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Abstract

We presentan interactve approachfor an-
imating the evolution of a city, adding to
previous work in computergraphicsrelatedto
automatingthe processof creating realistic-
looking cities. Speci cally, we combinethe
visual aspectsof a graphical model with an
optimization-drven solver to aid entertainers
and urbandevelopersalike in synthesizingthe
controlled growth and decay of a city over
time. Our approachusesa hierarchicalmodel
basedon primitive units of zoningandvarious
heuristicsdakenfrom sociologicalandempirical
data aboutreal-world cities. We break dovn
the city spatiallyinto primitive units of zoning
blocks, and the systemperformsoptimization
at this level to satisfy given constraintsfor
growth (or decay) Through this simplied
model, animation for an entire city over a
number of years can be performed quickly.
To display the results, the system generates
a visual representatiorof the city with build-
ings on the zoning blocks. To control the
urban developmentof the generateccity, the
user selectsparameterdo control changesin
the size of the populationandland areaused.

Keywords: Computer Graphics, Three-
Dimensional Graphicsand Realism- Anima-
tion, SimulationandModeling

1 Intr oduction

In this paperwe explorethe animationof a city
over extendedperiodsof time asit grovs and
evolvesbasednchangesn populationandland
areause. To this end, we proposean interac-
tive approachthat usesa sociologically based
model and a hierarcly of levels underlyingit
focusedon faithfully capturingthe visual arti-
factsasacity change®vertime. By abstracting
away unimportantdetails,we areableto create
an evolving urbansystemthat mimics mary of
the aspectapparenin real moderncities at in-
teractive rates.

To modela growable city, our systemtakes
adwantageof two key featuresfoundin real ur-
bansettings.Nearlyall urbanareashave oneor
morecity centerssteadastbusinesdlistrictsat
the economicheartof the city, both metaphori-
cally andphysically. Thesecity centersare lled
with mostly commercialbuildings and usually
have thetallestbuildingsin thecity, thusdriving
thelook of thecity to alargedegree.Also, mary
citiesarebrokendown into block-size or larger,
areasassignedbasedon zoning. Thesezones
enablecity plannerdo designatalifferentareas
for differentuses residential,commercial,mu-
nicipal andsoon. By looking at the city struc-
tureasbeingbuilt up from thesetypesof zoning
unitsaroundcity centerswe offer a representa-
tion that caneasilybe controlledby manipulat-
ing thesetwo well-understoodeaturesandtheir



attributes, as they changeover time. We can
also usethesespecial building blocks' to de-
scribealargeamountabouthow urbancitiesde-
velopfairly easily For examplecombiningmul-
tiple zoneswe cancreatdargeparksor residen-
tial communitiesandbreakingsuchzoningunits
into theirsmaller constituentomponentyields
buildings, yards, streets,and more - matching
therealworld.

With thismodelof thecity, we casttheanima-
tion problemasa constrainedtwo-pointbound-
ary problemthatmustbesolvedin orderto meet
the expectedgrowth (or shrinkagepasednthe
changesn populationor land areause, asin-
puttedby the softwareuser To solve this prob-
lem, we follow theapproachessedto solve the
thief's Knapsackproblem,well-known in com-
puter science pasedon its likenesgo our evo-
lution problem. To show the power of our ap-
proachwe reconstructthe developmentof the
centralbasinin Los Angelesoveraneighty-year
span. With our system,we are ableto capture
the growth of the downtown city centerof Los
Angelesand, at the sametime, recreatethe de-
velopmentbof urbansprawl indicative of growth
in SoutherrCalifornia.

We anticipateapproachedike the one pre-
sentedwill beusefulin theareaof urbandevel-
opmentand sociology sincethey can estimate
thepopulationandsizeof acity overalongtime
frameandincludeintuitive visualresults.Social
scientistaandstudentslike canplay outwhat-if
scenarioswith sucha systemandseehow and
whatfactorsaffect the gronth anddevelopment
of the synthesizedity. Likewise,we hopethis
toolwill nd its utility in next-generatiorrealis-
tic ervironmentsfor computergamesandenter
tainment.

