,thegenerationofthesegridsrelieson
numericallysolvingellipticPDEs;otherrestrictionscanbeimposedonthiskindofgridifnecessary,such
asgridsmoothnessorquasiＧuniformityofgridunits [３９]．Specifically,tosolvethe “poleproblem”,
specialkindsoforthogonalgridshavebeenemployedbymanyglobaloceannumericalmodels(seeFig．４)．
Forexample,displacednorthpolegrids [４０—４２],and multipolegridsgeneratedbytheconformal
mappingmethod[２２,４３,４４]wereadoptedbytheparalleloceanandicemodel(POIM),parallelocean
program (POP)andmodularoceanmodel(MOM)．Thecoreideaofsuchgridsistotransferthenorth
poletoanadjacentlandorbeyondtheareaofinterest．ThetwopolesinthetraditionalLLgridcouldbe
movedtoanyotherregiononthespherebyusingtheconformalmappingmethod[４５]．However,itis
difficulttoperformgridrefinementlocallyonthesegrids．

Figure４　Sphericalorthogonalcurvilineargrids．(a)Tripolargrid;(b)displacedNorthPolegrid．

２．１．３　ThreeＧdimensional(３D)structuredgrids

Figure５　 Thecubedsphereshell
gridswithlocalrefinement[４６]．

In３Dcases,hexahedralgridsarecommonlyemployedin many
criticalapplicationsthatrequirevolumetricPDEstobesolved．The
useofthisgridtypeismostlyduetothenaturallyembeddedtensor
product structure,large tolerance for anisotropy and lower
numerical stiffness of hexahedral grids compared to that of
unstructuredmeshes (e．g．,tetrahedralmeshes)inthenumerical
computationaspect．

BasedontheaboveＧmentionedmerits,３Dstructuredgridscanbe
employedtocomputedifferenttargets．Forexample,３D cubed
spheregrids(seeFig．５)arenormallyappliedtosimulateandmodel
thedynamicsofEarth􀆳smantleandmagnetohydrodynamics(MHD)
flowproblems,suchassolarwind modelling [４６—４９],and３D
hexahedralgrids(seeFig．６)arenormallyusedtocomputethenearＧ
fieldaerodynamicsof３Dsolidgeometry[５０,５１]．
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Figure６　Twocasesofstructuredhexahedralgrids(https://www．lacan．upc．edu/ruiz)．(a)Atoothedgear;(b)space
aroundanairplane．

２．２　Unstructuredgrids
Unstructuredgridsaremainlycomposedofarbitraryunits．Themainadvantageofunstructuredgridsis

theirflexibilitytocomplexgeometry．Forunstructuredgrids,thenodesandunitscanbedistributedmore
freelythanthoseinothergrids,whichbetterfitstheboundaryofthecomputationdomain．Unstructured
gridsadoptarandom datastructuretofacilitategridadaptationinregionsofinterest．However,
unstructuredgridsalsohavetheirowndrawbacks,i．e．,underthesameconditions,thenumberofnodes
orunitsmaybemorethanthoseinastructuredgrid．Inaddition,itismoredifficulttoimplement
numericalmethodsusingunstructuredgrids．

２．２．１　TwoＧdimensionalunstructuredgrids
In２Dcases,theunstructuredgridcategorymainlyincludestrianglegrids(seeFig．７(a))andunstructured

quadrilateralgrids(seeFig．７(b))．Ingeneral,２Dunstructuredgridsarewidelyusedinregionalocean
models,especiallyiftheboundaryofthecomputationdomainhasanirregularshape[５２—５６]．

Figure７　UnstructuredgridsforLakeSuperior．(a)Triangles;(b)quadrilaterals[５７]．

AtypicalusageofunstructuredtrianglegridsisthedevelopmentoftheFiniteVolumeCommunityOcean
Model(FVCOM),whichisafamousoceanographicnumericalmodelthatwasdevelopedbytheMarine
ResearchGroupoftheMassachusettsInstituteofTechnology．FVCOM wasdevelopedbasedontheFVM
withunstructuredgrids．Later,theAOＧFVCOM modulewasdevelopedusingthestereographicprojection
method[５８]．ByincorporatingAOＧFVCOM,theFVCOMhastheabilitytosimulatetidaldynamicsinthe
globalocean[５９]．However,thereisaprerequisiteforthetrianglemeshusedbytheFVCOM,i．e．,there
mustbeonlyonegridunitsiteattheNorthPole．

