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Figure 1: This �gur e showsthethreestepsof our pipeline. Theinput watermapis basedon a stretch of theBenueRiver in Nigeria. Left:
Startingfromtopographicalwaterandparkmaps,theuserdesignsa tensor�eld. Middle: Thetensor�eld andfurthereditingoperationsare
usedto generatea roadnetwork.Right: Three-dimensionalgeometryis created.

Abstract

This paperaddressesthe problemof interactively modelinglarge
streetnetworks. We introducean intuitive and �e xible modeling
framework in whichausercancreateastreetnetwork from scratch
or modify an existing streetnetwork. This is achieved through
designingan underlyingtensor�eld andediting the graphrepre-
sentingthe streetnetwork. The framework is intuitive becauseit
usestensor�elds to guidethegenerationof a streetnetwork. The
framework is �e xible becauseit allows the userto combinevar-
ious global and local modelingoperationssuchas brushstrokes,
smoothing,constraints,noiseandrotation�elds. Our resultswill
show streetnetworksandthree-dimensionalurbangeometryof high
visualquality.
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1 Intr oduction

This paperpresentsa solution to ef�ciently model the streetnet-
worksof largeurbanareas.Thecreationof compellingmodelsis a
crucial taskin theentertainmentindustry, varioustrainingapplica-
tions,andurbanplanning. However, modelingthedetailsof large
three-dimensionalurbanenvironmentsis very time consumingand
can requireseveral man yearsworth of labor. A powerful solu-
tion to large-scaleurbanmodelingis the useof proceduraltech-
niques[ParishandMüller 2001; Wonkaet al. 2003; Müller et al.
2006].

ParishandMüller [2001]arethe�rst to notethatthestreetnetwork
is the key to creatinga large urbanmodel,andthey presenta so-
lution to modelstreetnetworksbasedonL-systems[Prusinkiewicz
andLindenmayer1991].Startingfrom asinglestreetsegmentthey
procedurallyaddmoresegmentsto grow acompletestreetnetwork,
similar to growing a tree [Prusinkiewicz et al. 2003]. While this
algorithmcreatesa high quality solution, thereremainsa signi�-
cantchallenge:themethoddoesnotallow extensiveuser-controlof
theoutcometo beeasilyintegratedinto a productionenvironment.
While theusercanusea traditionalmodelingtool to move thever-
ticesin theprocedurallygeneratedgraph,thegraphoften requires
a signi�cant amountof editingin orderto matchuserexpectations.
Whenthis happens,the userwill needto regeneratethe complete
environmentbut theresultsarenotguaranteedto bemoredesirable.

To addressthis limitation of a purelyproceduralapproach,we pro-
vide an alternative to streetmodelingthat supportsthe integration
of awidevarietyof userinputs.Thekey ideaof thispaperis to use
tensor�elds to guidethegenerationof streetnetworks.

An importantaspectof streetpatternsis theexistenceof two dom-
inant directionsdue to the needfor ef�cient useof space. Inter-
estingly, tensor�elds give riseto two setsof hyperstreamlines(de-
�ned in Section4): one follows the major eigenvector �eld, and
theothertheminor eigenvector�eld. Theseobservationshave in-
spiredour approachin which interactive tensor�eld designtech-
niquesareusedto guidetheroadnetwork generation.Thisconcept



is illustratedin Figures1 and3. The usercaninteractively edit a
streetnetwork by eithermodifyingtheunderlyingtensor�eld or by
changingthegraphrepresentingthestreetnetwork. Thisallows for
ef�cient modelingbecausewe cancombineglobalandlocal mod-
elingoperations,constraints,andproceduralmethods.

Major Contrib utions of thispaperare:

� Insight: We realizetheconnectionbetweentensor�elds and
streetgraphs.

� PatternAnalysis:We analyzestreetpatternsandderive suit-
ablemodelingoperationson tensor�elds andgraphs.

� Modeling Pipeline: We arrangethesemodelingoperations
into a consistentframework (pipeline)that allows us to pro-
ducehighquality results.

� Technical Novelties: We effectively integrateexisting tech-
niquesfor graphandtensor�eld editing into our framework.
In addition,we make several new technicalcontributions to
tensor�eld designandgrapheditingthatincludeanovelbrush
interface, the useof rotation �elds to modify tensor�elds,
hierarchicalsegmentationandeditingof tensor�elds, tensor
�eld computationfrom boundaries,theability to handleten-
sor�eld discontinuities,animprovedhyperstreamlinetracing
algorithm,andahybrid algorithmto modify graphsusingten-
sor�elds.

Paper Structur e: 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
generation(Section6) Weshow resultsin Section7 anddiscussour
systemandpossiblefuturework in Section8.

2 Related Work

In this paperwe focuson the modelingof streetnetworks which
we augmentwith thegenerationof three-dimensionalstreetgeom-
etry. To obtaina completeurbanenvironmentour systemcanbe
complementedwith shapegrammars[Wonka et al. 2003; Müller
et al. 2006] for architecture.In thefollowing, we review literature
describingroadconstructionandgraphmodelingalgorithms.