2 Background

The automaticcreationof graphicalcity mod-
els hasreceved someattentionin recentyears.
With the popularity of urban-setgameslike
“Sim-City' and "Grand Theft Auto' aswell as
the creationof large syntheticervironmentsfor
the "Matrix,” “Terminatorlll', and Spiderman’
movies, thereis no doubtthatthe needfor auto-
matically generatedbelievable cityscapess on
therise. Thetechniquegroposedor thegener
ation of suchrealisticurbanmodelshave either
soughtto rely on pure datarecordedfrom the
realworld asin the projectdescribedcby Teller

etal.[1], throughdirecthand-crafteaffortslike
thoseof Hamill andO'Sullivan[2], via procedu-
ral approachesuchasParishandMdller [3] or
somecombinationthere-in.Onepopularhybrid
approactcombinessimple 3D modelswith real
photographso createvirtual architectureasde-
scribedby [4, 5, 6]. Also, thecreationof Instant
Architecture][7] follows heuristicrulesfrom ac-
tual architecturaldesignplus proceduralgram-
mars createdto mimic the look of real world
buildings. While our work mostclosely mod-
els that of ParishandMdller in the generation
of ourinitial, staticcity model,noneof theseef-
forts have addressethe evolution of a city asit
change®vertime.

Urban developmentand planningaswell as
the study of sociologicalaspectsof city units
have givenway to botha plethoraof modelsfor
describingthe growth and decayof urbanset-
tingsaswell astheneedfor visualizingsuchen-
vironments. We concludefrom this work and
that of Palen[8], thatthe factorsthat drive the
evolution of a city are both vast and dif cult
to separaténto simpleheuristicslike “the pop-
ulation of moderncities is directly correlated
with its wealth' for example or other unifying
rules.While Batty andLongley have shavn that
the grosschangesof real urban ernvironments
over time sharecharacteristicsvith modelsof
urbansystemgyeneratedisingfractals[9], they
shedlittle light on the practicalvisualizationof
suchmodelsfor usein computergraphicsor for
the novice userinterestedn understandinghe
grownth of a city. As such, in our work, we
gleaninsightsfrom the expertsabouturbande-
velopmentsuch as the Burgesszoning model
describedby Palen and combinethem with a
groundedapproachfocusedon generatinga re-
alistic, graphicalurbansettingsthat are ableto
evolve over time basedn userconstraints.

2.1 Urban Geography

Consulting texts in the area of urban stud-
ies [8, 10, 11], we found three basic mod-
els for the use of land in urban settings: the
Burgess'concentrizonemodel;Hoyt'ssectoral
model;andHarrisandUllman's multiple-nuclei
model.Accordingto Palen[8], oneearlymodel
rising from urban “spatial-oganizationalcon-
cerns”wasthe concentric-zondypothesispro-
posedby Burgessin 1924[12]. This hypothesis
explains the segyregation of land into business,



manufcturing,andresidentialisagesasseenn
modernindustrial cities and purportsthat these
cities grow radially in a seriesof concentric
regions surroundinga central businessdistrict
(CBD), asseenin Figurel. The sectoraimodel
suggestghat, insteadof zonalrings, cities de-
velopin wedge-lile sectoramoving radially out-
wardfrom the CBD andit makesallowancedor
growth alongmainarterialrouteslik e highways
andrailways. The third, multiple-nucleimodel
saysthat land usagedependson a numberof
separatecentersof activity for industry man-
ufacturing, entertainmentand more. Because
of its simplicity andwell-de ned structure,we
found the Burgessmodel most appropriatefor
our animation purposes althoughthe sectoral
modelandmultiple-nucleimodelsdo containin-
terestingfeaturesandattractve avenuesfor fu-
ture exploration.

