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Abstract

Theanalysisof spatial variability of soilshasbeenof interestto soil scientistsandgeographers
for quitesometime. Information onsoil propertiesareusually available from alimited numberof
point measurementsandspatial estimatesareprepared in two dimensions (e.g. by interpolation
or other technique). However, soil is essentially a 3D object with varying propertiesin all spatial
dimensions.

This study focuseson 3D capabilities of GRASSGIS providing new 3D tools to manipulate,
analyseandmodel3D landscapephenomena.For example, themultivariate interpolation method
– regularized spline with tension (RST) – hasa capability to interpolateandanalysegeometric
properties of selected soil propertiesin three-dimensional space.We investigatethe options of
modeling dynamic processesoccuring in soil using simple3D mapalgebraalgorithms.An inher-
entpart of scientific investigation andanalysis is visualization. New GRASSvisualization tools
exploit 3D OpenGLgraphicscapabiliti es,coupling to external visualization software (Vis5D,Hi-
bbardet al. 1994) allowsanimated views to time-dependent processesin soil volumes.

An increasingnumberof available 3D environmental datarequires a complex GIS solution
for manipulation, analysis andmodeling. Using G3D library with new tools for modeling and
visualization, GRASS hasprovedthat it fulfills theserequirements.
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1 Intr oduction to 3D raster modeling

Volumemodelingis amoreandmoredemandedfeatureof GeographicalInformationSystems(GIS).
As most real-world phenomenaare locatedwithin 3D spaceand usually also a time component
(changesor fluxes), so the demandfor a related3D/4D datarepresentationin GIS is increasing.
While volume analysisis alreadycommonin geophysicsandgroundwatermodelingsoftwarepack-
ages,suchtoolsarenot yet integral componentof off-the-shelfGIS software.
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Thereis aneedfor modelingtoolsasnumerouscountrieshaveenvironmental lawswhichdemandthe
assessmentof theeffectsof certainplansandprogrammeson theenvironment.A recentexampleis
the“Strategic EnvironmentalAssessmentfor policies,plansandprogrammes”(SEA) from European
community. On 31 May 2001 the EuropeanParliamentandon 5 June2001the Council formally
adoptedthe SEA Directive 2001/42/EC. It shall ensurethat significantenvironmentalimpactsare
identifiedandassessedandtakeninto accountin thedecision-makingprocessto whichthepubliccan
participate1.

This paperfocuseson GIS-technicalaspectsof 3D modeling. Dependingon the scientificcontext,
two mainapproachesareusedfor volumerepresentations:

� threedimensionaltriangulatedirregularnetworks(3D TINs) basedonvector/pointinformation,
and

� 3D rasterpixels (voxels).

Thefirst approachcommonly uses3D Delaunaytriangulationwith minimizedinterioranglesandwith
thepropertythatacirclearoundthreepointsof any triangledoesn’t includeany otherpoints(Tuckeret
al. 2000).As amajoradvantageTINs supportdynamicresolutions:An optimizeddatarepresentation
is possiblethroughvariableresolution, i.e. differenttrianglesizes. However, the generalstructure
of TINs leadsto complex algorithmin caseof topological analysisor transportprocessessimula-
tion. Usuallyfinite elementsor finite differencesareuseddemandinghigh computational power as
providedby parallelcomputers.
A differentapproachof volumediscretizationarevolumepixels, so-called“voxels”. As the cube
edgelengthsarefixed,theresolution is commonwithin thevolume. This resultsin a cubicgrowing
memorydemand. This disadvantageis nowadayssolved technicallyas ordinaryPC workstations
provide a large amountof memory. The major advantageof voxels is the simple internalstructure
with implicit topology. Sothevoxel formatreducesthecomplexity of datamanagementasno mesh
is neededto beestablished.Thevoxel approachimplementedin GRASS-3Dperformson ratherany
(PC)workstation.In contrastto TINs theproblemof resolution definitionhasto beaddressedbefore
startingthemodelingprocess.As known from 2D rasterprocessingthe 3D rasterresolutionhasto
bedefinedaccordingto thehighestresolution needs.Theusershouldconsidertherelationbetween
optimal resolution andincreasingfile memoryandcomputationpower demands- a balancebetween
performanceandaccuracy.
The basicvoxel library developmenthasbeenundertaken a few yearsago, along with dataman-
agementand interpolation tools voxel supportwas integratedinto GRASS5.0.0 recently. Beside
dataimport andexport modulestwo volumemodeling toolsareavailable.They allow to interpolate
volumesfrom 3D sitesdata(point datawith threespatialdimensionsand values),eitherutilizing
the3D-IDW (inversedistanceweighted)or the3D-RST(regularizedsplineswith tension)algorithm.
Spatiallydependentanalysiscanbeperformedwith a3D mapcalculatorwhichallowsto usecommon
algebraic,trigonometricandbinaryfunctionsandoperators.Finally two visualizationapproachesare
available: A GRASSinternalOpenGL-basedviewer for isosurfacevisualizationandan interfaceto
theexternalVis5DOpenGL-basedvisualizationandquerytool initially developedfor meteorological
applications.