Road Construction: Informationaboutthegeometryof roadcon-
structioncanbefoundin literaturefrom civil engineering.We rec-
ommendthe text [AASHTO 2004] asa comprehensive overview.
Otheruseful resourcesare the Highway CapacityManual [Board
2000]andthe textbookby Manneringet al. [2005]. Streetgraphs
presenta fascinatingmodelingchallenge,becausethey exhibit a
mixtureof fairly regularandorganicpatterns.Somemorehighlevel
ideasarepresentedin otherbooksrelatedto urbandesign[Punter
1999; Alexanderet al. 1977; Hillier 1996; Hillier 1998; Gingroz
et al. 2004]. However, themostinformative resourcesareinternet
basedmapservices,aswe try to matchstreetpatternsanddo not
attemptto simulatetheir formation.

Graph Generation: Themostsuccessfulalgorithmfor streetmod-
eling to dateis presentedby ParishandMüller [2001],who extend
L-systemsto grow streetsegmentslikebranchesin a treeuntil they
intersectanexistingstreetsegment.L-systemshavebeenverysuc-
cessfullyappliedto plant modeling [Prusinkiewicz and Linden-
mayer1991; Prusinkiewicz et al. 1994; M�echandPrusinkiewicz
1996; Prusinkiewicz et al. 2001] and provide an inspiration for
many graphlayoutproblems.

We have alsobeeninspiredby approachesto modelice ray lattice
design[Stiny 1977],mortarin brick layouts[Legakiset al. 2001],
diffusionlimited aggregation[WittenandSander1981],andcracks
in Batik renderings[Wyvill et al. 2004]. However, thesimilarities

of their appearancesto streetlayoutsareratherremote.A very in-
terestingclassof layout algorithmsusesVoronoi Diagrams[Berg
et al. 2000]of (randomly)distributedpoints.This ideais extended
to generatetextures[Worley 1996],mosaics[Hausner2001],frac-
ture patterns[Shirriff 1993; Mould 2005], and even somestreet
patterns[Sun et al. 2002; Glasset al. 2006]. Jigsaw imagemo-
saics[Kim and Pellacini 2002] are anotherinterestingextension
to layout arbitraryshapes.Anotherpowerful graphgenerational-
gorithm is proposedin the context of modelingleaf venationpat-
terns[Runionset al. 2005]. Recently, an interestingextensionof
graphlayoutappearedin thework of image-basedmazeconstruc-
tion [Xu and Kaplan 2007], in which a directionalmazeis con-
structedby computingtwo perpendicularfamilies of streamlines
accordingto avector�eld derivedfrom regionboundariesanduser
speci�ed curves. While someof thesealgorithmscanmatchone
speci�c streetpatternthatlookslikemudcracks,weproposeasys-
temthatallows a wider rangeof morefrequentstreetlayouts.Ad-
ditionally, we focusonusercontrolandeditingoperations.

3 Pipeline Overview

In this section,we give anoverview of our modelingpipeline.The
input to our systemincludesfour mapsloadedasimages:1) a bi-
naryvaluedwatermapW, 2) a binaryvaluedparkandforestmap
F, 3) a heightmapH, and4) a populationdensitymapP. Eachof
theseis adiscretefunctionof f : [� X;X] � [� Y;Y] ! [0;1] de�ned
on a grid (512� 512in our implementation).Our systememploys
a three-stagepipeline(Figure2).
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Figure2: Themodelingpipeline.

StageOneallowstheuserto produceatensor�eld usingarangeof
designoperations,suchascombiningindividual basis�elds, com-
putingtensor�elds from boundaries,usingabrushstrokeinterface,
androtatingthe �eld with noise. Thesetools allow the userto it-
eratively re�ne thedesign(Section5). During editing,theusercan
manipulateatensor�eld T andthreerotation�elds R1, R2, andR3
which we useto rotatethe eigenvectordirections. The computa-
tional domainis a regular 2D grid D with the valuesof the afore-
mentioned�eld storedat thevertices.Bilinear interpolationis used
to obtainvaluesinsidethecellsof D. Thesedatastructuresarealso
theinput to thenext stage.

StageTwo is thestreetgraphgenerationstep.Streetsarecomputed
ashyperstreamlines(Section4) of thetensor�eld. In Section6 we
explainhow to generatethestreetnetwork,edit it, andmodify exist-
ing streetnetworksusinga combinationof graph-basedandtensor
�eld editing.Streetnetworksaremodeledusingahierarchy: major
roadsandminor roads. Major roadsaretypically major business
roadsandlocal highways,andminor roadsareusuallyresidential
andbackroads. A streetnetwork is storedasa graphG = (V;E)
whereV is a setof nodesandE is a setof edges.Nodeswith three
or moreincidentedgesarecrossings. Roadattributes,suchasroad
width, road type, pavementmarkings,and the type of lanes,are
storedatnodesandedges.