3 Building acity

Following urban land-usetheories,we model
the city by explicitly placing different types
of zoningunits in discreteregions that match
those proposedby Burgess, surroundingone
CBD andpotentiallyanumberof othercity cen-
ters. For simpli cation, we consideronly two

different zoning types, residential, which en-
compassebw-income,middle andupperclass
housing,and commercial/municipalwhich in-

cludes business, manufcturing, and govern-
mentland usage.We de ne densityfor thetwo

typesbasedon populationdensityfor residen-
tial and the numberof emplo/eesper square
area,analogougo the amountor “size' of com-
mercein the commercialzones. The individ-

ual densityof eachzoning unit variesandthe
maximume-alleveddensityin eachzoneis based
on its distanceto the nearbyCBD, following a
normal-distrilution Gaussiancurve. The ratio
of residential-to-commerciaoneswithin each
region is createdheuristically basedon the de-
scribed regions found in the Burgessmodel.
(SeeFigurel)

3.1 Origination of a simplecity

To create the starting model following the
Burgesshypothesis,our systemstartsfrom a
userde ned CBD andconstrainghe placement
of zoningunits basedon the desiredpopulation
of the city, the averagenumberof individuals

commuters/suburbia

middle class

Figurel: Burgesscity model. Surroundingthe
centralbusinesdistrict (CBD) arere-
gions which move from highly com-
mercialto commuters sulurbia. We
approximateheratiosof residentiato
commercialland areafor the regions
outsideof the CBD at 30, 50, 70,and
90 percentrespectiely.

per householdandthe overall spanand devel-
opedareaof the city. The modelalsorelieson
anumberof x edtermsbasedon realcitiesre-
latedto theamountof commerceneededo sus-
tain a given populationand its differencebe-
tweenregions, the shapeand size of the zon-
ing units, and parametersassociatedvith the
populationdensity and averagesize of domi-
cileswithin regions. For the simplestcase hav-
ing asingleCBD with no geographicabbstruc-
tion, the system rst createsempty (undevel-
oped)zonesmaving outward from the CBD un-
til thecity's span,areaA., is metandthen de-
velops' zonesrandomly weightedby their dis-
tancefrom the CBD, until the desiredamount
of developedarea,Aq, is met. Therelationship
betweenAy andA; is controlledsimply by the
percentagef developedandin thecity. Tokeep
the developmentcloseto the CBD center the
distancds weightedby anexponentialwhense-
lecting zonesat random. During this initializa-
tion processthe systemalsorandomlyassigns
zoningusagedasedon the percentageassoci-
atedwith the Burgess'region anddensitybased
onthefall-off curve:



r2

(1) = max€2 71t (1)
wherether is the distancefrom the zoneto the
CBD, r; is the circular radius surroundingA;
and max and aretheheightandstandardievi-
ationof the GaussianA secondarpasshrough
the developedzonesmakessmall,uniform posi-
tive correctionsn thedensitieof zonesselected
at randomuntil the desiredpopulationis met.
To do this, we computethe currentpopulation
by summingup the numberof peopleeachresi-
dentialzoneholdsbasedn densityandthearea
size of the zone. This origination algorithmis
outlinedhere.

originateCity(desired_pop,Ad,At){

assignLandtoZones(At);

while (Ad > 0){
developZone(exp_random) ;

/lassigns density and type

Ad -

}

computePopulation();

while (current_pop != desired_pop){
adjustZoneDensity(random);
computePopulation();

}
3.2 Additional features

For morecomple cities,we incorporatea num-
ber of additionsto the simple city, to account
for multiple centersandfor geographidimita-
tionsby generatinggoneshasedn speci ¢ con-
straints. Since a real city with multiple city
centersusuallyshaws differentsizeandgrowth
ratesamongthose centers,we allow the user
to assignrelative densitiesand ratesof growth
betweendifferent centersand the systemuses
thesewhenassigningzonesfor each. Also, the
zonesof eachcenteraregivena uniqueorienta-
tion thatmaybeassignedby theuseror basedn
somegeographideaturesfor exampledirection
of the coastline.