Otheralternativeshavealsobeenutilizedforregionalorglobaloceanmodelling,i．e．,unstructured
quadrilateralgrids,suchasthegridsemployedbythespectralelementoceanmodel(SEOM)[６０,６１]．
However,comparedtotrianglegrids,quadrilateralgridshavelessflexibilityregardingthegeometryofa
specifiedcomputationdomain．Therefore,quadrilateralgridsarenotaspopularastrianglegrids．
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２．２．２　Unstructuredsurfacegrids
Someunstructuredsurfacegridsareusedforsurfacevisualization,someareusedfororganizationof

globalspatialdata[６２—６５],andsomeareusedforsimulation,especiallythoseonsphericalsurfaces．
Overthelasttwodecades,regularoctahedronandicosahedron(seeFig．８)gridswererapidlydeveloped
basedonaregularoctahedron．Goodchildusedarecursiveiterativedecompositionmethodtoestablisha
sphericaltriangulation [６６];later, Whiteusedfivedifferentprojection methodstocomparesome
propertiesofasphericaltriangulationbasedonaregularoctahedronandaregularicosahedronandfound
thattheicosahedronsphericalgridsweremoredesirable[６７]．

Figure８　Unstructuredsphericalgridsbasedon(a)octahedrons;(b)icosahedrons．

Thefaceofeachunitofanicosahedronsphericalgridisrepresentedusingatriangle,andtheanglesand
metricsofthegridsarerelativelyuniform．Thesetypesofgridsareusednotonlyforglobalatmosphere
numericalmodels[６８—７３]butalsoforglobaloceannumericalmodels [７４—７６]．However,thedata
operationsonthistypeofgridrequireanindex,andatopologicalrelationtableshouldbeestablishedfor
eachunitinadvance．Moreover,numericalmethodsbuiltonsuchgridsareusuallyverycomplicated．

２．２．３　ThreeＧdimensionalunstructuredgrids
In３Dcases,unstructuredgridsmainlyincludethreebasicunittypes:tetrahedrons,triＧprisms,and

pyramids．
These grids are employed in many applications to solve volumetric PDEs． ThreeＧdimensional

unstructuredgridsare moreflexiblethanstructuredgrids (e．g．,hexahedralgrids)when modelling
complexgeometry domains withlittledistortion of mesh．Forthesphereshellsin３D cases,the
unstructuredgridsare mainlybasedontriＧprisms,whicharenormallyusedtosimulate３D mantle
convectionandSunＧsolarwindsystems[７７,７８]．In３Dvisualizationormodelling,tetrahedralgridsare
preferredtomodel３Dobjectswithcomplexgeometries(seeFig．９)．

Figure９　Examplesfortetrahedralgrids．(a)Stanfordbunny[７９];(b)asolidsphere(https://doc．cgal．org/latest/Mesh_
３/index．html)．
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２．３　Hybridgrids
ThecoreideaofhybridgridsistoadoptdifferenttypesofgridsindifferentsubＧregionsbasedonthe

Figure１０　Anexampleofahybridgridina２Dcase
(Danilovetal．,２０１５)．

domaindecomposition methods (DDM)．Hybrid
gridscanbeclassifiedintotwo maincategories,
whicharestructuredＧunstructured mixed grids,
andunstructuredmixedgrids．

Inthe２Dcase,thehybridgridsareoftenused
whenthegeometryofthecomputationdomainis
complex[８０,８１]．Ingeneral,thestructuredgrid
part is used for subＧregions with regular
boundaries;andtheunstructuredgridpartisused
inareaswithirregularboundaries(seeFig．１０)．

Forsurfacehybridgrids,spheroiddegenerated
octree grids (SDOGs) have received much
attention(seeFig．１１)[８２]．Undoubtedly,such
gridshaveadvantagesinglobaldatavisualization,
butduetodifferenttypesofgridsindifferentsubＧ
regions,specialsewingtechniquesarerequiredfor
thecommonboundariessharedbytwosubＧregions
adjacent to each other, which increases the
complexityofthetopologicalrelationshipsandthe
probabilityofcracks．

Inthe３Dcase,hybridgridsareusedinmany
fields,especiallyinthe optimization design of
aerodynamic or hydrodynamic configurations
[８３]．