StageThr ee is a geometrygenerationmodulethat createsthree-
dimensionalstreetandbuilding geometryto obtainacompletecity.
This is not thefocusof ourwork; detailscanbefoundin [PROCE-
DURAL 2008].

To giveanintuitive feelingfor oursystem,wedescribeanexample
editingscenario(seeFigure3). First theuserloadsawatermap(1)
andplacessometensor�eld designelements[Zhanget al. 2007]
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Figure3: Anexamplesequenceof modelingstepsin our system.

(2) thatgiveriseto amajorstreetnetwork (3). Thentheuserre�nes
the initial major road layout by placinga new tensor�eld design
elementinducinga radial structurein the tensor�eld (4) aswell
asthestreetgraph(5). Usingour segmentationalgorithm,theuser
performsadditionallocaltensor�eld modi�cations(6)andgenerate
a minor roadnetwork (7). The userusesa rotationnoise�eld to
createirregular structuresnearthe top (8) andproducesthe �nal
result(9). Thevisualizationof tensor�elds shown in this paperis
basedon [vanWijk 2002;Zhangetal. 2007].

4 Tensor Field Backgr ound

In this paper, a tensort refersto a 2� 2 symmetricandtraceless

matrix, which is of the form R
�

cos2q sin2q
sin2q � cos2q

�
whereR � 0

andq 2 [0;2p). Themajoreigenvectorsof t aref l
�

cosq
sinq

�
j l 6=

0g, andtheminoreigenvectorsaref l
�

cos(q + p
2 )

sin(q + p
2 )

�
j l 6= 0g. The

majorandminoreigenvectorsareperpendicularto eachotherin this
setting.

A tensor�eld T is acontinuousfunctionthatassociateseverypoint
p = (x;y) 2 R2 with a tensorT(p). p is said to be a degenerate
point if T(p) = 0, otherwise,it is regular. More theoreticaldetails
canbefoundin [DelmarcelleandHesselink1994].

Another important and relevant conceptis the hyperstreamline,
which describescurves that are tangentto an eigenvector �eld
everywherealong their paths. A hyperstreamlineis either major
or minordependingon thetypeof theunderlyingeigenvector�eld.
Notethatthemajorandminoreigenvectorsof a tensor�eld arenot
relatedto major andminor roadsin a streetnetwork. For exam-
ple, the tensor�eld correspondingto themajorstreetnetwork has
its own majorandminor hyperstreamlines.Hyperstreamlineshave
beenusedpreviouslyto visualizetensor�elds [WilsonandBrannon

2005], generatepen-and-inksketchesof smoothsurfaces[Hertz-
mannandZorin 2000; Zhanget al. 2007], andremesh3D geom-
etry [Alliez et al. 2003; Marinov andKobbelt2004; 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 specifyingconstraintssuchasregularandradialpatterns,brush
strokes,topography information,androtation�elds. While webor-
row somevectorandtensor�eld designtechniquessuchastheuse
of basis�elds and�eld smoothingfrom previouswork [Zhangetal.
2006;Zhangetal. 2007;Chenetal. 2007],wecontributetheappli-
cationof theideato streetnetwork modelingandintroduceanovel
brushinterfacethat facilitatesthespeci�cationof userconstraints,
theuseof rotation�elds to relaxtheorthogonalityin a tensor�eld
network, the combinationof noiseandtensor�eld design,hierar-
chical segmentationandediting,automaticincorporationof water
andheightmapsin the generationof a tensor�eld, andthe intro-
ductionof discontinuities.

5.1 Generation of Basis Fields

The tensor�eld is generatedbasedon userconstraints(desirable
patterns)andtopography information(waterandparkboundaries,
terrainheight,etc).Nearthecity center, theusermaywishto create
a typical North-SouthandEast-Westpattern. In contrast,nearthe
coastline,it is often naturalto designthe roadnetwork to follow
the coastline. To provide suf�cient �e xibility in addressingthese
differentandoftencompetingneeds,we seeka tensor�eld design
framework thatallowsbothglobalandlocal control.

We allow the userto specifydesiredstreetnetwork patterns(e.g.,
regular, radial,etc)at neededlocations.Eachof thespeci�edcon-
straintsis convertedinto abasistensor�eld de�ned over thewhole
domain.These�elds arethenblendedusingdecayingradialbasis
functions,which allows desiredpatternsto bemaintainedat speci-
�ed locations.To respectfeaturesin thetopography maps,we also
generatebasistensor�elds that respectthe boundariesof features
suchastheboundariesof riversandlakes.Suchbasistensor�elds
canthenbe combinedwith user-speci�ed basis�elds, which will
respectbothuserconstraintsandnaturalboundaries.Next, wepro-
vide exampleson how to computethebasistensor�elds basedon
theinput.

