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Part IIntrodu
tion1 PurposeThis proje
t serves to realize an urban multi-modal transit simulation designed duringthe 
ourse of the systems engineering master's program. The program will take asystems approa
h to modeling human habitats and the transportation networks thatkeep them running. We would use su
h a simulation framework to 
reate a baselinemodel of 
urrent day 
apa
ity, and then 
reate future models to 
ompare the e�e
tsand quantify the bene�ts of investments in future infrastru
ture. These kinds oftools would be instrumental in making a 
ase for the development and 
onstru
tionof highly e�
ient ar
ologies or other forms of well-integrated 
ompa
t 
ities. Butnominally, we 
ould apply it towards evaluating and tra
king the e�e
tiveness ofpresent-day 
ity growth philosophies.The distinguishing 
hara
teristi
s of this simulation framework in
lude:
• A hierar
hi
al level-of-detail organization that allows available data from bothtop-down parametri
 models to intera
t with data generated from 
lusters ofdetailed simulation obje
ts. This allows us to seed detailed obje
ts in a sub-system using available aggregate data (e.g. Using data on the total gallonsof fuel 
onsumed by an airport per month and distributing that 
onsumptiona
ross the air
raft that use that airport) and 
ompare it to data generated bytallying up the individual fuel 
onsumption of those air
raft. This would help
alibrate & validate the model by quantifying the e�e
ts unknown fuel �ows,su
h as waste or other fuel sour
es. The hierar
hi
al organization also makesthe simulation easier to partition a
ross distributed 
ompute nodes.8



• De�nition of a data inter
hange s
hema between elements of a multi-modaltransit infrastru
ture. The 
ommuni
ation provides just enough informationabout ea
h pie
e of passenger, 
argo, vehi
le , and 
onne
tivity graphs andde�nes minimal interfa
es to allow them to report to and re
eive suggestionsfrom a global transit optimization engine.
• An inherent fo
us on meeting the needs and goals of the inhabitants. Manytransportation simulations fo
us on maximizing throughput or minimizing de-lays or fuel expenditure. However, these metri
s may not serve to help evaluatethe layout of the urban area itself. This simulation infrastru
ture would ideallybe used to measure the e�e
tiveness of optimizing the layout of an urban areato redu
e the need to load the transit infrastru
ture with 
ommuters, peoplerunning petty errands, and other frequent but ne
essary tasks. An ideal 
itywould have a higher �e�
ien
y� ratio, tra
ked by an admittedly somewhat elu-sive �produ
tivity� metri
 divided by the amount of energy needed to produ
eand nominally sustain it.

η =
GDP

Edirect+EsustinenceA simple multimodal mass transit optimization solver 
oupled to the simulation at-tempts to 
reate a demand-responsive �eet s
hedule for several types of de�ned ve-hi
le types that servi
e transit networks within the sim. This tool aims to provide aquasi-optimal means to transport people and goods around within 
ity 
lusters.What makes a 
ity spe
ial 
ompared to a 
luster of businesses and residen
es?Hans Blumenfeld would argue that a metropolitan area would attra
t 
orporationsand residents with highly spe
ialized skill sets. Also, as the population grows, a widervariety of ni
he businesses 
an sprout up and sustain themselves while 
atering to arelatively small segment of the market. So by this 
onsideration, a good metropolitanarea draws businesses and populations to it by maximizing the diversity and variety9



Figure 1: Population Skill Distribution

of spe
ialized skills and jobs, summarized in 1. A more developed metropolitan area(represented by the green shaded area 
ompared to the blue shaded area) would havemore positions requiring advan
ed degrees, as well as o�er more variety in terms ofrestaurants, servi
es, et
.Geographi
ally, as 
ities grow in population, they often grow �outwards� in areabefore they grow �upwards� in density. As Blumenfeld notes, this typi
ally followsa pattern of ��ngers of development� that grow outwards from the urban 
ore alongestablished transportation 
orridors su
h as highways or waterways.So most metropolitan areas eventually be
ome vi
tims of their own su

ess. Draw-ing more diverse and skilled population eventually in
reases their geographi
al sizetowards a point where a resident of the 
ity 
an no longer a

ess all of the resour
esthe urban area has to o�er due to 
ongestion.The goal of the optimization tool embedded within the simulation 
omponent ofthis thesis is to demonstrate a �exible modeling s
heme that 
ould investigate thepotential e�e
tiveness of various mass transit topologies and strategies, espe
iallywith regards to: 10



Figure 2: Geographi
al Distribution

• The distribution of and various loads generated by work nodes and residentialnodes
• The size and 
onne
tivity 
onstraints of various shared vehi
le networks shut-tling people and goods between nodes
• The ability for the passengers and 
argo to make transfers between di�erentvehi
les as well as modes of transitAs the urban area grows, we attempt to preserve an ideal population density whilealso preserving the pra
ti
al rea
h of the transit system to prevent fragmenting the
ity. For the 
ivi
 planning authorities, this traditionally involves zoning and buildingout roads and utilities. At some point along the 
ity's growth, they might 
onsiderthe e�
ien
ies of building infrastru
ture based on a futuristi
 ar
ology hyperstru
turein order to meet their urban development goals in a 
ompa
t physi
al pa
kage.Together with the simulation, this proje
t seeks to provide a (minimalist) frame-work ne
essary to analyze su
h an urban system. We evaluate the e�e
tiveness of anurban 
omplex by 
reating a demand / sustainment / measurement framework thatis used to determine its ability to satisfy its resident and employer needs. Primarily,11



the e�e
ts of the muni
ipal transportation infrastru
ture's availability and operationon the 
ommute of a worker between their residen
e node and workpla
e node. Thisframework would also allow us to experiment with di�erent urban planning layoutswhi
h may ease the optimal solution to the transit problem. From this, a set of ur-ban planning and transportation paradigms should emerge that su

eed in makingthe world smaller by e�e
tively in
reasing the a

essibility of urban nodes by everyother node in that metropolitan area.2 Inspiration of Ar
ology ModelingWell, it all goes ba
k to the meaning of life, doesn't it? Here we are, hanging aroundlooking for love or money or happiness, always trying to get the most out of life -in essen
e optimizing our existen
e in some fashion. The optimization part is wheresimulation 
an be a useful tool, as we often disagree on what infrastru
ture improve-ments we 
ould make in order to make us happier or ri
her or work not so far fromour loved ones. For all the aspirations we've had over the de
ades of rea
hing for thestars and developing permanent spa
e 
olonies, I'm surprised by the relatively littlesu

ess we've had in improving the e�
ien
y of our lifestyles in our dwellings righthere on Earth. The ideal Ameri
an domi
ile still 
onsists of the single family home,an almost 
ompletely isolated po
ket of land 
onne
ted to the rest of the 
ommunityonly by a few wires, pipes, and a stret
h of pavement. What goes a
ross these in-terfa
es, and how might they be improved and rearranged by muni
ipal fa
ilities tomake the 
ity as a whole more sustainable, �exible, and e�
ient?On the subje
t of the meaning of life, let us note that living systems seem to have anatural tenden
y to miniaturize 
omplexity, both in spa
e and time. A mathemati
ianmight draw the analogy that we live on the interesting boundary region of a fra
tal,often surrounded by vast regions of fairly uniform spa
e. While the sun and stars12



Figure 3: Muni
ipal home interfa
esCategory Current Interfa
es Potential Future Interfa
esPhysi
al Driveway, Parking, Mailbox Driveway, Automated Pa
kageTransportUtilities Ele
tri
ity, Gas, Water, Sewage Ele
tri
ity, HVAC, Fuel (Gas, Hy-drogen), Water, SewageWired Communi
ation Copper / Fiber medium for Tele-phone, Cable TV, Internet Jun
tion Box, redundant trunksWireless Communi
ation Broad
ast Radio/TV, Cellphone,Satellite, Wi� distribution points to 
ommon aeri-als, satellite dishesand universe are beautiful and magni�
ent only when observed on a grand s
ale, I'dsurmise that they are not as interesting when studied on the same s
ale as, say, theinner workings of a parame
ium. That's one of the main reasons as astronomers, wemight sear
h the heavens for deeper understanding of 
elestial me
hani
s, but hopeto dis
over other forms of alien life. For living systems of su�
ient 
omplexity on asimilar spa
e and time s
ale as us would be the only thing that we 
ould have thehope of intera
ting with. The progression of life on Earth as a whole apparentlystrives to �t more and more 
omplexity into the spa
es it is able to �ll.If we drew a 
ontrol volume around an e
osystem, we'd �nd that it fun
tions asan engine that harnesses existing energy gradients in order to further de
rease theentropy of its lo
al area. Through 
ontinuing that progress, we've begun to expandthe boundaries between whi
h obje
ts of vastly di�erent s
ales 
an intera
t. Latelywe've been peering into the inner workings of relatively tiny, fast 
omputing devi
es,whi
h will soon be governed in
reasingly by subatomi
 intera
tions between quantumparti
les, whi
h in turn a�e
t what we do with our lives. That's amazing. Somedaysoon, we also expe
t that the tiny ele
tri
al pro
esses that o

ur in our mi
ro
hipsmay go on to help us alter the 
ourses of 
elestial bodies, perhaps to allow us toprodu
e some kind of pronoun
ed impa
t (or avoid an impa
t) in the 
osmi
 balletof planets. But for now, one of primary (although not yet fully utilized) uses for ourmi
ropro
essing te
hnology often is the guidan
e of the 
ourse of our vehi
les and13



information delivery systems.Most of our intera
tions with the urban environment that we live in, su
h as goingto work, 
at
hing a bite to eat, or (unfortunately) even going out for a hike, involvetransportation and delivery networks. These systems take many forms, ranging fromvarious ground, air, and subterranean transit networks to power, water, and eveninformation distribution pipelines that feed dire
tly into ea
h of our homes. Mu
hof this infrastru
ture is put in pla
e with funding or regulation from governmentagen
ies at national, state, and lo
al levels. During times of rapid modernization,traditional governments 
an be a bit slow in �guring out what infrastru
ture to investin. Simulation is one tool that 
an 
ome in handy to help quantify the bene�ts ofdi�erent operational 
on
epts, whi
h in turn 
an help answer questions about designoptions.A 
ommon engineering pra
ti
e is to �rst do
ument and 
onstru
t a baselinevalidated simulation of the system you have in pla
e, then extend the simulationwith new proposals for 
hanges to equipment or operation. After the evaluatingthe performan
e of the di�erent options, they 
ould make a de
ision, implement the
hange, and then revalidate their simulation to make sure their model mat
hes theperforman
e of their a
tual system. However, few muni
ipalities maintain validatedsimulated representations of their jurisdi
tions, mu
h less use them as de
ision makingtools, deferring more towards the use of surveys and standalone analyti
al teams.Building su
h a tool would not only give them better a

ess to information aboutphysi
al arrangement the performan
e of their existing town, but 
ould grossly 
utdown on the arguments and politi
al delays in
urred when properly used as a �vision
ommuni
ation tool� to the popula
e.An advantage to designing 
ities from the 
omplete-systems perspe
tive of anar
ology is that it for
es you to take all s
ale levels � national, metropolitan, urban,neighborhood, personal � into a

ount in the design. This would allow the ar
ology14



to transition better as new te
hnologies evolve and are put into pla
e. The physi
alaspe
t of an ar
ology is predi
ated on a muni
ipal �hyperstru
ture� whi
h 
ould bese
tioned o� for residential, 
ommer
ial, industrial, and 
ivi
 use. The se
tional lotswould have tightly integrated people and pa
kage transportation in addition to thestandard 
omplement of water, utilities, and a more minimal road network.On the national level, ar
ologies would be 
onstru
ted to 
onne
t well to other
ities, with e�e
tive transportation and distribution systems and low transit times tomost pla
es. Current 
ities tend to have suboptimal transportation fa
ilities. Many
ities originally sprouted up around ports by major waterways, where maritime ship-ping a

ounts for over 90% of the tonnage of U.S. international imports and exports.30However, domesti
ally we move freight predominantly by tru
k.6 The United Stateshas invested heavily in the interstate highway system. Around many 
ities these gettied up in rush hour 
ongestion, resulting in delays and waste throughout. Airportsare usually built too far from the 
ity to 
onne
t easily to mass transit systems,and eventually get enveloped (and subsequently throttled) by suburban growth afterwhi
h they be
ome a noise nuisan
e to residents.On the metropolitan level, rush hour 
ongestion itself is an abomination thatany 
ommuter would readily identify with. We must look terribly silly to outsiders,repeatedly stressing our transit infrastru
ture past the 
apa
ity limit where it 
easesto be e�e
tive. We tend to want to 
ommute simultaneously simply to be in syn
with everyone else - even those whom we don't even need to deal with during theworkday.The U.S. metropolitan growth paradigm of roughly the last half-
entury has been
hara
terized by suburbanization. A�ordable housing seems to be in su
h short sup-ply and fuel pri
es had been so low that many 
hose 
ommute into job 
enters fromsuburban or exurban towns 30, 60, 90 miles away. Finan
ial poli
ies strongly en
our-age 
itizens to pur
hase homes and enter into mortgage agreements. This provides15



e
onomi
 stability in the workfor
e, helping to a�x them down in a geographi
 areaand ensure they stay gainfully employed to keep up with mortgage payments. How-ever, in today's in
reasingly unstable job market, this poli
y 
an have adverse e�e
tsas a workfor
e with impaired mobility will not have as mu
h �exibility to take onemployment that maximizes their skill set.So as more massive superhighways are built to relieve the strain on the originalinterstate 
onne
tors, more suburbanites 
ontinue to sprawl out along these new
orridors. After a 
ertain point, the ratio of spa
e allo
ated between highways anddevelopable, livable area be
omes saturated to the point where we get diminishingreturns from building more roadways. Highways take up a lot of spa
e, and when westart to pa
k those highways 
lose together, we end up spreading out a
tual usefulland into isolated po
kets nestled between inter
hanges. Many 
ities have more landarea allo
ated to paved roadways than spa
e for humans.23To their 
redit, automobiles are 
ertainly the most �exible mode of transportation.All you need is a slab of pavement or even gravel 
onne
ted to the road network, andyou have an interfa
e to the inter
ontinental road transportation network. Comparedto the equipment you'd need to interfa
e with the muni
ipal power grid or water/sewerlines, this slip of asphalt is likely one of the simplest yet most 
apable ways of movingpeople and goods to and from your home. However, when be build 
ities almostex
lusively around automotive transport, we end up losing a lot of what makes dense
ities good for people and sustainable for the environment. Cars a
t as a multiplier tothe amount of spa
e ea
h person takes up. Not only do you need a driveway spa
e topark ea
h person's 
ar at their home, but also a spa
e reserved at their work, as well assome shared spa
es at all of the shops and venues at whi
h they'd possibly spend time.Add to this the ganglia of roads 
onne
ting those spa
es together, spa
ious servi
estations, and shoulders and extra lanes for safety and additional peak 
apa
ity, andwe �nd that our 
ities have vastly outgrown the human s
ale. Looking down at our16



houses from an air
raft, we'd see more land 
overed by pavement reigned by 
ars thanfor buildings and establishments to be enjoyed by people. A well designed 
ity woulda
hieve higher density for people by introdu
ing transit alternatives allowing themto go dire
tly between home and work. Park-and-Ride initiatives 
onne
ting to masstransit a

omplish little in regards to land utilization, sin
e they simply the parkinglots further away from the workpla
e. In an urban 
omplex with su�
ient transit,people should only need to use their 
ars to leave the 
ity, but rely on muni
ipaltransit to move people and goods within the 
ity.On the personal level, mu
h of the home infrastru
ture for living does not have�exibility for 
hange. We are still using mu
h of the same basi
 physi
al interfa
esdeveloped over a 
entury ago for power and voi
e 
ommuni
ations. Additional sys-tems have sprouted on top of and alongside these networks, su
h as DSL over existingtelephone wiring, 
able television, and various wireless and satellite networks. Addto that various 
ombinations of buried water mains, sewage systems, natural gaspipelines, and perhaps we might begin to appre
iate the need for developing more�exible and maintainable living fa
ility distribution and inter
onne
t standards. Thenew standard inter
onne
ts would provide room for expansion and maintenan
e, sup-porting the adoption of emerging new infrastru
ture networks, and giving us greater�exibility in reusing older homes and living spa
es. Su
h standards help redu
e thebarriers to market entry, allowing e
onomi
al deployments of existing upgrades su
has �ber-to-the-premises, or even some things for whi
h markets haven't really been
reated for yet, su
h as fully-automated pa
kage delivery systems or 
entralized HVACservi
es.The purpose of an ar
ology is to 
reate a 
ompa
t, highly organized stru
ture forpeople to live and work. It should be designed to improve and maximize the qualityof life of its residents, and not just fo
us on maximizing personal produ
tivity tomaximize e
onomi
 performan
e. While the major design 
hallenge would 
onsist of17



