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Introduction

“In 1997...most of Southeast Asia was shrounded for weeks in a poisonous smog so dense that in some cities

visibility was reduced to a fow feet.O Allen Hammongi¥hich World?

Approximatelythreemillion peopledie eachyearfrom air pollution,asopposedo
onemillion from traffic fatalitiesaccordingo the World Health Organization.Vehicle
emissiongrovidethe pollutionthat causegabouthalf of thosedeathqFischlowitzRoberts,
2002). Theseemissiondgncludingcarbonmonoxide pitrogendioxide hydrocarbonssulfur
dioxide,lead,and suspendegarticulatamatter,canbe highlytoxic, asevidencedy the
increasingiumberof deathscausedy them. And yet, all overthe world, vehiclefleets
continueto grow, makingurbanareadrighteninglycongested;onsumingnorefuel, and
adding more and more pollution to the environment.

This continuouggrowthin pollutionis veryundesirabldan globalterms. Already
therearesignsof economicandenvironmentastresssuchasthe risingpricesof oil and
concernsaboutits future availabilitypeathsfrom pollution exceedinghosefrom fairly
commondisastersuchasvehiclecrashessmogandacidrainin denselypopulatedurban
areasandtheincreasingxtinctionof specieshroughconspicuousonsumption.Not all of
the earthOsesourcesire renewableand if this trend of vehicleand pollution growth
continuesit mayleadto whatsystemslynamicgyuruJayForrestercallsa pollution crisis
(Figurelc,nextpage). An increasinglemandor productsthat pollutethe environment,
which follows populationgrowth, createsa very high concentratiorof pollution. This
causes sharpdrop in the populationbecausef its toxicity andabundanceandit may
resultin economi@ndsociakchaos.Suchascenarias not unlikelyattheratethatthe world
is developing.

Thereis no easywayto slow down or halt the advanceof this crisis. On an
individuallevel,one canuseoneOesourcessefficientlyaspossibleand attemptto raise
awarenessef the importanceof the environment. On a macroscopiescale the most

efficientwayto attempta changecouldbeto makepollutionveryunprofitablefor industry




and other businessesather than attemptingto changepeopleOminds about the
environment. Changingminds, however,can be a powerful thing; in order to gain
understandingf the situationfor myselfbeforetryingto helpotherpeopledo the same]
built a Stellamodelof the relationshifpetweerpopulationyehiclesandcarbonmonoxide
pollution. The modelwasnot ultimatelysuccessfuh answeringhe questionput above,
thatis,whethewehiculapollutionis ultimatelysustainablm termsof populationputin the
proces®f modelbuildingl gainedaninvaluablainderstandingf whatit meango build a
model and of the dynamic relationship between pollution and population.

In computemodelsof a populationthe populationwill generallghowoneof four
behaviorgFigurel): continuouggrowth,sigmoidagrowth,overshootpr oscillationasset
out by DonellaMeadowsn Liwizts to Growth. A populationthat growscontinuouslya)has
no builtdin limits suchasa fixed amountof resourcesor its limits arefar off; limits to
growthcomeinto actionin sigmoidagrowth(b) to actasa carryingcapacity.ln overshoot
(c), on the other hand,the limits are there and they cannotbe delayedr eased. An
overshoowill happenbecauséhe signalghat warnof the comingcrisisaredelayedintil
thereis nothinganyonecando. Signalsirealsodelayedn oscillation(d), but the limits can
be recoveredi.e.,the populationcan grow after its collapseuntil it getstoo largeand
collapses once more.

With the prior knowledgd had of the behaviorof pollution and population,|
expectedhefinal versionof the modelto eitheroscillateor overshooin a pollutioncrisis.
Thefinal graph(seerigurel0),howevershowedsigmoidagrowth. Thisis onlyafunction
of the modelstructuresinceno onecantell whatwill reallyhappenn a centuryor two, if
therewill beovershoobr continuougyrowth. Whatthis modelshowsthough,is thatlimits
to pollutiondo exist,anddo haveaneffecton the generigopulationbeingstudied. If we
wantto live in ahealthyenvironmentvith the dangefrom a pollutioncrisisminimizedwe

must keep our limits in mind.
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Figure 1. Behavior over time graphs: (a) continuous growth; (b) sigmoid; (c) overshoot; (d) oscillation.




