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ABSTRACT

A new algorithmfor hydraulicterrainerosionis introduced.Themaingoalof thepaper
is to providea techniquewhich is inspiredby physicsandwhich allowsfor high level of
control. We dividedtheerosionprocessinto four independentstepsthatcanbeapplied
independentlyto achieve high level of realism. The erosionalgorithmis basedon the
ability of waterto dissolvematerialthatis thentransportedto anotherlocations.Because
of theevaporationthesedimentcapacityof watervolumeis exceededandthematerialis
deposited.Thiskind of materialtransportsigni�cantly in�uencestheterrainmorphology.
Thealgorithmhaswide areaof applications;we describeherewatersources,drying up
theplashes,aswell as�cti ve rainon thesurfaceof Mars.
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1 Intr oduction

Terrain erosion techniqueshave been ad-
dressedby computergraphicsscientistsfor
morethantwelve years.The algorithmsin-
troducedandtechniquessofararemostlyad
hoc, or more or less inspiredby hydrody-
namicsandsedimenttransportmodelsbor-
rowedfrom physics.

Musgrave et al [11] have describedone of
the �rst algorithmsvisually simulatingter-
rain erosion. Two algorithmshave beenin-
troducedin this paper– thermal weather-
ing and hydraulic erosion. The �rst algo-
rithm simulatesthe sedimentrunoff caused
by thermalshocksof the terrain. Part of the
materialis simply depositedon differentlo-
cations,dependingon the local gradientof

thesurface. The later techniqueis basedon
the fact that water can dissolve, transport,
anddepositcertainamountof soil. Depend-
ing on the gradientof the terrain location,
someamountof material is dissolved and
moved in water. This material is later de-
positedin anotherlocation.

Chiba et al. [3] have introduced another
physics-basedalgorithm. This simulates
ridgesandvalleysby applyingforcescaused
by the runningwater to the terrainsurface.
Water is approximatedby particles and a
simplecollision detectionalgorithmis used
to simulatetheerosion.

A similar techniquehasbeendescribedby
Nagashima[12]. Themaindifferenceis that
the terrain is erodedadaptively. The shape



of theriver is generatedindependentlyto the
surfaceusingtwo-dimensionalfractal inter-
polation. Then the banksof the river are
erodedusingphysics-inspiredrules.

Simulationsof weatheredstoneshas been
describedin [5, 15]. Thesenew techniques
aremostlybasedonthefollowing idea:�rst,
thethree-dimensionalobjectis coveredby a
layer of voxels. Thesevoxels are the sub-
ject of materialtransportthat is thesolution
of differentialequations.Theequationsusu-
ally model somekind of diffusion or soil
transport in the material. Two important
thingsareusuallysimulated,surfacefall-off
andsedimentscomingout from the object.
High effort is alsodevotedto the rendering
of theseobjects.

Theheight�eld is themostcommonlyused
datastructurefor the terrainsimulationand
visualization[3, 10, 11, 12]. Theadvantage
of this datarepresentationis that it can be
easily ray-tracedanddoesnot needa large
storagespace.On the otherhandthe voxel
representation[5, 15] is moreprecise,allows
simulation of underground structuressuch
as caves, but requiresmuch more memory
space. Bene�s et al. [1] have introduceda
layereddatastructurethat�ts with theprob-
lem of terrain erosionand presentsa good
trade-off betweenheight �elds and voxels.
Thesetof trianglesis anothercommonrep-
resentationusedin terrain modeling[4, 9].
Thisdatastructureis convenientfor fastdis-
playing(see[6, pp:369–404])andis alsofre-
quentlyusedin GIS.

Thepreviouslydescribederosionalgorithms
focusontheerosionprocessitself but notthe
underlyingmechanismsthat allow it (water
evaporation,water sources,material prop-
erties, etc.). The algorithms are usually
quite complex, the techniquesare implicit,
and not well relatedto physics. They also
use large numbersof constantsthat in�u-
enceeachotheranda stableimplementation
of thesetechniquescanbe a hardproblem.
Even worse,somealgorithmstendto oscil-

late,dueto thesimplemodelsof watertrans-
port.

The main goal of this paperis to provide a
fast, stable,easyto use, and easyto con-
trol techniquefor visual hydraulic erosion
simulation. We usea techniquethat is ba-
sedon the physicalmodelsof [2] and[14].
However, the main goal of the paperis vi-
sualplausibilityandnotthephysicalcorrect-
ness.The techniquepresentedhereis suf�-
ciently fast to be implementedin any inter-
activemodeler.

