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ABSTRACT

Transportation sector is one of the largest emission sources and is a cause for human
health concern due to the high dependency on personal vehicle in the U.S.
Transportation mode choice studies are currently limited to mi@od regionalevel
boundaries lacking of presenting a complete picture of the issues, and the root causes
associated with urban passenger transportation choices in the U.S. Hence, system
dynamics modeling approach is utilized to capture complex causal relationships among
the criticalsystem parameters affecting alternative transportation mode choices in the
U.S. as well as to identify possible policy areas to improve alternative transportation
mode choice rates for future years up to 2050. Considering the high degree of
uncertaintiesinherent to the problem, multivariate sensitivity analysis is utilized to
explore the effectiveness of existing and possible policy implications in dynamic model
in the terms of their potential to increase transit ridership and locating critical
parametersthat influences the most on mode choice and emission rates. Finally, the
dissertation advances the current body of knowledge by integrating discrete event
simulation (multinomial fractional split model) and system dynamics for hybrid urban
commuter transprtation simulation to test new scenarios such as autonomous vehicle
(AV) adoption along with traditional policy scenarios such as limitingrateeincrease

on roadways and introducing carbon tax policy on vehicle owners. Overall, the



developed simulatin models clearly indicate the importance of urban structures to
secure the future of alternative transportation modes in the U.S. as the prevailing policy
practices fail to change system behavior. Thus, transportation system needs a paradigm
shift to radially change current impacts and tinearket penetration of AVs can be one

of the reforms to provoke this transition since it is expected to revolutionize mode

choice, emission trends, and the built environment.
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CHAPTER ONE: INTRODUCTION

1.1 Overview

Urbanization in the U.S. has been rapidly increasing since World War Il, but sustainable
urban development was not considered as an applicable concept with retpsatart
growth initiatives until Clean Air Act Amendments declarati@ento et al. 2005)
Therefore, urban passenger transportation in the U.S. has since become greatly
dependent on private vehle use, as demonstrated consistently by the results of the
National Household Travel Surveys (NHTS) (1990, 1995, 2001, and 2009) for U.S.
householdgSantos et al. 2011)or instance, the average numbarvehicle ownership

per household increased from 1.77 in 1990 to 1.86 in 2009, and 23% of the surveyed
households owned 3 or more vehicles in 20@&antos et al. 2011 which tripled the

total number ofvehicles on the U.S. highway from 1969 to 2Q09S. Department of
Transportation 2015)As a result of this carade dependency, the level of motorization

is significantly higher on average in the U.S. compared to the average motorization of
Europe (EU27), where there are 477 lighity vehicles (2 axles4 tires) for every one
thousand people in Europe, whereas tbarresponding number for the U.S. is 763 light
duty vehicles for every one thousand peofEuropean Commission 2013nother
statistic of car ownership comparison indicates tip&rsons per privately owned vehicle

rate is around 2 for France and United Kingdom, where U.S. rate (§3.BOT 2016)
1



As shown in Figure 1, which illustrates survey data from the 2009 Natitmedehold
Travel Survey for approximately 150,000 U.S. housel{@dstos et al. 2011}he total
number of personal trips is increasing, but transportation mode shares remain almost
constant over time. Rvate vehicle usage decreased from 1995 to 2009, but only by
about 5.9% of all tripdn order to mitigate traffic congestion impacts due to increasing
number of vehicles on roadways, the federal and local governments spent 209 billion
dollars in 2007, 21&illion dollars in 2008, and 160 billion dollars in 2009 to maintain
and improve roadway systems every yegdi.S. Bureau of Transportation Statistics
2015) In addition, land use is another critical issue; like fossil fuels, land availability for
roadways is limitedTo better sustain available haal resources; there is a need to
reconsider the use of transportation modds.addition to walk or cycling mode choices,
public transportation, for example, could contribute to reduce fossil fuel usage,
environmental impacts, and land use. Even thougbst public transportation modes
use fossil fuels as their primary energy source, they tend to increase the passenger
miles traveled (PMT) exponentially compared to the corresponding amount of vehicle
miles traveled (VMT). Figure 1 also indicates that tidgership share of public
transportation compared to those of other transportation modes is only about 1.7%,
increasing by only 0.3% from 2001 to 2009. Therefore, it is clear that only a small
number of people use public transportation in the U.S. as opgoso other

transportation modes.
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Figurel: Transportation mode choice percentages and annual humber of person trips

from 1990 to 2009
As a result of this caslepended life style, transportation sector accounts for the 27% of
annual GHG emissions in the US, which makes it second largest emission cause after
energy generation sectqfEPA 2017)In addition to the GHG emissions, combustion of
fuels alsccausesconventional aipollutant emissions such as OO0, SQ, PMo, PM 5,
and VOCIn addition to the climate change impacts of these emissitrer impacts on
society can baneasured in terms o&xternalities which accounts fohuman health
impacts, timber lossand other relevant factoréMuller and Mendelsohn 2006, 2007b)
which are specifically quantified for lighimedium, and heawyduty vehicle operations

(Ercan et al. 2015; Michalek et al. 2011; Sen et al. 2017; Zhao et éh;J81Road

transportation is the largest contributor of premature deaths in the US due to air

3



pollutant emissions by causing 58,000 premature deaths ann(@#iazzo et al. 2013)
Road transportation is not the largest contributor for total emissions in the air, however
it is the number one responsible for mortatis due to emission occurrence in highly
populated urban areas, which affect human health directly compare to mostly-rural
based energy generation plants. In addition to emissions, significant energy
consumption of inefficient transportation modes is ahet crucial concern in terms of
energy insecurity (foreign oil, limited source of fossil fuels, etc.). Alternative fuel use for
various road transportation vehicles has been studied in literature to propose solutions
for energy efficiency and emission redions. (Ercan et al. 2016a; Ercan and Tatari
2015; Onat et al. 2014b, 2015; Sen et al. 2017; Zhao et al. 20164altHgugh these
studies indicated sigficant emission and energy consumption related reduction results
by shifting from fossil fuels to alternative fuels, it is an incomplete effort for decreasing
the trends of vehicle miles traveled (VMT) and air pollutant emissions from
transportation secto (Ercan et al. 2016c; bYhe number of vehicles are increasing on
the roads with growing populain, so the society and infrastructure cannot supply the
demand to the infinity. Thus, alternative fuel deployment should be merged with

alternative transportation mode adoption efforts to decrease drive modes.