Grid: An importantbuilding block for mostcities is thegrid pat-
tern.Parcelsaregeneratedby two orthogonalsetsof parallelroads.
A grid patterncanbe de�ned by a regular elementindicatingthe
directionof the major eigenvector�eld. SeeFigure4 for a tensor
�eld guiding streetsin a regular grid pattern. Given the direction

(ux;uy) de�ned at a point p0 we cancomputel =
q

u2
x + u2

y and

q = arctan( uy
ux

) and de�ne the following basis�eld (the constant
direction�eld) [Zhangetal. 2007]:

T(p) = l
�

cos2q sin2q
sin2q � cos2q

�
(1)

Radial: Radialpatternsappearin differentcontexts. For example,
radialpatternsoccurat theminor level to accessresidentialhomes
(seeFigure 5 right for a map sectionfrom Scottsdale,Arizona).
Otherexamplesareroadsaroundimportantmonuments,suchasthe
Arc de Thriomphein Paris. However, in thesecontexts the radial
patternsaremorenoisy. To createa radialpatternat p0 = (x0;y0)
we canusea centerdesignelementwhosemajorhyperstreamlines
are circles and minor hyperstreamlinesemanatefrom the center



Figure 4: Left: A tensor�eld encodinga regular grid. Middle:
The resultingstreet network. Right: A regular pattern found in
Brooklyn,New York.

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

T(p) =
�

y2 � x2 � 2xy
� 2xy � (y2 � x2)

�
(2)

wherex = xp � x0 andy = yp � y0.

Figure5: A procedurally generatedradial pattern(middle)andits
tensorrepresentation(left). Themapshownin theright is a radial
patternfoundin Scottsdale, Arizona.

Boundary Field: Therearemany examplesof roadsthatarebuilt
at theboundariesof naturalor man-madestructures.Examplesare
roadsnext to the shoreline,suchasCalifornia Highway One(see
Figure6). Otherexamplesareroadsat theboundariesof parksand
roadssurroundingpopulationcenters.

For example, we can extract boundary�eld from a water map.
Since the water map we use is pixel-based,we can extract the
boundary[ShapiroandStockman2001]of waterin themapwhich
canbe eitheropen(oceans,or rivers)or closed(lakes). From the
boundarycurves,weobtainapolylineapproximationL, i.e.,acurve
consistingof anumberof connectedline segments.

To obtainasmoothtensor�eld thatrespectstheboundarycurve,we
proceedasfollowsafterobtainingtheboundarypolyline. For a line
segmentAB2 L, weassignaregularelementatpointA determined
by Equation1 whosemajoreigenvectoris Ev =

�!
AB. Thetensor�eld

is then the combinationof all of theseregular elements(Section
5.2). Automaticallyconstructingdesignelementsfrom thebound-
ariesprovidestheusermorefreedomin creatingdesirablepatterns
nearthe boundarieswithout losing the ef�ciency that comeswith
designelements.Figure6 illustratesa streetnetwork (right) that
wasgeneratedbasedon thecoastline.

Height�eld: The naturalelevation is an importantconstraintfor
most roadconstruction.We observe that roadsareoften built by
taking into accountthe gradientof the height �eld. To derive a
tensor�eld from a height�eld H(x;y), we computethe gradient
ÑH =

�
¶H=¶x; ¶H=¶y

�
. We thenusethetensor�eld T(x;y) =

R
�

cos2q sin2q
sin2q � cos2q

�
whoseminor eigenvector�eld matchesthe

gradientof theheight�eld everywhere,i.e. q = arctan( ¶H=¶y
¶H=¶x) + p

2

andR=
p

(¶H=¶x)2 + (¶H=¶y)2.

Figure 6: Left: A mapshowingCalifornia HighwayOne. Right:
A roadnetworkfroma tensor�eld derivedfromthemapboundary.
Notea major roadfollowsthecoastline.

5.2 Combination and Editing of Basis Fields

To obtainandmodify a tensor�eld, weprovide thefollowing func-
tionalities.

Combination of BasisFields: Thesystemallowstheuserto create
andmodify a tensor�eld by usingdesignelements. A designele-
mentcorrespondsto a user-speci�ed tensor�eld pattern,suchasa
grid or radialpattern,at a givenlocation. Our implementationfol-
lowscloselythetensor�eld designsystemof Zhangetal. [2007],in
whicheveryuserspeci�cationis usedto createaglobalbasistensor
�eld. Thesebasis�elds arethensummedusingradial-basisfunc-
tions (SeeEquation3) suchthat the resultingtensor�eld satis�es
theuserspeci�cations.

T(p) = å
i

e� dkp� pik
2
Ti(p) (3)

whered is a decayconstant,p is a point in thecomputationaldo-
main,Ti is thebasistensor�eld correspondingto adesignelement,
and pi is the position of the designelement. The usercan also
deletean existing designelementor modify its location,orienta-
tion, andisotropicandanisotropicscales.Notethatthereareother
waysof creatinga directional�eld from userconstraints,suchas
relaxation[Turk 2001;Wei andLevoy 2001;Fisheretal. 2007]and
propagation[Praunet al. 2000].We employ theideaof basis�elds
dueto its simplicity andintuitiveness.