The Model-Building Process

At first, | didnOknow enoughaboutthe subjecof pollutionin computemodelsto
havea clearideaof what| would be doing. Inspiredby a World Watchbookletcalled
OSubsidie®olitics,and the Environment,Q wantedto modelthe effect of landuse
subsidie®n urbanair pollution, usingpopulation,pollution, and the economy. Never
havingdonean economianodelbefore,l hada vaguadeaof priceandinventorystocks:
this provedtoo complicatedhoweverandthe inventorystockgraduallynetamorphosed
into a motor vehicle stock.

| only realizedthe fact later, after severalesearchatensivedays,that subsidies
would be too difficult andwhat| wasreallyinterestedn wasurbansprawl. Living in
Portland,Oregon,a city with strictlycontrolledsprawlandnumeroudanduselaws,led to
wantingto modelthe waylandusepolicyaffectedair pollutionfrom motor vehicles.This
meantscrappingthe economypart of the model,and addingin vehicledensityand
populationdensity and their effectson the increasen pollution and demandfor motor
vehicles. Vehicledensityversuspopulationdensity,i.e., the ratio of peoplewho used
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Figure 2. The first model, which incorporates stocks of population, pollution, and motor vehicles.




publictransportratherthantheir own vehiclesywouldalsoplaya partin my thinking. What

| thenneededo find out washowto measur@ollutionwith populatiorandmotor vehicles;
how populationaffectsthe demandfor motor vehicleshow new technologysuchas

catalyticonvertershatreduceemissiondy a greatdeal wouldreducecongestiorandhow

to measure congestion in terms of land, population, and motor vehicles.

The first model,in Figure2, wasbuilt in mapmode,sinceat that time I hadno
numbersor equationgo makethe modelwork. Populationdensity(peopleper square
kilometeraffectshe populatiorthrougha migrationmultiplier,andcongestiomnddemand
for motor vehiclesn somevaguewaythat | didnOyetunderstand.Pollution, of course,
affectedthe deathrate. | didnOyetknowwhatto do with motor vehicledensityhowever,
and it was left hanging in the middle of the model with nothing to do.

Moreresearclprovidedsomeanswerdyut not all of them. Whilel gainedagreater
understandingf how the modelwould be constructedsinceFigurel wassimplythe idea
putinto Stellafor reference), still hadlittle ideaof howto actuallygo aboutcreatingsucha
complicateanodel. | decidedo build the threestocksseparatelgndconnecthemafter|
wassurethattheyworked. To thatend,| startedwith populationusingDelhi, Indiaasthe
city, sincetherewasa greatdealof informationaboutpollutiontherefrom motor vehicles.
Using actualfiguresfrom the Indian Censuggaveexponentiapopulationgrowth, so |
moved on to motor vehicles.

Tryingto figureout how to measura@anincreasén vehiclehhadme stuck. Vehicle
aginggavean averagelwelltime, but an increasavasdifficult to model. At first | tried
creatinga trendlineusingExcelandthe numberof vehiclesn variousyearsthis, however,
wasnot the bestwayto go aboutincreasinghe vehiclestock. This methodmeasure@
trend, not an actual increase that could be affected by various converters.

With Mrs. Fisher,| connectegopulationandvehicleqFigure3, nextpage)since
vehiclesactuallydependedon population.The increasan motor vehicleswould be
determinedy the percentagef adultswho areableto drive,takenfrom migrationandthe
maturatiorflow from childrento adults(with drivingagein Delhi actingasa dwelltime).
Not all adultswho areableto drive 40 drive,howeversothe newvehicledor newdrivers
converterestimatedhe percentof adultswho drivewho buy newvehiclesthis determined
the increasen vehiclesratherthana trendline. In additionto the vehicledwelltime, |

added cars removed from driver deaths.
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Figure 3. Motor vehicle stock connected to population stock, with maturation from children to adults.

This modelcreateda numberof problemshowever. The motor vehiclestock
decreasedharplyuntil about 2050 without any apparentreason,then increased. |
disconnectethe partsof the modelandlet both of the stocksreachequilibriumby having
theirincreasesqualheirdecreasefy ensurghattheyworkedproperly. After connecting
them by letting populationreachequilibriumbut letting vehiclesincreaseas originally
plannedyehiclesncreasedhen decreasedteadily. The decreaseould only be fixed by
massaginthe percentagef newvehiclesdboughtby newdrivers,the percentagef cars
removedrom deathsandthe averagageof vehicles.Unlesghe averagageof avehicle
was 115 yearsthe vehiclestock decreasedNbuthen the stock of childrendecreased
without reason.

