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Figure 1: This gur e showsthe threestepsof our pipeline Theinput water mapis basedon a stretch of the BenueRiverin Nigeria. Left:
Startingfromtopagraphicalwaterandpark maps theuserdesignsa tensor eld. Middle: Thetensor eld andfurthereditingopemtionsare
usedto generte a road network.Right: Three-dimensionajeometryis created.

Abstract

This paperaddressethe problemof interactvely modelinglarge
streetnetworks. We introducean intuitive and e xible modeling
framework in which a usercancreatea streetnetwork from scratch
or modify an existing streetnetwork. This is achieved through
designingan underlyingtensor eld and editing the graphrepre-
sentingthe streetnetwork. The framework is intuitive becauset

usestensor elds to guidethe generatiorof a streetnetwork. The
framework is e xible becausét allows the userto combinevar-
ious global and local modelingoperationssuchas brushstrokes,
smoothing,constraintsnoiseandrotation elds. Our resultswill

shaw streeinetworksandthree-dimensionalrbangeometryof high
visual quality.
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1 Introduction

This paperpresentsa solutionto ef ciently modelthe streetnet-
worksof largeurbanareasThe creationof compellingmodelsis a
crucialtaskin the entertainmenindustry varioustrainingapplica-
tions, andurbanplanning. However, modelingthe detailsof large
three-dimensionalrbanenvironmentsis very time consumingand
canrequire several manyearsworth of labor A powerful solu-
tion to large-scaleurbanmodelingis the use of proceduraltech-
niques[ParishandM{ller 2001; Wonkaet al. 2003; Mller et al.
2006].

ParishandMller [2001] arethe rst to notethatthestreetnetwork
is the key to creatinga large urbanmodel,andthey presenta so-
lution to modelstreetnetworksbasedn L-systemgPrusinkiavicz
andLindenmayerl991]. Startingfrom a singlestreetsggmentthey
procedurallyaddmoresegmentsto grow acompletestreetetwork,
similar to growing a tree [Prusinkiavicz et al. 2003]. While this
algorithm createsa high quality solution, thereremainsa signi -
cantchallengethe methoddoesnotallow extensive usercontrol of
the outcometo be easilyintegratedinto a productionervironment.
While theusercanuseatraditionalmodelingtool to move thever
ticesin the procedurallygeneratedyraph,the graphoftenrequires
asigni cant amountof editingin orderto matchuserexpectations.
Whenthis happensthe userwill needto regeneratehe complete
ervironmentbut theresultsarenotguaranteetb bemoredesirable.

To addresghis limitation of a purely procedurabpproachwe pro-
vide an alternatve to streetmodelingthat supportsthe integration
of awide varietyof userinputs. Thekey ideaof this paperis to use
tensor elds to guidethe generatiorof streetnetworks.

An importantaspecbf streetpatternds the existenceof two dom-
inant directionsdue to the needfor ef cient useof space. Inter-

estingly tensor elds give riseto two setsof hypestreamlineqde-
ned in Section4): onefollows the major eigervector eld, and
the otherthe minor eigervector eld. Theseobsenationshave in-

spiredour approachin which interactize tensor eld designtech-
niguesareusedto guidetheroadnetwork generationThis concept



is illustratedin Figuresl and3. The usercaninteractvely edita
streetetwork by eithermodifyingtheunderlyingtensoreld or by
changinghegraphrepresentinghe streetnetwork. This allows for
ef cient modelingbecausave cancombineglobalandlocal mod-
eling operationsgonstraintsandproceduramethods.

Major Contrib utions of this paperare:

Insight: We realizethe connectiorbetweertensor elds and
streetgraphs.

Pattern Analysis: We analyzestreetpatternsandderive suit-
ablemodelingoperationontensor elds andgraphs.

Modeling Pipeline: We arrangethesemodeling operations
into a consistenframework (pipeline)that allows usto pro-
ducehigh quality results.

Tedhnical Novelties: We effectively integrate existing tech-
niquesfor graphandtensor eld editinginto our framework.

In addition, we make several new technicalcontributionsto
tensoreld designandgrapheditingthatincludeanovel brush
interface, the use of rotation elds to modify tensor elds,

hierarchicalsegmentationandediting of tensor elds, tensor
eld computationfrom boundariesthe ability to handleten-
sor eld discontinuitiesanimproved hyperstreamlingracing
algorithm,anda hybrid algorithmto modify graphsusingten-
sor elds.

Paper Structure: After reviewing relatedwork in Section2, we
provide a systemoverview in Section3 andbrie y review relevant
backgroundon tensor elds in Section4. The two major partsof
our systemaretensor eld generation(Section5) andstreetgraph
generatior{Section6) We shawv resultsin Section7 anddiscussour
systemandpossiblefuturework in Section8.

2 Related Work

In this paperwe focus on the modelingof streetnetworks which
we augmentwith the generatiorof three-dimensionatreetgeom-
etry. To obtaina completeurbanervironmentour systemcanbe
complementedvith shapegrammargWonkaet al. 2003; M{ller
etal. 2006]for architecture.In thefollowing, we review literature
describingroadconstructiorandgraphmodelingalgorithms.