As Litman (1999)argues, sustainable transportation measures are not limited to
mobility measures where most transportation studies account for. Sustainable

transportation needs to be considered in more holigberspective so social, health,
4



environmental, and economic impacts of high car dependency as transportation mode
choice can be presente@Onat et al., 2016a, 2016cJhe U.S. society has very linte
experience with transibriented and healthy communities, which cause more resistance
on changes from behavior or habits of livifigtman 1999)Litman and Burwell's (2006)
later study also underlines that in order to achieve sustainable trartapon goals,
holistic approach suggests institutional reforms, land use (built environment) changes,
and economic incentives as opposed to individual technological (vehicle oriented)
solutions of myopic perspective. The shaiidda in the minds of theaxiety about how
urban transportation should be (prevailing paradigm) played very important role on the
RSOSt2LIYSyid 2F (G2RIFe&Qa dz2NblFy aidNHzOl dz2NB &
excessive trip lengths to meet basic needs, employee commuting, etddiion to
these macro level literatures, some of the survey based studies also presented
overlaying results as they pointed out the abnormalities in the existing paradigm.
Rajamani et al. (2003%tated that even norcommute type travels tend to be
significantly sensitive to urban form. Their study concludes that regliential density
favors walking and transit modes for nawvork travels. Similarly,Zhang (2004)
emphasized that travel time and monetary cost related influences on mode choice is
independent from land use related influences. Blesi urban infrastructure and
demographic information, transportation mode choice is a matter of decision making by

individuals and this decision is affected by psychological behavioral and emotional
5



models.Bamberg and Schmidt (20180)d Carrus et al. (2008pund similar results that

previous behavior tends to influence later behavior for transportation mode choice

since it is no longer a deasi making but a habit of the person. The question is how are

these actions become habits over the past decades of urban development in the U.S.
¢CKSNBE A& | aKIF NBR ARSI Ay GKS a20AaSGeQa
transportation should be, which cdwe realized by looking at historical trends in urban
structures and minimal increase in public transportation ridership. Despite the increased
federal funds and investments in public transportation, the shadeh, unstated
assumptions, perceptions push @ K dzLJ I 3 Ayad GKS | OOSLII SR
GKAOK O2yaitAitdziSa (GKS a20ASdeéQa LI NF¥RAAY
(exogenous factors) are effective on the transportation mode choice is one of the critical
guestions to beanswered in his dissertation Overarching goal of the systematic
approach taken in this research is to reveal the underlying mechanisms feeding the

current paradigm of the society and provide a complete picture of the problem.

The heavy dependence on privatelwned S KA Of S& Ay G2RlI&Qa &a2O0x
particularly important topic to federal and local government agencies, scholars, and
research institutes over the last few decades, and research efforts on this topic are still

active today(Curtis and Headicar 1997; Mcintosh et al. 2014; Newman and Kenworthy

2015; Oakil et al. 2014; Wickham and Lohan 19B@giworld examples of alternative

transportation mode incentives, congestion pricing policies, and rofidicy initiatives
6



have demonstrated remarkable decreases in drive mode trends in many different parts
of the world (Singapore, London, Paris, e(&im et al. 2013; Poudenx 2008; Sabounchi
et al. 2014) Although efforts to definitively shift transportation mode choice trends in
the U.S. using these policies has provenb® more difficult than expected, the
availability of more drive mode choices has been increasing in recent {&amsos et al.
2011; US DOT 2016)s indicated in earlier literature studies, most of these research
studies and policiesyiRA OF GS (GKS &l YS 20aidNHOGAZ2Y | &
RS @St 2 (BWiSgaidkCervero 2001; Poudenx 2008; Saunders et al., 2088hing

that urban sustainability is the only possible marginal solution for a paradigm shift for
the U.S. transportation sectqBanister 2008; Ercan al. 2016c) Some of the authors

of this study also proved this statement with respect to regions where public
transportation mode shares are not increasing to the desired levels despite extensive
government support for infrastructure investment and tedions in roadway network
investments, but where a paradigm shift in urban development is still necessary for

expanding public transportation networks and utilization ragscan et al. 2016c; b)

Neither sustainable urban development nor definitive paradigm shifts for urban
development are easy goals to accomplish, primarily because it may take decades to
NEF2NY (GKS LINBR2YAYIYG a! YSNROFIYyéE fAFSadet
U.S. tansportation sector is experiencing a revolution thanks to the combined advances

in three transportationrelated innovations in this generation: electric vehicles (EV),
7



autonomous vehicles (AV), and ridbaring options. The literature investigated of see

new technologies and initiatives individually in detail, particularly with respect to their
related effects on transportatiomelated environmental (i.e. air pollution emissions),
economic, and social impacts; for instance, AV taxis have a great dpateottial to
dramatically reduce the amount of overall ligthtity vehicle (LDV) emissions in the U.S.
(Greenblatt and Saxena 2015 owever, agulton et al.'"§2017)recent report suggests,

these three options should also be analyzed together to gather their potential impacts,
YR Cdzf G2y S Ffo®Qa addzRe Ifaz2 ANRADH2 NISRQA
transportationrelated emissions. Therefore, this study will include fuel economy
improvement projections and autonomous vehicle additions to the transportation

network as an additiorigoolicy scenario to be tested.