After settingup a pollutionstockandlettingit reachequilibrium] returnedto the
populationvehiclemodelanddecidedhatit couldbe simplified. Therewasno needfor
includinga stockof childrenandamaturatiorflowNa certainpercentagef the population
is ableto drive,whichis the samehingastheideain Figure3. Thereford setanarbitrary
amountof the populationableto drive,a percent(of the onesableto drive)who 4o drive,
andapercent(of the oneswho do drive)who buy a newvehicleNwhichaccountedor the
increasen motor vehicles. This workedproperly:populationand motor vehiclesboth
showedexponentiaincreasewhichwasappropriatesincetherewasno carryingcapacityn




the model. Whenl setthe birth rateequalto the deathrateplusthe migrationrate(which
was negative), both population and vehicles reached equililguwen4F
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After establishinthatboth populationandvehiclesvorkedastheyshould,] moved
on to pollution,decidingo usecarbonmonoxide. The mainproblemwith thiswashowto
measur@ollution,sincel hadseenit in tonnesgramsmicrogramspercentagesndparts
per million. Mr. Guthrieshowedme that it shouldbe measuredh partsper million per
days,andthatto find the increasen pollution (with which | hadthe sameproblemas
vehicles) shouldfind out how muchpollutionis emittedpermile,andhow far the average
commutewas. Sincepollution emittedper mile dependon averageommuteand the
numberof vehiclesdriven(vehiclestock),l connectedhe pollutionstockwith the vehicle
stock and, since pollution affects population deaths, | made that connection as well.

Whenl addeda carryingcapacityn the form of the effectof populationdensityon
the deathrate, all three stocksevenedout to a steadystate. After addingan effect of
pollutionon the deathrate,all threestocksshowedbscillatingpehavior. The only problem
left wasto fix the numberfor pollution emittedper kilometersdriven;changingt to the
correctnumbermadethe carbonmonoxidestockincreasdar too much,while population
and vehiclesdidnOtncreaseat all. So on Mrs. FisherOsuggestionl, addeda normal




populationdensityanda normalCO concentrationso thatthe effectof populationdensity
andpollutionmultiplierscouldcomparehe normalvaluegconstantsyvith the actualvalues
(variable); the comparison of normal with actual values provided the Oeffect ofO multipliers.
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Figure 5. The three stocks connected, before the final fixes.

Whenl turnedthis model(Figure5) in to Mrs. Fisherto be gradedjt became
apparenthattherewerestill thingsto befixed. | hadneglectedo createatioscomparing
normalandactualaluedor severabf the multiplierswhichis the correctwayto go about
it. Thiswasfixed by addingnormalratesfor the comparisorio the effectof pollutionon
deathrate (normalpollution), deathrate from pollution (normaldeathrate),effect of
crowdingon migration(normaldensityandmigration) andeffectof populationdensityon
death rate (normal density).

The secondmajor problemwasthe percentof the populationableto drive. By
havingthisbe a percenbf the populationstock,somepeoplewerecountedmorethanonce
(sincethe stockis cumulative) Thiswassolvedoy makingthe partof the populatiorableto
drive the difference between those able to drive this year and those able to drive last year.

For anotherproblem,therewasa greatdealof inconsistencin determininghe
pollutionincreasenddecreas&om the numberof motor vehicles.Previously] hadhad




the averageommutdengthtimesthe pollutionemittedperkilometerdriven,multipliedby
the increasen vehiclesgdecrease vehiclesconnectedlirectlyto decreasen pollution.
Insteadof this,the productof averageommutdengthandpollutionemittedperkilometer
now determinegollution emittedper kilometerper vehicleper year. This lattervalueis
multipliedby the increas@anddecreasm vehicledo determingheincreasenddecreasm
carbon monoxide.

After makingthesemajor changesthe modelis now fairly consistentand its
mathematical background makes more sense.

The Finished Model and How It Works

The finishedmodel(Figure6, nextpage)s comprisedf threepartsput together:
populationmotor vehiclesandcarbonmonoxidepollution. Therelationshigpetweernthese
three stocksand how they interacthasbeengreatlysimplifiedfrom reallife, whichis
necessary in model building, but it can still be understood fairly easily.

The modelis basedon the populationstock,a measureof how many people
(cumulativelyarein the modelat anygiventime. At eachtime interval,the population
increase®r decreasewith peopleflowing in and out from the births, deathsand net
migrationflows. Thebirth, death andmigrationratesNhowmanypeopledie,areborn,and
migratein or out of the city per thousandpeopleper yearNdetermineshe valueof the
flows into and out of the population stock.

The deathrate is affectedby severafactors,includingpopulationdensityand
pollution. Actualpopulationdensitythe modelGsalculatiorof the ratio of the numberof
peopleto land in squarekilometersjs comparedo the normal populationdensity,a
constantdeterminedoy the initial valuesof the populationstock and land area. This
comparisorof normalto actualpopulationdensitygeneratea numberbetween2 and?2
thatis multipliedby the migrationrate. A similarscenarias setup to changehe normal
deathrate. Soif the populationdensitygetstoo large peoplewill beginto migrateout of the
city andthe deathratewill rise. If the populationdensitypecomesmallerthe deathrate

may not be affected, but people may immigrate into the city.
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Figure 6. The finished model.