Road Construction: Informationaboutthe geometryof roadcon-
structioncanbefoundin literaturefrom civil engineeringWe rec-
ommendthe text [AASHTO 2004] asa comprehense overview.

Otherusefulresourcesre the Highway CapacityManual [Board
2000] andthe textbook by Manneringet al. [2005]. Streetgraphs
presenta fascinatingmodeling challenge,becausehey exhibit a
mixtureof fairly regularandorganicpatterns Somemorehighlevel

ideasare presentedn otherbooksrelatedto urbandesign[Punter
1999; Alexanderet al. 1977; Hillier 1996; Hillier 1998; Gingroz
et al. 2004]. However, the mostinformative resourcesreinternet
basedmapservicesaswe try to matchstreetpatternsand do not
attemptto simulatetheir formation.

Graph Generation: Themostsuccessfualgorithmfor streetmod-
eling to dateis presentedby ParishandM ller [2001], who extend
L-systemdo grow streetsggmentdik e branchesn atreeuntil they
intersectanexisting streetsggment.L-systemshave beenvery suc-
cessfullyappliedto plant modeling [Prusinkievicz and Linden-
mayer1991; Prusinkisvicz et al. 1994; Mech and Prusinkievicz
1996; Prusinkiavicz et al. 2001] and provide an inspiration for
mary graphlayoutproblems.

We have alsobeeninspiredby approacheso modelice ray lattice
design[Stiny 1977], mortarin brick layouts[Legakis et al. 2001],
diffusionlimited aggregation[WittenandSander1981],andcracks
in Batik renderinggWhyvill etal. 2004]. However, the similarities

of their appearance® streetlayoutsareratherremote.A very in-
terestingclassof layout algorithmsusesVoronoi Diagrams[Berg
etal. 2000]of (randomly)distributedpoints. This ideais extended
to generateextures[Worley 1996], mosaics[Hausner2001],frac-
ture patterns[Shirriff 1993; Mould 2005], and even somestreet
patterns[Sun et al. 2002; Glasset al. 2006]. Jigsav image mo-
saics[Kim and Pellacini 2002] are anotherinterestingextension
to layout arbitrary shapes.Anotherpowerful graphgeneratioral-
gorithmis proposedn the contet of modelingleaf venationpat-
terns[Runionset al. 2005]. Recently an interestingextensionof
graphlayoutappearedn the work of image-basedhazeconstruc-
tion [Xu and Kaplan 2007], in which a directionalmazeis con-
structedby computingtwo perpendiculafamilies of streamlines
accordingo avector eld derivedfrom region boundarieganduser
speci ed curves. While someof thesealgorithmscanmatchone
speci ¢ streetpatternthatlookslike mudcracks we proposea sys-
temthatallows a wider rangeof morefrequentstreetlayouts. Ad-
ditionally, we focuson usercontrolandediting operations.

3 Pipeline Overview

In this section,we give anovervien of our modelingpipeline. The
input to our systemincludesfour mapsloadedasimages:1) a bi-
nary valuedwatermapW, 2) a binary valuedpark andforestmap
F, 3) aheightmapH, and4) a populationdensitymapP. Eachof
thesds adiscretefunctionof f: [ X;X] [ Y;Y]! [0;1] de ned
onagrid (512 512in ourimplementation)Our systememplg/s
athree-stagpipeline(Figure?2).

input maps tensor dreet ity
WFHP  Tensor field fieldT, Street Graph graphg%, 3D Geometry model
Generation Generation Generation

Figure 2: Themodelingpipeline

StageOneallowstheuserto produceatensoreld usingarangeof

designoperationssuchascombiningindividual basis elds, com-
putingtensor elds from boundariesysingabrushstroke interface,
androtatingthe eld with noise. Thesetools allow the userto it-

eratively re ne thedesign(Section5). During editing, the usercan
manipulateaensor eld T andthreerotation elds Ry, Ry, andR3

which we useto rotatethe eigervector directions. The computa-
tional domainis a regular 2D grid D with the valuesof the afore-
mentionedeld storedatthevertices.Bilinearinterpolationis used
to obtainvaluesinsidethecellsof D. Thesedatastructuresrealso
theinputto thenext stage.

StageTwo is the streetgraphgeneratiorstep.Streetaarecomputed
ashyperstreamlinegSection4) of thetensor eld. In Section6 we
explainhow to generatéhestreeinetwork, editit, andmodify exist-
ing streetnetworks usinga combinationof graph-basedndtensor
eld editing. Streetnetworksaremodeledusinga hierarcly: major
roadsandminor roads Major roadsaretypically major business
roadsandlocal highways,and minor roadsare usually residential
andbackroads. A streetnetwork is storedasa graphG = (V;E)
whereV is asetof nodesandE is a setof edges Nodeswith three
or moreincidentedgesarecrossings Roadattributes,suchasroad
width, roadtype, pavementmarkings,and the type of lanes,are
storedatnodesandedges.

