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Abstract

Theandysis of spatid varialility of soilshasbeenof interestto soil sciertistsandgeayraplers
for quitesometime. Informaton on soil properties areustally available from alimited numberof
point measwementsand spatal estimaésare prepaedin two dimensons (e.g. by interpolaion
or othe technque). However, soil is essatially a 3D objed with varying propertiesin all spdial
dimensons.

This study focuseson 3D capalilities of GRASSGIS providing new 3D toolsto manipuate,
analyseandmodel3D landscapgphenomenaFor example the multivariate interpolation method
— regularized spline with tenson (RST) — hasa capability to interpolate and analyse geoméric
propeties of seleded soil propertiesin threedimensonal space. We investigatethe options of
modelirg dynamic processeoccuing in soil using simple3D mapalgebraalgarithms. An inher
entpartof scientfic investigaton andanalysisis visualizetion. New GRASSvisudization tools
exploit 3D OpenGLgraphicscapdailiti es,couding to external visudization software (Vis5D, Hi-
bbardetal. 1994) allowsanimatel views to time-degendat processesn soil volumes.

An increasingnumberof available 3D ervironmenal datarequres a complex GIS soluion
for manipuhtion, analysis and modeling. Using G3D library with new tools for modeling and
visudization, GRASS hasprovedthatit fulfills theserequrements
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1 Intr oduction to 3D raster modeling

Volumemodelingis amoreandmoredemandedeatureof GeographicalnformationSystemgGlIS).
As mostreal-world phenomenaare locatedwithin 3D spaceand usually also a time component
(changesor fluxes), so the demandfor a related3D/4D datarepresentationn GIS is increasing.
While volume analysisis alreadycommonin geophgicsandgroundvwatermodelingsoftware pack-
agessuchtoolsarenotyetintegral componentf off-the-shelfGIS software.
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Thereis aneedfor modelingtoolsasnumerougountrieshave ervironmenal laws whichdemandhe

assessmertf the effectsof certainplansandprogramme®n the ervironment. A recentexampleis

the“Strategic EnvironmentalAssessmerfor policies,plansandprogrammes(SEA) from European
communty. On 31 May 2001 the EuropeanParliamentandon 5 June2001 the Council formally

adoptedthe SEA Directive 2001/42EC. It shall ensurethat significanternvironmentalimpactsare

identifiedandassessedndtakeninto accounin thedecision-makig procesgo whichthepubliccan

participaté.

This paperfocuseson GIS-technicalaspectof 3D modelirg. Dependingon the scientific context,
two mainapproacheareusedfor volume representations:

o threedimensonaltriangulatedrregularnetworks(3D TINSs) basednvector/poininformation,
and

e 3D rasterpixels (voxels).

Thefirstapproacttcommaly uses3D Delaunaytriangulationwith minimizedinterioranglesandwith
thepropertythatacircle aroundthreepointsof any triangledoesnt includeary otherpoints(Tuckeret
al. 2000).As amajoradwantageTl INs supportdynamicresolutions:An optimizeddatarepresentation
is possiblethroughvariableresolution i.e. differenttriangle sizes. However, the generalstructure
of TINs leadsto complec algorithmin caseof topolagical analysisor transportprocessesimula-
tion. Usuallyfinite elementsor finite differencesare useddemandinghigh computatbnal power as
providedby parallelcomputers.

A differentapproachof volume discretizationare volume pixels, so-called“voxels”. As the cube
edgelengthsarefixed, the resolutian is commonwithin the volume. This resultsin a cubic growing
memorydemand. This disadantigeis nowadayssolved technicallyas ordinary PC workstations
provide a large amountof memory The major advantageof voxelsis the simde internal structure
with implicit topolagy. Sothevoxel formatreduceshe compleity of datamanagemerdsno mesh
is neededo be establi®ied. The voxel approacimplemenedin GRASS-3Dperformson ratherary
(PC)workstation.In contrasto TINs the problemof resolutian definitionhasto be addressetiefore
startingthe modelingprocess.As known from 2D rasterprocessinghe 3D rasterresolutionhasto
be definedaccordingto the highestresoluton needs.The usershouldconsiderthe relationbetween
optimal resolution andincreasindile memoryandcompuationpower demands a balancebetween
performancexindaccurag.