TensorField Smoothing: Theusercanreducethecomplexity (i.e.
thenumberof degeneratepoints)in thetensor�eld by performing
component-wiseLaplaciansmoothing[Alliez et al. 2003;Marinov
andKobbelt2004; Zhanget al. 2007]. Suchan operationcanbe
performedeitherglobally or locally. In the latter case,the tensor
valueson theboundaryof a local region serve astheconstraintsin
relaxation.

Brush Interface: We alsousethe ideaof a brush-basedinterface,
in which the userproducestensorvaluesby moving the mouseto
form a curve or loop. Thena region is foundto have a pre-de�ned
distanceto thecurve [Sethian1996]. Finally, the tensorvaluesin-
sidethisregionarecomputedby treatingtheuser-speci�edcurveas
theconstraint.Thebrush-basedinterfacethereforeallows a tensor
�eld to becreatedlocally insteadof globally. More importantly, if
desired,thetensor�eld canbecomediscontinuousalongthebound-
aryof theregion. An exampleoperationis illustratedin Figure7.

To implementthe brush interface, we �rst extract the cell strip
f S1; :::Sng (Si 2 D) thatcontainsthepolylinerepresentingthebrush
curve. Wethenassigntensorvaluesto theverticesof thecellsin the
stripaccordingto theorientationsof thebrushstroke. For example,
if a line segmentAB is insidea cell Si , we assignthetensorwhose
majoreigenvectoris Ev =

�!
ABto thefour verticesof Si . If avertex is



Figure 7: This�gur e showstheuseof thebrushstroke interfaceto
orient streets.

sharedby morethanonecell in thestrip, theaverageof thetensor
valuesis used.A similarapproachhasbeenusedto createperiodic
orbitsin vector�eld design[Chenetal. 2007].

To extrapolatetensorvaluesto otherverticesin theregion,wesolve
thefollowing discreteLaplacianequationswheretheknown tensor
valuesserveastheboundaryconditions:

T(vi) = å
j2Ji

wi jT(v j ) (4)

in whichT(v) representsthetensorvaluesatvertex v, Ji consistsof
the indexesof verticesthatareadjacentto vertex vi , andwi j = 1

Ni
whereNi is the numberof verticesadjacentto vi . Equation4 is a
sparselinearsystem,whichwesolveby usingaconjugategradient
solver [Pressetal. 1992].

Discontinuities: To handlediscontinuitiesacrosstwo 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 clipped insidethe secondregion minusthe intersectionregion
BnA, and vice versa. In the secondcase,which is asymmetric,
theendpointsof theroadsfrom A insidetheregion of intersection
A

T
B areusedasseedpointsto generateroadin thesecondregion

B.

5.3 Modifying Tensor Fields Using Rotation Fields

In real streetnetworks we observe variousforms of irregularities
that seemto have stemmedfrom slight distortionsof regular or
smoothpatterns. Additionally, given a symmetrictensor�eld T,
themajorandminorhyperstreamlinesalwaysintersectataright an-
gleexceptat thedegeneratepointswherethey arenotwell-de�ned.
While orthogonalintersectionsaredominantandpreferredfor con-
struction,we alsoneedto take into accountnon-orthogonalinter-
sections.To modelthesephenomenawe make useof threediffer-
ent scalar�elds R1, R2 andR3 that model rotationsof the minor
andmajor eigenvectors:1) the �rst rotation�eld is usedto rotate
bothmajorandtheminor eigenvectorswith R1 degreesin opposite
directions,i.e. thetensorvalueat (x;y) is alteredsuchthatthema-
jor andminor eigenvectorsarerotatedby anangleof R1(x;y) and
� R1(x;y), respectively, whereR1 2 [� p

2 ; p
2 ]. 2) R2 rotatesthema-

jor eigenvectoronly, and3) R3 rotatestheminoreigenvector. While
in theoryonly two scalar�elds arenecessary, we have found that
theuseof threescalar�elds provideadditionalintuition.

The modelingof rotation �elds is treatedasa height �eld design
problem. We provide the userwith two optionsto designsucha
height�eld. While we canalsoloada rotation�eld asimage,we
donotusethisoptionin our results.

Morse Function Design: We borrow 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 Equation 4 is solved. No-
tice in this case only 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 R2 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 areawareof the work
on asymmetrictensor�eld
analysis [ZhengandPang
2005]whichcanbeusedto
modelnon-orthogonalintersectionsin thestreetnetworksaswell.

Noise: We usePerlinNoise[Perlin 1985]to generatea scalar�eld
in the rangeof [� p

2 ; p
2 ]. We thenusethe obtainedscalar�eld to

rotatethetensor�eld andproducemoreorganic-likestreetpatterns
(Figure8).

Figure 8: This �gur e showsa regular major roadgrid (left) anda
radial major roadpattern(right) overslightly curvedminor roads.