StageThreeis a geometrygeneratiormodulethat createsthree-
dimensionaktreetandbuilding geometryto obtaina completecity.

Thisis notthefocusof ourwork; detailscanbefoundin [PROCE-
DURAL 2008].

To give anintuitive feelingfor our systeme describeanexample
editingscenaridseeFigure3). Firsttheuserloadsawatermap(1)
andplacessometensor eld designelementgZhanget al. 2007]
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Figure 3: Anexamplesequencef modelingstepsin our system.

(2) thatgiveriseto amajorstreetnetwork (3). Thentheuserre nes
the initial major roadlayout by placinga new tensor eld design
elementinducing a radial structurein the tensor eld (4) aswell
asthestreetgraph(5). Using our sggmentatioralgorithm,the user
performsadditionallocaltensoreld modi cations(6) andgenerate
a minor road network (7). The userusesa rotationnoise eld to
createirregular structuresnearthe top (8) and producesthe nal
result(9). Thevisualizationof tensor elds shown in this paperis
basedbn [vanWijk 2002;Zhangetal. 2007].

4 Tensor Field Background

In this paper atensort refersto a2 2 symmetricandtraceless

. S cos2q sin2q
matrix, which is of theform R sin2q c0s2q whereR 0
andq 2 [0;2p). Themajoreigervectorsof t aref / g?nsg il 6

p
0g, andtheminor eigervectorsaref co{q+ 5)) j! 6 0g. The
2

sin(qg +
majorandminor eigervectorsareperpendiculato eachotherin this
setting.

A tensoreld T is acontinuoudunctionthatassociatesvery point
p= (x;y) 2 RZ with atensorT(p). p is saidto be a degenente
pointif T(p) = O, otherwise|t is regular. More theoreticaldetails
canbefoundin [DelmarcelleandHesselink1994].

Another important and relevant conceptis the hypestreamling
which describescurves that are tangentto an eigervector eld

everywherealong their paths. A hyperstreamlinds either major
or minor dependingnthetype of the underlyingeigervector eld.

Notethatthe majorandminor eigervectorsof atensoreld arenot
relatedto major and minor roadsin a streetnetwork. For exam-
ple, thetensor eld correspondindo the major streetnetwork has
its own majorandminor hyperstreamlinesHyperstreamlinebave
beenusedpreviouslyto visualizetensor elds [WilsonandBrannon

2005], generatepen-and-inksketchesof smoothsurfaces[Hertz-
mannand Zorin 2000; Zhanget al. 2007], andremesh3D geom-
etry [Alliez et al. 2003; Marinov and Kobbelt2004; Zhanget al.
2007].

5 Tensor Field Generation

In this section,we describehow to generatea tensor eld in the
domainusing our system. The approachis to edit tensor elds
by specifyingconstraintsuchasregularandradial patternsprush
strokes,topograply information,androtation elds. While we bor
row somevectorandtensor eld designtechniquesuchastheuse
of basiselds and eld smoothingrom previouswork [Zhangetal.
2006;Zhangetal. 2007;Chenetal. 2007],we contritutethe appli-
cationof theideato streethetwork modelingandintroducea novel
brushinterfacethatfacilitatesthe speci cation of userconstraints,
the useof rotation elds to relaxthe orthogonalityin atensor eld
network, the combinationof noiseandtensor eld design,hierar
chical sgmentationand editing, automaticincorporationof water
andheightmapsin the generatiorof a tensor eld, andthe intro-
ductionof discontinuities.

5.1 Generation of Basis Fields

The tensor eld is generatedasedon userconstraintgdesirable
patterns)andtopograply information (waterandpark boundaries,
terrainheight,etc). Nearthecity centertheusermaywishto create
atypical North-Southand East-Westpattern. In contrastnearthe
coastline,it is often naturalto designthe road network to follow
the coastline. To provide sufcient e xibility in addressinghese
differentandoften competingneedswe seekatensor eld design
framework thatallows bothglobalandlocal control.

We allow the userto specify desiredstreetnetwork patterns(e.g.,
regular, radial, etc) at neededocations.Eachof the speci ed con-
straintsis corvertedinto abasistensoreld de ned overthewhole
domain. These elds arethenblendedusingdecayingradial basis
functions,which allows desiredpatterngo be maintainedat speci-
ed locations.To respecfeaturesn thetopograply maps,we also
generatéhasistensor elds thatrespecthe boundarieof features
suchasthe boundarie®f riversandlakes. Suchbasistensor elds
canthenbe combinedwith userspeci ed basis elds, which will
respecbothuserconstraintsaandnaturalboundariesNext, we pro-
vide exampleson how to computethe basistensor elds basedon
theinput.