1.2 ResearchDbjectives

In order to outreach the transportatio related sustainability problem#n the U.Sthat

are stated above; this research aims to integrate some of the powerful methods of
transportation literature Although numerous studies have looked at diffier aspects of
sustainable transportation, no study has been found with a broader system perspective
in which feedback relationships among climate change, the economy, travel time, and

transportation mode choice shares are all simultaneously taken intcsideration.

8



Discreteevent choice methods estimatthe impacts of key parameters that affect
O2YYdzi SNAQkaz20ASGeQa NI yaLR2NIFGA2Y Y2RS O
of quantitatively defining the feedback mechanisms, potential delays, andti-mul
dimensional causal relationship3herefore, it is crucial to study these two powerful

researchéengines for current problem.

In this regard, this dissertatiomims to present future projections to reduce £0
emissions by considering increasing thaership rate of public transportatioas well as
the complexteedback relationships among key elements of the sysésm wholesuch
as climate change andhe economy. A @mbination of SD studies for urban
development and studies that present factaaffecting public transportation ridership
can be beneficial to extend the literature with realistic and applicable pol(biesiness
as usual (BAU), marginal scenarits)reduce transportatiorrelated CQ emissions.
Furthermore, the inclusion of various fedback relationships among the public
transportation system, climate changthe economy, andhe population can help to

reveal the bigger picture and pave the way for future studies in this specific domain.

As the system boundary expands and new interamiions are introduced, the
resulting degree of uncertainty in any analysis of the system will dramatically increase,
O2YLINRYAAAY3T | LRfAOE YI{SNNna loAfAGe G2 F

policies to increase adoption of public transportati Therefore, deep uncertainty



ranges for key model parameters can be introduced, followedbitivariate sensitivity
analysis. The sensitivity analysis is crucial for urban passenger transportation to present

the most sensitive modgdarameters that is not responding to prevailing policy efforts.

The DES method is a broad approach consisting of various methods used to study
different behaviors with different types of discrete data sets, and has been the most
widely used method for studng transportation mode choice problems. However, the
DES method is limited with the given discrete data to estimate mode choice behavior.
On the other hand, the SD method can model the system being studied in a-stwdeo
environment where endogenous Yfdamic) and exogenous (deterministic) parameters
work together to send and receive feedbacks among all relevant parts of the system.
However, the SD method is limited to the use of maenel data sets and may fail to
capture caseby-case variations in c&in parameters due to humahased behavioral
changes (discrete), which are easy to model in DES. Therefore, a combination of the DES
and SD methods as part of a hybrid simulation method woulddeal for simulating
problems such as those associated withnsportation mode choice, which consists of
both individual human behaviors and madavel system dynamics. The literature
studied for this research includes studies on such hybrid modeling approaches, including
applications in health care, operationaksearch, and construction management

problems(Alvanchi et al. 2011; Brailsford et al. 2010; Helal et al. 2007; Morecroft and

Robinson 2005; Pefdora et al. 2008)1 2 3 SOSNE (G2 (GKS | dzi K2 N2

10



literature studies thus dr have applied any such hybrid simulation methodology to
transportation problemgMueller and Sgouris 2011; Struben and Sterman 2008do

so, followingtasks are defined anexplained below for this dissertation

Task 1:Developing a mdel with SD approach tosimulate scenarios of CO
mitigation in the U.S. urban are&y adopting public transportation policies for future
years. Based on the historical data and model validation processes, transportation
behavior of the U.S. and trangit NJ y & LJ2 NJi | (0 A 2 y,@issibd2niiti§atian A |- €

forecasted for 2050 with several policy scenar{@hapter 3)

Task 2Extending the developed SD model wsibcial impacts consideration (i.e
air pollution externalities) and assigning uncertairapges for key model parameters to
forecast midterm and longterm sustainability impacts of urban passenger

transportation(Chapter 4).

Task 3:Perform multivariate sensitivity analysis on developed r8bdel to
present the effectiveness of prevailing public transportation policies and the root causes
of inefficiencies. Besides, investigating the policy leverage points that influence drive
mode, public transportation ridership, and urban passenger transpion related

sustainability impacts (Chapter 4).

11
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Task 4:Estimate the transportation mode choices wfetro/micropolitan area
commuters fromthe Amercan Community Survey datasély utilizing multinomial

fractional split model (Chapter 5).

Taskb: Dewloping a novel hybrid simulation model that integrateES and SD
methods for transportation mode choice estimatiohthe U.S. metro/micropolitaarea
commuters to test and compare prevailing policy practices with AV adoption scenarios

(Chapter 6.