From the populationstock,the percentof the populationthat is ableto driveis
found by subtractinghe percentagef the populationthat wasableto drivelastyearfrom
the percentagthatis ableto drivethisyear. In thisway,it is ensuredhatthe samepeople,
sincethe stockis cumulativewill not be countedmorethanonce. A percentages takenof
thoseableto drive,whichbecomeshe percentof peoplewho actuallydo drive;similarly a
percentagef thisvalueis takento becomehe percentagef peoplewho buyavehicle. A
small fraction of the population buys a second vehicle.

Thesdasttwo valuedeterminghe increasén motor vehicles.Decreasé motor
vehicless calculatedy vehicleaginga Odweltime,Gor timethata vehiclestaysn thefleet
beforeit become®bsoleteandis junkedor sold. In North Americathe averagéfetimeof
a caris probablysomewheraroundfive yearsin a lessdevelopedtountry,a vehicleOs
lifetimeis more likely to be aroundfifteen or twentyyears. Unfortunately havingan
exponentiatlecayrateoffsetsthe linearincreasdy a greatdeal so that vehicleagingmust
be a small value: consequently, vehicle lifetime becomes an unrealistically high number.

To determingheincreas@anddecreasan carbonmonoxidefrom the vehiclestock,
averageommutdengthperyears multipliedby the averaggollutionemittedperkilometer
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to find the amountof pollutionemittedper kilometerper vehicleper year. This valueis
multiplied by the increaseand the decreasen vehicleswhich establisheghe carbon
monoxide stock.

Completinghe model the populationdeathrateis affectedoy the concentratiorof
carbonmonoxide,aswell asby populationdensity. The actualamountof pollutionis
comparedo the normalamountof pollution (whichis, again,the initial valueof the
pollution stock). The deathratefrom pollutionis determinedy multiplyingthe normal
deathrateby the effectof pollutionon deathratio. Whenthereis little carbonmonoxide,
thereis little effecton the deathrate;whenthereis a greatdealof pollution,howeverthe
death rate increases.

When taken separatelyand together,the three parts (the stocksand their
correspondinfjowsandconvertersjeachequilibriumthe signthata modelis ableto work
correctly. Thoughmanyfactorshavebeenleft out, the onesincludedare essentialand
thoughtheir numericalvaluesmay be off target,the simplifiedmathematicaéquations
behindthe visualconceptionsnakesenséoth togetherandseparatelyThereareseveral
ambiguitieshoweverwhenchangingertainfactors whichcreatgroblemghat makelittle
sense.l amnot surehowto fix thesgproblemsnor whytheyappearbut | amsatisfiedhat
the basic model structure makes sense.

The Model Feedback and Loop Siry

The feedbackloops of the model are fairly straightforward. Each
stockNpopulationmotor vehiclesand carbonmonoxideNhasts own simplereinforcing
loop. Thebirth rate,or increasén the caseof vehicleandcarbonmonoxidetakenwith no
otherfactors,causeshe stockto increasethe deathrateor decreaseauseshe stockto
diminish. In eachcasehe increaseés largerthanthe decreasendicatingpositivefeedback
dominancdi.e.,the growingstockcreates greateiincreasewhich makeghe stockgrow
even more).

Whenthe entiremodelis takenasa whole,it showscounteractindgpehaior in the
latter part of the simulation. Populationincreasewvith little boundfor the first hundred
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yearsor so,but it canonly getsolargein anareawith a fixed amountof land. Whenthe
populationgetstoo dense meaningthat the populationof vehicleshasalsoincreased,
pollutionfrom so manyvehiclestartsto havea noticeableffecton the deathrate(Figure
7). The largeconcentrationof carbon monoxidecausegeopleto start dying off.