Wehaveseparatedthehydraulicerosionpro-
cessinto four independentstepsthat canbe
appliedrepeatedlyand in arbitraryorder to
achievedesiredlevel of realism.Thesesteps
aredescribedwith certainprecisionandbet-
teralgorithmsandtechniquescanbethepos-
sibleextensions.

The paperis structuredas follows. In the
next sectionwe describethe processof hy-
draulic erosionandfactorsthat in�uence it.
Section3 describesimplementationandre-
sultsof our simulations.The last Section4
describessomeopenedquestionsand con-
clusionsof thepaper.

2 Hydraulic Erosion

Theprocessof hydraulicerosionconsistsof
severaldistinctsteps.First,waterappearsat
someplaceor places.This canbedueto the
presenceof rain,watersourcesor becauseof
the water �o w. Waterabsorbsthe material,
eitherbecauseof the�o w thaterodesthesur-
faceor becauseof thedissolving.Next, wa-
ter, aswell asthecapturedsediment,is trans-
portedaccordingto inner and outer forces.
Themostimportantfactorcontributingto the
water�o w is gravitation, althoughthe inter-
nal forcesalsoplay an importantrole. The
water drops the carried and the suspended
material at certain locations. This deposi-
tion processis in�uencedby two mayorfac-
tors[14]. First, thewaterslows down sothe



heavy particlesof materialcannotbecarried
anymore. The secondfactorcontributing to
the depositionprocessis the excessof the
watersedimentcapacity. This is causedby
theevaporationof thewater.

In the previous work theseprocesseswere
simulatedasrelated,for examplein [11] the
materialdepositionis a functionof thewater
transportation,but they can also be treated
independently. The hydraulic erosionpro-
cesscan thereforebe describedby the fol-
lowing foursindependentsteps:

1. new waterappears,

2. watererodestheunderlyingterrainand
capturesthematerial,

3. water and the suspendedmaterial are
transported,and

4. waterdepositthematerialatanotherlo-
cations.

Weusethelayereddatastructureddescribed
in [1] in our implementation,but here, for
simplicity, wewill work with height�elds as
wedescribethealgorithm

Figure1: Notationof theverticesand
the material. The left column is the
exploredvertex whereastheright one
is a representative of theneighboring
vertices.

Let ��� betheheightof thematerial(seeFig-
ure1)atagivenposition(vertex of theheight
�eld), let �

� denotethevolumeof waterand
let �

� be the amountof dissolvedsoil at the

giventime
�

. Thenext stateof thesevariables
is denoted�����
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	 , and �
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	 . The coef-
�cient
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doesnot explicitly meantime
increasedby one second,it can be thought
as

�������

, so the incrementmeansan arbi-
trary timestep,or simplyanotherstateof the
system.

The systemdistributeswaterandsoil to the
neighbors.For thesake of clarity let ussup-
posejust oneneighboringvertex and let us
denotedthe correspondingquantitiesin by

��� , �

� , and �

� . Theproblemof thefull two-
dimensionaldistributionsis discussedin the
Section2.4.

2.1 Rain and Water Sources

Watercaneitherappearlocally atcertainpo-
sition(watersources)or it canaffectlargear-
easof theterrainin theform of rain. In both
casesthelevel of waterin theelementis sim-
ply increasedby ��� thatis theamountof wa-
ter thathasarrivedin thetimestep �

�������������

.
This is describedby thefollowing equation:
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The coef�cient ��� can be constant,corre-
spondingto the constantin�o w of water.
To achieve bettersimulation,this coef�cient
shouldrespecttimeandthepositionP in the
space� ��#

���%$'&

. In nature,the rain intensity
at a given point over time correspondsto a
bell shapedfunction[14] andthelocality can
bedescribedby a fractalfunctions[11].

2.2 Evaporation

Theamountof evaporatedwaterdependson
the temperatureandthe extent of the water
level. Sincewe useheight �eld representa-
tion, the areais constantfor eachelement.
We alsosupposethe temperatureto be con-
stant (correspondingto the averageover a
large time interval). The evaporationof the
wateris describedas:
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where ��+ is theevaporationcoef�cient, cor-
respondingto thespeedof thewaterevapo-
rationin thegiventimespan.Solutionof the
equation(1) shows that theamountof water
presentedat a given vertex dependsonly at
the initial water volume �.- and time. The
amountof waterdecreasesexponentially.
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�
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In practicalimplementationthe level of wa-
ter will never reachzero,sewe modify this
functionby introducinga thresholdvalue 9 .
If the amountof waterdecreasesunderthis
level,wesetit to zero.Thisallowsusto sim-
ulatedryingup of someareas.Themodi�ed
equation(2) hasform:
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2.3 Deposition

We do not considererosionbasedon forces
in thispaper, soin thefollowing wewill dis-
cussonly depositionof thesedimentandsoil
thatis dissolvedin water.