6 Street Graph Generation

In this section,we describehow to generatea streetnetwork from
a tensor�eld. We alsodescribehow our systemallows anexisting
streetnetwork to be modi�ed directly asa graphor throughlocal
tensor�eld design.

6.1 Major Street Graph Generation from Tensor Fields

Our hyperstreamlineplacementalgorithmis basedon thework of
[JobardandLefer 1997] for evenly spacedstreamlineplacement.
Given a second-ordersymmetrictensor�eld T(x;y), we canpro-
ducetwo familiesof hyperstreamlinescorrespondingto the major
andminor eigenvector�elds, respectively. Therearetwo dif�cul-
ties uniqueto our applicationthat cannotbe handledproperlyby
the original framework of JobardandLefer [1997]. First, tracing
major andminor hyperstreamlinesindependentlyoften leadsto a
disconnectedstreetnetwork. (shown in Figure9 (left)). This is es-
pecially thecasewhena minor hyperstreamlinedoesnot intersect
with any majorhyperstreamlines.Second,importantpointssuchas
thoseon thenarrow passagesarenot reachedby any hyperstream-
line, causingundesirablestreetpatterns.Thisoftenoccursonsmall
protrusionsnearthe the coastlines. We addressthesedif�culties
by introducingmodi�ed tracingandseedingalgorithmsdescribed
next.

Interleaving Tracing Scheme:To handlethe�rst problem,we in-
terleavethetracingof majorandminorhyperstreamlinesasfollows.
Startingfrom an initial seed,we tracea hyperstreamlinealongthe



majoreigenvector�eld until it stops.Wethencomputeaseedpoint
on the obtainedhyperstreamlineat dsep, a userspeci�ed distance
for the control of hyperstreamlinedensity, away from the previ-
ousseed.Next, we startfrom theobtainedseedandtracea hyper-
streamlinefollowing theminoreigenvector�eld until it stops.Sim-
ilarly, we computea seedon this hyperstreamlinewith dsep away
fromthepreviousseed,whichwill beusedto startthenext iteration.
The tracing algorithm stopswhen no more valid seedpoints are
available. Figure9 shows the differencebetweenoriginal method
andourstrategy.

Figure 9: This �gur e compares a streetnetworkin which major
andminorhyperstreamlinesaretracedindependently(left) andone
usingour approach (right). Noticethatwith our approach thestreet
graphhasfewerdanglingedges.

Single Hyperstreamline Tracing: An adaptive Runge-Kutta
scheme[CashandKarp 1990] is usedto computea hyperstream-
line, whichhasbeenmodi�ed to handletensor�elds. Givenaposi-
tion of thecurrentendpoint, we extract thedirectionin which the
hyperstreamlinegrowsby �nding themajoreigenvectorvalueEv at
theendpoint. LetVpre bethepreviousdirectionweuseto compute
the currentpoint, to remove the sign ambiguityin eigenvectordi-
rections,we selectthe directionsatisfyingEv � Vpre � 0. The next
integrationpoint is thenfoundusingthenumericalscheme.A hy-
perstreamlinestopsgrowing on the following stoppingcriteria: 1)
it hitstheboundaryof thedomain,2) it runsinto adegeneratepoint,
3) it returnsto its origin whichindicatesaloop,4) it exceedsauser-
de�ned maximumlength,or 5) it is too closeto anexisting hyper-
streamlineby violatingdsep. Additionally, weimproveconnectivity
by continuingthe tracingfor a distancedlookahead to searchan in-
tersectionwith otherhyperstreamlineeven whenstoppingcriteria
4 or 5 is met. We alsoallow the tracingto crossrelatively narrow
waterregionsto form bridgesdependingon therequiredlengthof
thebridgeandtheangleof theintersectionwith thecoastline.

SeedingScheme:Theinitial seedpointsfor thetracingprocesscan
beeitherspeci�edby theuseror generatedprocedurally. Theseed
pointsareplacedin a priority queue.Thepriority wps of a seedps

canbecomputedusingwps = e� db + e� ds + e� dp, wheredb is the
distancefrom ps to theclosestwaterboundaries,ds is its distanceto
theclosestdegeneratepointsof the�eld anddp is its distanceto the
closestpopulationcenters.Additionally, weextractlocationswhere
narrow passagesexist andplaceseedstherewith higherpriorities
thanseedsplacedin elsewhere.Theusercanalsoassigna weight
for aseedexplicitly to forcethetracingto startfrom aspeci�c loca-
tion. Next, we usean iterative processin which a hyperstreamline
is generatedbasedon thetop elementin thequeue.During tracing
of ahyperstreamlinenew seedsareaddedto thequeue.