1.3 Dissertation Organization

This proposal is organized as follows: Chapter two, following this chapter summarizes
literature on system dynamics model and discrete evesimulation model
methodologies Chapter three provides SD model development stepsl &indly
scenarios analyses f¢e.g.increasing capital investment funds of public transportation
system and hypothetical transit ridership inae)CQ emissions migiation results by
switching private vehiclenodes to public transportation in the U.Sonthuation ofthe

model developed in chapter threenew policy practices of public transportation
investment and fuel tax increase are developed as well as uncertainty and multivariate
sensitivity analysi of overall system in Chapter fodfransportation mod choice of the

metro/micropolitan area commuters and their dexgraphic data is processed and

12



multinomial fractional plit model is developed in Chapter five. Finally, Chapter six
integrate the DES model in Chapter fueh SD modeling approach faybrid modeling

FYR F2NBOFadAy3 ! +Q& YI NJ S ide tifoé Sndl Bihissian2 y & O
impacts. The overall findings and implications of policy practices, future of the U.S.
urban transport, future study ideas, and study linitas are discussed in Chapter

seven Figure 2 summarizes theorganization of the dissertationwith a graphical

illustration.

e Chap. 3 1

Uncertainty
and sensitivity
extension to
SD model

SD model
development

Oiscrete-event
model
estimation for
urban mode
choices

Hybrid
simulation
model for

policy analysis

Policy
implementations
for sustainable
. . urban mobility
(Chap. 7)

Figure2: Organizationscheme of dissertation
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CHAPTER TWOBACKGROUND INFORMATIO®NURBAN
SUSTAINABILITY SIMULATION MODELS

The possibility of increasing public transportation ridership for more environmental
friendly cities has beemvestigated with variousmethods.Taylor and Fink (2003}ated

the most of the factors that affect ridership are beyond the control of transit agencies,
while factors under the control of such agencies-{mne performance, ride fare, etc.)
have an insignificant effect on ridership ratd&ncent and Jerram (2008}udied the
potential of Bus Rag Transit (BRT) to reduce £&nissions with the energy intensity of
transportation modes as a functional unRaulley et al. (2006hvestigated four factors
(fare, quality of service, income, and car ownership) that I¢oaffect public
transportation ridership demand, and found income and quality of service to be crucial
contributing factors to public transportation ridership rates. A report submitted to the
American Bus Associatigi.J. Bradley & Associates LLC 2@08yided information on

the energy intensity and G@missions of different tnasportation modes, which could

be used to show the potential of public transportation as a sustainable transportation
alternative. Taylor et al. (20099utlined the external factors that affect ridership rates
(regional geography, metropolitan economy, population charastes, and
auto/highway characteristics) as well internal factors (fare, service frequency, etc.), the
latter of which were found to significantly increase publiantsportation ridership. A

multi-criteria decision making method is applied to a similaufoto that of this study,

14



investigating mode choice behaviors in switching from private vehicle usage to transit
transportation (Jain et al. 2014)Lastly,Song et al(2015) studied the environmental
efficiency performance of highpeed rail transportation in China and indicated
significant environmental efficiency results for rail transportation with regional

differences.

2.1 System Dynamics Method for Transportation Mode Choice

System Dynamics (SDyas introduced to the research community by Jay Forrester in
1969 and since then it has been utilized in various research areas such as policymaking,
sustainable deslopment, healthcare management, eti&gilmez and Tatari 2012; Fong

et al. 2009; Forrester 1969; Haghani et al. 2002; Han and Hayashi 2008; Laurenti et al.
2014; Onat et al. 2014a; Shen et al. 200dpreover, predicting or simulating the
behavior of society as a whole in terms of transportation mode choice requires robust
analysis, which may connect many different factors influencing such decision via
complex relationships and feedback mechanis(®ruben and Sterman 2008ED
method is capable of doing such robust analysis and it has been utilized for some
transportation mode choice models and these models provide a crucial perspective for
selecting regional study boundari@Song et al. 2009; Han and Hayashi 2008; Shah e

2009; Wang et al. 20085Dmodeling approach fit to the concept of investigating such

15



complex issues since it provides describing ability of feedback mechanisms, delays in
system algorithm, and quantitative causal relations between attribui@sat et al.
2014a) Quantitatively defining causal loopsnd feedback mechanism between
variables also allow performing scenarios analysis on such complex moatenti et

al. (2014)also highlighted the importance dahis modeling approach for scenario
Fylrteairad 5dzS G2 {5 I LILINRIFOKQa OF LI oAfAGE
studies involving urban development and transportation related land use have utilized
the SD approach for various scenario analyselterature. AsAbbas and Bell (1994)
stated, the relation between environment impacts assessment and transportation
system can be studied with SD modeling approachm88eling approach is utilized for
transportation systems research in such areas of alternative fuel vehicles, supply chain
management, infrastructure construction and maintenance, urban, regional or national

scale policy making, air transportation, safstgce 1994Shepherd 2014)

Increasing the share of transportation modes other than drive alone option is one of the
major areas of focus in most urban development studies. Available literature on the
subject includes a study bMaghani et al. (2002 who developed a holistic system
dynamicsmodel to analyze the relationship between transportation and land use. In a
similar mannerWang et al. (2008concluded that sustainable urban development is
possible if private vehicle ownership is restrictud the use of public transportation is

encouragedHan and Hayashi (20083ed a system dynamics approach to study the CO
16



mitigation potential of public transportation for intezity travel in China while
considering all possible scenariéng et al.'s (200%tudy implemented a 50% public
transportation share for all transportation modes as a possible scenario, and their
simulation results indicated that such a scenario could provide significann@i@ation
compared to other aggressive poés tested in the study.Shen et al. (2009)
recommended expanding rail transport for even compact city developmersstly,
recent studies extended the literature by considering the whole U.S. transportation
mode choice behavior, transportation emissions impacts, and sensitivélysia of the

system(Ercan et al. 2016c; b)