Figure１１　AnexampleofaSDOG;theboundarygridsandinteriorgridsofaspatialobject(Yuetal．,２０１２)．

However,thereisone maindrawback withhybridgrids．In mostcases,differenttypesofgrids,
differentsetsofequationsanddifferentnumericalschemesareusedinthetwosubＧregionsadjacenttoeach
other．Therefore,specialcaremustbetakentoaddressdatamapping/matchingacrossthesharedgrid
boundaries．
２．４　Chimeragrids

Chimeragridswerefirstproposedinthe１９８０s [８４]．Chimeragridscomposeasetofoverlapping
structuredgrids,whichareindependentlygeneratedandbodyＧfitted,yieldinghighＧqualitygridsthatare
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Figure１２　CroppedviewofaChimera
grid,showingtheboundarylayergrid
(green),transition grid (red) and
backgroundgrid(black)．

readilyaccessibleforefficientsolutionschemes[８５]．Therefore,

Chimeragridsarealsocalled“oversetgrids”．Chimeragridshave
shown their ability to support computation on complex
geometries．

In２D cases,Chimeragridsareusuallyemployedtosolve
problemswith multipleirregularＧshapedblocksplacedinthe
computationdomain;aregularCartesiangridisoftenchosenfor
thebackgroundgrid,andbodyＧfittedmeshisusedaroundthe
blockswiththeirregularshapes [８６,８７]．Anexampleofa
ChimeragridcanbeseeninFig．１２．

AtypicalsurfaceChimeragridisaYinＧYanggrid．Fig．１３
showsseveralkindsofYinＧYanggrids,includingYinＧYanggrids
onsphericalsurfaces [８８,８９],YinＧYanggridsonspherical
shells,andYinＧYangＧZhonggridsforspheroids[９０—９２]．

Figure１３　YinＧYangoversetgrids．(a)onasphericalsurface;(b)forasphericalshell;(c)YinＧYangＧZhonggridfora
spheroid[９２]．

Figure１４　 Chimeragridsforthecomplexsurfaceofan
aircraft,from OVERGRID Version２．３ (https://www．nas．
nasa．gov/publications/software/docs/chimera/index．html)．

In３Dcases,Chimeragridsarealsowidely

usedin manyotherfields,especiallyinthe

optimizationdesignofairplaneor watercraft

structures[９３,９４](seeFig．１４)．

Despite their geometrical flexibility,

Chimera grids have a drawback, i．e．,

interpolationofdataintheoverlappingregions

isatrickyproblem．Itisdifficulttodesigna

suitablenumericalmethodthatconservesthe

physicalvariable．
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３　GridＧderivedtheoriesandtechniques

Foradeeperanalysisandtoexplorethetheoriesandtechniquesderivedforgrids,itisfirstnecessaryto
clarifythebasiccomponentsofagridunit(seeFig．１５)．For２Dcases,agridunitiscomposedofthe
node/vertex,theedgeandtheface;for３Dcases,inadditiontotheformerthreecomponents,thevolume
shouldbeincluded．

Figure１５　Gridcomponentsin３Dcases．(a)Node;(b)edge;(c)face;(d)volume．

３．１　Gridgeneration
３．１．１　Generationofstructuredgrids
Thegenerationofstructuredgridsismainlybasedonalgebraicmethods,suchaslinearinterpolationor

thetransfiniteinterpolationmethod．In２Dcases,themethodsforthegenerationofbodyＧfittedgridsor
orthogonalcurvilineargridsarerelativelytricky,includingconformalmapping,ellipticPDEs,andthe
variationmethod．Ifstructuredsurfacegridscanbeparameterizedina２Dplane,thenthegridsareusually
generatedinthatparameterdomain．Moregenerally,basedonDDM,thesurfacecouldbeapproximated
byaseriesofsmallpatcheswithrelativelyregularshapes,andeachpatchcanbehandledina２Dlocal
coordinatesystembymapping．In３Dcases,octreetechniquesareusefulforthegenerationofstructured
grids,andalternativemethodsincludeadvancingfronts,sweeping,paving,andplastering．