�nding a way for getting large groups of people to tolerate living in dense proximityto one another, I would submit that the internal transportation system is one of thekeys to making the system perform. This 
ir
ulatory system for people and pa
kagesa�e
ts how well most of the rest of the system 
an perform to meet goals for deliveringne
essary resour
es, and meeting safety requirements.While the simulation and optimization models used in this thesis are 
ertainlygeneri
 enough to apply to most ordinary forms of mass transit, I 
hose to apply itin the 
ontext of an ar
ology for two reasons. First of all, the word �ar
ology� stillremains rather unique in the global namespa
e of the engineering �eld, and 
onnotesa �air for futurism (for better or for worse). More importantly, the design fo
us ofar
ologies as an autonomous stru
ture en
ourages us to analyze it in terms of 
ontrolvolumes, de�ning the �ows of input and output produ
ts in ways mu
h more 
ondu
iveto identifying resour
e 
onsumption and environmental impa
t. While the 
on
ept ofanalysis via the de�nition of 
ontrol volumes may 
ome naturally only to engineerstrained in thermodynami
s, it is refreshing to see e�orts emerging to tra
k our �
arbonfootprint� as part of a global 
arbon dioxide emissions budget. Hopefully this stepwill pre
lude more 
omplete tra
king and a

ounting (and eventually optimization)of human environmental resour
e use and waste for re
lamation.3 Ba
kground: Ar
ologies in History, Media, andCurrent ProposalsThe Wikipedia entry for Ar
ology has a more 
omprehensive listing of referen
es toworks and proje
ts than I 
ould possibly des
ribe here. Yet, literature on the devel-opment of ar
ologies or similar proposals is surprisingly thin, so I'd like to highlighta few major works.
18



In�uential LiteratureThe spe
i�
 
on
ept of the ar
ology was �rst introdu
ed in the 1950s by ar
hite
tPaolo Soleri as the ultimate urban planning solution to the problems of metropolitangrowth.31 Continuing trends in the expansion of metropolitan areas have 
ontributedto explosive growth of low density suburban sprawl, the de
ay of inner 
ity urbanareas, and �nally the indis
riminate destru
tion of natural environments to makeroom for a human habitat system whi
h is in
reasingly less e�
ient, 
onvenient, andaestheti
ally-pleasing. The 
on
ept of the ar
ology attempts to reverse those trendsby providing a 
ompa
t 
ity infrastru
ture that works well and manages to repro
essmost of its waste before returning material ba
k to the environment.What exa
tly is an ar
ology by de�nition? Featured in several s
ien
e �
tionworks as the 
ities of the future, an ar
ology is more than just a stru
ture or a "su-perbuilding" that 
ontains everything you would expe
t to see in a 
urrent 
ity. Thear
ology integrates living spa
es and working spa
es with transportation systems that
onne
t it all together. One of the fundamental di�eren
es between ar
ologies and
onventional 
ities is the emphasis on the e�e
tive use of the verti
al dimension in 
ityplanning. An ar
ology design would strive to make use of several horizontal planes,whereas 
urrent urban planning fo
uses more on zoning 
ommer
ial / residential /industrial through pro
esses that result in a more ad ho
 pla
ement based on sit-uational needs at the time. Another distinguishing 
hara
teristi
 is the ar
ology'sroots in urban agri
ulture, meaning deliberate 
olle
tion and repro
essing of wastebyprodu
ts. The ar
ology might simply be des
ribed as what a 
ity would look likeif it was designed from the start by 
ompetent systems engineers (of 
ourse, a feateasier said than done).In 1978 George Dantzig and Thomas Saaty (fathers of Linear Programming andthe Analyti
 Hierar
hy Pro
ess, respe
tively) got together to write Compa
t City,providing a 
ompelling vision on how this human habitat would work from a te
h-19



ni
al standpoint. This fas
inating book 
ontemplates the feasibility of 
onstru
tinga livable 
ity of between a quarter million to 2 million residents within a 2-4 squaremile, 4-8 level superstru
ture.26 Their proposal addresses many so
ial and �nan
ialfa
tors as well as provides major engineering design elements and outlines the majorphysi
al 
hara
teristi
s of their ideal proposed layout. I should hope that the simula-tion framework in this thesis proves �exible enough to analyze some of the main ideasin their design, su
h as their transit network of trams and elevators, the evenly dis-tributed time 
y
les of its denizens meant to redu
e peak 
ongestion, and even partsof the 
onveyor-driven automati
 pa
kage delivery system. The design in this book
ould 
ertainly be used to establish an upper bound of the types of e�
ien
ies thata 
ity willing to radi
ally re-engineer its operating paradigm 
ould hope to a
hieve.The Modern Metropolis 
onsists of a series of Hans Blumenfeld's essays and arti
leson urban growth vs. urban planning.9 These treatises generalize how 
ities havedeveloped and evolved over the de
ades and 
enturies, and suggests some designprin
iples for sustaining growth over time. These insights into how to 
ope withthe for
es that in
rementally shape 
ities and inevitably stress them beyond theirinitially planned limits reinfor
e some of the ideas for �exibility provided by Dantzigand Saaty's design.Current Works and Proposals, Ar
ologies in the MediaThe Biosphere 2 is a good experiment in 
losed-system sustainability.3 Unfortunately,its primary experiment was widely regarded by the publi
 as a failure.13,27 The fa
ilityhas sin
e 
ome under the management of Columbia University as a resear
h lab.The 
losest present-day developments resembling ar
ologies are s
attered aroundthe world in various stages of 
ompletion. The truest to spirit ar
ology proje
t inexisten
e would be Ar
osanti and Cosanti, the experimental 
ommunities arrangedby ar
hite
t and founding father of the "Ar
ology" 
on
ept Paolo Soleri himself.220



These redu
ed s
ale experiments in the Arizona desert are 
urrently reported to behovering around 5% 
omplete after 30 years of development. Like the Biosphere 2,this development has shifted in fo
us into an urban laboratory.22While this apparent la
k of enthusiasm and su

ess paints a somewhat bleak out-look, the in�uen
e of these spearheading proje
ts is de�nitely spreading. Large s
aleproposals have been 
ropping up more frequently, espe
ially in population-dense Asia.Predi
tably, the Chinese have a keen interest in the ar
ology 
on
ept, both for ex-panding high-density urban areas,20 and also in the form of 
onstru
ting sustainable
ommunities that would address their growing problem with semi-rural slums.33 Sev-eral Chinese and Japanese design �rms have been promoting various skys
raper ap-proa
hes, su
h as the Ultima Tower,32 Tokyo's Sky City,10 and the on-hold Tokyo Mil-lennium Tower19 (the latter two are 
overed in Dis
overy Channel do
umentaries15,16).Ar
ology.
om has a 
olle
tion of other notable works and proposals.1While ex
itement about radi
ally redesigning urban forms hasn't quite taken o�in pra
ti
e, other environmentally-friendly initiatives have taken its pla
e. Severalpubli
ations fo
us more on modifying the design goals of 
urrent 
ity planners toin
orporate more alternative forms of transportation. The book and a

ompany-ing website Carfree Cities presents several 
on
epts and examples that make publi
transit and areas more pedestrian and biker friendly. The author has a parti
ulara�nity for Veni
e, and provides that 
ity as a model for low impa
t multimodal tran-sit.5,12 Most 
ontemporary urban revitalization works take this tra
k of advo
atingin
reased use of multimodal transportation in 
urrent 
ity design to 
ope with thestrains of present-day metropolitan area growth. Many formerly suburban towns havealready been pursuing more pragmati
 poli
ies en
ouraging higher-density mixed-usedevelopment. These philosophies go under the monikers of �New Urbanism�, �SmartGrowth�, or �Transit Oriented Design/Development�. For example, following su
-
esses in implementing this pattern in Rosslyn and Silver Spring17 in the Washington21



DC metropolitan area, plans are underway to build higher density mixed-use popu-lation 
enters o� of existing transit stations in Vienna14,25 and to extend transit toexisting o�
e and residential spa
es in Tysons Corner.18,24 We'll likely see more ofthis type of development in the near future, espe
ially seeing as how the SupremeCourt has re
ently ruled to allow private homes to be seized for mixed use and other
ommer
ial development.7 Neuman 
autions that higher density and other SmartGrowth poli
ies alone will not guarantee that we will meet the goals of sustainabledevelopment or even represent progress relative to previous development patterns,providing some ne
essary de�nition in his arti
le �The Compa
t City Falla
y�.23Urban Simulation in the MediaPrevious well-known works that ta
kle the task of urban simulation in
ludes twoseries of open-ended games from Maxis (now part of Ele
troni
 Arts) that approa
hthe problem from di�erent s
ales: SimCity and The Sims. Certain versions of SimCity(2000 and 3000) even had ar
ology elements in them, although sin
e they were entirelyself-
ontained, they really did little for the game other than to allow you to boostyour population without having to provide additional infrastru
ture. To some extent,these games 
ould be used to experiment with di�erent urban or residen
e layouts,but they primarily pattern themselves after 
ommon 
urrent day paradigms and la
kthe �exibility needed to really turn its simulated environment upside down. Hopefullythey do serve to in�uen
e the next generations of urban planners, who might 
ometo expe
t and demand some of the timely 
ommand and 
ontrol interfa
es 
oupledwith instantaneous reporting of the 
ity's 
ondition and resour
es. Beyond that,there is not mu
h published in the way of 
omplete 
ity and/or lifestyle simulation.This is probably partly be
ause most of this analysis 
an be done more simply usinghistori
al data tra
ked by government statisti
al agen
ies, and be
ause most of thesimulation writers are more busy simulating more interesting things su
h as data422



and transportation networks.84 Proposed Approa
h4.1 Potential Appli
ationsPaolo Soleri des
ribes several ar
ology designs that 
ould be used to repla
e major
ities or serve well in several environmental settings. This thesis would propose atool that 
ould be used to quantitatively analyze the bene�ts of enhan
ing 
ities with
on
epts from the ar
ology paradigm. This report des
ribes the systems engineeringof a tool to perform preliminary design & bene�ts analysis of urban transit systems.This simulation would want to be �exible enough to handle most of the sugges-tions made by Dantzig and Saaty in Compa
t Cities. Indeed, a lot of the designrequirements and hooks left for future work were heavily in�uen
ed by the desire tota
kle some of their re
ommendations, su
h as:
• Rotation of work / sleep s
hedule to prevent what they term �
i
adian rhythms�that results in peak infrastru
ture 
ongestion.
• Multimodal transit ar
hite
ture of elevators, trams, 
ars, and automated pa
k-age transport.
• Star hub & spoke transit topology joined by rings.Not many people are in a position to design 
ities. However, almost everyone needsto work within the infrastru
ture of one, so it would be worthwhile to 
reate a modelif only to serve as a dynami
 demand generator used to plug input parameters intothese data and transportation networks. Surely they 
an use histori
al data as inputs,but this breaks down when a system they are designing may have a signi�
ant e�e
ton the input data. 23



One item of study that this type of simulation makes feasible is the relationshipbetween these data networks and transportation networks. For example, if a 
ityde
ides to spend money upgrading their data infrastru
ture so more people might beable to tele
ommute to work, this may have a noti
eable impa
t on the load on theirmass transit system. This simulation 
ould aid as a de
ision-making support toolthat 
ould a
tually tie the network and transportation models together.4.1.1 Network Topology EvaluationWe 
ould also draw less literal 
omparisons between data networks and transit net-works, espe
ially when it 
omes to subje
ts like their topologies. The most e�
ienttopology for providing servi
e to a set of transit nodes linked together by variousdistan
es typi
ally involves �nding the minimum spanning tree that spans the set.However, we 
ould reap some rewards from building �ine�
iently� with additionallinkages between nodes to provide alternate pathways. To draw several analogiesto 
omputer network topologies, let us 
onsider some of the improvements we 
ouldmake by investing in additional 
onne
tivity.Fault Toleran
e: The easiest way to ensure high availability of servi
e during
omponent failures, a

idents, or even routine maintenan
e or upgrades is to simplybuild two of everything. During a failure mode, we simply swit
h to using the ba
kupresour
e, be it a highway lane, se
ond runway, port, et
. Of 
ourse, this approa
h isterribly expensive, doubling your infrastru
ture 
osts simply to go from 99% avail-ability to 99.999999%. But you 
ould get more return on your investment by alsoallowing load balan
ing on the additional assets. The ba
kup resour
es stay a
tive toadd 
apa
ity to your system. During peak periods, you 
ould run twi
e as many 
arswithout violating headways, land or take o� more air
raft, or unload ships in parallel.Failure modes will redu
e system performan
e, but a single failure will not 
ompletelyshut down a

ess to a node or 
onne
ting segment. Of 
ourse, most of the bene�ts24



of load balan
ing only be
ome apparent when your system demand approa
hes the
apa
ity of a single nonredundant resour
e.If we have already 
ommitted ourselves to building twi
e the infrastru
ture tomeet load demands, we might as well 
onsider pla
ing that additional infrastru
turein su
h a way as to provide more bene�ts than we'd have simply by 
onstru
tingtwo 
opies of the minimum spanning tree on top of ea
h other. We 
an a

omplishthis in su
h a way that still preserves some of the redundan
y qualities for faulttoleran
e of the system, while improving 
apa
ity and other performan
e aspe
tssu
h as laten
y. The minimum spanning tree is often full of arborized links, whi
h arevery, well, tree-like. Network bran
hes rea
h out and join together into larger 
ommontrunks. By 
reating more reti
ulated linkages, dire
tly 
onne
ting individual bran
heswithout ne
essarily traversing through a 
ommon tru
k, we 
an form a more denselyinter
onne
ted network that not only has additional 
apa
ity but also has redu
edtransit times between nodes that would have been further apart in the MST network.This 
an redu
e the overall diameter of the network (the maximum distan
e betweenany two nodes in the system).This type of more distributed topology tends to be more de
entralized than theMST, sin
e it spread smaller hubs out throughout the network rather than 
on
en-trating them into a few 
entral superhubs in transit trunk lines. It 
an also be more�exible in terms of providing multiple equal 
ost pathways between pairs of nodes.This 
an make the distributed topology more resilient to failures or outright atta
kson one of its hubs. The more options a vehi
le has for exiting a node to transit to
onne
ting nodes, the more �exibility the system has for routing around failed nodesor segments. This number is 
alled the degree of the node. For example, the stationson a simple rail line would have a degree of 2 - a train in the station 
ould 
ontinuedown the line or go ba
k the way it 
ame (ex
ept for the stations at the end of theline, of 
ourse). Nodes of a square 2D grid network would have a degree of 4, while a25