2.2 Discrete Event Choice Modd&lpplications for Transportation Mode Choice

There are numerous transportation mode choice studies that utilized discretet even
models which can includdetailed behaviorof certain modes (i.e. cycling in a small
community) or consider all mode chogé@ egional scales. This sectionly discusses
some of the recent literature that includes multiple mode choices as folldWslen et

al. @013) investigated the decisiomaking mechanism of Canadian university
commuters and the results indicated interesting findings that affects decision such as
psychological decision (i.eyj of cycling, etc.), travel time, built environment (street,

sidewalks, etc.)Schneider(2013) conducted a research to understarebw to switch

17



GKS NRdziAYyS 2F O2YYdziSNEQ FNRBY RNAGAYy3A (2
steps of leading a routine such as; awareness & availability, basic safety & security,
convenience & cost, enjoyment, and habitShakralarti's (2017) recent study also
investigates how to improve transit ridership by shifting drive mode user in Los Angeles
area.Sun et al(2015)advanced theiterature by using Copubased method and their

study indicated that built environment (residential and wqrlace density) has
significant correlation with mode choice behavior. Simildbiypg et al(2017)also found

that built environment should be designed for reducing drive modes, since the results
indicate higher population and employment densiyeas are more likely to use

alternative modes.

2.3 Hybrid Simulation Modeling of Discrete Event and System Dynamics

The method of this dissertation conmas two widely utilizegimulation and forecasting

tools for transportation system problemsThe ug of the DES method allows the

NBE a S| NOKS NIBampl@ pathdNBEB yiliK$ RSaANBR RAAONBGS
behavior (Fishman 2013)Brailsford and Hiltor(2001) describes the DES method as a
stochastic approach that allocates distinct entities, scheduled activities, queues, and
decision rules within a relatively narrow context. On the other hand, the SD method can

O20SNJ I O6NRBIRSNI O2yi8&ia AR 42 NR2O4 (G 5y BENIS
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system being analyzed over longer periods of tifirailsford and Hilton 2001)
ConsequentlyBrailsford et al(2010) has referred to the combined use of these two
L2 g SNFdzf YSGK2Ra a LI NI 2F I KE&dNAR &R R&f

modeling.

SD and DES models are comparelllak's(1992)dissertation and initialized an effort to
develop a prototype compuetr based simulationSweetser(1999)also compared these

two models and states that SD method fit well with continues events and feedbacks
AYFEdzsSyOS GKS o0SKIFE@A2N 6AGK ReylrYAO OKIy3
defines DES approach a better method for providing more detail asabfslinear
algorithms, which includes discrete changes in system. Therefore, the study concludes
that both methods has large area of overlapping concept and could have much more
potential together. SimilarlyMorecroft and Robinsorf2005) compared both methods

with a case study of fishery design. Their result comparison of both methods indicates
that these methods are not opponents but could be complementiiako and Robinson
(2010)also compared two models by simulating the same problem with 10 modeling
experts (5 of each). Their study implied the difference between nevdalse for the

way of approaching the problem, however, the results of simulations did not present
significant differences. Finally, as it mentioned above sectiBrai|sford et al (2010)
compared both models for health care management system and named their

AYGSAaANIraGA2y a akK2fte 3ANIAfTE F2NJ GKSANI INBI
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In addition to the comparison studies, hybrid simulation method framework is
successfully integrated for manufacturing enterprisystem(Helal et al. 2007)Another
industry that deals with great amount of discrete and continuous evesdastruction
management also benefited from this hybrid approdBlefiaMora et al. 2008) Another
example of hybrid model for construction management provided a framework to
simulate realworld situation of mega construction projects for time and money
constraints(Alvanchi et al2011) Borshchev and Filippdi2004)took a step forward in
literature for hybrid simulation and introduced the combination of DES, SD, and-Agent
based (AB) models. Similarfhafiei et al(2013)combined SD anédB approaches for

urban transportation problem simulation.

In the light of thefindings and methods available from thelgerature, this dissertation

chooses to use of thBES and3modeling approaches to surpabe limitations of the

modeding effortsin Section 3 and 4, which only u&b modeling for transportation

mode choiceproblems, thereby limiting previous studies to only two mode choices

being taken into account while also being unable to sufficiently account for the effects

of behavioral chanr§a 2y 02 YYdzi SNBQ WBetivs dcaddutles & RS OA
sustainable mobility is extremely sensitive to trip generation parametetsch also

explains why current policy efforts have so far been unsuccessful in reaching sustainable
mobility goalsIt must therefore be noted that transportaticrelated impacts cannot be

addressed with only subsidized or myopic policies, but should instead be addressed
20



using policies that would actively involve all stakeholders in the transportation sectors.
Similarly Banister(2008) highlights the importance of stakeholder involvement at all

possible levels in order to achieve the desired sustafindbii @ Y20 At AG& 3I21I f
research is an important overlaying literature for this study, since it reinforces the
RAAASNIFGA2yQa LRAYyG Fta G2 GKS ySOSaaade 2
and feedbacks of these stakeholders and othesgble contributors into a macHevel

simulation of the transportation sector as it applies to this problem. In other words, the
stakeholders of this network complete the system loop by providing feedback with

respect to discrete events corresponding t@de choice behavior.