Therearevarioussoftwaretoolsaccessibleforthegenerationofstructuredgrids,especiallyin２Dcases．
GeneratorsfororthogonalcurvilineargridsincludeSeaGrid[９５],Deft３D [９６],andGridgen[９７],while
theGＧCubedtoolkitfortripolargridscanbeusedtogeneratetripolargridsforsphericalsurfaces．In３D
cases,ICEMCFD (theIntegratedComputerEngineeringandManufacturingcodeforComputationalFluid
Dynamics)andCUBIT [９８]maybehelpfulandmaketheprocedureforgeneratingstructuredgridsmore
efficient．

３．１．２　Generationofunstructuredgrids
In２Dcases,themethodscommonlyusedfortrianglemeshgenerationincludetheDelaunaymethodand

theadvancingＧfrontmethod(AFM)[９９,１００]．Bymeansofdomaindecompositionorcoordinatemapping,
thesemethodscouldalsobeappliedtoasurface．Forinstance,basedontheDelaunaymethodorAFM,
sphericaltrianglegridscouldbegenerated,whichcouldthenbeusedtobuildnumericaloceanmodels
[１０１—１０４]．Thekeyideaoftheabovemethodscanalsobeextendedtothegenerationofunstructured
quadrilateralgrids[１０５],whileothergenerationmethodsincludeQＧTRAN methodsandBlossomＧQuad
methods[１０６—１０８]．

Forunstructuredgridsonageneralsurface,iftheycouldbeparameterizedin２Dplanes,thenthe
generationofthistypeofgridcanbealsogeneratedbyDDM,andthesurfacecanbeapproximatedbya
seriesofsmallpatches with relatively regularshapes．In addition, matching cubes or matching
tetrahedronsarecommonlyusedtogeneratetrianglemeshesonimplicitsurfaces．
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Forunstructuredgridsin３Dcases,theDelaunayＧbasedmethodisnormallyusedtogeneratetetrahedral
meshes[１０９,１１０]．

TherearevariouscommercialoropenＧsourcesoftwarepackagesforthegenerationofunstructuredgrids,
andsoftwarewithmorepowerfulfunctionsmayintegratenumericalmodelswithinitself．In２Dcases,

generatorsfortrianglegridsincludeEasyMesh[１１１],Triangle[１１２],MESH２D,DistMesh[１１３],and
SurfacewaterModelingSystem (SMS);generators,forunstructuredquadrilateralgridsincludeQUAD_
MESH,QUADＧGEN,andAUTOMESHＧ２D [１１４]．In３Dcases,generatorsfortetrahedralgridsinclude
TetGen[１１０],ComputationalGeometryAlgorithmsLibrary (CGAL)[１１５],andGmsh [１１６]．These
toolscanbehelpfulandmakethegenerationprocedureforunstructuredgridsmoreefficient．

３．１．３　GenerationofhybridgridsandChimeragrids
TherearesomesimilaritiesbetweenthegenerationofhybridgridsandChimeragrids．BasedonDDM,

complexgeometryobjectscan bedividedinto multiplesubＧregions withrelativelysimplegeometric
boundaries．Then,gridsineachsubＧregioncanbegeneratedindependently [８３,１１７—１１９]．Themajor
differenceisthatforChimeragrids,thereisaprerequisitethattwosubＧregionsshouldoverlapeachother
iftheyareadjacent．

In３D cases,thegenerationofChimeragridsisnormallycomposedofthefollowingfoursteps:
extractionof geometric shapes,generation ofsurface grids,generation of volumetric grids,and
interpolationoftherelationshipsbetweengridsinoverlappingregions．Thefirstthreestepscanbe
implementedbyexistinguniversal３Dsoftware,suchasANSYS/Pointwise [１２０],ABAQUS [１２１],
Gambit,EAGLEView [１２２],andInteractive Geometry Modelerand MultiＧBlock Structured Grid
Generator(IGG)．TheprocessofestablishinginterpolatedrelationsbetweengridsinadjacentsubＧregions
isthecoreofChimeragrids,andthisprocessrequiresthreekeytechnologies:overlapofwallgrids,holeＧ
cuttingandidentificationofinterpolationstencils．Thesetechnologiesareessentialtooversetgrids．
AlternativeprogramsandsoftwaresystemsforChimeragridsincludePEGASUS５ [１２３],SUGGAR
[１２４],OVERGRID,andChimeraGridTools(CGT)．
３．２　Dataorganizationstrategies