2D triangular grid would have a degree of 6. Typi
ally, the higher the degree of thenodes in your network, the more likely you 
ould get a more dire
t route from yoursour
e to your destination.A more distributed, heavily reti
ulated mass transit system would have higherservi
e availability, high 
apa
ity, and low laten
y, making it a more viable alternativeto personally owned vehi
les that dominate many metropolitan environments today.4.1.2 Urban Planning & Design AnalysisSeveral initiatives are 
urrently underway to rethink the way metropolitan areas aredesigned. This simulation modeling & analysis framework 
an provide a design plan-ning and evaluation tool to assess several integrated mass transit network topologiesto help identify and a

elerate the worthwhile 
hanges.The use of simulation as a de
ision-support tool 
ould help avoid or at leasttemper some of the larger 
ontroversies over the past 
entury of rapid te
hnologi
al
hange. The history of our infrastru
ture has been peppered with some epi
 andultimately 
ostly battles over di�erent modes of transfer, su
h as the turn of the
entury Edison - Tesla battle to establish AC or DC as the power delivery standard21or the politi
ized �nger pointing over whether GM was duly responsible for taking
ontrol of street
ar operations in the 20s in order to dismantle them in favor of GM-manufa
tured buses.11,29 Having detailed re
ords of the simulations used to providehard data on whi
h broad poli
y de
isions are based 
ould help justify your de
isionlater. With more options pushed by several te
hnology �rms, it should be moreimportant than ever to be able to determine the sele
tion of major wired or wireless
ommuni
ations infrastru
ture or transit modes based on available te
hni
al data,and not on whi
h 
ompany has the best 
onne
tions to the 
ivil servants responsiblefor muni
ipal de
ision making.Ultimately, if this were to evolve into a fully-featured urban simulation tool, it26




ould be used as a rapid prototyping environment for proposals to system 
hangesbig and small. When this fun
tionality matures, a muni
ipality might require asimulation-based analysis to a

ompany any new infrastru
ture proposal as part of agateway approval pro
ess. As standard patterns are built up, the sim framework maymorph into a design tool, replete with a library of open-sour
e blueprints, guidelines,and standards (as well as 
ustomizable se
tions) to that 
an be deployed to a
hieve adevelopment goal. Furthermore, as the pro
ess be
omes automated, it might in
or-porate more dire
t 
ivil input, turning review and evaluation of problem areas andproposals into something of an experiment with alternative dire
t digital demo
ra
ygovernan
e, with whi
h the 
itizens 
an intera
t with as something of a hive mind.Or so goes the vision.4.2 S
ope and Obje
tivesThis thesis is split into three main parts: a de
omposition of a generi
 ar
ology modelmeant for measuring sustainability fa
tors, a brief se
tion on the simulation softwareframework itself, and �nally a des
ription and sample parametri
 analyses of modelsof optimized 
ommuting s
enarios.The ar
ology system model gives us a way to de�ne and partition the problemset in terms of an obje
t-oriented hierar
hy representing national, regional, and lo
alentities. Although not dire
tly used in our simulation, this framework provisions aresour
e demand, tra
king, and ex
hange system that would allow us to 
omparesustainability metri
s su
h as fuel 
onsumed, wastes produ
ed, or even tally needsthat were not met.We use this framework to 
reate a transit-oriented design model of a multimodalmass transit system serving several neighborhood 
lusters. A �exible vehi
le s
heduleoptimization problem provides several possible solutions for shuttling a distributionof passengers from their sour
e stations to their destination stations. By measuring27



the performan
e of these solutions, we aim to determine e�e
tive strategies for e�-
iently transferring people to their destinations in relation to input parameters su
has demand, transit network topology, and the relative size(s) of the vehi
les used inthe �eet.Part IIGeneri
 Ar
ology System ModelAn ar
ology is a 
ombination of ar
hite
ture with e
ology, essentially forming anenvironmentally-friendly (or at least sustainable) human living system well-suited tosystems engineering analysis. This se
tion de�nes and des
ribes a network queuingsimulation model that might be used to perform trade study analysis on su
h asystem. The model allows for stru
tured de
omposition of the human habitat intogroups of subsystems on all s
ale levels that intera
t through the ex
hange of severalresour
e types. The resulting resour
e �ows are quanti�ed into performan
e metri
sused to 
ompare di�erent types of ar
ologies to a
tual living 
onditions. Bottom-up s
enarios of ar
ology models will be 
ompared to top-down s
enarios 
onstru
tedbased on present day statisti
al data. Trade o� studies fo
us on feasibility of 
overagebased on di�ering transportation network topologies. Finally, this se
tion outlines averi�
ation and validation plan for models 
reated using the simulation engine.5 Con
ept Requirements5.1 GoalsOne of the 
hara
teristi
s of systems su
h as 
ities that grew by evolution rather thanby design is that they la
k fundamental poli
ies that drive their design. Components28



of the 
ity usually 
ome about in a rea
tionary manner: �re prote
tion servi
es arebuilt after too many buildings burn down, airports are built to serve 
ities after theyhave already grown too dense to a

ommodate one in a 
entral lo
ation, tap waterdistribution systems are gutted out and repla
ed only after the old ones were tooheavily loaded to be sanitary.Hindsight being 20/20, it is worthwhile to dwell on past mistakes and develop ur-ban planning with a systems engineering pro
ess worthy of supporting a megalopolis.The �rst step is to develop a set of goals and obje
tives that drive the design of the
ity. At �rst glan
e, the goal of a 
ity (at least as envisioned in Maxis's SimCityTM)ought to be to grow and prosper. However, this overlooks the 
ity's primary responsi-bility to ful�ll the needs and look after the well being of its inhabitants. For that, we
an look at it from an individual level on par with the s
ale of Maxis's The SimsTM:Figure 4: The SimsTM Entity Requirements Model1
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The SimsTM o�ers 8 needs for ea
h of their simulated 
hara
ters: �Hunger�,�Energy�, �Comfort�, �Fun�, �Hygiene�, �So
ial�, �Bladder�, and �Room�. This modeltakes an even simpler approa
h:
• Shelter : where people live and sleep (a

ounts for �Energy�, �Comfort�, and�Room� from The SimsTM model)
• Food / Air / Water : the raw materials people need to 
onsume to live, or atleast not starve to death (a

ounts for Hunger)
• Health : maintenan
e fa
tors, su
h as 
leanliness, waste, (a

ounts for Hygieneand Bladder)
• Work : most people need something produ
tive to do when they aren't attendingto their other needs. This 
ould take the form of working for money, or beingedu
ated to in
rease their knowledge bank of information.
• Entertainment : if people aren't doing something produ
tive, they're probablydoing something fun to while away their time (a

ounts for �Fun� and �So
ial�)In order to ful�ll these needs for all of the 
ity's inhabitants e�
iently, what they arereally looking at is developing infrastru
ture to move resour
es around so that ea
hof these needs 
an be 
atered to. This simulation model takes on abstra
t views ofthese resour
es and the transportation networks that move them around.5.2 Obje
tivesSo what should our obje
tives be, if we are to meet our goals, how 
an we forman obje
tive fun
tion for optimization? Of 
ourse, we're talking about multivariateoptimization of multiple goals.
• Continually improve the quality of life for inhabitants30



• A

elerate development of improvements to the body of knowledge
• Maximize produ
tivity, performan
e.
• Optimize resour
e 
onsumption to a
hieve balan
e with inter
hanges with theoutside environment.
• Avoid optimizing the whole at the expense of the few by trampling individualfreedoms. Add stru
ture to the system by providing opportunities and alterna-tives, not imposing restri
tions on who gets to travel and who doesn't.Obviously, we'd need to break down ea
h of these obje
tives into measurable quanti-ties. In order for the simulation model to be e�e
tive, it should be 
apable of assigningmetri
s 
orresponding to these obje
tives, and 
omputing them based on the simu-lation inputs. The simulation inputs and exe
ution will have to su�
iently modelreal life enough to be able to produ
e a valid estimate of these performan
e metri
s.For example, a �quality of life� metri
 might be a 
omposite of several measurableoutputs, in
luding the length of required 
ommutes, the number of times they arehit with a hunger event that 
an't immediately be servi
ed by the resour
e deliverysystem, amount of leisure time a�orded after all of the �required� work is done, et
.5.3 Use Case DiagramsAs des
ribed, the ar
ology use 
ases are simple enough, and represent a few di�erentmodes of operation. The system boundary is provided by the living quarters, whi
h,
ontrary to its name, extends beyond the individual's residen
e and just en
ompassesall the lo
ations where they go about their business. The ar
ology simulation modelwill need to be �exible enough to model these types of a
tivities in order to be usedfor design.The one new a
tivity introdu
ed by this diagram is the �Travel� intera
tion. Asmentioned, not all of these use 
ases o

ur in one lo
ation, so the Travel 
ase takes 
are31



Figure 5: �Live� use 
ase diagram.

of moving the individual from one lo
ation to another. This intera
tion is performedthrough one of the Cargo Transportation Infrastru
ture 
lasses, whi
h will be detailedin the System Stru
ture.
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A
torsIndividual : An inhabitant of the system.Industry : Entity by whi
h the individual is employed.Cargo : Transportation Infrastru
ture responsible for moving people around (as well asresour
es).
Use Cases:Sleep : Everyone needs a pla
e to rest for a signi�
ant portion of the daily 
y
le.Feed : Consumption of food and water resour
es.Maintenan
e : Mis
ellaneous 
leaning tasks, su
h as bathing, brushing teeth, doing laundry,dishes, et
. would be represented here.Work : Work is a transa
tion between and individual and an industry to ex
hange moneyfor produ
tivity. In this 
ase, produ
tivity fuels the rea
tions that the industry performs.Entertain : Entertainment 
an take on several forms, from merely so
ializing with other in-dividuals, engaging in solitary entertainment intera
tions (TV, games), to mass entertainment(theatre, et
.).Travel : An individual is able to travel through the transportation infrastru
ture to 
ommuteto work or to travel to pla
es to ful�ll their other needs, su
h as for food or so
ial intera
tionwith friends.

6 System Stru
tureThe basi
 model 
onsists of an overall pa
kage named GeneralHabitat, whi
h 
ontainsbase 
lasses and three more pa
kages to organize resour
es, rea
tions, and transporta-tion methods.
33



6.1 GeneralHabitat Pa
kageGeneralized resour
e queuing and transportation model of living support systems.A s
enario is required to build up a model of a system by 
reating a hierar
hy of
ells that 
onne
t to ea
h other via transportation network infrastru
tures. These 
ellsthen begin to perform resour
e transa
tions between ea
h other and resour
e rea
tionswithin themselves to simulate the daily operations of the system and observe it fromdi�erent levels of detail, s
aling from the individual to the 
ity to the world. Thetransa
tion approa
h is well suited for implementation in a dis
rete event simulation.Mu
h of the model is stati
, su
h as monetary 
osts for resour
es or the stru
tureof 
ells. This model is not intended to perform dynami
 e
onomi
 simulations or�nd e
ologi
al balan
es between the deaths and birth rates of people or towns; thosefun
tions have been well studied. (That said, the nature of the event-driven simulationframework makes it easy to pat
h in su
h fun
tionality by manipulating variables or
leverly reorganizing the s
enario outside of the simulation.)Instead, this model is merely intended to 
onstru
t an glori�ed spreadsheet usedto perform preliminary design and 
al
ulate rough bene�ts analysis on 
hanges toways of life, quantifying answers to su
h questions as: "how mu
h energy might a
ity save if everyone installed more e�
ient light bulbs?" or "how mu
h time 
an wesave if we staggered a 
ity's work s
hedule to relieve rush hour 
ongestion?"6.2 GeneralClassesThe GeneralClasses obje
t model diagram (Rhapsody's internal name for a UML 
lassdiagram) depi
ts the base simulation 
lasses and generally en
ompasses the entiredesign of the simulation. All obje
t model diagrams following this would a
tually
onstitute s
enario-spe
i�
 use 
ases that highlight the use of the base simulation
lasses. 34



Figure 6: GeneralClasses Obje
t Model Diagram
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Cell : The fundamental unit of stru
ture. Ea
h 
ell represents an identi�able entity,whi
h 
ontains its own 
olle
tion of resour
es. These resour
es 
an be tradedwith other 
ells, or undergo rea
tions within the 
ell to transform groups ofresour
es into other types of resour
es. Generally, there are �ve basi
 typesof 
ells that work together: The entity itself, the entity's environment, theentity's transportation infrastru
ture, and leaf 
ells to represent individuals andindustries. To further 
ompli
ate matters, entities are arranged into hierar
hiesof sub
ells. This allows us to view the system on several levels of detail, fromglobal down to the individual. To do this, we introdu
e the 
onstraint that a
ell's resour
es always equals the sum of the resour
es of all of its 
hild sub
ells.LeafCell : Leaf 
ells are a spe
ial type of 
ell reserved for individuals and industries.These 
annot be subdivided further into sub
ells, and thus la
k an environmentor a transportation infrastru
ture to support those sub
ells.Sub
lasses:CellIndividualIndustryCellHierar
hyWe model the area of interest by breaking it down into a hierar
hy of 
ells and sub
ellsthat work at a di�erent level of detail. There are essentially two types of units, parentnodes and leaf nodes, with the only distin
tion being that leaf nodes do not have anysub
ells. One possible s
heme for de�ning this hierar
hy is presented in the CellTypes
lass diagram. It's important that all of the sub
ells add up exa
tly to form the parent
ell, so in some 
ases, it would be ne
essary to de�ne sub
ells that represent everythingthat might be left over after allo
ation into existing sub
ells. For example, the rural36



areas not part of a 
ity would be lumped into a spe
ial residual "City" sub
ell to bein
luded as part of a "Nation". Similarly, homeless people and vagrants would belumped together into a spe
ial "Household" or "Community" sub
ell to be in
ludedas part of "City" data. This should be an a

eptable pra
ti
e, sin
e these units maytend have similar 
hara
teristi
s.Figure 7: CellTypes Class Diagram
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Classes:World The limits of the size of the system. Of 
ourse, the ar
hite
ture of the modelis left open to envelop interplanetary 
ommer
e between worlds in the distantfuture.Region A geographi
 region would tend to be 
omposed of several nations with a
ommon situation. Of 
ourse, large nations may exist over several regions. Forour purposes, we'll simplify by assuming all nations are smaller than the regionsthey are in.Nation A nation sets the poli
y for international trade and 
ommer
e. Plus, datais often available on the national level for input into the top-down models.City A 
ity would be the highest level of organization represented by an individualar
ology. Several 
ities would be inter
onne
ted to form a nation. One "
ity"
ell unit 
an be put aside to a

ount for all rural areas not in
luded in other
ities.Community Families tend to 
luster into 
ommunities, whi
h in turn form 
ities.Household A household would 
onsist of a family of several individuals living to-gether in one residen
e. A family doesn't ne
essarily in
lude extended family,or pre
lude the existen
e of other arrangements su
h as roommates.Individual A leaf node in the hierar
hy, the Individual 
annot be broken down intoany more sub
omponents (we 
an only hope). Most individuals will also workfor an industry. Individuals are free to move from pla
e to pla
e as part of theirdaily lives. This allows them to 
ommute to work or to visit friends in anotherhousehold and transfer their resour
e 
onsumption to stress the infrastru
ture atother lo
ations. When individuals travel, it puts a strain on the transportationinfrastru
ture. 38



Industry Cities have a spe
ial type of leaf node 
alled Industry, whi
h essentiallyemploy several Individual units to perform 
ertain spe
ialized rea
tions on par-ti
ular resour
es in bulk. Generally, they 
onsume energy resour
es to re�nematerial resour
es.Environment A spe
ial passive 
ell that will always yield any resour
es that it hasand a

ept any waste that is eje
ted into it. Instead of intera
ting with other
ells on the same level, it only intera
ts with sub
ells. So, for example, a nation'sresour
es 
an be split amongst its 
ities, and 
ity level waste gets deposited inthe nation's environment (as opposed to some other nation's environment).TransportationInfrastru
ture A spe
ial 
ell that intera
ts with sub
ells. It rep-resents the 
onne
tive tissue that allows resour
es to transit between sub
ells,and it takes both money and fuel in the pro
ess. Several types of transportationinfrastru
tures 
an be de�ned with di�erent 
hara
teristi
s in terms of resour
eburn rates.Attributes:Maintenan
e Monetary maintenan
e 
ost in
urred to keep this systemup and running per unit 
y
le.TransitCost Monetary 
ost required to move a unit of resour
e throughthis transportation infrastru
ture per unit distan
e.Value Infrastru
ture build value, how mu
h money needs to be investedto put this transportation infrastru
ture in pla
e so it 
an be used.6.3 TransportationThe transportation network serves as 
onne
tive tissue that joins the nodes of thestru
ture together. It is up to the s
enario to de�ne the 
onne
tivity graph, but on
e39



a

omplished this will 
ompute the overhead in terms of resour
e burn to transferindividuals and 
argo through the network.Figure 8: Conne
tiveTissue Class Diagram

Classes:Cargo A generalized form of transportation for passengers and 
argo. Only theseforms of transportation 
an handle material goods and individuals.Attributes:NetworkCapa
ity The number of transport units the transportation in-frastru
ture 
an handle. As network 
apa
ity approa
hes this number,
ongestion e�e
ts set in.numUnits Number of transport units a
tively using the system at anygiven time. When this number nears the NetworkCapa
ity, 
ongestiondelays set in whi
h begin to 
ut into the e�
ien
y of the system.40



AirTransport Expensive but fast, and often must be used in a multimodalfashion, where households must transfer their wares up to the 
ity level�rst before making airhops between 
ities.GroundCargo Well 
onne
ted, rea
hing every lo
ation with road 
overage.Rail High initial infrastru
ture 
osts and not very well 
onne
ted, but fairlye
onomi
al on
e everything is in pla
e.Ship Only a boon to 
ertain 
ities, and requires some 
ontention for port in-frastru
ture.Pipeline Pipeline infrastru
ture is good for transporting �uid 
ommodities, su
h aswater, natural gas, sewage, et
.Wire Distribution system for ele
tri
ity and informationRadio Distribution system for information6.4 Rea
tionsThis pa
kage de�nes rea
tions that 
an o

ur within 
ells to transform one set ofresour
es into another set of resour
es. The de�nition of the rea
tion governs 
hangesto the quantities of inputs and outputs, and balan
es them the same way a 
hemi
alrea
tion would be balan
ed.The i
ons in the top right of some of the 
lasses indi
ate that those 
lasses havea
tivity diagrams asso
iated with them. These diagrams 
an be viewed in the 
or-responding System Behavior se
tion. The spe
i�
 rea
tions on the right inherit thea
tivity diagrams from parent 
lasses, where they 
an be extended. The "Re�ning"
lass appears to have "lost" its a
tivity diagram, though, probably due to a bug inthe way Rhapsody inherits state
harts; it should be possible to �x by deleting the
lass and re
reating it. 41