The basicvoxel library developmenthasbeenundertalen a few yearsago, alongwith dataman-
agementand interpolaton tools voxel supportwas integratedinto GRASS5.0.0recently Beside
dataimport andexport modulestwo volume modeling tools areavailable. They allow to interpohte
volumesfrom 3D sitesdata(point datawith three spatialdimensons and values),either utilizing
the3D-IDW (inversedistancewneighted)or the 3D-RST (regularizedsplineswith tension)algorithm.
Spatiallydependenainalysiscanbeperformedwith a3D mapcalculatowhich allowsto usecommon
algebraictrigonanetricandbinaryfunctionsandoperatorsFinally two visualizaton approacheare
available: A GRASSIinternalOpenGL-basediewer for isosurficevisualzationandaninterfaceto
theexternalVis5D OpenGL-basetlisualizaton andquerytool initially developedfor meteorologtal
applications
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2 The®Ambergau’ study site

The projectareais situatedl6km southeastto Hildesheimsoutherrto Hannover in Lower Saxoty.
It is partof the Lower Saxonianhill countrywith an averageelevation heightof 200mandaverage
slopesaround4 degrees. Due to the loessialcover andthe long-termintenseagriculturallanduse,
soilshave beentransformedo para-brevn earths.For theseinvestgations78 soil samplesvereused
from a surwey undertalen at Institute of PhysicalGeographyandLandscapéd=cology University of
Hannoer. Thesurwy areasizeis 3.5kmx 3.5km. Perdrill holethreeto five sampledave beentaken
atdifferentdepthandanalysedn laboratory Varioussoil parameteriave beenmeasuredo describe
soil characteristicsHowever, the presenstudyfocuseson technicalaspectsatherthansoil scientific
guestions

3 3D data handling

Volumetricsampledataarecollectedat 3D spatiallydistributedsamplingpoints. Usually, especially
in soil sciencessamplesaretakenalongthe third dimension(depth)in irregular spacings.The data
representatiofor GRASSvolumemodelinguses3 spatialdimensios (X, y, z) andoneor moredata
dimenson (w) (Neteler2000):

u:f(x,y”z’w)

Thewell known “siteslists’ canbe usedto generatesuchsamplelists, they canbe extendedto ary
dimenson andhold multiple attributesfor onepoint. Theformatfor thisrecordis:

east|north[|dim...|#cat %louble [%louble] @tring [ @tring]

Note,thatthe pipecharacte("|") is usedto separatehe dimensiorfieldsin therecordsplankspaces
are usedto separatalecimalandstring descriptions.This format canbe written eitherdirectly and
thefile storedin $LOCATI ON/ si t e_l i st s/ ordatalistsimportedwith s.in.dl§ or s.in.ascii It is
importantthatthe columnorderfollows the exampleabove.

4 3D modeling tools

4.1 From point datato volumes

Two basicmethodshave to bedistinguishedvhentransformimg 3D pointdatato volumetric data:

e directcorversian of 3D pointsto their 3D voxel representationestrictedo existing datavalues

e renderingof afull volume through3D interpolatio includingmissingvaluesestination

Directcorversioncanbeperformedwith s.to.last3 Beforeinvokingtheprocessthe 3D region hasto
be definedwith g3.region or, scriptable g3.setegion similar to 2D GRASSregions. If no 3D region
yetexists, it may be createdwith g3.creatavind. This moduk readsthe 2D region definitionsspeci-
fied at GRASSstartupandextendsit by the third spatialdimenson alongwith a userdefinedvoxel
resolution In caseof soil datamodelingnegative z valueswill be defined,in caseof meteorologtal
or otherabove-surbiceapplicationgpositive z valueswill be used. All voxelsnot beingrelatedto a
siteslist entryreceve aNULL (no data)valueduringcorversion.Theuserhasto take careto choose
theresolutionashigh asneededo avoid severaldatapointsfalling into onevoxel (informationloss).
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Figure 1. Nadir view on 3D-IDW vol- Figure 2: Nadirview on3D-RSTvolume
umecrosssectionfrom interpolaed pH crosssectionfrom interpolated pH val-
valuesbasedon 3D soil sites. uesbasedon 3D soll sites.

