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Abstract

While several terrain generation methods focusedon plausiblewatersheds, the factthat most mountainsshould

not be isolated but rather bepartof wider scalemountainrangeswasseldom considered. Inthiswork,wepresent

the first proceduralmethod that generates folded terrains fromsimple userinput, inthe formofsome sparsepeak
distribution onavector map.Thekey idea isto infer possible continentalplatesfromthisdistributionandtouse
simplified plate tectonics to generate relevant terrain folds. The resulting terrain with large-scale folds, computed
in real-time, can be furtherrefined using standard erosion simulation. This leads to detailed terrains with plausible
mountain ranges that match the peak distributions and main rivers specified on simple vector maps.

1. Introduction

Terrainsareamong the mostdifficult models to create,due

to theirspecific multi-resolution folded structure. Although
real terrain data is available, many applications — from films
through videogames and to seriousgames —require terrain
models that match specific design goals. Achieving this, was
it through the manual editionof some existing terrain dataor

Figure 1: Left: Corsica elevation map, showing typical
multi-scale terrain folds ( ¢ 1GN). Middle: Input vector map.
Right: The elevationmap we output.Note thatalthoughnot
identical to the real data on the left, our methodachieves
some plausibleinterpretation of thevector map,with quali-
tatively similar multi-resolution folds.

using theindirectcontrol offeredbyaprocedural generation
method, takes time and efforts.

This work addresses the case when user design goals can
be expressed through a simple vector map, similar, for in-
stance, to the famous Middle-Earth map in Lords of  the
Rings. This raises an interesting question: Is it possible to
generate plausible terrains from the simple vector dataon
such maps, including coast lines, main rivers, and some
sparse setof mountain peaks? This is thequestion we are
addressinghere.Since terrain generation from hydrological
maps was already studied, we more specifically focus on
generating mountain ranges that match thesparse distribu-
tion of peaks ona vector map. To ourbestknowledge, this
specific problem was never tackled before.

Platestectonic plays a major role in shaping landscapes:
interaction between plates causes the terrain to fold, result-
ing into a series of mountain ranges (Figure 1,  left). Our
approachtoinfer plausiblefolds that areconsistent witha
user-designedvector map (Figure 1, middle) is to group vec-
tor peak elements intopossible continental plates, and to use
simplified plate tectonic to compute consistent large scale
terrain folds. The later are then refined using smaller scale
hydraulic erosion simulation while accounting for the rivers
onthe map.This results into visuallyappealing terrainsthat
do match the user intent (Figure 1, right).

Afterreviewing related work(Section 2), we present our
processing pipeline (Section 3). We then detail the two main
contributions: a method for creatingcontinentalplatesfrom
a setof peak positions (Section4)anda simplified tectonic
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algorithmforgeneratingterrainfoldsfromtheseplates(Sec-
tion5).Theconstructionofthewatershedmapusedforero-
sionsimulationisthenpresented(Section6). Wediscussre-
sultsandlimitationsbeforeconcluding.

2. Relatedwork

Thefirstmethodsforgeneratingterrainsdirectlytriedtocap-
turethefractal —natureofmountains, i.e. theirself-similar
multi-scalestructure. Thiswaseitherachievedusingfrac-
tal geometryormulti-resolutionnoisemodels[EMP *02].
Alargersegment ofpreviousworkfocusedongenerating
plausiblewatersheds,whicheventuallycreatedmoreplausi-
blefractal-likevalleystructures. Thesemethodseithersim-
ulatedwaterflowsandweatheringeffects[ BF02, MDHO7,
vBBKO08,KBKS09], orprocedurallybuiltconsistentvalley
systems| KMN88,PH93,BA05,GGG * 3].Mostoftheseter-
raingenerationmethodsweredrivenbyindirectparameters
leadingtotediouscontrolthroughseriesoftrialsanderrors.
Incontrast,Genevauxetal.[GGG *1 3]generatedconsistent
terrainsfromuser-specifiedrivers-bedsdepictedonavec-
tormap.Inthiswork,wereusetheideaofsuchsimpleuser
inputbuttacklethecomplementaryproblemofgenerating
plausiblemountainrangesfromasimplemap. Wemakeuse
ofthehydraulicerosionmethodfrom[vBBKO08]Jforadding
smallerscalefeaturestothefoldedterrainswegenerate.

Hydrologyisnottheonlyfactorshapinglandscapes.In-
deed, whileitorganizesvalleysatmultiplescales, hydrol-
ogyalonefailsstructuringmountainsintoconsistentranges.
Theserangesresult  fromlargerscalegeological ~ phenom-
ena,namelyfoldingeffectsduetoplatetectonics. Thefirst
attempt,toourknowledge,totakeplatestectonicsintoac-
countforterraingeneration[ Ale06]generatedsimplehigh
fieldsfromthesimulationofcollisionsbetweenplates.Con-
trarytoour  goals, theresult was not usedtoorganize
smallerscalemountainsintoconsistentranges. Amorere-

centmethod[Viil2]makesuseofrandomlydefinedplates
tocomputeasetoflocationsformountains. Yet,themethod
doesnotprovideusercontrolonmountainlocationanddoes
notincludethegenerationofplausible3Dgeometry.Incon-
trast,ourgoalistouseplateboundariesnotasasinglefault
line,butassomeglobalfeaturedrivingsmallerscaledetails.