1http://europa.eu.int/comm/environment/eia/sea-legalcontext.htm
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2 The “ Ambergau” study site

Theprojectareais situated16kmsouth-eastto Hildesheimsouthernto Hannover in Lower Saxony.
It is partof theLower Saxonianhill countrywith an averageelevationheightof 200mandaverage
slopesaround4 degrees. Due to the loessialcover andthe long-termintenseagriculturallanduse,
soilshavebeentransformedto para-brown earths.For theseinvestigations78soil sampleswereused
from a survey undertakenat Instituteof PhysicalGeographyandLandscapeEcology, University of
Hannover. Thesurvey areasizeis 3.5kmx 3.5km.Perdrill holethreeto fivesampleshavebeentaken
atdifferentdepthandanalysedin laboratory. Varioussoil parametershavebeenmeasuredto describe
soil characteristics.However, thepresentstudyfocuseson technicalaspectsratherthansoil scientific
questions.

3 3D data handling

Volumetricsampledataarecollectedat 3D spatiallydistributedsamplingpoints.Usually, especially
in soil sciences,samplesaretakenalongthethird dimension(depth)in irregularspacings.Thedata
representationfor GRASSvolumemodelinguses3 spatialdimensions (x, y, z) andoneor moredata
dimension (w) (Neteler2000):

�������	��
��
���
����

Thewell known “sites lists” canbeusedto generatesuchsamplelists, they canbeextendedto any
dimensionandholdmultiple attributesfor onepoint. Theformatfor this recordis:

east|north[|dim]...|#cat %double [%double] @string [@string]

Note,thatthepipecharacter(" � ") is usedto separatethedimensionfieldsin therecords,blankspaces
areusedto separatedecimalandstringdescriptions.This formatcanbe written eitherdirectly and
thefile storedin $LOCATION/site lists/ or datalists importedwith s.in.dbf or s.in.ascii. It is
importantthatthecolumnorderfollowstheexampleabove.

4 3D modeling tools

4.1 From point data to volumes

Two basicmethodshave to bedistinguishedwhentransforming 3D pointdatato volumetricdata:

� directconversion of 3D points to their3D voxel representationrestrictedto existing datavalues

� renderingof a full volume through3D interpolation includingmissing-valuesestimation

Directconversioncanbeperformedwith s.to.rast3. Beforeinvokingtheprocess,the3D regionhasto
bedefinedwith g3.region or, scriptable,g3.setregion similar to 2D GRASSregions. If no 3D region
yet exists,it maybecreatedwith g3.createwind. This module readsthe2D region definitionsspeci-
fied at GRASSstartupandextendsit by the third spatialdimension alongwith a userdefinedvoxel
resolution. In caseof soil datamodelingnegative z valueswill bedefined,in caseof meteorological
or otherabove-surfaceapplicationspositive z valueswill be used.All voxelsnot beingrelatedto a
siteslist entryreceiveaNULL (nodata)valueduringconversion.Theuserhasto takecareto choose
theresolutionashighasneededto avoid severaldatapointsfalling into onevoxel (informationloss).
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Figure 1: Nadir view on 3D-IDW vol-
umecrosssectionfrom interpolated pH
valuesbasedon3D soil sites.