Figure 9: Rea
tionTypes Class Diagram

This diagram highlights one of the rea
tions in detail. Other rea
tion types wouldlook very similar to this diagram with di�erent 
ombinations of input and outputresour
es.6.5 Resour
esThis pa
kage details the various generalizations of resour
es available in the model.Resour
e A parti
ular resour
e of interest that 
an be 
ontained, traded, or rea
tedwithin 
ells.Money Finan
ial resour
es are often ex
hanged for goods and servi
es, so it's worthtra
king how mu
h ea
h 
ell has on reserve.Information Information 
an also be transferred and a

ounts for edu
ation a
tiv-ities or entertainment. 42



Figure 10: CombustionRea
tion Class Diagram

Fuel The Fuel super
lass generally refers to any resour
e that is useful.Air Rather than get too spe
i�
 in 
hemistry terms, this 
lass represents 
leanuseful air for breathing or to provide oxygen for 
ombustion.Ele
tri
ity Ele
tri
al distribution is one of the oldest networks in the worldand serves as a 
atalyst for many other useful rea
tions, or merely as autility to improve the quality of life.Food Anything people 
an 
onsume.Material Any kind of obje
t or artifa
t that might be transferred. Along withthe mass value inherited from resour
e, material 
an also have a valuedensity, whi
h 
an in
rease with the re�nement rea
tion to represent a lotof what industry does.Petroleum More traditional fuel produ
ts that are not ne
essarily restri
tedto oil or derivatives. Anythings that burns to produ
e energy 
ould bein
luded, su
h as 
oal and wood.Water Clean potable water for drinking or for maintenan
e.Waste Super
lass that represents byprodu
ts that 
ells probably don't want to keeparound, but that need to be tra
ked and disposed of appropriately. Waste43



Figure 11: Resour
esTypes Class Diagram


an still put a load on the transportation infrastru
ture, and require industrialresour
es to treat and re�ne properly.AirPollution Any kind of gaseous waste.Garbage Solid waste produ
ts, mostly dis
arded materials.Heat Otherwise known as entropy, almost every pro
ess surely 
reates wasteheat that needs to be dissipated.Sewage Liquid waste that might be drained through the sewage system.6.6 Transportation Infrastru
ture OverlayDemand ModelAs an exer
ise, let us 
onsider some of the data elements we would want a s
hema toin
lude that would lend themselves to a good s
hedule optimizer. Ea
h of these valuesof interest might need to be expressed and measured in di�erent forms, to indi
ate44



whether their values have been proje
ted from previous data, predi
ted based on 
ur-rent known 
onditions, or are the a
tual measured values after the fa
t. Additionally,proje
tions and predi
tions would want un
ertainties atta
hed to them in order to beof use for 
ontingen
y planning.First o�, we will list out the information a passenger or pie
e of 
argo wishing totraverse the system would want to 
onvey to us. The simplest s
hema would 
onsistof a sour
e lo
ation, a destination, and a desired time of arrival or departure. Butmu
h other information 
ould be 
olle
ted that would be of use:
• Unique identi�er: every database needs to refer to its elements by some uniqueID at some point. Many priva
y rights a
tivists 
ringe every time a systemfor
es them to assume one that is tra
eable ba
k to them. It's beyond the s
opeof this paper to address the requirements of what 
an or 
annot be gleanedor pie
ed together by data mining this information. But su�
e it to say thatpriva
y and se
urity 
on
erns 
ould be met by 
urrently existing en
ryption,digital signature, and authenti
ation te
hnology. As an example, suppose thatafter payment, a unique system identi�er was asso
iated with an en
rypted, one-time signature generated by the passenger's private key. Only that passengerwould be able to de
rypt the digital �ngerprint that asso
iated their personalidentity information with the unique ID stored in the passenger roster. Theywould be able to prove that it was them who generated that unique signatureID at a later time, say, if they needed an alibi. However, government or privateentities that somehow got a hold of the passenger roster wouldn't be able toruns sear
hes, su
h as �give me a list of all the people who traveled to thisshopping mall" or "list all the pla
es John has traveled to lately." For morerestri
tive governments or law enfor
ement / monitoring agen
ies, all or part ofthis data 
ould be exposed through a key es
row system. The point is all of thisframework exists and should be set up from the in
eption of the system, sin
e45



the se
urity and authenti
ation model will likely be deeply ingrained into howthe rest of the software systems operate. The main problem that most priva
yadvo
ates see is that the minimum basi
 anonymity safeguards are simply notbeing deployed into the systems of today.
• S
hedule 
onstraints / �exibility : optimization thrives on having some sla
k or�exibility in its 
onstraints. We 
ould a
hieve more optimal s
hedules if onlypassengers 
ould more adequately express things like:� What range of times 
ould they be expe
ted to arrive at their destination?e.g. Not later than 9:00?� How mu
h extra would they be willing to pay to redu
e their time in tran-sit, say be giving them preferential treatment in the s
hedule optimizationalgorithm? In the same vein, would any of them be interested in payingless to redu
e their "pull" on the s
heduling algorithm, so their s
hedulingmight �ow around "hit
hhiking" e
onomi
ally around the empty seats leftover in s
hedules generated to server passengers paying for higher priorityrouting?� What kind of safety fa
tor or time bu�er are they 
omfortable with? Wouldthey be willing to run through an airport to make a tighter 
onne
tion?
• A

essibility needs : handi
apped passengers 
ould make spe
ial requests tosuit their situation. This 
ould help budget transfer time and resour
es better.For example, instead of equipping all of the vehi
les in a �eet with minimala

essibility features at great expense, a bus system 
ould have 5% of their �eetbe fully equipped and serve handi
apped passengers as their �rst priority.Cargo would have mu
h of the same properties as passengers, perhaps a few moreto en
ode other spe
ial handling instru
tions, hazmat designations, and so forth.46



As 
argo might spend signi�
antly longer stret
hes of time in the system betweenwarehouses and transfer stations, they might have more stringent tra
king and taggingrequirements, as well as more �exibility in routing preferen
es, espe
ially between lowpriority bulk and high priority overnight shipments.Se
urity is an important 
on
ern in a system that 
an be misused for mali
iouspurposes. While we 
ould easily set up dete
tion stations at 
entral transfer nodesto s
reen for explosive and hazardous materials and other 
ontraband, we'd want totake another step to ensure that the sender 
an be tra
ed and held a

ountable forthe 
ontents of a pa
kage. The system should require some form of digital signatureand authenti
ation from the sender in order to enter a pa
kage into the system.Having all this passenger and 
argo data pretty mu
h takes 
are of knowing thetransportation system demand inputs.Route GraphThe next set of standardized data should des
ribe how the transit network itself is setup to handle the demands pla
ed on it. Every transit system 
ould be expressed as anetwork, so we will liberally apply terms from the networking �eld to des
ribe someof these 
on
epts. The �rst assumption we'll have to make is that any transit system
ould be expressed and modeled as a 
olle
tion of nodes and 
onne
tor links. Theymight vary signi�
antly in 
omplexity and level of detail between transit systems, butthey all need to be able to "plug in" to ea
h other for intermodal optimization towork properly.A simple light rail or tram network might 
onsist of a few dozen stations 
onne
tedby a single tra
k. On the other end of the spe
trum, a metropolitan road networkmodeled in detail would have thousands upon thousands of 
onne
tive paths, links toprobably all of the other nodes of transit, relatively few �xed sour
e and destinationnodes, and likely not enough user planning data will ever be made available to predi
t47



tra�
 
ongestion resulting from 
onstru
tion, weather, a

ident, or just plain rushhour delays.In any 
ase, the minimal elements needed to represent this transportation networkwould in
lude:
• A unique node identi�er
• A geographi
 node lo
ation, represented in a standard referen
e frame su
h asthe WGS-84 latitude, longitude, and altitude used by the GPS system.
• A 
onne
tivity matrix, minimally of transit times between node pairs. A spe
ialvalue would indi
ate that 
ertain node pairs (probably most of them) are not
onne
ted at all. This might even be digested from mu
h more 
ompli
atedrouting algorithms, su
h as street navigation systems. The 
onne
tivity matrixwill need adjustments over time, to s
hedule in planned 
losures for mainte-nan
e, or new routes opening up at parti
ular times.
• Bu�er and storage nodes, su
h as maintenan
e bays or taxiway queues. Thesemight have spe
ial properties with regards to what 
an and 
annot take pla
e.Vehi
le ModelIn order to �nally traverse this network, though, a transit system ultimately needssome set of vehi
les (though many parts of a transit network might be represented aswalkways on foot, whi
h we might as well model too in order to help design 
apa
ityfor es
alators, moving walkways, ti
keting and se
urity 
he
kpoints? perhaps even tomake sure hallways and doorways are wide enough to meet 
apa
ity and �re 
odes).Ea
h vehi
le would have asso
iated with it:
• A geographi
 lo
ation within the network, whether it was a geographi
 lo
ationin transit, at or waiting for arrival at a station node, or even o

upying a storageor a maintenan
e bay. 48



• A passenger or 
argo 
apa
ity
• A set of rules governing how fast it 
an navigate its network, how long it takesto load and unload, et
.
• Various maintenan
e details, su
h as fuel supply, 
rew refresh s
hedules, and atleast some indi
ator of the probability that it will rea
h its destination withoutbreaking down along the way or running late for some other reason.The system would need a way to introdu
e its own arbitrarily �xed s
hedule or other
onstraints. This 
ould be required merely as a way to allow lega
y timetable-basedsystems to nominally intera
t with the optimized system. While we 
ould squeeze amore optimal solution by imposing fewer 
onstraints, for various reasons (su
h as la
kof equipage to perform last-minute reroutes), we need some way of 
ommuni
atingand enfor
ing pre-existing s
hedule 
onstraints. In the end, this probably isn't anydi�erent than the me
hanism we'd use for introdu
ing s
heduled maintenan
e stops.Environmental Fa
torsThe last major 
ategory might in
lude "environmental" fa
tors that would a�e
t theperforman
e of the system. These fa
tors 
ould either be predi
ted in advan
e withsome degree of 
ertainty, or suddenly evolving events su
h as a

idents or breakdownsthat require a reformulation of the optimization problem to mitigate.Weather 
onditions 
an have a predi
able e�e
t on a system. Updates on rain orsnowstorms should be able to make their way into the system so it 
an plan on havingsome degree of 
onstrained 
apa
ity in advan
e. Airports 
an plan to shut down fora few hours while "
onve
tive weather 
ells" (thunderstorms) pass by overhead. Asbetter fore
ast data has be
ome available, air tra�
 
ontrol 
enters have a
tuallybeen able to institute ground delay programs for air
raft all the way at their pointsof departure, so they don't end up 
ir
ling in holding patterns near the destination49



airport, waiting for the in
lement weather to abate. Su
h 
ontingen
y planning basedon externally available data 
ould make their way into streamlining other forms oftransportation, albeit less dramati
ally.These types of entries will manifest themselves by time-dependent 
hanges to thenetwork 
onne
tivity matri
es. Ea
h 
ell would have a probable new value for transittime on that link, a

ompanied by probable start and end times of the e�e
t.7 System BehaviorThe simulation model is based on a dis
rete event simulation engine. This means thatstate 
hanges in the system stru
ture are triggered by the �ring of events whi
h o

uralong the global time line queue. The model exe
utes by populating the global timequeue with s
heduled events and �ring those events in order. Every time an event isa
tiviated, the system global time is advan
ed to that time. Any state transitions inthe model that were blo
king on this event are exe
uted so they 
an perform theira
tivities, whi
h often result in the s
heduling of more events in the future. Thus thesimulation perpetuates events and 
ontinues in time until there are no more eventsleft on the simulation queue.7.1 IndividualThe individual transitions from state to state in their daily a
tivities triggered bythese events. A fairly simple s
hedule 
ould be arranged as follows to implement astate
hart representing a typi
al person's day. The state
hart depends on having theright 
ombination of events de�ned and triggered to advan
e the individual throughthe full daily 
y
le.
50



Figure 12: Individual State
hart

7.2 Resour
eEngineEa
h resour
e engine keeps tra
k of the �ow of one resour
e within a 
ell. Thisin
ludes the input of resour
e from the environment, trade of resour
es with other
ells, internal rea
tions that transform resour
es to and from other resour
es, andwaste resour
e output ba
k to the environment.The resour
e engines are initialized to �re push/pull transa
tion events at regularintervals. Pull transa
tions would o�er to ex
hange monetary resour
es for goods andservi
es su
h as food or ele
tri
ity. Push transa
tions relate to the expulsion of waste,51



and would end up in the immediate environment unless pi
ked up by a transportationsystem to take to, say, a waste pro
essing plant (represented by an industry) �rst.evWakeup Event signalling a person to wake up and begin their day.evFeed Event signalling that the person should make an attempt at goingsomewhere to eat.evSleep Event signalling person to go somewhere (preferably home) sothey 
an sleep. Relations:itsResour
e Ea
h Resour
eEngine manages the quantity of one resour
e for ea
hCell unit through transa
tions in/out of the environment, trade with other Cellunits via 
onne
tive transportation 
ells, or internal rea
tions within a Cell.Attributes:Amount Amount of resour
e requested per 
y
le. Type of double, Publi
Interval Time interval between requests. Type of double, Publi
A
tivity DiagramResour
es essentially attempt three types of transa
tions:1. A request for resour
es from its parent 
ell or environment, in 
lient/serverpattern.2. A peer-to-peer trading agreement s
heduled through the s
enario setup.3. A dump of resour
es ba
k to its parent 
ell or environment.Expel Push transa
tion to deposit waste into the waste management infrastru
ture(or the environment). 52



Figure 13: Resour
e Engine State
hart

A
tion State EntryA
tion evExpelResour
e();Out Transition Target: TerminatePull During initial s
enario setup, set a startingA
tion State EntryA
tion evRequestResour
e();Out Transition Target: TradeTrade Transa
tion to ex
hange resour
e with another 
ell on the same level.A
tion State EntryA
tion evEx
hangeResour
e();Out Transition Target: ExpelTerminate Lo
al Termination State7.3 Rea
tionEngineResour
es are required to fuel several rea
tions that o

ur within a 
ell. These re-a
tions are driven by the rea
tionengines asso
iated with a 
ell to 
onsume severalresour
es and turn them into other resour
es and waste.53



Figure 14: Rea
tion Engine State
hart

When enough of the input resour
es be
ome available, the rea
tion event 
an
ommen
e. Otherwise, the rea
tion engine asks the resour
e engine to request therequired resour
es through pull transa
tions.Several rea
tion types are available, but the assigment and s
heduling of rea
tionevents is up to the s
enario builder.
Sub
lasses:CombustionConsumptionDisposalRe�ningUtilizationWaitForTrigger : Poll input resour
es to see if there are enough raw materialsready to undergo the rea
tion.A
tion State EntryA
tion 
he
kResour
es();54



Out Transition Condition Conne
tor Bran
hes:Su�
ientResour
es() Target: Exe
uteRea
tionInsu�
ientResour
es() Target: Rea
tionFailRea
tionFail Re
ord an appropriate penalty for a failed rea
tion. If no penaltya
tion is de�ned, then the failure is merely re
orded. These failures 
ould thenlead to a detra
tion in the quality of life output metri
.A
tion State EntryA
tion Rea
tionFailed();Out Transition Target: TerminateExe
uteRea
tion Redu
e input quantities and in
rease output quantities in theratio de�ned in this rea
tion.A
tion State EntryA
tion Exe
uteRea
tion();Out Transition Target: TerminateTerminate Lo
al Termination StateInputResour
es Proxy to Rea
tionEngine that requests or 
olle
ts resour
es avail-able within the 
ell.OutputResour
es Proxy to Resour
eEngine that in
reases asso
iated output re-sour
es upon su

essful rea
tions.8 System Requirements Allo
ationAs with everything else in this design do
ument, a distin
tion must be made betweenrequirements for the ar
ology and requirements spe
i�
 to the ar
ology simulationmodel (the a
tual system of interest). The ability for the simulation to su

essfullymodel the ful�llment of fundamental ar
ology requirements is in itself a requirement.55



The simulation tool should be able to quantify estimates for real life o

urren
es.One of the odd requirements for this system is to provide spe
ial failure 
ases in theevent that all of an individual's use 
ases 
annot be met. While the 
onsequen
esfor failure to ful�ll a need (su
h as starvation, homelessness, or si
kness do to poorhygiene all very real-world problems) does not ne
essarily have to be simulated toa
hieve its purpose in the system, failures do need to be noted and be
ome part ofthe output of the system. It is of interest to note that failure is an option, and mustbe properly a

ounted for as part of the normal operation of the system.We present separate requirements for the ar
ology and the simulation model.The simulation requirements are driven by the ability to model intera
tions betweenelements that a�e
t the ar
ology requirements, so they may be seen as further derived.
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8.1 Ar
ology Primitive Requirements1. Attend to basi
 o

upant needs de�ned in the Individual use 
ases des
ribed inLive.(a) 1.1.Provisions (Feed)i. 1.1.1.Foodii. 1.1.2.Wateriii. 1.1.3.Other 
onsumables (vitamins, nutrients, et
.)(b) 1.2.Indire
t assets & qualitiesi. 1.2.1.Shelter, se
urity (Sleep)ii. 1.2.2.Health, hygiene maintenan
e not 
overed by (Maintenan
e)A. 1.2.2.1.Waste removal2. Self-su�
ien
y & sustainability (Work)(a) 2.1.Extra
t required resour
es from environment(b) 2.2.Extra
t labor from o

upants3. Improve quality of life for o

upants (Entertain)(a) 3.1.Edu
ation(b) 3.2.Entertainment(
) 3.3.So
ial intera
tion
57