Grid: An importantbuilding block for mostcitiesis the grid pat-
tern. Parcelsaregeneratedby two orthogonaketsof parallelroads.
A grid patterncanbe de ned by a regular elementindicatingthe
directionof the major eigervector eld. SeeFigure4 for atensor
eld guiding streetsin a regular grid pattern. Givelathe direction

(ux;uy) de ned at a point po we cancomputel =

uZ+ ug and
q= arctar(ﬂ—i) andde ne the following basis eld (the constant
direction eld) [Zhangetal.2007]:

cos2q
sin2q

sin2q

T(p)=| o020 (1)

Radial: Radialpatternsappeaiin differentcontexts. For example,
radial patternsoccurat the minor level to accessesidentiahomes
(seeFigure 5 right for a map sectionfrom Scottsdale Arizona).
Otherexamplesareroadsaroundmportantmonumentssuchasthe
Arc de Thriomphein Paris. However, in thesecontets the radial
patternsaremorenoisy To createa radial patternat pg = (Xo;Yo)
we canusea centerdesignelementwhosemajor hyperstreamlines
are circles and minor hyperstreamlinegmanatefrom the center



Figure 4: Left: A tensor eld encodinga regular grid. Middle:
Theresulting street network. Right: A regular pattern foundin
Brooklyn,New York.

point. The basis eld of a centerelement(radial pattern)hasthe
following form [Zhangetal. 2007]:

Y2 X 2xy

T(p) = 2Xy (y2 XZ)

@)

wherex= X, Xpandy=yp VYo.

Figure5: A procedunlly geneatedradial pattern(middle)andits
tensorrepresentatior{left). Themapshownin theright is a radial
patternfoundin ScottsdalgArizona.

Boundary Field: Therearemary examplesof roadsthatarebuilt
atthe boundarie®f naturalor man-madestructuresExamplesare
roadsnext to the shoreline suchas California Highway One (see
Figure6). Otherexamplesareroadsat the boundarie®f parksand
roadssurroundingpopulationcenters.

For example, we can extract boundary eld from a water map.
Since the water map we useis pixel-based,we can extract the
boundary{Shapiroand Stockmar2001] of waterin the mapwhich
canbe eitheropen(oceanspr rivers)or closed(lakes). Fromthe
boundarycurves,we obtainapolyline approximatiori, i.e.,acurve
consistingof anumberof connectedine segments.

To obtainasmoothtensoreld thatrespectsheboundarycurve,we
proceedasfollows afterobtainingthe boundarypolyline. For aline
segmentAB2 L, we assigmna regularelemenatpointA determined

by Equationl whosemajoreigervectoris E, = AB. Thetensoreld
is thenthe combinationof all of theseregular elements(Section
5.2). Automaticallyconstructingdesignelementgrom the bound-
ariesprovidesthe usermorefreedomin creatingdesirablepatterns
nearthe boundarieswithout losing the ef ciency that comeswith
designelements. Figure 6 illustratesa streetnetwork (right) that
wasgeneratedbasednthecoastline.

Height eld: The naturalelevation is an importantconstraintfor
mostroad construction. We obsere that roadsare often built by
taking into accountthe gradientof the height eld. To derve a
tensor eld from a height eld H(x;y), we computethe gradient

NH = TH=Tx; fTH=fy . Wethenusethetensoreld T(xy) =
cos2q sin2q . .
R sin2g cos2q whoseminor eigervector eld matcheghe

gradientof the height eld everywherej.e. g = arctar Z:ig) +58
andR= " (TH=x)Z+ (TH=Ty)2.

Figure 6: Left: A mapshowingCalifornia HighwayOne Right:
Aroadnetworkfromatensor eld derivedfromthemapboundary
Notea major roadfollowsthe coastline

5.2 Combination and Editing of Basis Fields

To obtainandmodify atensor eld, we provide thefollowing func-
tionalities.

Combination of BasisFields: Thesystemallowstheuserto create
andmodify atensor eld by usingdesignelements A designele-
mentcorrespondso a userspeci edtensor eld pattern,suchasa
grid or radial pattern,at a givenlocation. Our implementatiorfol-

lowscloselythetensoreld designsystenof Zhangetal.[2007],in

which every userspeci cationis usedto createaglobalbasistensor
eld. Thesebasis elds arethensummedusingradial-basigunc-
tions (SeeEquation3) suchthatthe resultingtensor eld satis es
theuserspeci cations.

T(p)= & e % PKT(p) 3

whered is a decayconstantp is a pointin the computationato-
main,T; is thebasistensoreld correspondingo a designelement,
and p; is the position of the designelement. The usercan also
deletean existing designelementor modify its location, orienta-
tion, andisotropicandanisotropicscales.Note thatthereareother
ways of creatinga directional eld from userconstraintssuchas
relaxation[Turk 2001;Wei andLevoy 2001;Fisheretal. 2007]and
propagtion[Praunetal. 2000]. We employ theideaof basis elds
dueto its simplicity andintuitiveness.

TensorField Smoothing: Theusercanreducethe compleity (i.e.

the numberof degeneratgoints)in thetensor eld by performing
component-wiséaplaciansmoothingAlliez etal. 2003;Marinov

and Kobbelt2004; Zhanget al. 2007]. Suchan operationcanbe
performedeitherglobally or locally. In the latter case the tensor
valueson the boundaryof alocal region sene asthe constraintsn

relaxation.