Lastly, afewmethodswent  furtherthanplatetectonics
tomodelsubsurfacegeology.Thisfallsoutsidethescopeof
thiswork.Wereferthereaderto[NLVP13].

3. Overviewofthemethod

Weusethefollowingpipelinetogenerateplausibleheight-
mapsfromsimplevectormaps(Figure2):

1. Theuserinteractivelycreatesasimplevectormap,with
coastcontours,mainrivers,anddistributionsofpeaks.

2. Wegeneratepossiblecontinentalplatesandtheirspeed
fromthepeaks,toinferwhereplatecollisionsmayoccur.

3. Platecontoursandspeedsareusedasinputofawarping
processusedtogeneratenoisyterrainfolds.

4. Totakesketchedriversintoaccount,wegenerateawa-
tershedmaptobeabletoforcethewatertoflowinthem.

5. Wecombinethefoldmapwithawatershedmap.

6. Smallscaledetailsareaddedusingerosionsimulation.

4. Platesgeneration

Intherealworld,collisionsbetweencontinentalplatesgen-
eratemountainrangesduetoterrainfoldingandtheirsepa-
rationcreatesdeepcanyons.Geologistsmakeuseofdiffer-
enttypesofdatafordeterminingplateboundaries,suchas
boreholesandseismicsources.Butwecannotasktheuser
forsuchspecializedinput.  Althoughinspiredfromnatural
platetectonics, ourmethodthereforesimplifiesit:wecon-
siderplatecollisionsonlyandusethelocationofmountain
peakstoextractaplausiblesetofplateswiththeircontours
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Figure3: Inputpeakpositions(left).Sub-platesandassoci-
atedvelocitiesbasedonVoronoicells(right).
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Figured: Sub-platemergingprocess.

andvelocities. Thisisdoneusingabottom-upapproachthat
firstgeneratessub-platesaroundeachpeakandthenmerges
themintolargerones. Althoughextremelycoarsefromage-
ologicalviewpoint,thismethodmatchesourgoalofgener-
atingvisuallyplausibleresultsfromsimpleinput.

Sub-plates. Wedefinesub-platesascellsofaVoronoidi-
agramcomputedfrompeakpositionsontheinputmap.We
estimatevelocity u ofasub-plateasthevectorfromitscenter
ofmass cm tothepeakposition p.Thus,thenearestapeak
isfromitscellboundary,  thestrongestthevelocity.There-
fore,velocitiesaredirectedtowardspackedregions,asifall
sub-plateswereconvergingtocentralpositionsandcollid-
ing.SeeFigure3.

Sub-platemergingprocess. Tectonicplatesarelargere-
gionsthat movetogether, andthushaveaquasi-uniform
velocity. Therefore, weusevelocitydirectiontoiteratively
mergeplates. Thecontouroftheresultingcontinentalplates
arethelocationsofterrainfoldswehavebeenlookingfor.

Moreprecisely, weusetwosimplerulestoiteratively
mergeneighboringplates:Firstly,plates A and B aremerged
if ua "up > Ti,where uyx isthenormalizedvelocityforplate
X and T1 €[0, 1]auser-definedthreshold. Thesmaller T7,the
largertheresultingplates.Secondly,inordertoavoidissues
ofnormalizingnear-zerovectors,  andalsotohomogenize
platesizes,wemergetoolittleplateswiththeirlargestneigh-
bor. A and B aremergedif 47 < T2,where Ax isthearea
ofplate X.Weassignthefollowingspeedvectortothenew
plate C,tobealetoiterate(seeFigure4): UC = "A, 1A,

5. Generationofterrainfolds

Terrainfoldsareconsistentsetsoffeaturesduetocollision
betweenplates, andthereforealignedalongtheir bound-
aries. Seetheset of horizontal toslightlyinclinedlarge

FigureS: [Initial platemap(left)andresultingfold-based
height-map(right).

foldsinFigurel, left. Assimulatingthefull  foldingpro-
cess[Mall0]wouldleadtoheavycomputations, werather
useplateshapesandvelocitiestogeneratesomeprocedural
noisethatcreatesfoldsusingimagewarping.

Imagewarpingconsistsinapplyingafunctiontoanimagein
ordertodistortitscontent.Let I beanimage, I(p) thepixel
ofcoordinates p,and w(p) awarpingfunction. Thewarped
image I isdefinedby I (p)= I(w(p)).Inourmethod,we
useplatesvelocitiestowarpanoisefunction.