Although transportation system modef requires an interconnected macrclevel

design, the key component of thmodeled systemfor purposes of this dissertation is

travel mode choicewhichis a personal behavidhat can varywidely due to a variety of

factors. A qualitative survey approach has provided valuable insight with respect to
O2YYdzi SNEQ RNAGAYIKkGNIyarid OK2AO0Sasx gKAOK
availability, and2 § K SNJ NBf I 4GSR Tl OG2NRX 0 (Béirdokaad & G A f f
Sarsfield Calat 2007) This finding is also in agreement witlmocenti et al.'s 013)

study, which likewise found that mode choice is not always a rational behavior but can

still be affected by psychological (mental) models that may cause heuristic and biased
decisions. Therefore, it is also crucial to include digcevent modeling estimations in

this research with respect to mode choice behaviors.
21



CHAPTER THREEA SYSTEM DYNAMICS MODEL TO INVESTIGATE
CARBON FOOTPRINT REDUCTION POTENTIAL OF PUBLIC
TRANSPORTATION

A partial work of this chapter has begublished in theJournal of Cleaner Production
gAlGK (KS Iniedtigating cagbdn foatprint reduction potential of public

transportation in United States: A system dynamics approégirtan et al. 2016b)

3.1 Model Devdopment

3.1.1 Problemdentification

Based oriraylor et als (2009)defined factors that affect public transportatiaidership
(please see Section 2 for these factors), increasitigrship is expected to deease
private vehicle use but using private vehicles generates tax revenues for the
32PSNYYSYy i FNRBY FdzSt LIzNOKIF aSaz @GSKAOfS
Moreover, the government needs funds in addition to public transportation fare
revenues to sustain public traportation infrastructure, meaning that private vehicle
ridership cannot rapidly decrease, or such a decrease will result in a collapse of the
transportation mode system as a whole unless the government found another way to

afford operation expenses of theansportation sector.
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The relationship between the transportation modes and the totab €Qissions could

be linked with the energy intensity of each mode, which is represented by the energy
consumption required for each vehicle to move passengerstaraie of one mile. The
majority of current public transportation vehicles have large engines and body sizes, and
SO more energy is required to move these vehicles than that required to move private
(i.e. lightduty) vehicles the same distance. However, thehicle occupancy rate
regulates energy intensity by dividing the total energy consumption leyrilimber of
passengersFigue 3illustrates transit bus occupancy and the energy intensity of dight
duty vehicles and transit buses in the U.S. from 1990 ©@3122(U.S. Bureau of
Transportation Statistic015) Until 2009, the energy intensity of transit buses was
higher than that of passenger vehicles, which could be due to two main factors. First,
the vehicle occupancy and PMT of transit buses was too low before then, making transit
buses a norefficient transportation mode option in term of energy consumption.
Second, fuel economy technologies have been developed since 1990, after which even
heavyduty vehicles could be operated with less energy (fuel) required for the same
travel demand. In additiontransit bus authorities have been adopting alternative fuel
options for their fleet, whereas the peagallon energy equivalents of alternative fuel
options are less than those of gasoline or diesel. It is also especially crucial to highlight
the relationshp between transit bus occupancy and energy intensity, as the gap

between energy intensities of different transportation modes becomes greater as
23



transit bus occupancy decreases. As the Fi@uiradicated the increase on transit bus

ridership after 2008 esulted in more efficient points for energy intensity of transit

buses.
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Figure3: Energy intensity (El) of light duty vehicles (passenger vehicles) and transit motor
buses per passengeanile, and average transit motor bus occupay, from 1990 to 2012
The American Public Transportation AssociatiohPTA announced that public

transportation ridership has reached its highest value in the last 57 y@argrican
Public Transportation Association 201&pwever, while public transportation ridership
increased in 2008 following rapid increases in fuel pricas,rttlership increase was not

as much as that of last year. The reason behind that the U.S. employment rate is still
recovering from its decline 2008, whereas the total number of workers has increased
with respect to population growth, and the resultingogwth in the workforce would

lead to a possible increase in public transportatiodership. Figure4 depicts the
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relationship between the number of employees, the total public transit ridership, and
gasoline prices from 1990 to 2013. In this figure, therkiarce exhibited a nearly
constant linear increase over the course of 23 years. A slight decrease in the workforce
can be seen from 2008 to 2009, corresponding to the 2008 U.S. economic crisis.
However, the total public transportation ridership has anr@asing trend, albeit closely
related to gasoline prices. Figu#e which willbe used as the reference mode of this
chapter, clearly indicates that any extraordinary changes in gasoline prices can likewise
cause public transportation ridership to fluctuate. As explained in the previous sections,
public transportation ridership hathe potential to decrease private vehicle usage and
CQ emissions, and so any important factor that could increase public transit ridership
will be taken into consideration so as to yield a realistic simulation mO&elerican
Public Transportation Association Public Transportation Statistics 2015; U.S. Department

of Labor Bureau of Labor Statistics 2015)
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3.1.2ldentification of Parameters

Parameters that could affect public transportation ridership are summarized in Table 1,

along with their descriptions, types, and unitshe$e parameters can be classified as
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Tablel: Descriptions and units dfirst SDmodel parameters

Parameter Description Type Unit

Private Vehicle Ridership Percentage of person trip with private vehicle in Endogenous Percentage
transportation modes

Public TransportatioRidership Percentage of person trip witbublic Endogenous Percentage
transportationin transportation modes

Traffic Congestion Extratime that could be spent on traffic by Endogenous - (Index)
commuters due to traffic congestion

CQ emissions Vehicle use related annual €€missions Endogenous Ton
Tax Revenue Tax related government revenue Endogenous Million $
Publictransportation investments Infrastructure or fleet investments Endogenous Million $

Public transportation travel time  Reliability of travel time and accessibility rate of Endogenous - (Index)
reliability and accessibility public transportation

Public transportation revenue  t dzof AO G NJ yalLJ2 NI | G A 2y Endogenous Milion $

Annual number of person trips  Population increases annual number of person Endogenous Person trips
trips

Health effects of climate change Human health impacts of GHG emissiona given Endogenous
disability-adjusted life year (DALY)

Economic damage of climate Climate change impacts on the growth rate of tt Endogenous
change U.S. GDP