Figure2: Nadir view on3D-RSTvolume
crosssectionfrom interpolatedpH val-
uesbasedon3D soil sites.

In contrastto directconversionthes.vol.idwmodule(developedby Hofierka1999from 2D s.surf.idw
algorithm) interpolatesmissing values. Fig. 1 demonstratesa horizontalcutting planethroughthe
interpolatedvolume. However, it is obviousthat the searchradiusof the moving window leadsto
someunexpectedresults,the3D-IDW tendsto clusterin caseof distantsamplepoints.
A muchmoresophisticatedinterpolationtool is s.vol.rst (developedby Mitás, Mitásová andothers,
seealsoHofierkaet. al. 2002).It usestheregularizedsplineswith tension(RST)algorithm(Mitásová
& Mitás1993,Mitásová& Hofierka1993)in threedimensions.Besidethecoreinterpolationmethod
it offerscalculationsof variousgeometricparameters:magnitude of gradient,horizontalandvertical
aspects,changeof gradient,Gauss-Kronecker andmeancurvatures.Of interestfor a mixed2D/3D
analysisarecrosssections,the modulewill produce2D mapsbut utilizing the 3D-RSTalgorithm
for calculations(for applications seeHofierkaet. al. 2002). Fig. 2 shows the samesoil pH values
interpolatedwith s.vol.rst.

4.2 Further 3D managementand modeling tools

Similar to 2D GRASSmaskscanbedefinedin 3D spaceusingr3.mask. Suchmasksmaybedevel-
opedwith r3.mapcalc module (developedby Paudits& Hofierka2000from r.mapcalc). However,
the strengthof this module lies in it’ s capabilityfor 3D datamanipulation andexploration asalge-
braic, trigonometric andbinary functionsandoperatorsareprovided. For complex operationsa 3D
neighborhood modifieris available:voxel positionsrelativeto themoving voxel centercanbedefined
asmap[r,c,d] (row, column,depth). In iterative environments like scriptsr3.mapcalccanbeusedto
dynamicallysimulatetimevariantprocessesin avolume.
A simple exampleshalldemonstratehow to achievedynamicmodelingusingr3.mapcalc. Thescript
is adaptedfrom thehydrologic modelpresentedby Shapiro& Westervelt 1992andextendedto 3D.
While the2D r.mapcalc usesa3x3movingwindow with acenteredpixel, the3D moduler3.mapcalc
useda3x3x3cubewith acenteredvoxel. Consideringasoil volume,thecubeshowsthreeplanes.For
a dynamicmodeltheupperandthemiddle planeshallbeconsidered.Relatedto thecentervoxel of
thecube(locatedin middleplane)fluxesfrom andto thismiddlevoxel of thecubeareconsideredde-
pendingonthelocalgradient.Generallyacubeoffers3� -1 = 26directionsrelatedto themiddle voxel
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(3� -1=8directionsin 2D space).For thesimpledynamicmodelpresentedhere17flow directionsare
takeninto accountasthemoving cubewill itself decentwithin thesoil volume. Capillaryrise it not
implementedhere.For amorerealisticflow distribution,the17fluxesareweightedaccordingto their
direction.
The overall contribution to themiddlevoxel is setto 100%. Following assumption is implemented
within the model: The upperplaneshall contribute70% of flows into vertical directions,while the
middle plain (exceptthemiddlevoxel) contributes30%of lateralfluxes. This leadsto a setof con-
ditions,nineconditionsfor theupperplaneof the3x3x3cubeand8 conditionsfor themiddle plane,
altogether17if-conditionsasdescribedbelow. Theindividualvoxel contributionsaredependentfrom
their geometricalpositionto the middle voxel. So the individual weighting is calculatedaccording
to thecontribution-per-planeandposition. This leadsto threeequationsfor theupperplaneandtwo
equationsfor themiddleplanewhichcanbeeasilysolved.Eachequationfor theoutervoxelsis used
four times,so the weight coefficient is divided by four to receive the final weightsas they canbe
foundin thescriptbelow.
The examplebelow hasbeenrun on a volume of permeabilitycoefficients(renderedwith s.vol.rst)
whichhavebeenmeasuredin thesoil profilesof theAmbergaustudysite.Duringthesimulation awa-
ter flow (volume“water”) is drainedthroughthevolume,controlledby thepermeability coefficients
storedin thevolume(volume“pcoeff ”):