In contrasto directcornversionthes.vol.idwmoduk (developedby Hofierkal1999from 2D s.surfidw

algorithn) interpolatesmissirg values. Fig. 1 demonstrates horizontalcutting planethroughthe
interpolatedvolume. However, it is obviousthat the searchradiusof the moving window leadsto

someunexpectedresultsthe 3D-IDW tendsto clusterin caseof distantsamplepoints.

A muchmoresophisicatedinterpolationtool is s.vol.ist (develgped by Mitas, Mitasova andothers,
seealsoHofierkaet. al. 2002).It usesheregularizedsplineswith tension(RST)algorithm(Mitasova
& Mitas1993,Mitasova & Hofierkal993)in threedimensons. Besidethe coreinterpolationmethod
it offers calculationsof variousgeometricparametersmagnitue of gradient,horizontalandvertical

aspectschangeof gradient,Gauss-Kroneakr and meancurvatures. Of interestfor a mixed 2D/3D

analysisare crosssectionsthe modulewill produce2D mapsbut utilizing the 3D-RST algorithm
for calculationg(for applicatiors seeHofierkaet. al. 2002). Fig. 2 shavs the samesoil pH values
interpolatedwith s.vol.ist

4.2 Further 3D managementand modelingtools

Similarto 2D GRASSmaskscanbe definedin 3D spaceusingr3.mask Suchmasksmay be devel-
opedwith r3.mapcat moduk (develgped by Paudits& Hofierka2000from r.mapcal3. However,
the strengthof this moduk lies in it’s capabilityfor 3D datamanipulation and exploration asalge-
braic, trigononetric andbinary functionsandoperatorsare provided. For comple operationsa 3D
neighborhod modifieris available: voxel positionsrelative to themoving voxel centercanbedefined
asmaplrc,d] (row, column,depth).In iterative ernvironmens lik e scriptsr3.mapcalccanbe usedto
dynamicallysimulatetime variantprocesses avolume.

A simple exampleshalldemonstratéow to achieze dynamicmodelingusingr3.mapcalc The script
is adaptedrom the hydrologc modelpresentedby Shapiro& Westerelt 1992andextendedo 3D.
While the 2D r.mapcat usesa 3x3 moving window with a centeregixel, the 3D moduler3.mapcat
useda 3x3x3cubewith acentered/oxel. Consideringasoil volume, the cubeshovsthreeplanes For
a dynamicmodelthe upperandthe middle planeshall be considered Relatedto the centervoxel of
thecube(locatedin middle plane)fluxesfrom andto this middlevoxel of the cubeareconsideredie-
pendingonthelocal gradient.Generallya cubeoffers33-1 = 26 directionsrelatedto themidde voxel

4



(32-1=8directionsin 2D space)For thesimpledynamicmodelpresentedherel7 flow directionsare
takeninto accountasthe moving cubewill itself decentwithin the soil volume. Capillaryriseit not

implenentedhere.For amorerealisticflow distribution, the 17 fluxesareweightedaccordingo their

direction.

The overall contrikution to the middle voxel is setto 100%. Following assumptia is implemented
within the model: The upperplaneshall contribute 70% of flows into vertical directions,while the

middle plain (exceptthe middle voxel) contributes30% of lateralfluxes. This leadsto a setof con-

ditions, nine conditionsfor the upperplaneof the 3x3x3 cubeand8 conditionsfor the middle plane,
altogethed 7 if-conditionsasdescribedelown. Theindividualvoxel contributionsaredependentrom

their geometricalpositionto the middle voxel. So the individual weighting is calculatedaccording
to the contritution-perplaneandposition. This leadsto threeequationdor the upperplaneandtwo

equationgor the middle planewhich canbe easilysolved. Eachequatiorfor the outervoxelsis used
four times, so the weight coeficient is divided by four to receve the final weightsasthey canbe

foundin thescriptbelow.