Geographicfeaturesare speci ed througha
codedimage map of theterrain,whereregions,
suchasbodiesof water represenfireaswhere
no urbanzonesmay occupy and other “gray-
scale'regionsareusedto specifychangesn el-
evation. The systemcalculatesslopesto deter
minethe developableareasautomaticallybased
on a given steepnesthreshold.Oncethe setof
assignablezonesis determinedfor eachcenter
basedon thesevarious geographicconstraints,

the origination of the city follows along the
methoddescribedabove with the exceptionthat

i for agivenzoningunitin center may bere-
placedby the density from anothercentey if
the computeddensityof Equationl is largerfor
thatzonedueto centey. This adjustmengvoids
unwantedjumps in the densitypro le for the
whole multi-centeredurbanregion. The justi -
cationfor thisis straightforvardwhenconsider
ing theurban creepacrossordersseenn areas
surroundingmetropolitancenters,for example
the edgesof New Jersg statenearNew York
City.

To generatehe appearancef the city from
the zoningunits describedwe useheuristicsto
“build' differentnumbersandsizesof structures
appropriateaccordingo thetypeof zoneandits
density We describethis in the renderingsec-
tion following the next sectionon the evolution
of the city overtime.

4 Animating growth and demise

To synthesizesvolution, our systemsolvesthe
two point-boundaryproblem betweena city's
current stateand the new, desiredstate using
theoriginationalgorithmto “establishtheinitial
city and an incrementaloptimizer which man-
agesits constructiorand destructionover time.
Once the desiredcity is “built' as described
above, the usermakes speci cationsto control
the evolution of the city over someperiod of
time. Speci cally, theusermaychangeheover-
all populationandthe physical size (land area)
of thecity anddictateshe numberof yearsover
which the changesshouldoccur Then,an op-
timizationroutinemanageshe constructiorand
re-developmentof the urbanzonesbasedon a
uniform “growth schedule’. This scheduleis
simply the equaldistribution of the overall de-
sired change(spver the given numberof one-
year spans. Then, during eachyear the in-
crementaloptimization problemis to meetthe
schedulec¢thangesvithoutary errors,although,
if errorsassociatesvith unmetchangesioarise,
they are simply rolled-over and incorporated
into the subsequengear’s growth.

To solve the incrementaloptimization prob-
lem, as stated,we comparethe desiredgoal
to the classic “Knapsack” problem, which is
describedn ary algorithmstext (for example,
see[13]). Mappingthis algorithmto our city-
developmentproblem weintroduceCitysack”.



4.1 Citysak

We de ne Citysackasequialentto the classic
problem,KnapSackwhich states'A thief rob-
bing astore nds n items;thei-th itemis worth
v; dollarsandweighsw; pounds. He wantsto
take asvaluablea load as possible,but he can
carryat mostW poundsin his knapsack What
itemsshouldhetake?” or
X X0
max Vi such that wi W (2)
1 1

Citysackis statedas“A city needsto grow (or
shrink) by modifying somesubsetof n zoning
units; the i-th zonehasa currentdensityvalue
of v; and potentialw; ( (r) vj). In order
to meetthe growth demandsand minimize the
peopledisplacedthe overall changein density
shouldbe minimizedwhile the total changepo-
tential, W, meetsthe newv populationrequire-
ments.Whatzonesshouldbe constructear de-
stroyedandredereloped?”or

X X
min v; such that w, W (3
1 1

By castingthe developmentproblemvery simi-
lar to theKnapsackproblem we cantake advan-
tageof its known solutionsandcharacteristics.
In orderto apply Citysackto meetour urban-
developmentgoals,we make a few simplifying
assumptions We treatall zonesbasedonly on
the density the mostcritical aspectwvith respect
to changesn populationandlandusage sothat
it canbeisolatedandmostdirectly managedy
the optimizer We associatea non-trivial cost,
equialentto thedensity for thedestructiorof a
unit. This preventsthe optimizerfrom destrg-
ing morethanis necessaryWe alsoconsidered
addingthe ability for Citysackto usezone-by-
zonevs. partial destructionandre-construction
within a zonewhich stemsfrom its likenesgo
Knapsackin which the thief is allowed to take
whole or partialitemsin his looting. However,
in practice the former, so-called’0-1' problem
resultedin solutionsthatwereeasierto manage
andshavedlittle visualdifference.