Depositionof thematerialcapturedin slowly
moving waterhastwo causesin the nature.
First, thematerialdepositsbecausethemov-
ing particlesof thematerialreachtheground
andcannotbecapturedanymore.We do not
simulatethis here. Descriptionof this kind
of depositionusedin computergraphicscan
befoundin thepaper[11].

Weuseanothertechnique.Thewatervolume
hascertainamountof thedissolvedsoil that
cannotexceedthesaturationlevel. Thesatu-
rationlevel :

� is describedby theequation

:
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�

�
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wherethe ��; is thesaturationcoef�cient in
kilogramsperliters. Thecoef�cient saysthat
oneliter of watercancarry ��; kilogramsof
material. If somevolume of water evapo-
rates,the saturationlevel will be exceeded
sothecorrespondingamountof thematerial

mustbedepositedat thegivenposition. We
evaluatethe amountof materialthat canbe
dissolved using the equation(3) and com-
pare it with the amountof material at the
givenposition �

� if this is higherthan :

� we
deposit�

�<)

:
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Figure2: Processof the materialde-
position.An arti�cial poolevaporates
waterandthesedimentsaredeposited
at its bottom.

Figure 2 demonstratesthis phenomenon.
A hole (an arti�cial white noisesurface)is
�lled by highly saturatedwater that evapo-
rates. The bottomof the pool of waterbe-
comes�at becauseof thedepositedmaterial.
It is importantto noticethat we cannotjust



keepthe amountof soil �x ed for the water
volumewithin thevertex. Thesoil travelsin
thewaterandtries to reachvolumeequilib-
rium. The water and soil transportare de-
scribedin thenext section.

2.4 Water and SedimentTransport

Thewatermotionin thenatureis very com-
plex and it canbe completelydescribedby
theNavier-Stokesequations.Thesolutionof
theseequationsis quite complex andin the
context of this hasbeenusedseveral times
for purposesof animation[7, 8, 16]. The
water transportusedin the techniquespre-
viously introducedfor erosionsimulationis
moreor lesspreciseapproximationof theso-
lution of theseequations.

For the slow water motion we can apply a
simplediffusionmodel.For eachlocationof
theheight�eld theamountof waterthatex-
ceedsthe neighborsis detectedand moved
to theneighborsthatarelocatedbellow. For
thesakeof clarity let ussupposejusttwo ele-
ments.Theheightthatis reachedby thelevel
of thewaterin theactualpositionis thesum
of all contributingquantities
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�
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whereastheheightof theneighboris:
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�

�
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If thedifference
?

)

?

� is smallerthanzero,
it meansthe actualelementis in the hole,
we cannotremove anything. If the element
is not the local hole,we have two important
casesasdescribedin the Figure3. The left
drawingsshow thesituationbeforewhereas
theright onesafter thewatertransport.The
upperrow shows the casewhen just a part
of watermustbemoved,whereasthebottom
row explainsthecasewhenweshouldmove
everything.

A specialcaremustbetakento thedistribu-
tion of waterin thefull two-dimensionalim-
plementation.Theamountof watermustbe

Figure3: Two importantcasesfor the
water transportation(up and down).
Theleft drawingsshows thesituation
before and the right after the trans-
port.

distributedproportionallyto therelative dif-
ferencesof theneighboringlowervertices.

We have implementedthis in the following
way. Let

?6ACB%D

�FE

�"
G�

!"!"!%H be the heightof
theneighboringverticesand

?

theheightof
thevertex in themiddle(seeFigure4). The

Figure4: Indexing of theneighboring
vertices.

way to achievethecorrectdistributionof the
wateris to accumulateall lower differences
in a counter, let denotethis counterby �"I

� .
The quantityof thewaterthat shouldbe re-
moved

�

� is distributed accordingto the
equation

�

�

A

�

�

�

?6A

�"I

�

�

where
�

�

A

is the amount of water to be
movedto the

D

-th vertex andthe
?JA

is thedif-
ferenceof thelowerneighboringvertex.