Labor force ppulation The employed U.opulation Exogenous Person

Alternative fuel adoption for Percentage of public transportation vehicles tha Exogenous Percentage
public transportation vehicles operates with alternative fuel source

3.1.3 System Conceptualization

Based on thenformation and parameter definitions previously discussedawsal loop
diagram (CLD) is developedrigure 5 presents the developed CLD with the
corresponding relatioships of each parameterThere are five loops that could be

detected in the CLDwhichare presented in Table 2 as follows.
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Table2: Feedback loop relations of causlkalop diagram

Feedback Loops

Relations

Public Transportation Revenue

Reinforcing Loop 1R ¢

Public Transportation Ridershipr + Public
Transportation Revenue + Public Transportatiol
Investments - (Delayy Public Transportatiol
Travel Time Reliability/Accessibility + Public
Transportation Ridership

Balancing Loop B@) ¢

Traffic Congestion Effects

Private Vehicle Trips + Tax Revenue + Public
Transportation Investments- (Delay)+ Public
Transportation Travel Time Reliability/Accessibi
-+ Public Transportation Ridership - Private
Vehicle Trips

Balaning Loop 1B1) ¢

Environmental and Econom
Impacts

Private Vehicle Trips + Traffic Congestion +
Public Transportation Ridership - Private Vehicle
Trips

Reinforcing Loop (R2 ¢

Annual Number of Person Trips + Private Vehicle
Trips- + Tax Revenue + Public Transportatiol
Investment- + Public Transportation Travel Tin
Reliability/Accessibility  + Public Transportatiol
Ridership - - CO2 Emissions + Economic
Damage of Climate Change - Labor Force
Population- + Annual Number of Person Trips

Reinforcing Loop @R3 ¢

[Reinforcing LoogB] Annual Number of Perso
Trips - + Public Transportation Ridership -
Private Vehicle Trips + CO2 Emissions + Health
Effects of Climate Change - Labor Force
Population- + Annual Number of Person Trips
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Figure5: Causal-loop diagram forfirst SDmodel (impacts otransportation modes on C®
mitigation

3.2. Model Formulation

Based on theCLDpresented and explained abovehe model designed for this section

must be formulated and developed iteratively. The stock and flow diagram of the model
ispreda SYUGSR Ay GKS F2ftft26Ay3 FTADS adzoaSOGA2YE
too large to show in one figure and had to be broken down into multipleraobels.

The following stock and flow figures illustrate the visual expression of model
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relationships as developed using the software VEN@Mase see Appendix Table for
the meanings of each symbols on stdltkv diagrams) The highlighted variables
OWLIzot AO GNIFyaLRNIFGA2Y NARSNBKALIQEX WTdzsSt

0 NJ y a LJ2exl) areithezrnyicalbvariables used in this study to validate the model.

3.2.1 Population Sublodel

The total population is the origin point for this model to start from, since people could
use various transportation modes to make trips as needed. Figudepicts the
developed population suimodel with which to recreate the historical behaviors and
values of the population in past years and also to project expected population values in
FdzidzNE @S NBRP® ¢KAa aeaidisSyqQa OSyidNIrf F2O0dza
could be represented by the number of people between the ages of 15 and 65. It is
assumed that the people within this age group generate the majority of trips, since
people could start driving after the age of 16 and employed people typically make at
least a tweway trip from home to work and back again. However, the labor force
populaton could in turn be affected by various factors, including the Gross Domestic
Product (GDP) of the U.S. economy, life expectancy, birth and mortality rates, and
(indirectly) net migration rates. In additionfd expectancy determines the mortality

rates at different age groups, which is alaffected bythe DisabilityAdjusted Life Year
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(DALY due to CQ emissions. This model is adoptédm the WORLD3 modéBossel

2007; Meadows et al. 2004gndhas beemmodified for the U.S.
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; 1 v
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Figure6: Population submodel stock andlow diagram
3.2.2. Trip Generation and Public Transportation RidershiyiM®dle!

The labor force population and the average trip rate of urban commuters could be used
to generate the average daily number of trips made in th&.According toSantos et

I f @@LER) study,eachperson generates almost 4 trips per day. Therefareould be
stated thatthe productof the labor force populationthe per-person trip rate andthe
number of workdays peyearcould be closely equal to the actual number of trips made
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in the U.S. per yearBeyond that how a person chooses to make his or her trip
considering allavailable tranportation modes is amatter of preference. Some
transportation modeqwalking, bicycling, etc.) have beercludedfrom the model of
this sectionfor simplification purposesUnfortunately, private vehicle usage per person
per trip hasdominatedtotal ridership inthe past witha ridership share 080% for the
22-year period covered in this studythisshare has been decreased by almost 1%. The
relative dominance of private vehicle usge andthe ridership share 08.5%for public
transportation arethen used to calculate the average number of trips completed with
each transportation mode which in turn provides the necessaryinformation to
determine the PMT and VMT I@ach transportatiormode. Multiplying theaverage trip
length of each transportation moda this modelby the number of tripsyields the
corresponding VMT for each mode. It is importantrniote that public transportation
ridership is equal to the number of trips kifie public transit mode specifically As
described inthe above sections, transit ridership is the key variable for implementing

policies in this model.

AscanbeseeninFigure dat dzof AO (NI YyaALRZNIIFGAZ2Y NARSNAI
any increase in the number of trips or in the labor force populatidonwever, the mode

choice share (percentage) for public transportation and private vehicle usage would
remain constant. The annual revenue of the public transportation system could

reinforce itself to extend its service, but it would not be enough to dwiikc given
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Therefore, ridership could be increased significantly by introducing new marginal policy
scenarios into the system; these policies are explained in further dietefibllowing

sections for policy development.