4.2 Solvingthe Citysak problem

To solve the statedCitysackproblem,we mimic
theoriginationalgorithmby rst generatinghew
zonesif the sizeof A; hasincreasecandagain
randomlybuild until the new desireddeveloped

amount,Aq, is met. At the end of this stage,
if the population supportedby the city is as
large asor largerthanthe target population the
evolution algorithmhalts. The assumptiorhere
is that arny excessdevelopedspacewill be left

empty and abandonedut this will not neces-
sarily preventnew developmentfrom occurring.
(This stepis analogougo the thief takingitems
thathave valuebut weightnothing)If thereis a

de cit in thesupportegopulationtheevolution

stepmustincludesomedestructiorandredevel-

opment.

The Knapsackproblem can be solved in a
numberof ways. In [13], they proposeusing
dynamicprogrammingto nd a globally opti-
mal solution for the "0-1' Knapsa& problem.
We decidedto uselocally optimal methodsbe-
causehecomputatiorconstituteseveralorders
of magnitudespeed-upver dynamicprogram-
ming (O(nlog(n)) vs: O(nW )). We propose
two algorithmsandapplythebestsolutionof the
two. The rst is a so-calledgreedyapproach
that picks the zonewith the greatestpotential
improvementandrederelopsthatzoneto reach
its maximumpotential(density) This cycle re-
peatsuntil thetargetpopulationis metor all po-
tentialimprovementsaremade.Theseconds a
conservativeapproachwherethe zonewith the
smallestensity-to-potentialatiois improvedto
its maximumpotential,again repeatinguntil the
targetpopulationis metor all potentialimprove-
mentsarezero.While theconserative approach
usuallyresultedin a lower costneitherscheme
worked bestin all cases. Thus, after calculat-
ing, the algorithm compareghe solutionsand
appliesthe onewith the lower cost. The sched-
ule advancesalong with ary resulting de cits
or surplusego the following year The pseudo-
codebelaw outlinesthis incrementalanimation
algorithm.



5 Renderingand Results

To generatethe nal look of the city, zones
aredecomposedhto individual buildings. The
decompositiorfrom zoneto building is depen-
denton the assignediensityof the zoneandon
the equivalent building or setof buildings that
would occupy sucha density To simplify the
placementbof buildings, all structuresin a par
ticular zoningunit areassignedhe sameheight
value. Obviously, this is notin generaltrue, al-
thoughthereis oftena high correlationbetween
theheightsof neighboringouildings. Theheight
of a building, which drivesthe size of its foot-
print and subsequentlyhe numberof buildings
per zone, is derived from the assumptiorthat
a uniform numberof peoplewill occupy each
oor of agivenbuilding andso,thepropemum-
berof oors, thereforemaybecomputedbased
onthespeci eddensityof thezoneor theinteger
numberof oors is round( h ) wherefactorh
is normalizedbasedon the maximum density

max andthe max numberof oors allowedin
thecity. Thus,for example,if a particularzone
is closeto the maximumdensity a singlelarge
skyscrapemwould be assignedo the zone. But,
a zoningunit with a muchlower densitywill be
decomposedhto several shorterbuildings. For
the high-resolutionmodelsshavn in gure 3,
we usethe commerciallibrariesof Marlin Stu-
dios [14] for real-lookingurbanand suturban
structures.

To shaw the progressiorof a city's evolution
overtime,weusesimpleeditsthat™ Il in' empty
“lots' with buildings or cross-dissolg between
onebuilding andits replacementAgain, this is
asimpli cation, but it is notpracticalto animate
actual brick-laying or demolition. At the rate
of the animation,abouta yearevery secondor
so,we assessethatthe simplestanimationgave
way to the leastamountof distractionsandthe
mostpleasingresults.

LA Basin. In Figure 2, we shav the devel-
opmentof the Los Angelesbasin over an 80
year span. Urban sprawl, thatis commonin
the southernCalifornia area,bagins to become
moreprevalentastime goeson. In Figure3, we
shaw threeclose-upviews of CentralLos Ange-
les. Thetop close-upimageis from our interac-
tive software,decomposedahto buildings,shav-
ing the residentialand commercialbuildingsin
redandblue, respectiely. The middle close-up
imageis arenderedrersionof themodelgener

ated.Thebottomimageis a photograplof Cen-
tral LosAngeles.In Figure4, we shov theSanta
Monicaareatheleftmostcity centerin Figure2.