Eventuallya steadystateis reachedwhereinthe increaseanddecreaseasf the threestocks
are equal (gure 8).
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Figure 7. Carbon monoxide and population feedback loop.
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Figure 8. Eedback loop of the whole model.
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The Model Boundaries

As hasbeenstatedthe modelis greatlysimplifiedfrom reallife. Manyfactorshave
beenleft out, the mostimportantbeingperhapghe fluctuationsan pollutionconcentration
that the seasongroduce. Carbonmonoxideis at its maximumconcentratiorduringthe
winter andat its minimumduringthe summerjocalweatheralsohasa strongeffect. |
excludesgeasondluctuationshoweverpecausen thetimescaléghatthe modelusesthese
fluctuationsvouldnot be noticeable.In the sameamannertherearedailyvariationsn the
levelof carbonmonoxidethereis moreduringrushhourandlessin the mid-afternoonand
night. Thereis no needto includethis becausét hasno noticeablesffectover a two-
hundred year time span.

| choseto makethetime scalan yeargatherthanmonthsor decadedecausé am
moreinterestedn the effectthat pollutionhason populationoverthelongterm. Pollution
will actasa carryingcapacityasin this model) whereits toxicity setsa limit on the number
of humanghatapopulationcansupport,or it will actasa crisisinducementyvherethe high
levelof pollutioncausesscillationsn allthreestocksasit lowersthe populationstockto a
morereasonablkvelthen,whenthe populatiorrisesagainjinducesanothercrisis. It isthis
behaviorthat holdsmoreinterestfor me thanseasonadr evendailyvariationssincethat
smallscale behavior has little effect on humans in the short term.

Model Testng

Severaéxperimentsveremadeproducingsensitivitygraphso further explorethe
modelbehavior. Alteredvaluesncludednormalpopulationdensity(Figure9), ageof the
vehiclestock,the numberof peoplewho purchasa secondvehicleandaverageommute
length. Thesefactorsareall attributesof a cityOsizeandaveragéevelof affluencealarge,
wealthycity will havemanypeoplewho buy a secondor third vehicle,a long commute
length,a densepopulationandvehicleghatlastfor only a few yearsbeforebeingsoldor
junked whichaffectspollutionlevels.A smallpoor city,on the otherhand,will likelyhave
mostlythe oppositevaluestongvehicldife, a shortcommutefew vehicledoughtpastthe
first, and a dense population.
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With all other factorsheld constantthen, theseattributesweretested producing
sensitivitygraphs. Dependingon whethemormalpopulationdensitywassethigh or low,
the populationstockeitherincrease@ greatdealor decreased little bit, thencameto a
steadystate(Figure9). Whenvehicleagewassmall,it caused pollutioncrisis,andwhen
vehicledastedfor a verylong time, the populationwasableto increaseavhile pollution
decrease(becauseehiclesastedonger fewerof themwerepurchased)Whenfew people
boughta secondvehicle populationevenedut andpollution decreasef(becaussecond
vehiclegprovidedalot of the pollutionproduced)pn the otherhand,whenalargenumber
of peopleboughta secondvehicleall threestockscameto equilibrium. Commuteength,
whenit wasshorter et the populationincreasenore,andwhenit waslonger,population
began to decrease because of more pollution.

In an affluentsocietythen,onein whichtherearealot of peoplewho buy more
than one vehicleand vehiclesdonOtast for long, pollution increase®ff the chartas
populationdeclines.In a poor societywith the oppositeconditions populationcameto
equilibriumwhile both vehiclesand pollution decreasedntil therewereno more left of
eitherone. Thislastfactis clearlyunrealistichut overallit showsthata culturesuchasthe
United Statesshowsunsustainablactivityin its demandfor vehiclesandthat a small
communitywill likely not be overwhelmedy deathsfrom pollution unlesstheylive in

proximity to a large consumer society.
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The Resuls of Modeling and Thinking

Usingthe graphandtablefeatureof amodelareessentiab gainingunderstanding
of amodel. At onepointin the developmendf the modelthe carbonmonoxidestockwas
decreasingerysharplyon the graph,and! didnGknowwhy. With the helpof the tables)
foundthatnot onlywasthe decreasm pollutionmuchlargerthanits increasehut thatthe
effectof crowdingon migrationwasfluctuatingstrangely.It turnsout thatl hadmade
mistakesn settingthe graphicafunction of the multiplier,andthat the largedecrease
pollutionwasdueto the factthatthe decrease vehicless exponentiaandthe increasén
vehicless linear. To fix the latterproblem,| addeda converterto the effectthat some
peoplepurchase@ secondvehicle sincethereareaffluentpeoplein everysocietythatare
able to buy more than one vehicle.

At anothemoint, thereweresomeverystrangeoscillationsvith a verysmallperiod
in the graphof pollution. Thiswasa mysteryuntil I lookedatthe tablesandsawthatthere
werezerosin randomplacesn manyof the flows andmultipliers. Again,this wasdueto
mistakesn the graphicafunctions,whichl wasableto fix easily. To wit, the graphsand
tableswereveryusefulin finding errorsin the modelQstructureandin understandinahy
the model behaved as it did.