Brush Interface: We alsousetheideaof a brush-baseihterface,
in which the userproducegensorvaluesby moving the mouseto

form acurwe or loop. Thenaregionis foundto have a pre-de ned
distanceto the curve [Sethian1996]. Finally, the tensorvaluesin-

sidethisregionarecomputedy treatingtheuserspeci edcurve as
the constraint.The brush-basedhterfacethereforeallows a tensor
eld to becreatedocally insteadof globally. More importantly if

desiredthetensoreld canbecomediscontinuousilongthebound-
ary of theregion. An exampleoperationis illustratedin Figure?7.

To implementthe brushinterface, we rst extract the cell strip
fS1;::50 (S 2 D) thatcontainghepolyline representinghebrush
cune. Wethenassigrtensorvaluesto theverticesof thecellsin the
stripaccordingo the orientationf the brushstroke. For example,
if aline sgmentABis insidea cell §, we assignthetensorwhose

majoreigervectoris E, = ABto thefour verticesof §. If avertex is



Figure 7: This gur e showsthe useof the brushstroke interfaceto
orientstreets.

sharedby morethanonecell in the strip, the averageof the tensor
valuesis used.A similar approacthasbeenusedto createperiodic
orbitsin vector eld design[Chenetal. 2007].

To extrapolateensowvaluesto otherverticesin theregion, we solve
thefollowing discreteLaplacianequationsvheretheknown tensor
valuessene asthe boundaryconditions:

T(v)= & wjT(v)) @)
23

in which T (v) representthetensorvaluesatvertex v, J; consistof

theindexesof verticesthatareadjacento vertex vi, andw;j = Nl,

whereN; is the numberof verticesadjacento v;. Equation4 is a
sparsdinear systemwhich we solve by usinga conjugategradient
solver[Pressetal. 1992].

Discontinuities: To handlediscontinuitiesacrosswo neighboring
regionsA andB, our systemprovidestwo options. In the rst ap-
proach,which we refer to asthe symmetriccase the two regions
have equalpriority. Therefore,roadsfrom the rst region A will
be clippedinside the secondregion minusthe intersectionregion
BnA, andvice versa. In the secondcase,which is asymmetric
the endpointsof theroadsfrom A insidetheregion of intersection
A B areusedasseedpointsto generatgoadin the secondegion
B.

5.3 Modifying Tensor Fields Using Rotation Fields

In real streetnetworks we obsere variousforms of irregularities
that seemto have stemmedfrom slight distortionsof regular or
smoothpatterns. Additionally, given a symmetrictensor eld T,
themajorandminorhyperstreamlinealwaysintersectatarightan-
gle exceptatthedegenerat@ointswherethey arenotwell-de ned.
While orthogonalintersectionaredominantandpreferredfor con-
struction,we alsoneedto take into accountnon-orthogonainter
sections.To modelthesephenomenave malke useof threediffer-
entscalar elds Ry, R, andR3 that modelrotationsof the minor
andmajor eigervectors: 1) the rst rotation eld is usedto rotate
bothmajorandthe minor eigervectorswith Ry degreesin opposite
directions,i.e. thetensorvalueat (x;y) is alteredsuchthatthe ma-
jor andminor eigervectorsarerotatedby an angleof Ry(x;y) and

Ry(xy), respectiely, whereR; 2 [ Z;2]. 2) R, rotatesthema-
jor eigervectoronly, and3) Rz rotatesheminor eigervector While
in theoryonly two scalar elds arenecessarywe have found that
theuseof threescalar elds provide additionalintuition.

The modelingof rotation elds is treatedasa height eld design
problem. We provide the userwith two optionsto designsucha
height eld. While we canalsoload a rotation eld asimage,we
do notusethis optionin our results.

Morse Function Design: We borrowv the idea from the fair
Morse function designapproachof Ni et al. [2004]. The user
speci es the value of the rotation eld at desired locations,
and a Laplacian systemsimilar to Equation4 is solved. No-
tice in this caseonly one variable is being solved, which is
the rotation eld R. In the imagesat right, we comparetwo
portions of street networks without using rotation eld (left)
and with a rotation eld where R, 2 [0;20] (right). Note
that after including the rotation eld into the computation,
we obtain a street net-

work whose intersections

do not form right angles.

We are aware of the work

on asymmetridensor eld

analysis [ZhengandPang

2005]whichcanbeusedto

modelnon-orthogonaintersectionsn the streetetworksaswell.

Noise: We usePerlinNoise[Perlin 1985]to generate scalar eld
in the rangeof [ %; %]. We thenusethe obtainedscalar eld to
rotatethetensor eld andproducemoreorganic-like streetpatterns
(Figure8).

Figure 8: This gur e showsa regular major road grid (left) anda
radial major road pattern(right) over slightly curvedminor roads.

6 Street Graph Generation

In this section,we describehow to generatea streetnetwork from
atensoreld. We alsodescribehow our systemallows an existing
streetnetwork to be modi ed directly asa graphor throughlocal
tensoreld design.