8.2 Ar
ology Derived Requirements1. Transformations of resour
es(a) 1.1.Fuel to Waste - byprodu
ts of Ar
ology Requirements(b) 1.2.Constru
tion / de
onstru
tion me
hanism - resulting from2. A

ounting & transportation me
hanism for resour
es(a) 2.1.Solid - Ar
ology Requirements(b) 2.2.Liquid - Ar
ology Requirements(
) 2.3.Gaseous - Ar
ology Requirements(d) 2.4.Information - Ar
ology Requirements ,(e) 2.5.Monetary 
redits - intermediary between ex
hanges and transforma-tions.3. Transportation me
hanism for resour
es & o

upants in order to satisfy all ofthe above (Travel)
8.3 Ar
ology Spe
i�
ations8.3.1 Spe
s for Ar
ology Primitive Requirements1. Attend to basi
 o

upant needs de�ned in the Individual use 
ases des
ribed inLive.(a) 1.1.Provisionsi. 1.1.1.Food : > 1.77 kg per diemii. 1.1.2.Water : > 2.3 kg per diem58



iii. 1.1.3.Other 
onsumables (vitamins, nutrients, et
.)(b) 1.2.Indire
t assets & qualitiesi. 1.2.1.Shelter, se
urity : distribution of 5 - 10 hours of sleep, personalliving quarters with > 37 m2 of personal living spa
e.ii. 1.2.2.Health, hygiene maintenan
e not 
overed by (1.a), e.g. timelydelivery of emergen
y supplies & servi
es.A. 1.2.2.1.Waste removal - roughly equivalent to total of Provisions.2. Self-su�
ien
y & sustainability(a) 2.1.Extra
t required resour
es from environment - varies, should balan
ewith environmental produ
tion rates, if known.(b) 2.2.Extra
t labor from o

upants - a distribution of around 1/3 of the daily
y
le. Provide > 19 m2 of work spa
e.3. Improve quality of life for o

upants : maintain or in
rease amount of leftovertime dedi
ated to the following:(a) 3.1.Edu
ation(b) 3.2.Entertainment(
) 3.3.So
ial intera
tion8.3.2 Spe
s for Ar
ology Derived Requirements1. Transformations of resour
es(a) 1.1.Fuel to Waste - roughly 1 to 1 
onversion fa
tor by mass.(b) 1.2.Constru
tion / de
onstru
tion me
hanism
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2. A

ounting & transportation me
hanism for resour
es - Conversion, 
reation,
onsumption of ea
h 
lass of resour
e.3. Transportation me
hanism for resour
es & o

upants(a) 3.1.Quantify measures of e�e
tiveness - 
ost, laten
y, throughput, e�
ien
y9 Measures of E�e
tiveness9.1 Design De
ision VariablesIn general, the 
omplete 
ity system 
an only improve properly if we 
hoose theright performan
e metri
s to judge it by. An optimization fun
tion that optimizesthe wrong metri
 will 
ertainly 
ut you short of ful�lling your goals. For a 
ity, themetri
s we would want to tra
k in
lude:
• Resour
e produ
tion / 
onsumption ratio per 
ell. An e�e
tive system wouldneed to be e�
ient at doing a lot with the resour
es it has available to 
onsume.The emphasis should not be merely on stinginess with resour
es, be
ause that
an only 
ause stagnation.
• Transportation overhead - Establish metri
s to tra
k the ratio of resour
es spenton the 
onne
tive infrastru
ture 
ompared to the nodes and a
tivities it a
tuallysupports. Of 
ourse, this also needs to be balan
ed with the need for growthand inter
onne
tivity, so it should be 
onsidered se
ondary to produ
tivity.
• Sustainability - The environment is usually the �rst to give resour
es or absorbwaste when they are not servi
eable elsewhere. However, it is often not wellknown what the 
apa
ity of the environment to perform restorative rea
tionson waste resour
es to turn them ba
k into useful resour
es. The burden should60



be pla
ed on the industries who exer
ise the environment the most to provewhat its 
apa
ity is, and to a
hieve a suitable equilibrium.
• Quality of life - This 
an be measured by tra
king the rate of failed rea
tionss
heduled by the population to maintain their desired standard of living. Of
ourse, this is dependent upon how high that initial standard is set. The onlyquali�
ation for this model is to attempt to keep the quality from droppingbelow former levels.Transportation System Preliminary Design Input ParametersDe�ne a distribution system topology. All nodes will be fully 
onne
ted, but havedi�erent hub/node size ratio. What 
hara
terizes the di�eren
e between hubs andordinary nodes? Hubs will have higher transit demand levels as well as larger through-put limitations.Number of people per node ratio. For the same total population, is it better tohave them distributed a
ross several nodes, or o

upy relatively few. This will likelybe dependent on throughput limitations.Population / number of transport vehi
le ratio. For the same total population, isit better to have fewer vehi
les working 
omplex routes, or many vehi
les working inparallel?To quantify the tradeo� between the urban system's stru
ture, behavior, and per-forman
e, we turn to simulation to help generate some data involving the parametersof interest.
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Part IIISimulation Framework10 Systems Engineering Design10.1 Use CasesUse 
ases for the simulation model:
• Set up a modeling s
enario using input data.� Build bottom-up s
enario: Sin
e the ar
ology is designed from the ground-up, starting at the individual level, the stru
ture of our model would allowsus to 
al
ulate the aggregate performan
e at higher levels of organization,su
h as a the 
ity and national level.

∗ De�ne # of simulation units, 
onne
tivity between units, s
hedule oftransa
tion events, s
hedule of rea
tion events, initial 
onditions.
∗ Output aggregate performan
e for groups of units.� Build top-down s
enario: The present day s
enario is built in a top-downfashion from various data sour
es. Statisti
s are only tra
ked from rela-tively high levels on the organizational hierar
hy, so we must extrapolatesome data to �ow down to �ll the detailed sub
ells of the stru
ture.
∗ De�ne high-level 
onsumption rates for groups (using publi
ly tra
ked& available data), provide distribution histograms for ea
h type ofresour
e & transa
tion rates for ea
h subunit.
∗ Output unit-level quality of life, performan
e.

• Exe
ution of simulation model to produ
e output data.62



• Postpro
essing & analysis of output data into performan
e metri
s.
• Design-of-Experiments method of parametri
 analysis for solution spa
e explo-ration & optimization.10.2 Operational Con
eptThe simulation basi
ally boils down to an a

ounting of 
onversion and transa
tionevents that move resour
es between themselves and their environment. Therefore,most of the 
oding involves making and managing 
ontainer obje
ts. Building fromthe ground up, here's the implementation plan:1. Resour
e 
ontainers are the most elementary 
lass. They merely have to 
hoosean identity, and store a number representing how mu
h of this resour
e theowning obje
t has pooled together. It needs getter and setter fun
tions, anda master di
tionary for looking up other useful properties asso
iated with thattype of resour
e (su
h as density, , market value, et
.) that might be used forvarious other 
al
ulations. Money and information are 
onsidered resour
es aswell for tra
king purposes, but they basi
ally 
onstitute an "a
tivation energy"for a rea
tion or transa
tion to pro
eed, so are treated somewhat di�erently.2. Rea
tors 
ome in various forms and are intended to provide balan
ed 
onversionsfrom one set of resour
es to others (often waste).3. Cell obje
ts are the hierar
hi
al units. These will be the most 
omplex but mostuseful 
lass used in the simulation. They ea
h 
an 
ontain some 
ombinationof:(a) resour
es(b) rea
tors for 
onverting internal resour
es from one to another63



(
) bu�ers and 
onstraints on the amount of resour
es they 
an hold beforehaving to push them elsewhere(d) parent, 
hild, and peer 
ells with whi
h to intera
t, su
h as by s
hedulingtransa
tions and reporting metri
s up and down their 
hain of 
ommand.(e) internal agendas used to s
hedule rea
tion and transa
tion events.4. Conne
tive meshes de�ne whi
h 
ells 
an a
tually intera
t with ea
h other,representing the fun
tion and 
apa
ity 
onstraints of various transport networksthat move resour
es between the 
ells in the system. They 
an exa
t a 
ost (interms of money transa
tions and resour
es 
onsumed.5. The instantiation framework is what reads the s
enario �le and begins to 
reate
ell obje
ts and set up the simulation. This is where a modeling language would
ome in.6. A reporting engine 
olle
ts data from the simulation at desired intervals andneeds to be programmed to extra
t useful data and analyses from the simulation.What potential uses 
ould this transportation network simulation have? The typesof problems I hope it will be useful for is demand generation. Di�erent types oftransportation infrastru
tures 
ould be evaluated against ea
h other to determine howwell they meet that demand. Many existing transportation optimization problemsta
kle ways to in
rease throughput or 
apa
ity. But the task of urban planningshould fo
us more on minimizing demand in addition to maximizing 
apa
ity. Forexample, instituting staggered work hours or tele
ommuting programs 
an relievepeak rush hour tra�
 
ongestion without spending a fortune widening highways andbuilding additional infrastru
ture just to handle a few hours of peak usage a week.It would be ni
e to know how mu
h in
entives to provide to en
ourage employers toimplement �exible work hours, or how mu
h to invest in tele
ommuting infrastru
ture64



(su
h as muni
ipal broadband) in order to provide produ
tivity bene�ts similar tosimply adding highway lanes or additional thoroughfares.Also, by simulating demand, we 
an 
reate a transportation system that is moresensitive to individual needs rather than the aggregate �ow of travelers. This wouldallow us to 
reate s
hedules around the traveler's itinerary rather than for
ing thetraveler to always plan around �xed train, bus, ferry, and air
raft timetables. Forinstan
e, if everyone starts work exa
tly at 8:30, but buses only run hourly on thehour to that parti
ular stop, then the extra half hour everyone spends waiting perday essentially 
ounts as extra 
ommuting time in their books, even though the busoperators might only measure the time the passenger spends sitting on the bus andperhaps waiting for known 
onne
tions.An advan
ed busing system that dynami
ally generates routes and s
hedules basedon individual sour
e and destination requests from ea
h passenger 
ould a
hieve ef-�
ien
ies and meet 
ustomer requirements far better than what we have today, and
ould make publi
 transportation more attra
tive to people who drive their own ve-hi
les in order to maintain that degree of �exibility. During peak 
ommuting hours,this has the potential to redu
e individual 
ommute times, as buses 
ould be s
hed-uled more like express routes and �ll up at one lo
ation and pro
eed dire
tly to stopsat a 
ommon destination with minimal stops or transfers or jaunts down ba
k roadsalong the way. During o�-peak hours, buses would not run nearly empty along thesame routes with very low frequen
y, but would run on demand, 
utting down waittimes and making them a more 
onvenient option for midday or late night errands.An e�e
tive publi
 transportation system should make a metropolitan area "smaller",where ea
h of its distri
ts are easily a

essible for 
onne
ting pla
es where people live,work, and go for ne
essary errands and entertainment. Under the 
urrent hub andspoke paradigm, unless your sour
e and destinations are near hubs or just down thestreet, travel on the system through two hubs 
an take up a signi�
ant portion of65



time. This time would typi
ally 
onsist of at least 5-10 minutes of waiting for ea
h
onne
tion and perhaps 10-20 minutes riding ea
h segment; the result being thatdriving independently in one's own 
ar would take between half or even a quarter ofthe time that the trip would take on publi
 transit, even with tra�
. For 
ommuters,this time savings doubles, so it is of little surprise that most 
ommuters prefer tospend the extra gas, auto maintenan
e, and toil to gain 1-2 hours of family time athome a day. Publi
 transportation systems 
ould still use a lot of improvement tomake mass transit desirable over driving, rather than just an alternative to drivingthat merely relieves 
ongestion on the roadways so that other drivers end up with abetter tra�
 experien
e.10.2.1 Performan
e Metri
sWhat de�nes a good inter-modal transit system? The 
on�i
ting goals might be
hara
terized as: speed, response, 
overage, and e�
ien
y.
• "Speed" refers to how fast the transit system 
an get a passenger or 
argo itemfrom point A to point B. Unfortunately, this does not depend entirely on the
ruise speed of the vehi
le alone, but also time spent making transfers andadditional preparations (su
h as passenger 
he
k-in and luggage s
reening atairports)
• "Response" refers to the frequen
y of servi
e, parti
ularly how well it mat
hesand meets demand. Extra time that people have to wait at their sour
e ordestination should be 
ounted against the system. . . though this is almostalways overlooked in transit performan
e metri
s today. The data just isn'tavailable, or people have relegated themselves to adjust their s
hedules aroundthe system's timetables. This "response" metri
 will usually be at odds withe�
ien
y due to e
onomies of s
ale, sin
e making passengers wait longer timesbetween pi
kups 
an 
luster them into larger groups.66



• "Coverage" refers to how well the transit system 
overs the servi
e area, whi
hshould in
lude how far people have to walk from their doorstop to enter thesystem. Broad 
overage is more di�
ult to a
hieve for a mass transit system,espe
ially as population density de
reases and residen
es and businesses aremore spread apart.
• "E�
ien
y" might refer to two terms: that in terms of frugal monetary spendingon operating 
osts and �xed infrastru
ture investments, as well as in terms of
onservation of fuel and resour
e utilization. E�
ien
y pretty mu
h always
ounterbalan
es against ea
h of the three other goals, so we often must expresshow mu
h extra money or fuel we are willing to expend for whatever modestgains in speed, response, or 
overage.10.2.2 Comparison Framework for Multiple Urban System ModelsSo what 
an we do on
e we have a 
oupled system of transit networks, a simulation ofthat system, and an optimization framework that 
an set up s
hedules for the simula-tion (or the a
tual system) to evaluate? We 
an set up a new, iterative optimization �this time of the a
tual system 
on�gurations and not just one s
hedule. This will helpus evaluate urban design and infrastru
ture in ways that should help drive progresstowards e�
ient and sustainable so
ieties that serve the people who live in them.We 
an propose a new 
onstru
tion or infrastru
ture proje
t, show its bene�ts in asimulated model, and later validate those bene�ts using data 
olle
ted from the realsystem. Competing models for improvements might even have the 
han
e to provideben
hmarks using the same methodology.The ability to 
ompare several optimization 
omponents, several system stru
-tures, di�erent modeling methodologies, all using the same data inter
hange formatto fa
ilitate dire
t 
omparisons between both real and simulated evolution of the s
e-narios, allows us to take a systemati
, obje
tive approa
h to ta
kling urban improve-67



ment proje
ts. Adapting su
h a simulated and real system performan
e 
omparisonframework will allow us to have more 
omplete impa
t assessments by making sureevery study or proposal is analyzed 
onsistently, using the same inputs, and doesn'tsweep away or ignore unwanted side e�e
ts and 
onsequen
es. Urban planners 
oulduse these studies to provide ammunition for driving 
hanges toward the way theyenvision their 
ommunities. An intensi�ed fo
us on operational e�
ien
y and 
ontin-uous improvement driven by pervasive measurement and analysis will lead towards aleaner, sustainable so
iety where we 
ould dire
t a higher ratio of resour
es towardsforward progress instead of mere subsisten
e.The simulation uses some psuedorandom distributions to initialize demand 
urves.In order for our simulation runs to maintain repeatability, ea
h of the s
enarios in
ludean initial random seed. A simulation run with the same seed will always generate thesame random variables. Conversely, we 
an also vary the initial random seed a
rossseveral runs of the same s
enario in order to do Monte Carlo type simulations thatgives us a proper distribution of output metri
s as well.The use of randomized initial distributions has another useful feature, in that itprevents the optimization problem from be
oming too symmetri
. Too mu
h sym-metry would result in multiple equal-
ost bran
hes to sear
h exhaustively. So addinga tou
h of entropy to the our system allows our MIP solver to 
onverge on a bettersolution slightly faster.10.2.3 Multiple S
hedule Optimization Algorithm 
omparisonThe main way we'll be able to improve e�
ien
y (aside from simply improving fuele�
ien
y) would be to use existing resour
es smarter through extensive use of opti-mization. With enough planning and foresight, optimal s
heduling is straightforwardto perform. However, things never quite go as planned, due to a variety of unpre-di
table fa
tors su
h as weather and a

idents and just plain last-minute 
hanges in68



s
hedules. In order for the optimal plan to be of mu
h use, we ought to 
ontinually
olle
t enough data in real-time to monitor and reevaluate s
hedules as able. Thisrequires that we have a 
ommuni
ations system in pla
e that allows us to poll thestatus of our 
argo, passengers, and transportation vehi
les. Equipage for this type ofsystem would have been 
ost prohibitive in the not-too-distant past, but now that ge-olo
ation devi
es, mobile 
omputing, wireless networking, and 
ellular data networkba
kbones have be
ome nearly ubiquitous, we'd be silly to not put all this 
apabilityto good use.So instead of having �xed timetables lo
ked down and set weeks, months, or evenyears in advan
ed, based only on proje
tions from previous observations of seasonal,aggregate �ows of the past, and barely ever followed to the minute, we 
ould performs
hedule optimization on a
tual data. This data would fa
tor in individual requestsfrom ea
h 
ustomer, in
luding their destination and s
hedule 
onstraints (or betteryet, their s
hedule �exibility). Vehi
les 
ould report their 
urrent lo
ation and status,meaning they'll always be right on time - espe
ially sin
e they 
ould report theirarrival time themselves. Monitoring and reporting of deteriorating road or weather
onditions 
ould automati
ally update the s
hedules of every vehi
le in the networkto a

ount for and mitigate the e�e
ts of new delays.We live in an un
ertain world. How will the system deal with un
ertainty andunexpe
ted events in s
hedules? Probability should be built in to the optimizationproblem formulation, and one of the goals of the optimizer might be to minimizethe impa
t of unfavorable (but probable) events. Analysis of histori
al re
ords 
angenerate performan
e metri
 asso
iated with ea
h vehi
le, route, weather predi
tion,et
. A useful way of representing on-time performan
e probabilisti
ally is to re
on-stru
t the data from the 
umulative distribution fun
tion (CDF) asso
iated with thepredi
tion as shown in �gure 15. This would work mu
h better than simply providingmeans and standard deviations, sin
e most transit data is so skewed towards being69