Thefinal graph(Figurel0,nextpage showsthe threestockspopulation(1), motor
vehicleg2),andcarbonmonoxide(3). With relativelylittle pollutionin the beginningthe
populationncreasessdo motor vehiclessincemorepeoplewill wantmorevehicles.This
produces greatdealmorepollution,whichcauseghe deathrateto increasenoughsothat
it is approximatelgqualo the birth rate. Thisis whenthe populationevelsoff, ataround
fifty yearsandwith a fairly constantpopulation the vehiclestockstaysconstantaswell.
With no more vehicleseingproducedpollution beginsto increasdessandlessuntil it
almostreachesquilibrium. With the high levelof pollution, howeverthe deathrate
becomegustbarelylargerthanthe birth rate,andpopulationstartsto decreaseeryslightly.
If the graphcontinuedpasttwo hundredyearsslightoscillationsausedy smallpollution
crisesvouldbe apparent.If thelevelof pollutionwerea greatdealhigher the oscillations
would occursoonerandwould be more obvious;howeverjn the final scenariotheyare

very small.
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Thefinaltable(Figurell)is evenmoretellingin the storyof the model. As stated,

in the beginningherearemanymore births thandeathsuntil both theyandthe increase

anddecreasm vehicleaindpollutioncomedo a steadystatein whichtheincreaséalmost)

equalghe decreaseAs the city getsdense(lastcolumn) peoplemigrateout andthe death

rate gets higher.

J 0 P bon, fpr 25, 2005

Table 1 (The major stocks and flows)
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1200 339,075.08 330,143 76 78,809.19 TR0 348.814,087.451 344,325,026 78 -B67TII2e-005 0.021244 3.401.42
130.0 339,050.54 339,200.12 7a,785 68 T8 ,966.21 345,724, 18.60| 345,128,721 .36 -5.6TG55Te-005 0.021349 13,399.75
140.0 33,0547 339,189.70 TA,775.70 T9.114.01 340,668 06326 34877567246 -B.676250e-005 0.0212a1 3,297.33
150.0 338.978.46 339,149 66 7O, 76T 42 V923313 48611 83574 346,206,314.97| -BATHSTRe-005 0.021241 1339477
160.0 338.943.60 33009938 TOTE 83 TO.3I0.43 | 348607 .040.08( 346719108 -5.6749d4be-005 0.0z212a0 1339237
170.0 33801248 330,048 66 TA,7467 94 TO.407 42| 48590, 042.06(  347,052,082.19|  -B.6T7438Re-005 0.021249 3,300.22
150.0 338,585.86 339,001 .66 78,7485.15 947069 | 34857788582 34733447975 -5.673896e-005 0.021347 13,388.38
190.0 339,863.28 33096039 Ta,783.09 TO52.08|  348.560,861.95( 347 55006564 -0.673496e-005 0.021246 13,386.82
Final 0.021245 13,385 .52

Figure 11. Increase and decrease of the three stocks, as well as the actual death rate and population density.
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Learning From the Modeling Process

Computermodelingis not a directmeango a welldefinedend:it is duringthe
procesghat understandingf the situationthat oneis trying to modelis gained. The
proces®f modelbuilding,in fact,is meanto makethe builderrealizeéhe complexityof the
situation,andin attemptingto discovera wayto constructa simulationof reallife on a
computerreallearnings achieved.A modeldoesnot alwayswvork correctly nor doesit
needto, in the end;it is the understandingf how to build a modelandunderstandinthe
dynamic®f the modelthatis important. My modelof vehiculapollutiondidnOtomeout
quitethe way! expectedbut asthe first modelthat| haveconstructedndependentlpf a
classassignment, learneca greatdealabouthow to usethe STELLA softwareto build a
model, and about the ways in which pollution interacts with the environment. | learned:

e Thatdimensionlessiultipliers(i.e.,the OeffecofEO convertersjisea ratio, thatis,
anormalvaluecomparedo anactualalue jnsteadf simplythe actualalueitself.
Thisway,insteadf makingthe axesof the graphicafunctioncustommade which
hasto be adjustedor changef the model the axesanbe agreatdealsmalleiand
theydonOhaveto be constantiyadjusted. | hadlearnedhis before but neverreally
understood why until I made the mistake of not creating ratios.

e Thathavingconsistenunitsin amodelis veryimportant. Whenl triedto comeup
with awayto convertvehicleso pollution,the modeldidnOwvork until vehiclesvere
multipliedby the pollution emittedper kilometerper vehicleper yearto createan
increase and decrease in pollution.

e How to properlyuseanddistinguisibetweerdwelltime, growthanddecayrates,
andlinearflows versusxponentiaflows. Dwell time,anexponentiaflow, is used
for the decreasen motor vehicleswhilethe increasen vehicless a directlinear
flow, the percentagef peoplewho buyvehicles.Thismeanghatthe motor vehicle
stockdoesnot showmuch growth. Ratespon the other hand,are usedin the
population part of the model for the birth and death rates.