Generating Major Street Graph: The two families of hyper-
streamlinescan be usedto generatea graphG = (V;E). This is
doneby �nding the intersectionpoints betweenany pair of ma-
jor andminor hyperstreamlines.V is thecollectionof intersection
points,andE is thesetof segmentsbetweentwo consecutive inter-
sectionpointsalonga majoror minor hyperstreamline.Thegraph

G canbeturnedinto apolygonalmeshby identifying thepolygons
in thegraph.This is highly desirablewhentheuserwishesto add
buildingsor otherstructuresin betweenroads.

Figure10: This�gur eshowsa densitymap(left) (whiterepresents
high populationdensityvaluewhile black indicateslower density)
anda generateddensitytransitionon theright.

Transitions in Density: At city borderstheroaddensitydecreases.
Transitionsin densityare a phenomenonof the streetgraphand
not theunderlyingtensor�eld. In our system,we useroaddensity
maps(or populationdensitymaps)to controldsep in theroadtrac-
ing algorithmdescribedabove. Figure10 providesan illustrative
exampledemonstratinghow our systemimitatesthe transitionof
density.

Figure 11: This �gur e showsa minor roadnetwork(right) gener-
atedbasedon themajor roadnetwork(left)

6.2 Minor Street Graph Generation from Tensor Fields

Oncethe major streetgraphGM hasbeenconstructed,it can be
usedto generatetheminor streetgraphGm. Theprocessof gener-
atingGm is similar to thatof GM with thefollowing key difference.
Theedgesin GM andtheboundariesof topographicalfeaturesdi-
vide thedomaininto regions,insideeachof which theusercreates
a continuoustensor�eld (seeFigure3 (6)). Thetensor�eld canbe
discontinuousacrossregion boundaries,i.e.,majorroads.This im-
plies thetensor�eld usedfor minor roadtracingis not necessarily
thesameaswe usefor majorroadtracingabove. Figure11 shows
theminorroadnetwork generatedbasedonthemajorroadnetwork.
Notethatminorroadsdonotnecessarilyfollow thesamedirections
asmajorroads.Wepointout thattheideaof �ow tilesproposedby
Chenney [2004] for modelinga vector�eld canalsobeadoptedto
achieve thewealthof minor roadpatterns.

6.3 Street Graph Editing

Onceastreetnetwork hasbeengenerated,it canbefurthermodi�ed
usingthefollowing grapheditingoperationsthatweprovide.



1. Road SegmentManipulation: Thesystemenablestheuser
to createandremovesegmentsin thegraphthatwasgenerated
from thetensor�eld.

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

3. SeedPoint Creation: the user can insert new streetsby
addingseedpointsat speci�edlocations.

4. StreetDisplacement:theusercanmoveastreetby retracing
ahyperstreamlinefrom anearbylocation.

5. LayeredEditing: A seeminglyrandomstreetmaycutacross
anotherwiseregularstreetnetwork. Thestreetcanhavearan-
dombeginningandend.SeeFigure12 for anexample.Dur-
ing implementation,we allow the userto indicatea random
streetby handdrawing it on topof thecurrentstreetnetwork.
Our tool thenconverts the sketchedroad into a polyline di-
videdby theunderlyingregulargrid, which is usedto search
the intersectionsof the roadwith existing streets.The street
network is updatedaccordingly.

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

6. Graph Noise: Therearemany exampleswherestreetsstop
andlater restartor connectedslightly irregularly. Figure13
showssomeexamplesfrom Manhattanin New York City. The
main ideais to modelthesepatternsby deletingcompleteor
partial streetsegments.We make useof stochasticsampling
usingHaltonsequences[PharrandHumphreys 2004] to cre-
atethesepatterns.

Figure 13: This�gur e showsexamplemapsfromManhattan,New
York City. Left: Occasionallycellsare mergedtogether(1) or par-
tially split bydeadends(2). Right: Slightirregularitiescanbeseen
in a regular grid (3).

In addition,weprovide thefunctionalitythatasegmentin the
streetgraphcanberotatedaswell. Therearesomeinstances

whereroadnetworkssharesomesimilaritieswith fracturepat-
terns. One exampleare major roadsin rural Missouri (see
Figure14 left). In this caselocal topography dominatesthe
roadlayout.Wehavesomepossibilityto matchthesepatterns
with a tensor�eld andaddednoise. Figure14 (right) shows
a mapgeneratedusingrotationon thegraph(i.e. rotatingthe
streetsegments).Therotation�eld is generatedusingPerlin
noisediscussedin Section5.3.

Figure 14: This �gur e showscrack patternsin Missouri (left) and
a procedurally generatedpatternsusingour system(right).

Figure15: This�gur eshowsthata parkcanbeinsertedinto anex-
isting streetnetwork(left). Noticethat theroadsin thepark 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 thiscase,theinput is astreetgraphG = (V;E).

Our systemallows theuserto specifyregionsinsidewhich theex-
isting streetnetwork is erasedandreplacedwith onethatis created
from a locally de�ned tensor�eld. Suchan approachlendsthe
power of tensor�eld designto graphediting. In our system,the
usercanexplicitly speci�es a region to modify or usesthe brush
interfacethatwediscussedin Section5 to obtaina region.