6.1 Major Street Graph Generation from Tensor Fields

Our hyperstreamlinglacemenglgorithmis basedon the work of
[Jobardand Lefer 1997] for evenly spacedstreamlineplacement.
Given a second-ordesymmetrictensor eld T(x;y), we canpro-
ducetwo familiesof hyperstreamlinesorrespondingo the major
andminor eigervector elds, respectiely. Therearetwo dif cul-
ties uniqueto our applicationthat cannotbe handledproperly by
the original framavork of Jobardand Lefer [1997]. First, tracing
major and minor hyperstreamlinesndependentlyoften leadsto a
disconnectedtreetnetwork. (showvn in Figure9 (left)). Thisis es-
pecially the casewhena minor hyperstreamlineloesnot intersect
with any majorhyperstreamlinesSecondjmportantpointssuchas
thoseon the narrav passagearenot reachedy ary hyperstream-
line, causingundesirablestreetpatterns This oftenoccurson small
protrusionsnearthe the coastlines. We addresghesedif culties
by introducingmodi ed tracingandseedingalgorithmsdescribed
next.

Interleaving Tracing Scheme:To handlethe rst problem,wein-
terleare thetracingof majorandminor hyperstreamlineasfollows.
Startingfrom aninitial seedwe tracea hyperstreamlinalongthe



majoreigervector eld until it stops.We thencomputea seedpoint
on the obtainedhyperstreamlineat dsep, a userspeci ed distance
for the control of hyperstreamlinedensity away from the previ-
ousseed.Next, we startfrom the obtainedseedandtracea hyper
streamlindollowing theminor eigervector eld until it stops.Sim-
ilarly, we computea seedon this hyperstreamlinevith dsg, away
fromthepreviousseedwhichwill beusedo startthenext iteration.
The tracing algorithm stopswhen no more valid seedpoints are
available. Figure 9 shaws the differencebetweenoriginal method
andour strateyy.

Figure 9: This gure compaesa street networkin which major
andminorhypestreamlinesaretracedindependentlyleft) andone
usingour approad (right). Noticethatwith our approad thestreet
graphhasfewer danglingedges.

Single Hyperstreamline Tracing: An adaptve Runge-Kutta
schemgCashandKarp 1990]is usedto computea hyperstream-
line, whichhasbeenmodi ed to handletensor elds. Givena posi-
tion of the currentendpoint, we extractthe directionin which the
hyperstreamlingronsby nding themajoreigervectorvalueE, at
theendpoint. Let Vpre bethe previousdirectionwe useto compute
the currentpoint, to remaove the sign ambiguityin eigervectordi-
rections,we selectthe directionsatisfyingEy Vpre 0. The next
integrationpointis thenfound usingthe numericalscheme A hy-
perstreamlinestopsgrowing on the following stoppingcriteria: 1)
it hitstheboundaryof thedomain,2) it runsinto adegeneratgoint,
3) it returnsto its origin whichindicatesaloop, 4) it exceedsauser
de ned maximumlength,or 5) it is too closeto an existing hyper
streamlinéby violating dsep. Additionally, weimprove connectvity
by continuingthe tracingfor a distanced|goianhead to S€archanin-
tersectionwith other hyperstreamlinesven when stoppingcriteria
4 or 5 is met. We alsoallow thetracingto crossrelatively narrav
waterregionsto form bridgesdependingon the requiredlengthof
thebridgeandtheangleof theintersectiorwith the coastline.

SeedingScheme:Theinitial seedpointsfor thetracingprocessan
be eitherspeci ed by the useror generategrocedurally The seed
pointsareplacedin a priority queue.The priority wp, of aseedps
canbe computedusingwp, = e %+ e %+ e %, whered, is the
distancerom ps to theclosestvaterboundariesds is its distanceto
theclosesdegeneratgointsof the eld anddp, is its distanceo the
closespopulationcenters Additionally, we extractlocationswhere
narrov passagesxist andplaceseedsherewith higherpriorities
thanseedolacedin elsavhere. The usercanalsoassigna weight
for aseedexplicitly to forcethetracingto startfrom aspeci c loca-
tion. Next, we usean iterative processn which a hyperstreamline
is generatedbasedon thetop elementn the queue.During tracing
of ahyperstreamlinmew seedsareaddedo thequeue.

Generating Major Street Graph: The two families of hyper
streamlinescan be usedto generatea graphG = (V;E). Thisis
doneby nding the intersectionpoints betweenary pair of ma-
jor andminor hyperstreamlinesV is the collectionof intersection
points,andE is the setof sggmentsbetweertwo consecutie inter-
sectionpointsalonga major or minor hyperstreamlineThe graph

G canbeturnedinto a polygonalmeshby identifying the polygons
in the graph. This is highly desirablewvhenthe userwishesto add
buildingsor otherstructuresn betweerroads.

Figure 10: This gur e showsa densitymap(left) (whiterepresents
high populationdensityvaluewhile black indicateslower density)
anda geneateddensitytransitionontheright.