e Theimportanceof usingthe tablesand equationdo find problems(seealsoT/e
Results of Modeling and Thinking). Beforebuildingthis modelit hadneveroccurredo
methattableshadmuchuse;howeverjn the buildingprocess| usedthemto gain
understandingf severaproblemsn the modelstructurewhichenabledneto fix
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the problems. Lookingoverthe equationsaswell,| wasableto seethatnot all of
the model parts had units, or had issues in the mathematical equations.
How to createaninterfaceusingthe Stellasoftwardully. As afirst-yearstudentof
systemslynamicsthe mostimportantpart of learningthe softwarewasbuilding
simplemodelsnot makingthe modelsuser-friendly. Thismodel,howevergaveme
the opportunityto beginto learnthe intricacie®f the softwareandl look forward
to continuing this in the future.

Thatsimplifyingreallife into acomputemodelisnOtearlyaseasyasit wouldseem.
In the verybeginningf this projectwhenl didnOknow quitewhatl wassupposed
to bedoing,l hadgrandideasof makingmodelsthat would (I now know) be very
difficult to build. Even the way pollution kills peopleoff is a greatdealmore
complex than | first imagined.
Thattherearemanymorefactorsaffectingpollutionthanl hadeverimagined.For
examplel learnedhatthe Valleyof Mexicoitselfobstructdispersabf pollution,
creatinga toxic smogthat givesfully half the areaGshildrenrespiratoryproblems.
Vehiculampollutionis mainlycausedy obsoleteaechnologyinefficientandleaded
fuel, traffic congestionand road conditions,all of which aretied togetherin a
complexwebof causation.All overthe world, manyof theseproblemshavebeen
slightlyalleviatedyut areoffsetby suburbanizatiomcreasingommutedistanceind
road length;in other words, cleanervehiclesare counterbalancely increased
vehicleuse. As dependencen vehiclesincreasesfuel consumptionrises

exponentially because of congestion and inefficiency.

Hasthe questionof the pendingvehiculampollution crisisthenbeenanswered?As |

haveemphasizedhe point of modelbuildingliesnot in gainingananswerbut in gaining

understandingf the questiorat hand. Thoughmy modelshowssigmoidgrowth,l believe

(havingearnedrom my researclandmodel-building)hat vehiculapollutionis ultimately

undesirablandwill likelyleadto overshootor oscillation. As long aswe understandhe

problem,we canwork towardsa solution. This modelmaybe a good startingplacefor

addingpoliciesandotherfactors but right now thatis outsideits scope. It hassuccessfully

helped meNas for what will happen in several hundred years, only time will tell.
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Vehicular Pollution

Appendix A: Equaions

Omitted

Appendix B: The Model Diagram
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Appendix C: Graphs
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Appendix D: Tables