Theportionsof theoriginalstreetnetwork insidetheseregionswill
be erased,and resultingdanglingedgesin the remainderof the
graphwill beremoved.

Theoriginalstreetnetwork (outsidetheregions)andtheusergener-
atednetwork (insidetheregions)areconnectedby tracingboundary
streetsegmentforwarduntil they hit theothernetwork. Figure15
illustratesthisapproach.

7 Results

To demonstratethecapabilitiesof ourapproachweshow anumber
of streetgraphsgeneratedusingoursystem.Figure16showsasec-



Figure16: A generatedstreetgraphfor downtownTaipei.

tion of downtown Taipeiwhich we have modeled.In Figure17, a
sectionof theWillametteRiver in Portland,ORis modeled.A road
network for Manhattanis shown in Figure18. Note that our goal
is to generatemapsinspiredby realworld maps,but not to exactly
replicatetheexisting cities. In our experiments,a city with reason-
ablecomplexity canbe modeledwithin � ve minutes,suchas the
�ctional city in Figure1, andthecities in 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-dimensionalgeometry
werecreatedusingRenderManwith ambientocclusion. SeeFig-
ure19 for four framesof a �y throughshown in theaccompanying
video.

8 Discussion

In this paperwe have presenteda solutionto the interactive mod-
eling of streetgraphs.The main ideasof this paperareto (1) use
tensor�eld designto guide the generationof a graphand (2) to
integrateproceduralmodelingwith interactive editing. Thesetwo
conceptsshow promisesto generatestreetnetworks, andwe plan
to extendthis strategy to othergraphicsmodelingproblems.In the
following,wediscussstrengthsandlimitationsof ourapproachand
ourcontributionsto computergraphicsresearch.

Strengths:Theinherentstrengthsof tensor�elds includethepossi-
bility to modelstreetpatterns,which usuallycontaintwo preferred
directionsthatareoftenmutuallyperpendicular. Furthermore,ten-
sor �eld designallows theuserto quickly generateaninitial street
layoutwhich canbefurthermodi�ed at eitherthetensor�eld level
or thegraphlevel. This�e xibility is unmatchedby editingtoolsthat
only operateon the graphlevel, especiallywhencreatingthe typ-
ical streetpatternssuchasthe regular East-WestandNorth-South
patterns.

Limitations: Currently, our systemonly assumesa single-level
spatialresolution,whichmakesit dif�cult to modify thetensor�eld
at signi�cantly differentscales.We planto enhanceour systemby
addingmulti-scaleeditingcapabilities.

Figure 17: This �gur e showsa generatedstreetgraph for down-
town Portland, OR, USA. Note that the high ways (the orange
roads)arehanddrawnon topof thedesignedstreetnetwork.

Figure18: A streetgraphfor Manhattan,NY, USAgeneratedusing
our tool.

Comparison to Related Work in Engineering: An interesting
questionis to compareourstreetmodelingtool to streetmodelingin
realurbanenvironments.Themostimportantdistinguishingchar-
acteristicis scale. We aremainly concernedwith ef�cient large-
scalemodelingof urbanenvironmentswith high visualquality. In
contrast,roadconstructionin civil engineeringis concernedwith
smallerproject but payssigni�cantly more attentionto construc-
tion details. Examplesof importantfactorsarenoiseregulations,
the turning pathsof larger vehicles,ownershipof land, legal reg-
ulations,andgeologicalcharacteristicsof thesoil. Civil engineer-
ing softwarehassometools for intersectiongenerationthatwould
be interestingfor our designsystem. However, the generationof
three-dimensionalgeometricintersectiondetailsis a very complex
subjectthatis beyondthescopeof our researchproject.

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



Figure 19: Framesfroma �y over of thevirtual city shownin Fig-
ure1.

mostcompaniesarereluctantto adoptproceduralmethodsif they
do not have signi�cant control to �ne-tune the outcome. There-
fore, the proposedmodelingframework is an attemptto integrate
proceduralmethodswith high- andlow-level userinput to give the
modelersthefreedomthey seekin designingtheirenvironments.

Futur e Work: This papermakes an important contribution to
graphmodelingproblemsin general. Even thoughseveral graph
layoutsappearto be fairly random,closerinspectionwill reveal a
distinct patternof two preferreddirections. We believe that our
methodologyto usetensor�elds to guidethegenerationof graphs
canbevery usefulfor relateddesignproblems,suchasthemodel-
ing of cracks,fracturepatterns,leafvenationpatterns,bark,andice
crystals.Wewantto exploresomeof thesepotentialconnectionsas
our future work. Furthermore,the two preferreddirectionsof the
streetnetwork inducedby underlyingtensor�elds canberelaxedby
resortingto latestwork onN-wayrotationalsymmetry�elds [Pala-
ciosandZhang2007;Rayetal. to appear].Wearealsointerestedto
extendour work to includeimage-basededitingtechniquessimilar
to [Aliagaetal. 2008].
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