Figure 15: Cumulative Distribution Fun
tion of Vehi
le Arrival Times
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buffer considered
"on-time"late than being early. It's mu
h easier to break down and be several hours late, thanto speed a
ross a transportation link in re
ord time. The CDF 
an be quantized toredu
e 
omputational 
omplexity, at the 
ost of adding larger 
onservative wait timebu�ers between 
onne
tions.While this type of data will be monitored and 
olle
ted, only the late arrival 
uto�tail will impa
t the s
heduler and trigger a new optimization run to take 
are of thepassengers or vehi
les that would have missed their transfer.We're primarily interested in what time the vast majority of the vehi
les willarrive, as well as what hopefully small per
entage are beset by s
hedule-impa
tingdelays. There's no �xed "magi
 per
entile" that would determine how mu
h extrabu�er time to s
hedule to make sure everyone makes their 
onne
tions. This willlikely be set arbitrarily at the beginning, as all of these fa
tors 
ontribute to an overall"
on�den
e in planned s
hedule volatility" metri
 (maybe more easily expressed as anopposing "s
hedule stability" metri
). With the optimizer system, we 
an re
omputenew s
hedules whenever an unexpe
ted event 
omes up - su
h as when a vehi
le70



is delayed enough to fall on the tail end of the CDF and it misses its 
onne
tion.The optimizer 
an take that new information into a

ount and simply 
reate a news
hedule based on these existing 
onditions - whi
h will likely result in diverting othervehi
les over to take 
are of the late straggling passengers. So the risk analysis thatdetermines how aggressively to s
hedule extra bu�ers into the system would dependon how mu
h impa
t a s
hedule re
overy plan would have. Planning in large bu�ersto redu
e risk likelihood means extra wait time for passengers and more idle time forvehi
les in order to ensure that the s
hedule stays stable. The ability to drasti
allyredu
e these bu�ers means the whole system 
ould run at a faster pa
e. If the 
ostof re
overing from missed 
onne
tions is low - say to 
at
h a subway train that runsevery 5 minutes - then the s
heduler 
an 
omfortably deal with smaller bu�ers andhigher s
hedule volatility risk. In the 
ase of an airplane network where �ights runbetween 
ities maybe on
e or twi
e a day, a missed 
onne
tion would mean puttingpeople up in hotels or 
hartering additional make-up �ights. In this 
ase, in
reaseds
hedule awareness 
an also help by �guring out the total impa
t on whether it's evenworth holding �ights for late
omers to make their 
onne
tions.So in addition to the overall transit system performan
e optimization goals wedis
ussed in se
tion 10.2.1, we also want to introdu
e some pra
ti
al optimizationgoals that will help the s
heduler intelligently 
reate and maintain bu�ers to dealwith un
ertainty. Now, how to formulate and 
omputer this enhan
ement is beyondme, sin
e it would likely require the optimizer to do risk-impa
t assessments on every
ombination of missed 
onne
tion. But that's no reason to shirk away from providingthe ne
essary information about on-time performan
e in the data proto
ol now, sothat future generations of engineers 
ould ta
kle it.The �nal 
ategory of optimization 
onstraints would 
ome from the operators ofthe various transit networks. This would allow them to add 
rew and maintenan
es
hedules, su
h that they 
an pi
k up and drop o� drivers, pilots, and other sta� at71




ertain lo
ations, or make sure that a vehi
le ends up in a 
ertain maintenan
e bayevery so often for refueling and servi
e.These 
onstraints are typi
ally easy to add without a lot of heartburn, sin
e theytend to help redu
e the number of bran
h and bound paths that a mixed integerprogramming optimizer needs to sear
h through to 
onverge on a solution - at leastas long as the solution remains feasible. The 
hallenge 
omes in that expressing these
onstraints should be the job of the separate transit network organizations, and theabstra
t proto
ols needed to express these 
onstraints would likely require extensiveknowledge of how the global optimization problem is formulated and solved. It isundesirable to have this information format 
oupled too 
losely to the formulation,sin
e it will make it more di�
ult to 
hange and upgrade the optimization enginein the future. We don't want to for
e everyone to have to radi
ally 
hange their
ode at the same time throughout the system every time we want to introdu
e anin
remental upgrade. We also don't want the entire systems upgrade to fail be
auseof one or two late development e�orts. We want enough abstra
tion built in so thatthey might make 
hanges at their own pa
e to take advantage of new s
hedulingand optimization features and 
apabilities. Their abstra
t representation of their
onstraints needs the ability to 
ompile itself so it 
an be applied to both the old andthe new versions of the optimization formulation.Unfortunately, I'm not able to 
ome up with a language abstra
t enough thatwould allow the businesses to express what maintenan
e needs a generi
 optimizermust meet, without 
heating and taking advantage of intimate knowledge of theformulation and the meaning of its various variables. A sophisti
ated abstra
tionlanguage pro
essor would have to take the expression and transform them into equa-tions that relate parti
ular variables to ea
h other or to newly introdu
ed variables.This pro
essor would likely be nontrivial to implement and be prone to unexpe
tedbehaviors and errors. So a more pra
ti
al way to handle 
rew and vehi
le maintenan
e72



s
hedules would have the operators 
ompute maintenan
e s
hedules separately fromthe main globally optimized s
hedule, and insert them as �xed 
onstraints using thelega
y s
heduling interfa
e. The end result of performing iterations of this would notbe as optimal as if the global optimizer took maintenan
e into a

ount. But at leastit starts 
lose to an optimal solution, and provides our ne
essary layer of abstra
tion.The iterations would pro
eed something like:1. Transit network operator would provide the number and 
urrent lo
ations ofavailable vehi
les at the beginning of the day2. The global optimizer takes the 
ustomer demands and those initial 
onditions,and furnishes the s
hedule desired of that transit system.3. The operators manually (or semi-heuristi
ally) tweak the s
hedule to ensurethat parti
ular vehi
les end up in nearby maintenan
e bays when they're due.These get fed ba
k into the global optimization as 
onstraints.4. The global optimizer �nd a new solution taking these new 
onstraints intoa

ount, �lling in new gaps in the s
hedule and hopefully not straying too farfrom the original optimal obje
tive fun
tion result.This would let us 
onverge on a solution set somewhat near the optimal one thattakes maintenan
e fa
tors into a

ount without tying down the programming to aparti
ular implementation of the optimizer.A global optimizer that did in
lude operator goals and s
heduling 
onstraintsisn't out of the realm of possibility, however. Additional 
omplexity 
ould be addedby allowing these third parties to add their own set of 
onstraint statements, evenweighted obje
tive fun
tions. Some dis
ipline would still be needed to keep the systemstable. In the original form, the problem is formulated in advan
e, and the dataprovided by passengers and s
hedules add 
onstraints in a 
onsistent manner - the73



worst thing we should need to worry about are infeasible solutions. However, byallowing third parties deeper 
ontrol of obje
tive fun
tions and 
onstraint statements,we're exposing the system to a host of potential problems and vulnerabilities:
• Malformed or even mali
ious statements 
an make the problem intra
table.There may be ways to identify some o�ending statements and automati
allydete
t and �ag them to somehow alert or even �lter them out of the 
al
ulations- but the latter approa
h 
ould likely 
reate unpredi
table results.
• We'd need ownership and permissions on variables to separate the 
omponentsprovided by di�erent parties. This would ensure that operators don't introdu
e
onstraints that 
ould penalize their 
ompetitors.
• Many 
ompanies pride themselves on their own optimization 
apabilities. Wemay need a me
hanism to prote
t proprietary information about their mode ofoperation revealed in their 
ontributed 
ode statements. We 
ould allow themto submit "bla
k box" modules that manage to intera
t properly with the restof the global optimization. An alternative method may be to partition theproblem su
h that they're entirely responsible for optimizing their segment ofthe global 
al
ulation, intera
ting with the rest of the system through the inputand output proto
ols.Hopefully these reasons (and probably others) have helped to arti
ulate why I haven'taddressed these issues in the 
urrent in
arnation of this thesis. But this might be thebeginning of an outline to ta
kle these 
onsiderations in the future.10.2.4 Model Validation against A
tual SystemUltimately we would want to 
alibrate our simulation against an a
tual transit sys-tem modeled by it. Due to the dis
rete timestep nature of our s
hedule optimizationmodel, the simulation would only be 
apable of providing an approximation of the74



live system performan
e. However, if the live system uses the same s
hedule opti-mization algorithm used in our simulation, we wouldn't expe
t simulated versus liveperforman
e to di�er appre
iably unless passengers miss 
onne
tions. The simulation
urrently does not model these types of unexpe
ted events, but adding su
h proba-bilisti
 failures to the sim shouldn't pose mu
h of a 
hallenge. The 
hallenge lies in
alibrating those probabilities against those that might o

ur in the live system dueto fa
tors dis
ussed in se
tion 10.2.3.10.2.5 Intentional data inter
hangeFIXME: Publish / Subs
ribe plan intera
tion
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10.3 Simulation Requirements1. Insert s
enarios as inputs(a) 1.1.Numbers of units involved (people, transportation me
hanisms, indus-trial entities, et
.)(b) 1.2.Available resour
es from environment, initial 
onditions(
) 1.3.Resour
e 
onversion rates, s
hedules, fun
tions2. Simulation exe
ution - model resour
e 
onsumption/produ
tion rates, providingestimates on a
tual performan
e (pending validation of model)3. Output metri
s de�ned and 
al
ulated(a) 3.1.Qualitative measures of performan
e(b) 3.2.Quantitative measures of performan
e(
) 3.3.Allow possibility for formulating optimization problems to aid in ben-e�ts analysis & de
ision-making in ar
ology design.4. Signi�
ant events (to be de�ned by modeling use 
ase s
enario 
ase studies)should be modelable by s
enario ar
hite
ture - important a
tivities that haveimpa
t on performan
e measures should not be ignored. Should provide at leastapproximate methods of simulating e�e
ts that are di�
ult to model.5. Spe
i�
ation of a

ura
y in estimates & predi
tions. (Goal of ~20%)
10.4 Spe
s for SimulationThese mostly deal with measures ne
essary to 
reate hardware and programminge�
ien
y requirements for su

essful exe
ution, and have little else to do with the76



planning or setup of the model. Therefore, we won't dwell too mu
h on these, butprovide a pla
eholder for lower-level spe
i�
ation by software engineers.1. Ability to model baseline s
enario on the order of magnitude of ∼ 10
10 unitspro
essing a 24 hour period of events on 
urrently available 
omputer hardware.2. Attain a reasonable exe
ution time of less than 10 hours to pro
ess the s
heduledevent queue su
h that the baseline s
enario, assuming ~100 events per unitduring the 24 hour period.3. A
hieve real time or faster simulation speed of the baseline s
enario.11 Implementation Notes11.1 UML Diagram ToolsThe approa
h for this proje
t began using Ilogix Rhapsody R© in C++ DevelopmentEdition to 
onstru
t UML diagrams of the Ar
ology model. Work pro
eeds underthe expe
tation that the 
ode generation fa
ilities of Rhapsody 
ould be used toembed C++ sour
e 
ode in the framework to 
ompile and run a working exe
utableas part of the Systems Modeling and Analysis 
ourse in the future. As an addedbene�t, Rhapsody also provides do
umentation generation of the model in ri
h textformat. This proje
t do
umentation is interspersed into this report with appropriate
ommentary and then exported to html.One of the side e�e
ts of using Rhapsody in
lude some subtle di�eren
es in naming
onventions, presumably used to simplify the merging of the standard OMG UMLspe
i�
ation with the pra
ti
al realities of software engineering frameworks. Notably,Rhapsody uses "Obje
t Model Diagrams" in pla
e of both "Class Diagrams" and"Instan
e Diagrams". Sin
e this proje
t deals with abstra
t models, we will almostalways be referring to 
lass diagrams ex
ept when dealing with a
tual s
enarios.77



More re
ent diagrams 
overing the design of the simulation framework itself weredone using the Umbrello UML diagram tool. While its 
ode generation 
apabilitiesare nowhere as strong as that of the 
ommer
ial tools, it 
an generate stubs forseveral languages, in
luding the XML S
hema that will be used for 
ross-
omponentdata inter
hange dis
ussed below.11.2 Data Inter
hange S
hemaIn order to operate in an inter-modal fashion, however, di�erent segments of bus, rail,and even taxi and air
raft platforms must be able to ex
hange data with ea
h otherin order to feed the formulation of the global optimization problem. This also needsto interoperate between multiple jurisdi
tions and 
arriers, who will still want 
ontrolover their own vehi
le resour
es.What kind of features would su
h a s
hedule 
ollaboration system need to makea diverse set of platforms interoperate? First of all, we need to de�ne a 
ommonlanguage used to publish and ex
hange s
hedule and status data. Next, we would wantto de�ne s
hemas representing the types of data that are a
tually required, desired,or merely expressed as 
omments for general informational purposes. Some of theproperties desired by this s
heme 
ould 
ertainly be handled by an data representationframework like that provided by XML (extensible markup language):
• It should have a standard set of tools for pro
essing and manipulating the data,a la XML's parsers and stylesheet transformations.
• The data representation format should be extensible, allowing newer versionsof software to introdu
e new data types and tags without breaking older soft-ware that doesn't expe
t or understand the additional data. In a similar vein,older software in the system should still preserve these newer data stru
turesin messages that it passes along between other, perhaps newer or more 
apable78



software 
omponents that understand and 
an make use of it.
• The s
hemas should be 
entrally version 
ontrolled and available for verifyingdata types, et
.This language feature set would allow di�erent organizations to 
ontinue to shareand integrate their logisti
s information, even as the set and fun
tionality of the datas
hemas grow, 
hange, and evolve over time. In
remental additions 
an be introdu
ed,su
h as adding �eld for, say, the error or un
ertainty surrounding a predi
ted arrivaltime - information that we might not be able to make good use of now, but 
ouldgive us tangible bene�ts on
e we learn to pro
ess it better. Major version 
hangesthat alter the meaning of data �elds in ways that are fundamentally in
ompatiblewith earlier versions 
ould be introdu
ed and managed by a 
entral standards body,while a set of standard transformation �lters 
ould be provided to 
onvert as mu
hdata between major revisions as possible.11.3 Dis
rete Event Simulation FrameworkThe prototype framework 
onsists of two major parts. The simulation 
ode is writtenin python making heavy use of the SimPy module, while the formulation of thes
hedule optimization problem in lp-solve's modeling language is handled by a perls
ript. The simulation 
ode initializes the optimization problem's variables usinga simple text �le, while the resulting model formulation �le is read and solved bypython's lp-solve module at various times throughout the sim.The s
hedule optimizer was written �rst. Being the �brains� of this framework, itimposes a few major 
onstraints to the way our transit network 
an be modeled.The transit system must be modeled by a network of �station� nodes representingthe entry, exit, and transfer points for passengers and 
argo. Passengers and 
argo
an only move between nodes on vehi
les, whi
h 
an transfer between any two 
on-79