water = water + eval(x = pcoeff + water, \
if (x > (y = pcoeff[0, 0, -1] + water[0, 0, -1]), \

-.3064 * if (pcoeff > y, water, x - y), \
.3064 * if (pcoeff[0, 0, -1] > x, water[0, 0, -1], y - x))+ \

if (x > (y = pcoeff[0, -1, -1] + water[0, -1, -1]), \
-.0542 * if (pcoeff > y, water, x - y), \
.0542 * if (pcoeff[0, -1, -1] > x, water[0, -1, -1], y - x))+ \

if (x > (y = pcoeff[1, 0, -1] + water[1, 0, -1]), \
-.0542 * if (pcoeff > y, water, x - y), \
.0542 * if (pcoeff[1, 0, -1] > x, water[1, 0, -1], y - x))+ \

if (x > (y = pcoeff[0, 1, -1] + water[0, 1, -1]), \
-.0542 * if (pcoeff > y, water, x - y), \
.0542 * if (pcoeff[0, 1, -1] > x, water[0, 1, -1], y - x))+ \

if (x > (y = pcoeff[-1, 0, -1] + water[-1, 0, -1]), \
-.0542 * if (pcoeff > y, water, x - y), \
.0542 * if (pcoeff[-1, 0, -1] > x, water[-1, 0, -1], y - x))+ \

if (x > (y = pcoeff[-1, -1, -1] + water[-1, -1, -1]), \
-.0442 * if (pcoeff > y, water, x - y), \
.0442 * if (pcoeff[-1, -1, -1] > x, water[-1, -1, -1], y - x))+ \

if (x > (y = pcoeff[1, -1, -1] + water[1, -1, -1]), \
-.0442 * if (pcoeff > y, water, x - y), \
.0442 * if (pcoeff[1, -1, -1] > x, water[1, -1, -1], y - x))+ \

if (x > (y = pcoeff[1, 1, -1] + water[1, 1, -1]), \
-.0442 * if (pcoeff > y, water, x - y), \
.0442 * if (pcoeff[1, 1, -1] > x, water[1, 1, -1], y - x))+ \

if (x > (y = pcoeff[-1, 1, -1] + water[-1, 1, -1]), \
-.0442 * if (pcoeff > y, water, x - y), \
.0442 * if (pcoeff[-1, 1, -1] > x, water[-1, 1, -1], y - x))+ \

if (x > (y = pcoeff[0, -1, 0] + water[0, -1, 0]), \
-.0439 * if (pcoeff > y, water, x - y), \
.0439 * if (pcoeff[0, -1, 0] > x, water[0, -1, 0], y - x))+ \

if (x > (y = pcoeff[1, 0, 0] + water[1, 0, 0]), \
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-.0439 * if (pcoeff > y, water, x - y), \
.0439 * if (pcoeff[1, 0, 0] > x, water[1, 0, 0], y - x))+ \

if (x > (y = pcoeff[0, 1, 0] + water[0, 1, 0]), \
-.0439 * if (pcoeff > y, water, x - y), \
.0439 * if (pcoeff[0, 1, 0] > x, water[0, 1, 0], y - x))+ \