Gridsshouldbeorganizedinasuitabledatastructure;then,operationssuchassearchingcouldbe
performedinanoptimalway．Ingeneral,thecommonlyuseddatastructuresincludelinearlists,linked
lists,hashtables,heaps,andtreestructures;thesestructuresarewidelyemployedtoorganizedatain
gridsandforotheroperations．

Amongthesedatastructures,treestructuresarepopulariflocalgridrefinementisneeded,andthereare
severaltypesoftreestructures,includingbinarytrees,quadＧtreesandoctrees．

Figure１６　Thegridrefinementandcorrespondingdatastructure．(a)QuadＧtreerefinement;(b)Octreerefinement．
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ForCartesiangridsin２Dcases,thequadtreedatastructureisveryefficientiflocalrefinementis
involved[１２５,１２６];similarly,theoctreestructureissuitableforgridrefinementin３Dcases[１２７,１２８],

asshowninFig．１６．Treestructurescanalsobeemployedtogenerateunstructuredgrids,suchastriangle
ortetrahedrongrids．Fortrianglegrids,thebinarytreestructurecanberegardedasanotheralternative
usedtoorganizegriddata(seeFig．１７)．

Figure１７　Thetrianglerefinementandbinarytreestructure[１２９]．

３．３　MultiＧdimensionalqueryingmethods
MostmodelsusedforthesimulationofgeographicalprocessesarecomputationＧintensiveandrequire

extensiveruntimes．Toattainanefficientnumericalsimulationorparallelization,thedatastructuresare
wellsuitedforoptimizationiftheyareinvectorＧlikeshapes．Inaddition,datalocalityshouldbemaintained
whenmappedfromdＧdimensional(d＞＝２)gridstooneＧdimensionalvectors．AcommontechniqueisdataＧ
reordering,whichincludestheCuthillＧMcKeealgorithm (CM),theReverseCuthillＧMcKeealgorithm
(RCM),andminimumdegreeordering[１３０,１３１]．
Inmostcases,averyefficientandevenbetterreorderingmechanismstemsfromspaceＧfillingcurves

(SFCs)．AnSFCthatiswellsuitedforstructuredquadrilateralgridsistheHilbertcurveorZＧordercurve;

anSFCthatiswellsuitedfortriangularbisectiongridsistheSierpinskicurve[１３２—１３６](seeFig．１８)．
Thereislessliteratureon３Dcasesduetotheimmaturityofthemethodsandtechniques,andfurther

studiesarerequiredinthisaspect[１３７,１３８]．

Figure１８　TheSFCcurves．(a)Hilbertcurveforquadtreegrids[１３５];(b)ZＧordercurveforquadtreegrids[１３９];
(c)Sierpinskicurveforadaptivetrianglegridsrefinement[１３６]．

３．４　Gridadaptationtechniques
Inmanycases,toachieveequilibriumbetweenthecomputationloadandtheefficiency,itisnecessaryto

performgridadaptationduringsimulationsormodelling．
Gridswithvariableresolutionshavebeenwidelyusedforatmosphericmodelling[１４０—１４５],andocean

modelling[１４６—１５１]atbothregionalandglobalscales．Inparticular,therearethreeprimarytechniques,

includinggridnesting,gridstretching,andadaptivemeshrefinement(AMR)techniques[３２](seeFig．
１９)．Thefirsttwotechniquescanalsobecalled“RＧrefinement”,andthethirdiscalled“HＧrefinement”．
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Figure１９　Threemajortechniquesforregulargridadaptationin２Dcases．(a)Nestedgrid;(b)stretchedgrid;(c)AMR
grid．

GridnestingiswidelyusedforregionalatmosphereormarineforecastsandtodownscalelargeＧscaleor
globalsimulations [１５２—１５７]．GridnestingcanbeemployedtocombinelargeＧscalesimulationswith
realisticmesoscaleforecastsforspecifieddomains．Forinstance,thewellＧknownregionalclimatemodels,

suchasMM５(theFifthＧGenerationPennState/NCARMesoscaleModel),WRF(thelimitedＧareaWeather
andResearchForecasting Model)[１５８]andCRCM (theCanadian RegionalClimate Model)[１５９]．
Typically,thegridresolutionratiosbetweentherefinedgridsandthecoarsegridsshouldnotbemorethan
５[１６０],thenablockoffixedＧsizerefinedgridsisembeddedinacoarseＧresolutionmodel,whichprovides
backgroundinformationfieldsforthelateralboundaryconditionsofthenestedsubdomains．Ingeneral,