The examplebelon hasbeenrun on a volume of permeabilitycoeficients (renderedwith s.vol.ist)

whichhave beermeasuredh thesoil profilesof the Ambemgaustudysite. Duringthesimulation awa-

ter flow (volume“water”) is drainedthroughthe volume,controlledby the permeabiliy coeficients
storedin thevolume(volume“pcoef”):

water = water + eval (x = pcoeff + water, \

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

-.3064 * if (pcoeff >y, water, x - y), \

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

-.0542 * if (pcoeff >y, water, x - y), \

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

-.0542 * if (pcoeff >y, water, x - y), \

.0542 * if (pcoeff[l, 0, -1] > x, water[1, O, -1], y - X))+ \
if (x > (y = pcoeff[O0, 1, -1] + water[O, 1, -1]), \

-.0542 * if (pcoeff >y, water, x - y), \

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

-.0542 * if (pcoeff >y, water, x - y), \

.0542 * if (pcoeff[-1, O, -1] > x, water[-1, O, -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[1l, -1, -1] + water[1, -1, -1]), \

-.0442 * if (pcoeff >y, water, x - y), \

.0442 * if (pcoeff[l, -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, O] + water[O, -1, 0]), \

-.0439 * if (pcoeff >y, water, x - y), \

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

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

-.0439 * if (pcoeff >y, water, x - y), \

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

-.0439 * if (pcoeff >y, water, x - y), \

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

-.0311 * if (pcoeff >y, water, x - y), \

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

-.0311 * if (pcoeff >y, water, x - y), \

.0311 * if (pcoeff[l, 1, 0] > x, water[1, 1, O], 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, O] > x, water[-1, 1, O], y - X)))

This modelhasbeenstored as“3dvol watermapcéc” andusedasinput for r3.mapcdc. To achieve dynamic
modelirg the script needsto run several timesin a loop, which leadsto flows passng through the volume.
Thescript “3dflow.sh” to run the simulaion have beenwritten asfollows (adaged from Shapiro& Westewelt
1992:

#!/ bi n/ sh
# 3dfl ow.sh to run 3dvol _water. mapcalc in r3.mapcal c

#initialize surface water:
r3. mapcal c water="if(depth()>1, 0, waterraw)"

i=1
# next nunber nust match the nunber of depth |evels in vol une:
while [ $i !'= 100 ]
do
n=1
while [ $n !'= 10 ]
do

# run the simulation:

# (note: don't use space(s) after \ characters in nodel):
r3. mapcal ¢ < ./3dvol _water. mapcal c
n="expr $n + 1°

done

#reset NULL to O water for next iteration
r3.null grid3=water null=0
#export every 10th volune to visbd for visualization
r3.out.v5d grid3=water out=water.$i.v5d
i ="expr $i + 1
done

After settirg up a 3D region with g3.sdregion, the flow modelrequres aninitialization with a waterlayer on
the surface. Sucha mapcaneither be provided by 2D GRASS and corvertedto 3D format with s.to.rast3 or
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K ~"Vis5D 3-D Displ

Figure 3: Dynamicwater flow througha soil volumeusingr3.mapcalc— displayedwith Vis5D visu-
alization tool.

diredly geneatedwith r3.mapcdc. A simpleexampleis theiniti alization with anoveral idenical waterinput.
Firstavolumeof waterin GRASS 3D is geneated(5mm):

r 3. mapcal ¢ wat err anw="5"
Thenthis volumeneed to beredu@dto the surface, below the voxelsareinitialized with O:
r3. mapcal c water="if(depth()>1, 0, waterraw)"

The contentsof the volume “water” may be verified eithe with r3.out.ascii or by using visualizaion tools
descibed below Whenrunning the “3dflow.sh” every 10th volumewill be exportedinto Vis5D format using
the“r3.out.v5d” module Thesevolumeswill shov the waterfrant passig through the soil volume depending
onthelocd “pcoeff” values within vertical diredion. An examplecanbe seenin figure3.