Velocitymap. Weinitializethevelocitymap V fromtheas-
sociatedplatevelocity. WethensmooththemapusingGaus-
sianblur. Theresultingmapthushasconstantvaluesoneach
plate,butquicklyvaryingvaluesinterpolatingtwoopposite
velocityvectorsatplateboundaries. Thisquick,smoothvari-
ationwillbeusedtocreatefolds.

Noisewarping. Theterrainheight-map [ isinitializedusing
fractionalBrownianmotion noise[ MVNG68]togetpseudo-
randommulti-scaledetails. Toget thefoldingeffect, we
usetheplatevelocitymaptowarpthisheight-map, using:
w(p)= p+V(p).Whilethisonlytranslatesheightvariation
onagivenplate,thiscausesthenoisetobecompressedina
singledirection,perpendiculartotheplateboundaries,atthe
borderbetweentwoplates,duetothequickvariationofthe
translationvector V(p) applied. AndasshowninFigure5
thisprocessgenerateswhatweintuitivelyinterpretasfolds.

Toimprovetheresult,wescaledowntheresultingheight-
map I byacoefficient k €0, 1[ dependingonthedistance
tothepeaksdrawnonthevectormap. Thisattenuatesthe
foldingeffectsfarfrompeaks,makingtheresultbothmore
natural (thecontourofplatesshouldnot bevisibleevery-
where)andconsistentwithuserinput.

6. Watershedgenerationandhydraulicerosion

Assimplevectormapsoftendepictthemainrivers,weal-
lowuserstodrawthemontheinputvectormap.However,
theseriverscouldbeincoherentwiththefold-basedheight-
mapwejust  computed, andsimplydiggingriversintoit
wouldnotgiveplausibleresults. ~ Weratherlooselyinspire
from[GGG "13]togenerateawatershedmapfromtherivers
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that isthencombinedwiththefold-basedheight-map. Fi-
nally,wesimulatehydraulicerosionasin[vBBKO0S]toadd
plausiblesmallscaledetails.

Watershedmap. Thewatershedmapisgeneratedasfol-
lows:First, wepropagateheightalongriversstartingfrom
thesea(zeroheight)usingagivensmallslopefactor.Then,
wediffusethisheightwithalargerslopetotheotherpix-
elsofthemap,usingashader.Slopevaluescanbeadapted
basedondistancetothenearestpeaksonthevectormapto
achievenon-linearslopevariations. ~ Theresultingmapde-
finesaterrainwherewaterflowsnaturallyfrommountains
toriversandtotheocean.

Combiningfoldsandwatershedmaps. = Thewatershedel-
evationmap g iscombinedwiththefold-basedelevationmap
f fromSectionSusingamaskmap  m settosomenormalized
distancetorivers.Theresultingmap & seamlesslyswitches
fromwatershed-basedinformationclosetoriverstofold-
basedinformation: h(p)= g(p)(1 —m(p))+ f(p)m(p).

7. Results

ThesystemisimplementedinC++, usingOpenGLand
GLSLComputeShaders.Computationsareperformedonan
NVidia660GTXGPUandanlntel “ Xeon “ ES-1650CPU,
runningat3.20GHzwith16GBofmemory.

Figuresl, 2andthecompanionvideoshowthat our
methodisabletogeneratevisuallyrealisticterrains.Inaddi-
tiontocreatingimaginaryterrains,weusedamapinspired
fromarealislandinFigure 1toallowqualitativecomparison
withareal height-map. PerformancesgatheredinTablel
showsthatterrainsaregeneratedinafewseconds.

Plates | Folds | Watershed | Erosion
Fig.1 | 29s | 2.1s 6s 2.4s
Fig.2 | 29s | 2.25s 6.4s 2.3s

Tablel: Computationaltime,terrain( 1024 X 1024).

Limitations. Theuseof Voronoi diagramsleadstonon-
expectedresultswhenusersinputasinglelineofpeaksin-
steadof of thicker mountainsclusters: whiletheyexpect
asingleplateboundaryalongthisline, Voronoi cellscut
betweenpeaks. Moreover, isolatedpeaksarenot  onplate
boundaries, andsonot onthefoldedmountainrangeswe
generate. Wecouldinterpretthemasvolcanoes.

Themainissueofourfoldgenerationalgorithmisthat
itgeneratesfoldsalongbothconvergentanddivergentplate
boundaries. Wecouldtrytomaskittohidefoldsalongdiver-
gentboundariesbutthiswouldrequireprogressivelyfading
foldswhereconvergentanddivergentboundariesmeet.

Lastly, thewaywemergeuser-definedriverswithfold-
basedelevationdoesnotalwaysgivegoodresults,sincewe

blendtwomapsthatmaynotbelocallyconsistentratherthan
warpingthemfirsttomakethemmatch.

8. Conlusion

Inthispaper, wepresentedaproceduralmethodconsider-
ingtectonicplateinteractiontocreateaterrainwithconsis-
tentmountainranges. Althoughsimple,thismethodalready
achievesgoodresults. Infutureworkwewouldliketoex-
tendthemethodtobothoceanicandcontinentalplatetypes
andtoconsiderdivergentplatesaswellasconvergentones.
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