thesimulationisperformedbydifferentmodelsinthetwodomainswithdifferentresolutions．Therefore,

specialtechniquesmustbetakentominimizetheconsequentnumericalinconsistenciesacrossthefineＧ
coarsegridboundaries．Therearemainlytwotechniques:oneＧwaynestingortwoＧwaynesting[１６１]．For
theformer,thesolutiononthecoarsegridsisindependentofthatonnestedgrids,i．e．,thesolutionon
thenestedareahasnothingtodowiththesolutiononthecoarsegrids,andtheboundaryconditionsofthe
nestedsubＧregionsarecompletelycontrolledbythesolutiononcoarsegrids．Forthelatter,thesolutionon
thecoarsegridsiscontinuallyupdatedbythatonthetransition/haloregionwheretherefinedgridsand
coarsegridscoincide．Inmostcases,thetwoＧwaynestingissuperiortooneＧwaynesting．

Gridstretchingisanothertechniqueusedtoincreasetheresolutioninlocalareaswhilekeepingthetotal
numberofgridnodesorcellsconstant[１４１,１６２—１６４]．Unlikethenestedtechnique,modelsbasedon
stretchedgridsdonotrequireinterpolationtomakethedataconsistentbetweenthecoarseＧresolutiongrids
andthefineＧresolutiongrids．

Forprocesssimulations,dynamicAMRisthemostflexiblevariableＧresolutiontechnique．Thegoalsof
AMRaretorefinegridslocallythatneedfinergridresolutionandcoarsenthegridsifafinerresolutionis
nolongerrequired,whichcanreadilyvarythenumberofgridpointsasdemandedbytheadaptationcriteria
[１６５—１６９]．

TherearetwomainstrategiesforAMRin２DCartesiangrids,whicharenonＧconformingrefinementand
conformingrefinement．ThefirststrategyproducesnonＧconforminggrids,andduringthesubdivision
process,every“parentcell”isdividedintoseveral“childcells”．Morespecifically,foreveryparentcell,a
newpointisaddedtoeachedgecentre．For２Dstructuredquadrilaterals,anewpointisalsoaddedatthe
cellcentroid,andfournew “childcells”wouldbeproducedbyjoiningthesepoints．Thus,each
quadrilateralparentgivesrisetofournewoffspring．Theadvantageofsuchprocedureisthattheoverall
topologyremainsthesame (withthechildcellstakingtheplaceoftheparentcell)．Thesubdivision
processissimilarforatriangularparentcell,asshowninFig．２０(a)．Insuchcase,aquadtreedata
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structureisveryefficientforgridmanagement．Thesecondstrategyproducesquadrilateralgridswith
conformingvariableresolution(seeFig．２０(b))．

Figure２０　Principlestrategiesforlocalrefinementofquadrilateralgrids．(a)NonＧconformingrefinement;(b)conforming
refinement．

TherearethreemainstrategiestoimplementlocalgridrefinementforAMRusedintrianglemesh,

includinglongestedge/side(LE)bisection,barycentricpartition,and４Tsimilarpartition(asshownin
Fig．２１)．Themostsimpleapproachisthetwotriangleslongestedge(２TＧLE)bisectionmethod[１７０];

basedonthesethreestrategies,therearestillsomeotheralternativeAMRstrategiesfortrianglemeshes
[１７１—１７４]．

Figure２１　Principlestrategiesforthelocalgridrefinementoftriangles．(a)LEbisection;(b)barycentricpartition;(c)４T
similarpartition．

Hexahedronsandtetrahedronsarethe mostcommonly used unitsin３D cases．Forhexahedron
refinement,therearefourprimaryrefinementtemplates(seeFig．２２)[１７５—１８１]．Forpartitioninga
tetrahedron,thereareseveralapproaches;oneofthemostcommonlyusedtechniquesisthelongestedge
(LE)bisection(SeeFig．２３)[１８２],andotheralternativesincludethe８TＧLE,standardpartitionand３D
barycentricpartition[１８３](seeFig．２４)．

Figure２２　Templatesofhexahedralgridrefinement[１７７]．(a)AllＧrefinement
template;(b)faceＧrefinementtemplate;(c)edgeＧrefinementtemplate;(d)pointＧ
refinementtemplate．