ne
ted stations at regular, syn
hronized intervals. Several vehi
le types 
an be madeavailable, and 
an di�er in passenger 
apa
ity per vehi
le, 
ost per transit event, 
on-ne
tivity graph between nodes, the maximum number of vehi
les allowed to visit astation at the same time, and a host of other measures and 
onstraints.The most 
rippling part of the model deals with timing. Time is dealt with interms of syn
hronized dis
rete timesteps, during whi
h the state of the entire system
an be represented at one point in time by a 
omplete set of variables. At ea
h timestep, the state of the system must be su
h that every vehi
le is stopped at a node.By the next time step, all passenger transfers must have been made and all vehi
lesmust have 
ompleted their transit to the next station node (or else stayed in pla
eat their 
urrent station). When the simulation translates this to events in 
ontinuoustime, this means that all stations syn
hronously a
t in unison, where every vehi
ledeparts simultaneously, travel all at the same time, and o�oad passengers at theirdestinations simultaneously, and all wait together for passengers to transfer to make
onne
tions. While this obviously 
onstrains the �exibility of the model in a big way,this arrangement allows the s
hedule optimizer the �exibility it needs to balan
e hub-and-spoke transfers with more dire
t paths, depending on the 
apa
ity and e
onomi
sof the vehi
les made available.Therefore, the model used in this analysis is that of transit stations that arean equal distan
e apart (at least in terms of transit time) and that ea
h and everyvehi
le waits the same amount of time for passenger transfers to 
omplete before theydisembark for their next destination. The result is that, in reality, a fair amount oftime is bound to be wasted under this model as all vehi
les must stop and wait fortransfers at all intermediate stations on their paths, even if they are not transferringpassengers.There are at least three approa
hes to making the models a little more realisti
.One is to introdu
e longer transit segments between nodes that are two or more times80



longer than the �unit� segments between adja
ent nodes. This 
an be a

omplishedby adding �non-station nodes� in between pairs of a
tual stations, and enfor
ing 
on-ditions that prevent passengers from transferring o� of the vehi
les they are alreadyriding. By adding more and more of these nodes to all segments, we 
ould a
hievegreater pre
ision when attempting to mat
h the real-world state with our represen-tation of the system with dis
rete time steps.A slightly 
leaner solution may be to rewrite the optimization problem formulationto support transit between nodes taking a 
on�gurable length of time in dis
reettimesteps. This would eliminate many of the extra variables that would otherwisebe asso
iated with the phantom non-station nodes, at the expense of needing a bitmessier initialization and solution parsing logi
 for the state information that is nolonger 
arried by a
tual variables at in-between departure and arrival times. Forexample, suppose a long trip would take more timesteps than a parti
ular s
heduleoptimization run was handling. If that vehi
le doesn't end up at a station by the endof the modeled time, then it would not even have any variables 
reated to represent itor its passengers, and logi
 external to the s
hedule optimizer would have to be 
reatedto make sure its state 
ontinues to evolve su
h that it gets 
loser to its destination inthe sim.11.4 Computing ConsiderationsLarge s
ale global optimization 
an require a lot of 
omputing power. It falls underthe 
lass of NP hard problems that s
ale exponentially with the number of transitnodes we add to the transportation system. Let's look at some of the ways in whi
hproblems of this size 
an be ta
kled.The solver should be set up to run in parallel a
ross several CPUs, s
aleable to amassive 
lustering system. Many linear and mixed integer solvers have the 
apabilityto run on this type of platform, so it's not something we have to worry about dire
tly.81



We still would need to resort to a host of other tri
ks to redu
e the 
omputational
omplexity enough to approa
h any problems of any appre
iable size. Most of theminvolve introdu
ing some sort of 
onstraint to redu
e the number of bran
h and boundpaths sear
h in the solution spa
e.
• The easiest way to redu
e the 
omputational 
omplexity is to partition theproblem into smaller parts. Sin
e these types of "traveling salesman" problemss
ale exponentially with respe
t to the number of nodes, the number of bran
hesto sear
h would be drasti
ally redu
ed.
• Adding link 
onstraints is also another way of redu
ing the sear
h spa
e. Notevery node needs to be linked to every other node. So often we will resort tobuilding a 
onne
tivity matrix to de�ne whi
h sour
e nodes 
an get to whi
h des-tination nodes. With road and rail, only adja
ent nodes are dire
tly 
onne
ted.Distant nodes would require transit through other 
ity or station "nodes"
• With air
raft, of 
ourse, most vehi
les 
an travel dire
tly from any node to justabout any other node in the network. In this 
ase, it may be helpful to add "max
onne
tions" 
onstraints, to keep the system for sear
hing through impra
ti
allylong s
hedules. An itinerary that made a passenger jump between more thantwo or three 
onne
ting airports would likely be reje
ted by that person. Of
ourse, low priority bulk 
argo may �nd some advantage through waiting forthese multiple 
onne
tions, �lling in otherwise "empty" spa
e leftover on any�ight where the opportunity arose to get it slightly 
loser to its destination. Butat some point all of the extra handling and transfer overhead ought to outweighwhatever small pri
e break.
• Just about any s
hedule 
onstraint that would help "lo
k down" otherwise free-�oating variables would help redu
e the sear
h spa
e. Feeding in initial 
ondi-tions - like the 
urrent lo
ation of the �eet, or stops that must be made by a82




ertain time (for example, to ensure buses take all passengers to a stadium wellbefore a game starts) would help speed the optimization along.
• Sometimes it may be ne
essary to simply add other heuristi
 or even arbitrary
onstraints to help the system 
onverge on a solution. Many of these 
onstraintsprobably won't even a�e
t the solution, but 
onstrain the sear
h spa
e enoughto allow a mu
h qui
ker answer.All else failing, many mixed-integer programming solvers also allow "good enough"solutions to be given without a 
omplete exhaustive sear
h of the solution spa
e.Modern MIP solvers 
an be pretty 
lever about sear
hing the "most promising" paths�rst, so 
ompleting the entire exhaustive sear
h would yield little improvement on theobje
tive fun
tion. Of 
ourse, this te
hnique only applies if a feasible solution is foundat all.Finally, a sophisti
ated optimization would involve pre
omputing most of the pos-sible s
hedules in advan
e., and then have the ability to a

ount for the e�e
ts of small
hanges with only minimal re
al
ulation of the �nal optimal solution. This type ofin
remental adjustment may be ne
essary to re
over from small, unexpe
ted s
hedulebreakdowns. Suppose a vehi
le suddenly announ
es that it will be arriving 30 min-utes late to a hub node. If re
omputing the entire optimal solution taking this newinformation into a

ount would take a few hours of number 
run
hing, we obviouslydon't want everything to grind to a halt while waiting for the s
heduler to tell uswhat to do next. An "in
remental update" to the solution performed with minimalre
al
ulation might be a
hieved by determining whi
h vast majority of system vari-ables shouldn't be a�e
ted, and formulate a highly-
onstrained optimization problemthat only sear
hes through a small set of variables a�e
ted by the unexpe
ted 
hangein one or two s
hedule input values. We'd need to develop a heuristi
 to determineexa
tly how far out this limited set of "a�e
ted variables" should rea
h.83



Another s
heme might involve jumping ba
k into a snapshot of the state of thelarge optimization and only re
al
ulate internal values that have 
hanged with themodi�ed inputs. Perhaps some solvers have this ability.Part IVMultimodal Mass Transit Simulation12 OverviewThis programming proje
t serves to realize an urban multi-modal transit simulationdesigned during the 
ourse of the systems engineering master's program. The programwill take a systems approa
h to modeling human habitats and the transportation net-works that keep them running. We would use su
h a simulation framework to 
reatea baseline model of 
urrent day 
apa
ity, and then 
reate future models to 
omparethe e�e
ts and quantify the bene�ts of investments in future infrastru
ture. Thesekinds of tools would be instrumental in making a 
ase for the development and 
on-stru
tion of highly e�
ient ar
ologies or other forms of well-integrated 
ompa
t 
ities.But nominally, we 
ould apply it towards evaluating and tra
king the e�e
tiveness ofpresent-day 
ity growth philosophies.12.1 Framework CapabilitiesThe primary features that this optimization framework sought to a
hieve in
lude:
• Demand-responsive routing rather than operation on a �xed s
hedule. Thisis ne
essary for us to worry less about generating transit designs around peakdemand levels that do not fun
tion as e�
iently with nominal demand levels.We also hope that the system would utilize 
ommand and 
ontrol networks that84



take advantage of available 
ommuni
ations infrastru
ture to make requests andguide passengers through the system.
• Allow optimal transfer strategies to emerge. At di�erent loading levels, thesystem vehi
les may organize themselves like hub & spoke / feeder & trunknetworks for e�
ien
y, or begin to resemble more dire
t point-to-point routingduring lighter loads or when existing hubs be
ome 
onstrained.
• Multi-obje
tive goal fun
tions, in
luding terms for maximizing servi
e qualitysu
h as low average laten
y from sour
es to destinations, high throughput, ande�
ien
y terms that would minimize general operating 
osts asso
iated withthe number of vehi
les operating in the �eet and the number of segments theywould have to travel.The SimPy dis
rete event simulation framework in the Python s
ripting languageforms the 
ore of the system model. In
luding the Psy
o Python runtime optimizerhelps 
ertain routines run 
loser to native speed and gives the model a 1-2 order ofmagnitude in
rease in 
omputation speed. The LP_Solve pa
kage performs s
heduleoptimization tasks and feeds the results ba
k to the simulation for exe
ution.13 Con
ept Requirements13.1 Mass Transit Optimization GoalsThis simulation 
onstru
ts a simple transit network with passengers traveling fromsour
e nodes to destination nodes. The s
heduler attempts to provide an optimalor quasi-optimal s
hedule of transit �eet vehi
les with various 
apa
ities, operating
osts, and nodes servi
ed that will transfer the passengers to their �nal destination.Through parametri
 analysis of di�erent demand loading and network topologies, we85



hope to de�ne some 
hara
teristi
s of urban areas that enable the system to meet theopposing passenger demand and vehi
le utilization obje
tives e�
iently.13.2 Fleet S
hedule Optimization Obje
tivesThe obje
tive fun
tion of the transit vehi
le s
hedule optimization is a weighted 
om-posite of the number of passengers served, the time they are delivered, and a �at
ost in
urred per vehi
le leg. The weight on ea
h obje
tive typi
ally puts them ondi�erent orders of magnitude, su
h that a se
ondary obje
tive will not be 
onsidereduntil the primary obje
tive rea
hes an optimal point.Relative weighting of Objective 1 ≫ Objective 2 ≫ Objective 3 ≫ Objective 4Obje
tives:1. Maximize the number of passengers delivered to their �nal destinations. Allpassengers are 
urrently weighted equally, whi
h means during instan
es wherethe system is operating beyond 
apa
ity, the optimizer will favor passengers whoare 
lose to their destinations. There is 
urrently no zone tra
king to ensurethat passengers traveling long distan
es 
an �pay more� to 
ompensate for thehigher transit 
ost. The obje
tive fun
tion also provides no reward for movingpassengers partway, so a parti
ular solution will either move a passenger all theway to their destination node or not at all.2. Minimize the amount of time the passengers spend in the transit system. Thisis a

omplished by adding a linear bonus term to the obje
tive fun
tion thatrewards the system for delivering passengers to their destinations at earliertimes. These terms push the s
hedule towards earlier towards the left, otherwisethe system would not have any in
entive to allow people to wait unne
essarilythroughout the entire time window under 
onsideration.3. An optional obje
tive to minimize deviation from a desired �eet size 
an be a
-86



tivated. We 
ould simply minimize the number of vehi
les in use, but we'd haveto �nd some way to balan
e this with the passenger servi
e obje
tives. Plus,most servi
e operators have a �xed number of vehi
les and drivers to employ.The optimizer 
ould take advantage of extra vehi
les to improve passenger ser-vi
e quality, as well as make re
ommendations at to when the operator mightwant to rent additional vehi
les and drivers temporarily to meet demand.4. Minimize the operating 
ost of moving vehi
les. This is 
urrently expressed bya simple �at 
ost in
urred by ea
h segment a vehi
le travels. Ea
h size vehi
le
ould have a di�erent 
ost per segment traversed, su
h that a vehi
le with ahigher 
apa
ity would presumably have a greater 
ost per time unit. Currentlyno 
ost is dedu
ted for vehi
les simply idling at stations or for prepping avehi
le entering servi
e, but we 
ould insert those terms easily enough for furtherstudies.Subje
t to the following 
onstraints:
• Conservation of passengers and vehi
les moving between nodes. Passengers andvehi
les should be neither 
reated or destroyed during the 
ourse of the s
hedule.
• Passenger movement between nodes 
onstrained by the 
apa
ity provided byvehi
le movements between nodes. Passengers 
an only move in the networkwhen 
arried by vehi
les. The optimization problem 
urrently allows passengersto wait and transfer freely between vehi
les at station nodes.
• The transit system 
onstrains vehi
le movement by many fa
tors:� A 
onne
tivity matrix allows vehi
les of a 
ertain type to only travel be-tween 
onne
ted nodes. This allows us to model di�erent modes of transitthat are only available from 
ertain nodes. For example, a 
ertain sub-set of nodes 
ould be served by a rail system, while the rest of the nodes87



would only be a

essible via bus servi
e. The 
onne
tivity matrix providesenough �exibility to model a transit system as a 
olle
tion of dire
tedgraphs, so nodes 
ould be 
onne
ted by one-way or bi-dire
tional links.� Station and waypoint 
apa
ity 
onstraints 
ould prevent too many vehi
lesfrom visiting the same station or route simultaneously.� A hard maximum �eet size might prevent some unrealisti
 solutions.We 
ould add some arbitrary 
onstraints somewhat easily. These 
ould in
lude amaximum number of vehi
les on a group of segments or waypoints that have beengrouped together to represent a 
onstrained resour
e, su
h a bottlene
ked interse
tionor 
anal.One notable 
onstraint that this optimization does not attempt to handle is arequired time of arrival (RTA) for passengers, it only optimizes based on the timepeople spe
ify that they are available to depart. Oftentimes people would want toarrive at their destination just before the �xed start of their work day, or at an airportin time to 
at
h a �ight. Be
ause this optimizer uses an inventory managementapproa
h, adding this information would result in an exponential in
rease in de
isionvariables. This would add a lot of 
omplexity to the problem and make it take mu
hlonger to solve. Combined with the fa
t that many of the passengers wouldn't haveneed of this fun
tionality (su
h as the ones who are leaving work or the airport andjust want to get to their destination as soon as possible), the s
hedule optimizerde
lines to 
onsider this 
onstraint. An algorithm external to this s
hedule optimizerwould need to provide a rough estimate of the required time of departure (RTD)ne
essary to meet a passenger's RTA, and submit a transit request with that RTDinto the optimization. If the itinerary provided to the passenger falls behind theirRTA or even signi�
antly ahead (making them wait too long at their destination), thealgorithm 
ould reda
t the transit request and try again with a slightly di�erent RTA.88



Figure 16: Use Case Diagram

A few 
y
les of this in
remental optimization on a mu
h simpler s
hedule optimizerfor the subset of passengers who a
tually need it should provide an a

eptable solutionmore qui
kly.13.3 Transit Use Case DiagramA passenger begins by submitting a transit request for sometime in the future to theglobal s
heduler. The s
heduler 
olle
ts requests and generates an optimized vehi
les
hedule that separates passengers into several pools based on their 
urrent and �naldestination node. When the time to exe
ute the s
hedule 
omes around, a stationmaster at ea
h station loads passengers from ea
h bu
ket into its pool of availablevehi
les, and then assigns the vehi
les to travel to their next destination node. Whenthe passenger rea
hes their �nal destination, they depart the transit system.For simpli
ity, all passengers deplane at ea
h station so they 
an be sorted intotheir next/�nal destination pools. Another logisti
s layer 
ould be implemented toprovide the 
onvenien
e of maximizing the number of passengers that 
ould stayaboard their vehi
les during transfers. 89



Figure 17: Cell Class Diagram
14 Mass Transit System Stru
tureThe model is arranged in a hierar
hy allowing the partitioning and relo
ation of unitsat di�erent levels of the stru
ture. This allows us to use �exible re
ursive algorithmsto fa
ilitate a lot of sear
hing and reporting tasks, in
luding in
remental exports ofstate snapshots of the system hierar
hy in graphML format for viewing in yFiles'syGraph appli
ation.14.1 General Cell ClassAll simulation entities inherit from the Cell 
lass, whi
h provides a sub
ell 
ontainerfor any 
hildren 
lasses. The 
ell 
lass stores a handle to its own parent 
ell as well, soalgorithms may traverse the tree in either dire
tion. Subroutines allow 
hild 
ells tomove about the tree, updating asso
iations so 
ells never have more than one parent.Ea
h 
ell also has a 
lassName to distinguish between di�erent types of 
hildren aswell as �ltering fun
tions that 
an sear
h for and return sub
ells meeting 
ertain
riteria.14.2 Neighborhood NodesThe rest of the elements in the model are 
omprised of various in
arnations of thegeneral 
ell 
lass. A master 
ity 
ell forms the root of the tree hierar
hy and 
ontainsseveral neighborhood node 
ells representing 
lusters of employers and residen
es that90