Transitions in Density: At city bordergheroaddensitydecreases.
Transitionsin densityare a phenomenorof the streetgraphand
nottheunderlyingtensor eld. In our systemwe useroaddensity
maps(or populationdensitymaps)to control dsep in theroadtrac-
ing algorithmdescribedabore. Figure 10 providesan illustrative
exampledemonstratindhow our systemimitatesthe transitionof
density

Figure 11: This gur e showsa minor road network(right) gener
atedbasedon the major road network(left)

6.2 Minor Street Graph Generation from Tensor Fields

Oncethe major streetgraph Gy hasbeenconstructedjt canbe
usedto generatehe minor streetgraphGy,. The procesof gener
ating G, is similarto thatof Gy with thefollowing key difference.
The edgesn Gy andthe boundarief topographicafeaturesdi-
vide thedomaininto regions,insideeachof which the usercreates
acontinuougensoreld (seeFigure3 (6)). Thetensoreld canbe
discontinuousicrosgegion boundariesi.e., majorroads.Thisim-
pliesthetensor eld usedfor minor roadtracingis not necessarily
the sameaswe usefor majorroadtracingabove. Figure11 shovs
theminorroadnetwork generatethasecbnthemajorroadnetwork.
Notethatminorroadsdo notnecessariljollow thesamedirections
asmajorroads.We pointoutthattheideaof ow tiles proposedy
Chenng [2004]for modelingavector eld canalsobeadoptedo
achieve thewealthof minor roadpatterns.

6.3 Street Graph Editing

Onceastreemnetwork hasbeengeneratedt canbefurthermodi ed
usingthefollowing graphediting operationghatwe provide.



1. Road SegmentManipulation: The systemenableghe user
to createandremove sggmentdn thegraphthatwasgenerated
from thetensor eld.

2. VertexManipulation: theusercanmoveverticesn thestreet
graph(by usingdraganddropoperations).

3. SeedPoint Creation: the usercaninsert nen streetshy
addingseedpointsat speci edlocations.

4. StreetDisplacement:theusercanmove a streetby retracing
ahyperstreamlinédrom a nearbylocation.

5. Layered Editing: A seeminglyrandomstreetmaycutacross
anotherwiseregularstreetnetwork. Thestreetcanhave aran-
dombeginningandend. SeeFigure12 for anexample.Dur-
ing implementationwe allow the userto indicatea random
streetby handdrawing it ontop of the currentstreetetwork.
Our tool then convertsthe sketchedroadinto a polyline di-
vided by the underlyingregular grid, which is usedto search
the intersectionof the roadwith existing streets.The street
network is updatedaccordingly

Figure 12: Left: Thismapshowsan examplefrom Chicago, where
a singlestreetis laying over an otherwiseregular north-southgrid
pattern.Right: A similar patternis createdusingour system.

6. Graph Noise: Thereare mary exampleswherestreetsstop
and later restartor connectedslightly irregularly. Figure 13
shavs someexamplesfrom Manhattarin New York City. The
mainideais to modelthesepatternsby deletingcompleteor
partial streetsggments. We make useof stochasticsampling
usingHalton sequencefPharrandHumphrers 2004]to cre-
atethesepatterns.

Figure 13: This gur e showsexamplemapsfrom Manhattan,New

York City. Left: Occasionallycellsare meigedtogether(1) or par-

tially split by deadends(2). Right: Slightirr egularitiescanbeseen
in aregular grid (3).

In addition,we provide thefunctionalitythata segmentin the
streetgraphcanberotatedaswell. Therearesomeinstances

whereroadnetworkssharesomesimilaritieswith fracturepat-
terns. One exampleare major roadsin rural Missouri (see
Figure 14 left). In this caselocal topograply dominateshe
roadlayout. We have somepossibilityto matchthesepatterns
with atensor eld andaddednoise. Figure 14 (right) shavs
amapgeneratedisingrotationon thegraph(i.e. rotatingthe
streetsegments). Therotation eld is generatedisingPerlin
noisediscussedn Section5.3.

Figure 14: This gur e showscrack patternsin Missouri(left) and
a proceduslly geneatedpatternsusingour systen(right).

Figure 15: This gur e showsthata parkcanbeinsertedinto an ex-
isting streetnetwork(left). Noticethattheroadsin the park region
havea sparserdensity(right).

6.4 Local Street Graph Editing using Tensor Fields

Our systemcan generatea streetnetwork by allowing the user
to modify an existing streetnetwork suchasthoseobtainedfrom
GoogleMaps.In this casetheinputis a streetgraphG = (V;E).

Our systemallows the userto specifyregionsinsidewhich the ex-
isting streetnetwork is erasedandreplacedvith onethatis created
from a locally de ned tensor eld. Suchan approachlendsthe
power of tensor eld designto graphediting. In our system,the
usercanexplicitly speci esa region to modify or usesthe brush
interfacethatwe discussedn Section5 to obtainaregion.

Theportionsof the original streetnetwork insidetheseregionswill
be erased,and resultingdangling edgesin the remainderof the
graphwill beremoved.

Theoriginal streetnetwork (outsidetheregions)andtheusergener
atednetwork (insidetheregions)areconnectedy tracingboundary
streetsegmentforward until they hit the othernetwork. Figure15
illustratesthis approach.