BB 1149 P Mon, fpr 25, 2005

Table 2 (Stocks

ears population mator wehicles carbon monoxide

o 11,615,202.00 2,847 695 .00 12,500,452 55630

0.0 13,181,795 15 3,131,342 20 13,740,161 822 .08

oo 14,287,046 58 3364675 .34 14,759 967 032 .85

0.0 14,909,518 .20 24533069 1 15,4009 282 170.06

40.0 16,430,315 .87 3662,092 .14 16,020,084, 455 G4

s0.0 15,679,340 .50 3 T30 82 16,384,204 226 12

0.0 15,818 436 .32 3,795 404 02 16 Gik2 902,939 15

To.o 16.,802,710.14 bt ot By 16,920,293 270 .92

20.0 16,932,945 67 3870181 .84 16,969,333 547 12

ap.o 15,952,280 .08 3.804,301.02 17,074,748 852.05

100.0 15,960,875 .47 3912028 12 17,156,134, 63469

1100 16 962,841 .77 3T 506 28 17,219,876 187 .85

120.0 16,963,990 20 3,939,053 .51 17.270,344,050 .89

1300 15,962, 228.00 3048 260 240 17,210,622 060,73

140.0 15,961,138 .82 3955 667 .15 17,32 055 636 .1

150.0 16,9509, 446 25 2061 629 8 17, 369,016,132 .24

160.0 15,957,804 28 3066 440 6 17,300,081 767 .92

1700 15,956,342 .05 30970,353 .50 17,407 144, 191.01

180.0 15,955,083 86 347352005 17 420,983 520 .43

1490.0 16 954, 020.07 2076, 090 86 17 422,219 50437

Final 16,953,132 .58 TR AT AT 17,4 347 003 42

pﬂﬂ:tﬁ Phd hon, Apr 25, 2005 Table 2 (Flows)
Years birth= deaths increase in b | decrease in by |increase in CO | decrease in CO | net migration
o 246 207 08 67 280 42 50,508 24 56,966 .04 260,490,048 27 [ 248 932,050 26| -7.003454e-005
0.0 280,122 63 147, 14814 o0,400.83 G2 65324 290,774,505 25| 273832235 46] -7 .6G06G203e-005
oo 303 551 .34 21461169 87, 22002 G7 31318 [ 381.243,154.05 204,198 97669 -5.032251e-005
0.0 318 642 44 23,400 .34 24,825 38 TO693.36 | 370,737 811 .68 308972 056 -8 306400e-005
40.0 32777444 295.314.74 82,948 62 T3O69.63 262625244 57 310,368 142 86| -8.472121e-005
A0.0 3304875 14,656 .57 81,6a7.25 v, T84 2ET.022 301017 3I6.631,721 .60 -3 567300=-005
0.0 335 00432 3258071 30,901 61 T84 353.688,501 67 331,703,400 .42 -8.621388e-005
To.o 337 58210 32T 20,431 .13 THFF103 [ 261,622,206 77 3354935 466 41| -8 .650330e-005
20.0 338,418 66 336 50832 20,154 61 V70628 [ 260,323 TV 72 338,112,216 .88 -8 66541 2e-005
an.o i ]| 237 64803 T9,993.09 FPAREAL| 349617.820.20) 340,447,828 47 -3 672842e-005
100.0 339,009 .54 338 40501 79,8958 54 826008 [ 349204 56630 ( 34204351300 -8.676142e-005
1100 33007213 338.051.34 7O, 82 G0 886142 [ 33 060,440 47 [ 343 316,831 97| 267727 0e-005
1200 330,075 .08 339,142 76 74.800.19 TR e A0 248814087 51 344,325 03678 | -B.67FIIRe-005
130.0 339,050 .54 339,200.12 TH,7a0.63 TEO66.21] 33 724, 1360 345,129,721 36] -3 6763ETe-005
140.0 330,015 47 339.180.70 TO.FF5.TY TO1401 | 343 66506826 345,775 67246 -8.676250e-005
150.0 I3.OTE 46 339,140 GG TO7ET 42 TO233 AT 343 631,636. 74 346,206 32407 867567 Se-005
160.0 38 043 60 330,009 38 TO,7E1 82 T9,320.43 [ 24860704008 346,717,191 98| -2 .674045:-005
1700 iR ] 330,048 56 O, 747 .04 T 07 42| 33,500,042 .05 347,053,082 19] -3 674382e-005
130.0 33800506 339,001 GG 79,755 15 TOAT06 [ 343677 80082 [ 34733457075 -0 .67 3096e-005
1490.0 338 8673 28 338 96039 79,753 .09 9622 06 34866286105 347 560 065 64| -8 672486e-005
Final
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09 1190 P Mon, spr 25, 2005

Table 4 {Densities and multipliers)

fears actual death rate T’ density population density effect of crowding on| effect of pallution on | effect of pop density
i o.m (L] 17,026.59 1.00 1.00 1.00
0.0 o.m 04 19,323.05 1.09 1.1 1.89
20.0 0.0z 0.4 20,943 .22 1.15 1.03 242
a0.0 o.0oz 04 21,087 63 1.18 1.03 1Az
40.0 o.0oz 0.4 2261913 1.21 1.04 37
a0.0 o.0oz 0.4 2298417 1.22 1.04 k|
60.0 o.oz 0.4 2318807 1.23 1.05 339
T0.0 0.0z 0.4 23,298 41 1.24 1.05 343
2000 o.0oz 0.4 23,3455 .93 1.24 1.05 345
an.0 0.0z 0.4 2338427 1.24 1.05 346
100.0 o.oz (L] 23,396 .87 1.24 1.05 347
100 o.oz 025 23.401.22 1.24 1.05 347
12000 o.oz 025 23,401 .43 1.24 1.05 347
12000 ooz 025 23,399 .75 1.24 1.05 347
140.0 o.oz 025 2339733 1.24 1.05 147
150.0 ooz 025 2339477 1.24 1.05 147
160.0 o.oz 025 2339237 1.24 1.05 147
170.0 0.0z 025 2339022 1.24 1.05 347
120.0 0.0z 025 2338838 1.24 1.06 347
190.0 0.0z 025 2338682 1.24 1.06 347
Final 0.0z 025 23,385 .52 1.24 1.06 346
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