Figure 18: Neighborhood Class Stru
ture

share a transit station.Ea
h neighborhood 
an 
ontain any number of employers or residen
es.An employer would have a number of job va
an
ies asso
iated with a parti
u-lar job
ode (indi
ating the skill required by an employee) and additionally a works
hedule that would di
tate the employee's 
ommute s
hedule. Assuming that ea
hva
an
y 
ould draw a quali�ed employee into the metropolitan area, an individualwould atta
h themself to �ll that job va
an
y, and pro
eed to look for a residen
eelsewhere in the 
ity.Sin
e we're not interested in modeling real estate trends, we simply have theindividual 
reate a new residen
e 
ell in any neighborhood in the 
ity. Currently weuse a simple uniform random distribution to allo
ate residen
es, but we 
ould addadditional fa
tors to study by using di�erent distributions, e.g. perhaps tied to theindividual's so
ioe
onomi
 status relative to their available set of skill
odes.This skill
ode-job
ode a

ounting allows us to model the distribution of diversity91



in the urban area relative to zoning poli
ies in relation to their impa
t on transitdemand. The works
hedule paradigm allows us to adjust the demand on the networkto 
reate or redu
e peak 
ongestion.14.3 Transit NetworkThe transit network operates within the same 
ell hierar
hy14.3.1 StationsEa
h neighborhood 
ontains one station 
ell that 
orresponds to a node in the transitnetwork. All passengers transferring through a station are sorted into PassengerPool
ontainers, one for ea
h other station node in the network. While every passenger ina PassengerPool has the same �nal destination, they might take separate vehi
les oreven entirely di�erent paths to get there.Additionally stations have a �xed number of vehi
le berths that serve to 
onstrainthe maximum number of vehi
les that 
an do
k simultaneously.14.3.2 WaypointsWaypoints are typi
ally one-way nodes in the transit network that allow the systemto preserve state of vehi
les and passengers in between stations. There are no 
on-straints that prevent passengers from transferring to vehi
les at the same waypoint,so to prevent passengers from train-hopping or plane-hopping en route, we apply andadditional 
onstraint that all the passengers and vehi
les that enter a waypoint atone timestep must leave it the next timestep. For some models, we might desire thiskind of behavior, however, whi
h might allow us to delay vehi
les en route or putthem in 
ongestion or holding patterns outside of a station. In the future we maywant to ease those 
onstraints somewhat to allow these other types of behaviors.Waypoints don't really have any meaningful parents, sin
e theirs not mu
h reason92



to intera
t with them. They are typi
ally atta
hed to the master 
ity 
ell sin
e theywould typi
ally exist between neighborhoods.14.3.3 Vehi
lesThe vehi
les in the various transit �eets traverse the network pi
king up passengersfrom stations and dropping them o� at the next station. Ea
h vehi
le type is repre-sented as a 
ompletely separate transit layer, ea
h with its own 
onne
tivity matrixthat details the segments and waypoints that type of vehi
le 
an traverse. Ea
htype of vehi
les has only two properties of importan
e to the s
hedule optimizer: amaximum passenger 
apa
ity and a 
ost per segment traversed.14.3.4 TransitTokensTransitTokens are used to identify passengers and 
argo within the transit system,storing information on their �nal destination. This is used to sort them at ea
hthrough station. Additionally, they log the path taken and timestamps for ea
hpassenger, so they 
ome in handy for 
olle
ting transit times and wait times duringpost pro
essing analysis.15 Mass Transit System BehaviorThe simulation model is based on a dis
rete event simulation engine. This meansthat state 
hanges in the system stru
ture are triggered by the �ring of events whi
ho

ur along the global time line queue. The model exe
utes by populating the globaltime queue with s
heduled events and �ring those events in order. The system globaltime advan
es to the time of the last event, and any state transitions triggered bythat event are exe
uted so they 
an perform their operations, sometimes s
hedulingadditional events in the future event queue. Thus the simulation perpetuates events93



and 
ontinues in time until the program stops or there are no more events left on thesimulation queue.This transit simulation 
onsists of a 
onglomeration of relatively simple entitiesworking together. We'll introdu
e them roughly in order of in
reasing 
omplexity.15.1 IndividualThe simulated people entities exist purely to 
reate demand on the transit system.In the 
urrent simple 
ommuting s
enario, they simply live in a residen
e at one nodeand work at an employer at a possibly di�erent node. They will enter the transitsystem based on their work s
hedule. Some 
on�gurable time in advan
e of theirtravel, they will submit a TransitRequest to the global transit s
heduler system. Byhaving advan
e knowledge of when the passenger needs to travel, the �eet s
heduleoptimizer 
an ostensibly do a better job redu
ing passenger waiting time.They enter the transit system by traveling to their lo
al Station and pro
uringa TransitToken programmed with their �nal destination. From there on, they areshu�ed around by the other entities of the transit system until they rea
h theirdestination station. On
e they arrive at their �nal stop, they are pla
ed into theappropriate employer or residen
e 
ell in that neighborhood.15.2 Vehi
leVehi
les of the same type are basi
ally inter
hangeable, so the only state informationof any importan
e for them is their 
apa
ity and their immediate destination node(either a station or a waypoint). Vehi
les simply wait to re
eive a transitEvent andthen they pi
k up as many people as they 
an from the station's PassengerPool andall leave for the next destination, whi
h they'll arrive in a predetermined amount oftime. 94



If they arrive at a station, they will do
k in an available berth and immediatelyempty out all of their passengers into the station for sorting into transfers.15.3 StationMasterEa
h station has a StationMaster pro
ess that reads the global �eet s
hedule dis-tributed with ea
h transferEvent and organizes all passengers and vehi
les. It �rstsorts all passengers into PassengerPool queues and all vehi
les into rosters ea
hgrouped by a 
ommon next destination. After a brief period of time allowing passen-gers to make their 
onne
tions onto the next vehi
le, the �ring of the transitEventsignals that all transfers have 
ompleted and the vehi
les disembark to their nextdestination.15.4 GlobalS
hedulerThe global s
heduler re
eives in
oming passenger requests, o

asionally triggeringthe generation of a new optimized s
hedule. Then it gradually advan
es the global
lo
k until the time 
omes to serve the �rst passengers arriving at the station. Thenthe global s
heduler �res a su

ession of transferEvents and transitEvents at regularintervals to syn
hronously push the Vehi
les and StationMasters through their statea
tions.16 System Requirements Allo
ation16.1 Primitive RequirementsPeople 
an get to where they are going in a reasonable timeShould not need to use more vehi
les than ne
essary
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16.2 Derived Requirements16.3 Simulation Requirements16.4 Requirements Tra
eability16.5 Spe
i�
ationsSpe
s for Simulation
Part VAnalysis of Sample TransportationS
enariosThe simulation framework we have gives us the �exibility to model several 
om-binations of loads, vehi
le �eet sizes, and network topologies 
onne
ting the nodestogether.17 S
enario Des
riptions18 Veri�
ation of Simulation EngineSeveral arbitrary transit networks su
h as �gure #19 provided a variety of di�er-ent 
ombinations of 
onne
tions between stations and waypoints for use in systemveri�
ation and validation.The graph demonstrates the fun
tionality of both bidire
tional station-stationlinks, and di�erent 
ombinations of unidire
tional station links 
onne
ted via 1 or96



Figure 19: Arbitrary transit graph used for V&VYellow nodes indi
ate stations, red nodes indi
ate waypoints.

more waypoints. Additionally it provides multiple equal-
ost routes linking severalstations to en
ourage utilization of alternate pathways during 
ongestion. Severalsimulation runs with di�erent demands and initial 
onditions provided test feedba
kduring development.18.1 Simulation Requirements Veri�
ationChe
ks:Passengers get sent to their destinations.Conne
tivity 
onstraints not violated.Vehi
le 
apa
ity 
onstraints not violated.
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18.2 Simulation Spe
i�
ation Veri�
ation19 Validation of Analysis DataBehaviors and problems sear
hed for during validation testing in
luded:
• Following the paths of individual passengers and vehi
les to ensure they makesense.� Vehi
les shouldn't move on their own when they're empty, unless they doso to make way for vehi
les 
arrying passengers.� Passengers should travel on a reasonably dire
t path towards their �naldestination.
• Che
k for optimality. Attempt to �nd improvements to the s
hedule. It shouldbe hard, even impossible if the solver had found an optimal solution.� S
enarios with multiple vehi
le sizes should show a �preferen
e� for larger,more e
onomi
al vehi
les, supplemented by a few small vehi
les runningaround feeding the larger ones to �ll 
apa
ity.20 Sample S
enariosThe program generates histograms plotting the transit system response to an inputdemand "pulse". The demand pulse is 
urrently a uniform random distribution a
rossall sour
e and destination nodes.A s
ript produ
es parametri
 analysis sets of results for two types of systems: alight-rail system and a PRT type grid.Blank rows in the 
hart summaries indi
ate where the optimal �eet s
heduler wasunable to �nd a feasible solution in under 30 minutes.98



Figure 20: 1D Rail

Figure 21: 1D Rail with express servi
e

20.1 1D Rail Transit NetworkThe light rail system has two types of operation, stri
t linear rail (trains stop atevery station) and an express rail (where stations are o� the main line and trains 
ansave time by bypassing stops). The system is 
onstrained su
h that a maximum of 4200-passenger trains 
an stop at ea
h station at a time.
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Figure 22: 20-node PRT Triangular mesh networkwidth ymax = 4 nodeslength xmax = 5 nodes

20.2 2D PRT Transit NetworkWe 
an also model a PRT-type system with a bun
h of simpli�
ations to allow my�eet s
heduler to s
ale up to a 25-node 2D triangular grid. The main simpli�
ationwas to make 1-passenger vehi
les, whi
h eliminates transfers (they still get 
ountedas station nodes traversed, but we 
an assume the passengers just stay in the samevehi
le). Otherwise the stru
ture and behavior follows the same rules used by anyother simulation based on this framework.100



21 Post Pro
essing21.1 Performan
e Metri
s Gathered21.2 Data and HistogramsThere are three red histograms that pertain to the transit system performan
e fromthe point of view of the passengers (number of transfers taken, their departure timerelative to when they requested, and their total transit time). The blue histogramsrelate to vehi
le �eet a
tivity (number of vehi
les in motion at a parti
ular timestep,and the passenger load per
entage). Ea
h row represents a di�erent network 
on�gu-ration and demand level. These independent variables are summarized in the leftmost
olumn. The se
ond 
olumn summarizes how many a
tive vehi
les are needed to meetthe demand and the total network segments they must traverse.Part VICon
lusionThe �eet s
hedule optimizer's work grows exponentially with the number of nodes,so I hit a s
alability limit with about 8 near fully-
onne
ted stations... beyond that,it takes more than 30 minutes for my 1.87Ghz AMD K7 PC to �nd any feasiblesuboptimal solution. Trying CPLEX instead of lp_solve might help here, espe
iallyif CPLEX 
an do some row redu
tion to eliminate variables.22 Todo:
• Simulation: Allow setting vehi
le and passenger initial state, to allow 
ontinuousevolution of simulated state (
urrently only allows one s
hedule optimization101



run). Assumption:
• PostPro
essing: data redu
tion for Monte Carlo analyses
• Visualization animation
• ClusterKnoppix LiveCD pa
kaging23 Future Work23.1 Constraint GroupingAt the top of the list for further enhan
ements to modeling 
apabilities would be a wayto apply 
onstaints to groups of nodes or links, indi
ating that they share the samephysi
al resour
e. This would allow multiple routes to share 
ommon bottlene
ks.FIXME: �gureWithout the ability to apply a single 
onstraint to a group of nodes, ea
h routelinking pairs of nodes on opposite sides of a bottlene
k would either be adding addi-tional 
apa
ity through the bottlene
k or would not allow one route to make full useof throughput through that bottlene
k if the other routes were uno

upied.23.2 Handling of Long Distan
e PassengersThe obje
tive fun
tion is weighted su
h that the number of passengers served (goal 1)takes priority over minimizing the number of segments traveled by all vehi
les (goal 4).In turn, the �
ompression� of the s
hedule to the left in order to 
omplete the s
heduleas early as pra
ti
al takes a ba
kseat to serving passengers and minimizing vehi
le use.The 
ompression a
hieved by adding a tiny fra
tion of reward for sending passengersto their destinations at earlier times during the interval under 
onsideration.If optimization goals 1 and 4 were of the same magnitude, we 
ould better balan
ethe 
on�i
ting goals between serving passengers at low-volume stations and keeping102



vehi
les �lled with paying passengers. The �eet optimizer 
ould refuse to serve low-volume stations to in
rease their operating e�
ien
y. However, this may even 
ausehigh volume routes to be
ome unpro�table for 
ases where the length of the route ismu
h longer when the system's 
apa
ity be
omes 
onstrained. Sin
e the s
hedulergets a �xed reward for sending a passenger to their destination whether they haveonly a short or long distan
e to travel, the long distan
e travelers might easily endup being unpro�table when 
osts ex
eed the reward.To remedy this, we'd need a more sophisti
ated reward system that would in
reasethe fare value appropriately for long distan
e travelers. This would involve establish-ing another dimension to the set of passenger variables that would help tra
k theirstarting point in addition to their �nal destination. However, this 
ould easily in
reasethe 
omplexity of the optimization problem by another exponent. This impa
t 
ouldbe limited by grouping starting nodes together, so you'd end up with a zone-basedpri
ing system that redu
es the number of de
ision variables introdu
ed into the MIPwhile still preserving the e�e
t of having variable fares.Sin
e my optimization formulation does not implement a zone-based fare systemat the time, we simply leave the goal 1 to take 
omplete pre
eden
e over goal 4,ensuring that no passenger will get ignored for being unpro�table. To ensure this
ondition, the passenger reward 
onstant must always be greater than the 
ost ofrunning a vehi
le the diameter of the network by a 
omfortable margin.23.3 Hierar
hi
al optimization23.4 Optimization Heuristi
s23.5 Holding Pattern WaypointsWaypoints 
urrently exist to give vehi
les and passengers a state of existen
e while intransit in between stations. In order to prevent passengers and vehi
les from mixing103



while they are grouped in the same waypoint bins, however, we must apply some addi-tional 
onstraints to e�e
tively prevent mid-air passenger transfers between vehi
les.The 
onstraints stipulate that all vehi
les and passengers that enter a waypoint dur-ing one timestep must leave the waypoint the next. All waypoints are 
onstru
ted asparts of one-way routes, so there is no possibility of 
apturing passengers en passant.This has the e�e
t ofTo be fair, there have been proposals for improving transit e�
ien
y by do
kingmoving vehi
les together and transferring passengers en route.28 So isn't it 
omfortingto know that we 
ould model some of those s
enarios by simply removing some ofthese 
onstraints.However, sometimes we do want to allow vehi
les to wait or enter �holding pat-terns� at waypoints while en route, so they 
an 
reate a bu�er into another 
onstrainedresour
e, su
h as a runway or station. This provides additional storage holding 
a-pa
ity outside of the station whi
h 
an be put to use to in
rease network 
apa
ity.Mostly these bu�ers are used to help deal with un
ertainty. Sin
e our s
hedules arefairly deterministi
, unperturbed by me
hani
al failures or passengers and vehi
lesturning up later than they're expe
ted, we would gain little by allowing vehi
les tohold at waypoints. Ea
h waypoint would also require roughly twi
e as many de
isionvariables to hold the new possible states as vehi
les de
ide to hold or pro
eed withtheir passenger load. Due to these fa
tors, waypoint holds have been skipped at thistime, but 
ould add an additional useful modeling element later.23.6 Pi
kup and Dropo� Waypoints and Segments23.7 Continuous Time Model De�nitionCurrently a model must be expressed in syn
hronous dis
rete timesteps in order towork with the optimization formulation. We'd �nd it quite useful to de�ne a mod-104



eling language that allows us to 
onstru
t the model with 
onstraints and distan
esexpressed in terms of 
ontinuous time. Rather than having to manually 
onvert aphysi
al model to �t into the dis
rete timestep paradigm, we 
ould then use algo-rithms to 
onvert the 
ontinuous model into a dis
rete timestep model. This wouldlikely introdu
e a lot of rounding and aliasing artifa
ts, the e�e
ts of whi
h mustbe quanti�ed and tra
ked. However, we'd gain the ability to run the same modelat varying levels of detail in the timestep, that would allow us to study and set anoptimal timestep length that keeps these errors in 
he
k.A 
ontinuous time modeling language would allow us to de�ne 
onstraints in morefamiliar fra
tional units, su
h as vehi
les per unit time. The main bene�t is that we
ould now parametri
ally adjust the resolution of timesteps, so detailed models 
ouldrun with �ne-grained timesteps over an interval of interest, while 
oarse models 
ouldbe solved mu
h faster. Similarly, the 
onstraint values also must s
ale with shorteror longer time periods of a
tion, su
h that twi
e the 
apa
ity 
ould pass through a
onstraint point in twi
e the time.This �exibility would greatly help address some of the issues introdu
ed by thesyn
hronous timestep paradigm by allowing us to analyze the same s
enario withdi�erent timing parameters and observe and minimize the aliasing artifa
ts. Thiswould help 
ouple together the optimization of global transit networks with di�erentpa
es of operation. Best of all, this language might allow us to more easily linktogether s
hedules of transit systems to operate on di�erent time intervals, su
h thathigh frequen
y rail transit 
ould serve low frequen
y but higher 
apa
ity airplanes orships at port.23.8 Intera
tive s
enario builder / data editor GUI
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