7 Results

To demonstrat¢he capabilitiesof our approactwe shov anumber
of streetgraphgyeneratedisingour system.Figure16 shavsasec-



Figure 16: A geneatedstreetgraphfor downtownTaipei.

tion of downtown Taipeiwhich we have modeled.In Figurel7,a

sectionof the WillametteRiverin Portland OR is modeled A road
network for Manhattanis shavn in Figure 18. Note thatour goal

is to generatanapsinspiredby realworld maps,but notto exactly

replicatethe existing cities. In our experimentsa city with reason-
able compleity canbe modeledwithin ve minutes,suchasthe
ctional city in Figurel, andthecitiesin Figures16 and 17 took

about ve minutesfor the main layout, but requiredan additional
thirty to sixty minutesto ne tunethedetailsandto experimentwith

differentdesigns.The nal imagesof three-dimensionajeometry
were createdusing RenderMarnwith ambientocclusion. SeeFig-

ure 19for four framesof a y throughshavn in theaccompanwing

video.

8 Discussion

In this paperwe have presented solutionto the interactve mod-
eling of streetgraphs. The mainideasof this paperareto (1) use
tensor eld designto guide the generationof a graphand (2) to
integrateproceduraimodelingwith interactve editing. Thesetwo
conceptsshav promisesto generatestreetnetworks, andwe plan
to extendthis strateyy to othergraphicsmodelingproblems.In the
following, we discussstrengthsaindlimitationsof ourapproactand
our contritutionsto computergraphicsresearch.

Strengths: Theinherentstrengthof tensor elds includethepossi-
bility to modelstreetpatternswhich usuallycontaintwo preferred
directionsthatareoften mutually perpendicularFurthermoreten-
sor eld designallows the userto quickly generateninitial street
layoutwhich canbe furthermodi ed at eitherthetensoreld level

orthegraphlevel. This e xibility is unmatchedby editingtoolsthat
only operateon the graphlevel, especiallywhen creatingthe typ-

ical streetpatternssuchasthe regular East-Westand North-South
patterns.

Limitations: Currently our systemonly assumes single-level
spatialresolutionwhichmalesit dif cult to modify thetensoreld
at signi cantly differentscales.We planto enhanceur systemby
addingmulti-scaleediting capabilities.

Figure 17: This gure showsa generted streetgraph for down-
town Portland, OR, USA. Note that the high ways (the orange
roads)are handdrawnontop of thedesignedstreetnetwork.

Figure 18: A streetgraphfor Manhattan NY, USAgeneatedusing
our tool.

Comparison to Related Work in Engineering: An interesting
questioris to comparepur streetmodelingtool to streetmodelingin

real urbanernvironments. The mostimportantdistinguishingchar

acteristicis scale. We are mainly concernedwith efcient large-
scalemodelingof urbanenvironmentswith high visual quality. In

contrast,road constructionin civil engineerings concernedvith

smallerproject but payssigni cantly more attentionto construc-
tion details. Examplesof importantfactorsare noiseregulations,
the turning pathsof larger vehicles,ownershipof land, legal reg-

ulations,andgeologicalcharacteristicef the soil. Civil engineer
ing softwarehassometools for intersectiongeneratiorthatwould
be interestingfor our designsystem. However, the generatiornof

three-dimensionajeometricntersectiondetailsis a very comple

subjectthatis beyondthe scopeof our researctproject.

Application: The main benefctorsof this researchare applica-
tionsthatrequireef cient contentcreation.Importantexamplesare
the entertainmenindustrywith a strongdemando createcontent
for computergamesand movies. In recentyears,modelinghas
evolved to be the mostsigni cant bottleneckin production. As a
solution, proceduralmethodscan be successfuto drasticallyde-
creasemodelingtimes. However, it hasbeenour experience that



Figure 19: Framesfroma y over of thevirtual city shownin Fig-
urel.

mostcompaniesarereluctantto adoptproceduraimethodsif they
do not have signi cant controlto ne-tune the outcome. There-
fore, the proposedmodelingframevork is an attemptto integrate
proceduramethodswith high- andlow-level userinputto give the
modelerghe freedomthey seekin designingtheir ervironments.

Future Work: This paper makes an important contritution to
graphmodelingproblemsin general. Even thoughseveral graph
layoutsappearto be fairly random,closerinspectionwill reveala
distinct patternof two preferreddirections. We believe that our
methodologyto usetensor elds to guidethe generatiorof graphs
canbe very usefulfor relateddesignproblems suchasthe model-
ing of cracks fracturepatterns|eafvenationpatternspark,andice
crystals.We wantto explore someof thesepotentialconnectiongss
our future work. Furthermorethe two preferreddirectionsof the
streetnetwork inducedby underlyingtensorelds canberelaxedby
resortingto latestwork on N-way rotationalsymmetry elds [Pala-
ciosandZhang2007;Rayetal. to appear] We arealsointerestedo
extendour work to includeimage-baseeéditingtechniquesimilar
to [Aliagaetal. 2008].
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