if (x > (y = pcoeff[-1, 0, 0] + water[-1, 0, 0]), \
-.0439 * if (pcoeff > y, water, x - y), \
.0439 * if (pcoeff[-1, 0, 0] > x, water[-1, 0, 0], y - x))+ \

if (x > (y = pcoeff[-1, -1, 0] + water[-1, -1, 0]), \
-.0311 * if (pcoeff > y, water, x - y), \
.0311 * if (pcoeff[-1, -1, 0] > x, water[-1, -1, 0], y - x))+ \

if (x > (y = pcoeff[1, -1, 0] + water[1, -1, 0]), \
-.0311 * if (pcoeff > y, water, x - y), \
.0311 * if (pcoeff[1, -1, 0] > x, water[1, -1, 0], y - x))+ \

if (x > (y = pcoeff[1, 1, 0] + water[1, 1, 0]), \
-.0311 * if (pcoeff > y, water, x - y), \
.0311 * if (pcoeff[1, 1, 0] > x, water[1, 1, 0], y - x))+ \

if (x > (y = pcoeff[-1, 1, 0] + water[-1, 1, 0]), \
-.0311 * if (pcoeff > y, water, x - y), \
.0311 * if (pcoeff[-1, 1, 0] > x, water[-1, 1, 0], y - x)))

This modelhasbeenstored as“3dvol water.mapcalc” andusedasinput for r3.mapcalc. To achieve dynamic
modeling the script needsto run several times in a loop, which leadsto flows passing through the volume.
Thescript “3dflow.sh” to run thesimulation have beenwritten asfollows (adaptedfrom Shapiro& Westervelt
1992):

#!/bin/sh
# 3dflow.sh to run 3dvol_water.mapcalc in r3.mapcalc

#initialize surface water:
r3.mapcalc water="if(depth()>1, 0, waterraw)"
i=1
# next number must match the number of depth levels in volume:
while [ $i != 100 ]
do
n=1
while [ $n != 10 ]
do
# run the simulation:
# (note: don’t use space(s) after \ characters in model):
r3.mapcalc < ./3dvol_water.mapcalc
n=‘expr $n + 1‘

done

#reset NULL to 0 water for next iteration:
r3.null grid3=water null=0
#export every 10th volume to vis5d for visualization:
r3.out.v5d grid3=water out=water.$i.v5d
i=‘expr $i + 1‘

done

After setting up a 3D region with g3.setregion, theflow modelrequiresan initialization with a waterlayer on
the surface. Sucha mapcaneither be providedby 2D GRASS andconvertedto 3D format with s.to.rast3 or
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Figure 3: Dynamicwaterflow througha soil volumeusingr3.mapcalc– displayedwith Vis5D visu-
alization tool.

directly generatedwith r3.mapcalc. A simpleexampleis theiniti alizationwith anoverall identical waterinput.
First a volumeof waterin GRASS3D is generated(5mm):

r3.mapcalc waterraw="5"

Thenthis volumeneeds to bereducedto thesurface,below thevoxelsareinitialized with 0:

r3.mapcalc water="if(depth()>1, 0, waterraw)"

The contentsof the volume “water” may be verified either with r3.out.ascii or by using visualization tools
describedbelow. Whenrunning the “3dflow.sh” every 10thvolumewill beexported into Vis5D format using
the“r3.out.v5d” module. Thesevolumeswill show thewaterfront passing through thesoil volumedepending
on thelocal “pcoeff ” values within vertical direction. An examplecanbeseenin figure3.