An importantfact not describedin the pre-
viouswork is thatreachingequilibriumwith
waterdoesnot meanthat the systemis sta-
ble. Neighboringverticescancontainvery
different levels of dissolved sedimentsthat
shouldbe equallydistributedaswell. Cor-
rect solution involves solving the sediment
transportationthe water as well. We usea
solution that is an adaptationof the above
describedwatertransport.Insteadof manip-
ulatingtheheightof thevertex we distribute
theconcentrationof thesedimentsin thewa-
ter.

3 Implementation and Results

We have implementedthis techniquein C
and testedon IBM PC 500MHz. The pro-
gramruns500 completeerosionstepof an
array K

EGE�L

K

EGE elementslessthantwo min-
utes. We useOpenGLfor fastpreview and
ray-tracerPersistenceof Vision for photore-
alistic images.

The algorithmconsistsof four independent
steps. First we add water into the system.
Next we erodethe terrain i.e., we capture
the material in the volume of water. Then
the waterandthe capturedmaterialaredis-
tributed. Somepart of water is evaporated
andthelaststepis thematerialdeposition.

Thebiggestadvantageof thealgorithmis the
separationof the erosionprocessinto these
steps. We can bene�t from this and apply
somestepsmore frequentlyas we want to
simulatecertainphenomena.For example
someprocessesare in�uenced by the evap-
oration(suchasin theFigure2), soit makes
nosenseto devotetoomucheffort to thewa-
ter transportation. Indeed,in this casewe
have appliedtheevaporationanddeposition
muchmoretimesthanthe watertransporta-
tion. Theresult,althoughnot physicallyex-
act,is realistic.

Anotherexample,wherethe evaporationis
not very important,but thewatertransporta-

Figure5: Threesourcesof highly sat-
uratedwaterarespilling thewaterthat
producescharacteristicridgeson the
hill itself aswell ason its bottom.

tion is, is shown in Figure5. We put three
sourcesof highly saturatedwateronthenon-
steepy slope. As the water �o ws down the
soil is repeatedlydepositedand dissolved.
This formscharacteristicridgeson theslope
and down at the bottom of the hill. The
height �eld resolutionwas


�M

ENL


�M

E ele-
mentsand the simulationhasrun lessthan
two minutes.

Next example in the Figure 6 shows sim-
ulation of rain on the Olympus Mons on
Mars. We have obtained the data from
NASA project MOLA [13]. The volcano
is completelycoveredby wateron the �rst
image. We were just interestedin the sim-
ulation of the running water, so we have
skippedthe processof erosionand deposi-
tion. Theprogramcycle consistsjust of rain
and the water transport. Since the surface
of the mountainis quite steepy, the water
goesdown quite fast and the erosionsteps
describedin this paperare not affecting it
verymuch.An interestingobservationis the



Figure 6: Simulation of the �cti ve
rain on the martial volcanoOlympus
Mons.

waythewater�nds. Thepathsthatthewater
formsarequiteconvincing,sowe canimag-
ine that this couldbetheway thewaterwas
really running.

The last example in Figure 7 shows area
of VallesMarinerison Mars(approximately
1000kmL 1000kmin resolution14kmO per
vertex). In this areathe water supposedly
had�o wn. We have appliedheavy rain and
intensive water transport(correspondingto
rainingseason)to thisareaandthenverydry
season.During the raining seasonthe sur-
facewasjust �lled of water, whereasin the
dry seasonthe waterhas�o wn in the lower
areas,sowecanseehow thecratersandval-
leys are �lled by water that is then evapo-
rated as well. Heavy sedimentdeposition
alsooccurredduringthedry season.

4 Conclusionsand Future Work

Two importantthingswereintroducedin this
paper. First, the existing algorithmswere
clari�ed and divided into four distinct and
independentsteps.First thewaterappearsat
someplaces,then it erodesunderlyingter-
rain structures,and then it transportscap-
turedmaterialandthewaterdepositsthema-

Figure 7: Drying the areaof Valles
MarinerisonMarsaftera heavy rain.

terial at the end. Thesestepsrun indepen-
dentlysowe canrepeatsomeof themin cy-
clesin orderto simulateheavy rains,or dry
seasons.

Secondimportantthing is thenew algorithm
simulating hydraulic erosionthat has been
introduced. The algorithm is basedon the
fact thatwatersedimentcapacityis constant
and during the evaporationthis level is ex-
ceededsosomematerialmustbedeposited.
Thematerialmustalsobetransportedin the
waterto achieverealisticsimulations.

Oneof thebiggestweaknessesof all erosion
algorithmsis thealgorithmthatsimulatesthe
transportationof water. The possiblefuture



work involvesbetteralgorithmfor thewater
transportation.An interestingtopic is also
precisesimulationof thematerialmotion in
thewater.
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