5 Dataexport and visualization

The new volume analysis and visualzation tools are of specal interestasthey are seamles integratedinto a
commonGIS ervironment. This minimizesefforts of datacorversionbetweendataimport, analysisandvisu-
alization. Two different methalsareavailable: A GRASShuilt-in volumeviewerwhich s still in experimental
stageandaninterfaceto the external, freely available, Vis5D volumeviewing andquerytool.
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5.1 GRASSDbuilt-in viewing tools

A low level option to display the spatal distribution (but not the attributeg is to corvertthe calcdatedvolume
backto 3D sitesusingr3.to.sites thento display thesesitesin NVIZ (seefig.4).

Alternatively GRASS providesthe experimental OpenGLviewing tool r3.shavdspf First a“display file” has
to be gereratedwith r3.mkdpf to definelevels of isosufaces. In volumetric ervironmentsisosurfaces are
the analogie to isolinesin 2D ervironmert surfacesof identical value Thosecanthenbe displayed (zoom,
rotaton, selective display) through r3.showdgf (seefigs for 3D pH valueg.

5.2 Coupling to extemal OpenGL viewer Vis5D

After exporting with r3.outv5d GRASSvolumescanbedisplayedin Vis5D visualzation software (Hibbard et
al. 1994). Thistool offersvarious methodgo rende rotatable semi-transparat volumes,isoaurfaces, movable
cutting planesandisolines. The codeis bas& on OpenGLwhich may usehardware acceleratbn for volume
display if a specal video cardis used. Of speqal interestis the featue of 3D queries within the volume.
Fig. 6 shavs anisosufaceview ontothe pH value interpolatedvolume. The samevolumecanbe displayedas
semi-transpaentvolume(fig. 7).

6 Futureneeds

To improve the interpolation of volumesmore closdy to the analygd pheromena,a condraint interpolation
would be needel. In caseof improved soil volume modeing the introduction of 3D bourdaries probably in

vectorformat, could sugport the quaity of regionally resticted interpolation keepng soil horizon bourdaries
or stratifications.

Dueto different dataavailability theimplemenéation of multiple resdution within onevolume mayachiee the
adwantageof dynamic resdution (compamg to TINS) while keepng the simply intrinsic topdogy of voxels.

A way to suppat dynamicresdutions may be reathedthrough voxel manag@mentin octtreestructures The
modules.vol.ist intermally alrealy usesoct-treesfor large dataprocessing so the basicroutinesare alrealy
presaétin GRASS5.0.0.

Thepowerful voxel calcuatorr3.mapa@lc needsabuilt-in accesto 2D raste data(asalread foundin s.vol.ist).

In termsof soil modelirg 2D datamaybeusedas“seedinformatiori’ to simulate fluxeswithin thevolumewhich

startontop of it.
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Figure 4: \blumevisualizdas3D sites ~ Figure 5: Volume visualized with
in NVIZ visualiationtool. r3.shavdspfvisualiationtool.



Figure 6: 3D pH valuesdisplyedin Vis5D visualizaton tool: isosuface view

At time of this writing still inconsistenciesbetwee the 2D andthe 3D ervironmert have to befixed. This will
beaddessedn afuturerelease.

/7  Summay

Fromthetechrical point of view theimplemerniedvoxel tectmology perfaomson commonPCworkstaion. The
preseit modules are muchmorethana bast ervironmentfor 3D modeing, the strergth lies in the seanless
integration into a GIS. Besidevolume interpolaion GRASS offers a comprelensve voxel calcuation tool

which is the 3D versionof thewell known 2D mapcalaulator. Volumescanbe visualzedinternally andalso
exportedto Vis5Dtoal.

Thereis aneedfor integrationof tilted or curvedsurface boundaries,which caneventuwally beachiezedthrough
vectorrepresenation.

Fromthe sciertific point of view the main problem is the availability of 3D data However, this problem may
be solved only by the GIS userthrough intensesureys ratherthanthrough modifiedprograms. It is important
to notethat full-volume-intepolaions don't repregnt natual phenomenaif the raw daia are spase. Dueto
the currert modulelimitations 3D modelirg within bourdaries(e.g. soil or geolayical units) is not possble.

For dynamical modeling the time representdion is incomplete,however, the curent version already suppaots
timestanps. As GRASS is opensoure software proggammersinterestedin 3D developmentfind full aceess
to code andalgoiithms.



Figure 7: 3D pH valuesdisplayedn Vis5D visualiationtool: volumetricview
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