SantaMonicais nestledbetweerthe oceanand
the mountainsand thereforeis constrainedby

thesegeologicalobstaclesandforcedto move

inland to build. We coloredthe zoning units
in four differentways (Burgessmodel, density

type,age)to shawv thedepthof themodel.

6 Conclusions

Animating the developmentof ary urbanervi-
ronmentrequiresseriousconcessions in only
modelingselect,pertinentprocessesindignor-
ing mary detailsto keepthe computationgast.
By simplifying the animationof cities to the
incrementaladjustmentof “zone' density and
comparingthe optimization of this to a well-
known algorithm,we areableto nd solutions
that are easyto understandand implementbut
still producecomplex graphicalresultsbecause
of avisualmodelthatis interpretedrom theun-
derlyingzonestructure.Of coursetheseresults
areconstrainedo exposethe particularartifacts
importantto the problemwe choseasthe focus
of this paperi.e. animatingpopulationandarea
change®vertime.

We expect to improve this systemand its
implementationas our currentsystemdoesget
sluggishwhen animatingthe large city scenes,
like the Los Angelesbasinexample,but should
beableto nd speed-upby exploiting repeated
patternsbothin the programcalculationsandin
thecity modelitself. Evenso,withoutspeed-up,
it runsat 2.5yearspersecondwith full OpenGL
graphicson a 2.8 Gz Pentium4 processomwith
NVidia Tl 4600for asingle-centetypecity with
no geographicabbstructiongseetheimageun-
der the title). By adding main transportation
networks, suchaslarge roadsor highways, we
canusesociologicaimodelssuchasthe sectoral
model. Also, the additionof innerroadswould
increasethe visual appealof the zoning units.
We anticipatethat treesand parks, as well as
peopleandtrafc, would addimmenselyto the
visual appealof the nal results. Althoughwe
do currently accountfor “empty' undereloped
land, the overall resultsarguably appearstark.
Also, our city systemcurrently ignoresfactors
like re damagegdemolition,andvandalismas
well asmary otherknown anddocumentedgrti-
factsthatin uence a city. With properdemo-



graphics,we could likely make the nal data
look morerealisticandpossiblycorvey morein-
formationthroughits animation.

We seethat suchcity developmentsoftware
couldbeusedn numberof scenariosin thearea
of entertainmentor computeranimatedmovies
that take placeover time, in a city settingthe
softwarecouldbe usedto createa consistentr-
banworld with a past,presentandfuture. With
propervalidation, such software could also be
usedin sociology- understandinghow a city
works, armedwith measureddata, a sociolo-
gist could play out careful scenariogo assess
how differentfactorsaffect realcities. The soft-
ware could aid in city planningwhen govern-
mentof cials wantto visualize(or shov) how
their choiceschangethings and what their po-
tential consequencemsay entail. Note, we are
not claiming this real-world problem-solvings
validatedin the modelswe presentcurrently
But, by basingour systemon a steadést soci-
ological theory like Burgess'and addingother
known/proven constraintsthis type of city an-
imation could becomea valuabletool for pro-
fessionals.Througheasy-to-controlinteractve
visualizationsof city evolution, evensimplean-
imation modelscanallow novicesto learnand
understandhe workings of a grawing city in a
naturalandintuitive way.
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Figure2: Los Angelesbasinover 80 years.

Figure4: Close-upof SantaMonica areafrom
the simulatedgrowth of the LA basin.
Top: Burgessmodelcoloring asseen

Figure3: Top: CentralLos AngelesSimulated. in Figure1. Second:Density of zon-
Middle: Central Los Angeles Ren- ing units, lighter colorsarelessdense.
dered.Bottom: CentralLos Angeles. Third: Type of zoningunit, blue com-

mercial and red residential. Bottom:
Age of zoning unit, dark represents
olderconstruction