　

Figure２３　TheLEbisectionofa
tetrahedron．
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Figure２４　Principletechniquesforlocalrefinementoftetrahedrongrids[１８３,１８４]．(a)８TＧLE;(b)standardpartition;(c)
barycentricpartition．

４　Theexistingissuesandsettlements

Despitethegreatprogressofthemethodsandtechniquesusedingeographicmodellingandsimulation,a
seriesofchallengesrelatedtomanyaspectsremains．
４．１　Challengesingridconstruction

Inrecentyears,quantitativegeographyhasrapidlydeveloped,andmoreobjectstobemodelledand
phenomenatobesimulatedhavebeenidentified．Gridsarethebasicunitsfortheseimplementations．Due
totheimmaturityofthetheoriesandtechniquesusedforthegenerationofgrids,itisstillchallengingto
generatehighＧqualitygridsforsophisticatedgeometry[１８５]．Forunstructuredgrids,itisstilldifficultto
constructnumericalmethodswithhighＧorderaccuracy[１８６]．Forhybrid/mixedandChimeragrids,more
effective/favourablemethodsareneededtomatchthedatabetweengridsacrossthecommonboundariesof
adjacentsubＧregionsanddesignaconservativenumericalmethod[１８７]．

IngeoＧmodellingorsimulation,manyproblemsarecomputationＧintensive,whichrequireextensive
computerresourcesandruntimes [１６]．Moreover,manydataＧmanagementＧbasedgridscannotbeused
directlyforsimulationbecausetheinteractionmechanismsbetweenthegridnodesandedgesinthosegrids
areoftenignored．Itisnecessarytodevelopmoreefficientmethodsandtechniquesforgridsgenerations
andqueries．
４．２　Challengesincouplinggridsforcomprehensivemodelling

Duringmoderngeographyresearch,ithasbecomeclearthatasinglemodelalonehasverylimited
capacitytosimulatecomplexgeographicalphenomena．Thetrendofcouplingmultiplemodelstomodela
specifiedcomplexsystemhasbecomeincreasinglypopular[１８８—１９０]．Itisprobablethatthesemodels
werebuiltondifferenttypesofgrids．

Therearemanydifferenttypesofgridsusedingeographicalmodelling,anditissignificanttomanage
andmanipulatethedatainanefficientway．Therearetwomainstrategies:usingonlyasinglecategoryof
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gridtomodelallgeographicprocessesandbuildingbridgesamongvarioustypesofmeshesusedbymany
differentgeographicmodels．Thefirstmethodsoundsidealanddesirable,butinpractice,itiscurrently
difficulttoaccomplishthisgoalbecauseofthecomplexityandmultiplescalesofgeographicprocesses．
Manyresourcesregardingvariousgridsandmodelshavebeenbuiltbypredecessors,andthesevaluable
resourcesshouldnotbeignoredandleftunused．Therefore,itisreasonableandfeasibletobuildbridges
amongdifferenttypesofgridsandcreatedcouplersamongdifferentmodels．Thismethodiseffective,and
manyachievementshavebeenmadebyusingthisapproach．

５　Summary

Thisarticlereviewedthemaincategoriesofgridsusedfornumericalsimulationmodels,aswellasthe
relatedtheoriesandtechniques,includinggridgeneration,dataorganizationstrategies,multiＧdimensional
gridqueryingmethods,andgridadaptationtechniques．Existingchallengesandpotentialsolutionswere
alsodiscussed．

Itisobviousthatwiththedevelopmentofquantitativegeography,variousmodelshavebeenappliedfor
realisticgeometricproblems,andgridshavebecomeincreasinglyimportant．Thegridssummarizedinthis
paperareonlypartoftheexistinggrids,andrelatedtechnologiesarenotfullydemonstrated,butgrid
systemsareundoubtedlyanimportantresearchdirection．Numericalmodellingbasedon２Dplanesto
generalsurfacesandthento３D,orevenhigherＧdimensionalspacewouldnotworkwithoutthesupportof
grids．Thereisanurgentneedtodeepentheexistingresearchongrids．Inthefuture,gridstructures,
operationefficiencies,andthegenerationofcomplexgridgeometriesorgridstosupportcoupledmodelling
shouldbeexploredasfurtherdevelopment．
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