5 Data export and visualization

The new volume analysis andvisualization tools areof special interestasthey areseamless integratedinto a
commonGIS environment. This minimizesefforts of dataconversionbetweendataimport, analysisandvisu-
alization. Two different methodsareavailable:A GRASSbuilt-in volumeviewerwhich is still in experimental
stageandaninterfaceto theexternal, freely available,Vis5D volumeviewing andquerytool.
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5.1� GRASSbuilt-in viewing tools

A low level option to display thespatial distribution (but not theattributes) is to convert thecalculatedvolume
backto 3D sitesusingr3.to.sites, thento display thesesites in NVIZ (seefig.4).
Alternatively GRASS providestheexperimentalOpenGLviewing tool r3.showdspf. First a “display file” has
to be generatedwith r3.mkdspf to definelevels of isosurfaces. In volumetric environmentsisosurfacesare
the analogue to isolinesin 2D environment surfacesof identical value. Thosecanthenbe displayed (zoom,
rotation, selective display) through r3.showdspf (seefig.5 for 3D pH values).

5.2 Coupling to external OpenGL viewer Vis5D

After exporting with r3.out.v5dGRASSvolumescanbedisplayedin Vis5Dvisualization software (Hibbard et
al. 1994). This tool offersvariousmethodsto render rotatablesemi-transparent volumes,isosurfaces,movable
cutting planesandisolines. The codeis based on OpenGLwhich may usehardwareacceleration for volume
display if a special video card is used. Of special interest is the feature of 3D queries within the volume.
Fig. 6 shows anisosurfaceview ontothepH value interpolatedvolume. Thesamevolumecanbedisplayedas
semi-transparentvolume(fig. 7).

6 Futur eneeds

To improve the interpolation of volumesmoreclosely to the analysed phenomena,a constraint interpolation
would be needed. In caseof improved soil volume modeling the introduction of 3D boundaries probably in
vectorformat, could support thequality of regionally restricted interpolation keeping soil horizon boundaries
or stratifications.
Dueto different dataavailability theimplementationof multiple resolution within onevolumemayachieve the
advantageof dynamic resolution (comparing to TINs) while keeping the simply intrinsic topology of voxels.
A way to support dynamicresolutions maybereachedthroughvoxel managementin oct-treestructures. The
modules.vol.rst internally already usesoct-treesfor large dataprocessing, so the basicroutinesarealready
present in GRASS5.0.0.
Thepowerful voxel calculatorr3.mapcalc needsabuilt-in accessto 2D raster data(asalready foundin s.vol.rst).
In termsof soil modeling 2D datamaybeusedas“seedinformation” to simulatefluxeswithin thevolumewhich
starton top of it.

Figure 4: Volumevisualizedas3D sites
in NVIZ visualization tool.

Figure 5: Volume visualized with
r3.showdspfvisualization tool.
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Figure6: 3D pH valuesdisplayedin Vis5D visualization tool: isosurfaceview

At time of this writing still inconsistenciesbetween the2D andthe3D environment have to befixed.This will
beaddressedin a future release.

7 Summary

Fromthetechnical point of view theimplementedvoxel technology performsoncommonPCworkstation. The
present modules aremuchmorethana basic environmentfor 3D modeling, the strength lies in the seamless
integration into a GIS. Besidevolume interpolation GRASSoffers a comprehensive voxel calculation tool
which is the3D versionof thewell known 2D mapcalculator. Volumescanbe visualized internally andalso
exportedto Vis5Dtool.
Thereis aneedfor integrationof tilted or curvedsurfaceboundaries,whichcaneventually beachievedthrough
vectorrepresentation.
Fromthescientific point of view themainproblem is theavailability of 3D data. However, this problem may
besolvedonly by theGIS userthrough intensesurveys ratherthanthroughmodifiedprograms.It is important
to note that full -volume-interpolations don’t represent natural phenomenaif the raw data aresparse. Due to
the current modulelimitations 3D modeling within boundaries(e.g. soil or geological units) is not possible.
For dynamical modeling the time representation is incomplete,however, the current version already supports
timestamps. As GRASS is opensource software, programmersinterestedin 3D developmentfind full access
to code andalgorithms.
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Figure7: 3D pH valuesdisplayedin Vis5Dvisualization tool: volumetricview
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