Public Transportation
Investment Scenario -
Labor Population
Public Transportation and Trip
Mode Choice Generation
Awerage Transit Mode Fare Parameters ‘ “""-l”‘-'- :
gallon gasoline tax T L. l -\'-lwr-‘aun::'uclrk
- oy per 'N-L\l .\\"_Itge trip mte
al o«
Time> Tor.:'.:.unf‘:\::n::r.;n
- rC": | ,/(/ ’fi

Publi trsportatior
* trip preference

Policy Growth Impacts

haN
—

Transit
: Transportation
oy Annoal Ridership _ N ") Y ol -
Growth Rate | ————}ine Anzual R_n-.nuc Ricership Transit trips generated -
Retumn Growth .
pr

7 ) -
| ~— - ~—

T of tran e
Transit VMT PMT of iransit modes
rd

Figure7: Trip generation and public transportation ridership suhodel stock and flow
diagram
3.2.3 Private Vehicle Use and Traffic CongestioAViwde|

The trip generation sumodel leads the system to generate private vehicle trips. The
public transportation mode choice percentage regulates the percent share of private
vehicle usage as a mode of transportation. In other words, the percent usage of private
vehicles subtracts fromhe corresponding percent usage of public transportation from

1, with adjustments from the total set made as necessary for walking, cycling, etc.
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Private vehicle usage is also regulated by traffic congestion, since people tend to switch
from driving to usig public transportation at some level of traffic congestion. Figlre
depicts the relationships between these parameters. Traffic congestion impacts on
LIS2 L)X SQ&4 Y2RS OK2AOS LINBGARS | olflyOAy3
VMT cannot increasdinearly with respect to population growth because lamde

growth is limited. Lightuty vehicle (LDV) fuel economy values are assumed to
represent the fuel economy values of private vehicles in the U.S., which could determine

the annual fuel consumptioof private vehicles in the following suhodel.

- - Congestion
Private Vehicle
' Private Vehicle
Mode Choice -~
. Lane Mile
Travel Time p Urban Arez VMT
ndex (T~ Annual Lane-mile .
dex (TT] T Contol Index increase N\ /"/f(
. / \ A /
e A i Utban VMT per
I —— . Prive vehile tip [ime-~ lnemile /
- prefirence —
?’uel Etc':c?nraf <Private Ve, VMT> M Travel Time
Ligh Duty Vebicls Prie Velde PMT o Index (TTT)
\&_ o “\\ _____'P:i?xe\eh\:luz'i:aﬂ—___ Total mumber of s
: A . \
U \
o Average Tripleagh
i B Vet VT

QOccapancy A

Figure8: Private vehicle use and traffic congestion soiodel stock and flow diagram
3.2.4 Energy Consumption of Public Transportation Mode$/®dk|

The main energy consumerd the public transportation system are definad this
modelas bugs, heavyandlight raiways commuter railvays and demand response. It

is more complicatedo determinethe fuel consumption of transit modes, sinaeailable
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fuel types for public tranisvehicles can includelectriaty, diesel, natural gas, and other
fuel source, comparel to private vehiclesmost of which are powered byasoline
powered. It is also important to note that each of these energy soursassed in
different portions and that the emission impactsof each sourceare likewise
significantlyvaried In order to overcome this variety issuée energy equivalence of
S OK TFdzS¢ a 2 dzN&S @ gatered dfrdny hikiokicalydatéor public
transportation operation (U.S. Bureau of Transportation Statistics 2013his
consumption per gallonof fuel or per kWhof electricity is then multiplied by the
appropriateenergy equivalece factor for each fuel source anddy 9 t ! c@ri@sponding
conversion factoiin orderto determine C@emissions applicable ratesnd refeence
information are given in Table Below. Therefore, Figure is used to present and

generate the overall fuel consumption and £Hnissions of different energy sources.
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Figure9: Public transportation related energy consumphn sulbbmodel stock and flow
diagram
3.2.5 Transportatiomelated CQEmissions and Climate Change Impacts on Economy

SubModel

Private vehicle VMT values and average fuel economy values of Light Duty Vehicles
(LDV) are used to determine the annual fuelnsomption of private vehicles as
previously explained in Section 3.2.3 the annual fuel consumption of private vehicles can

be converted into COSYA aaAz2ya @lfdzSa olFlaSR 2y 9t! Qa
CQ emission conversion rate; this rate and othedevant iformation is provided in

Table 3 Public transportation related G@missions are the other component of the
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total transportationrelated COSYA aadA 2y a4 | yR A& OFf OdzA I SR
CQ emission rates, which are explained in fuethdetail in Section 3.2.4. Therefore, the

sum of the respective COemissions from private vehicles and from public

OGN yaLR2NIFGA2YyY Y2RS&a Ol y 0 the Wa BarspaitationT A y R
related C@emissions ® ¢ KS NEefweed theésy vakds lig shown in Figu@ 1
Transportationrelated CQ emissions are one of the main contributors to global,CO
emissions, but to fully capture the impacts of climate change on economic and health
indicators, the total global GOemissionrate should also be considered. For this
LJdzNLJ2 4 S5 ¢ K SWal® Dekefopment iidic@térslatabase is used in this

model to gather data for total global G@missiongThe World Bank 2014)

After the annual rate of total G@missions is calculated, their economic impact on the
U.S. GDP is calculated using a modified version of the DICE (Nodg#haus 2006)The
economic damagefrom climate change include dislocations resulting from higher sea
levels, losses in agricultural productivity, ae dollar-equivalent cost®f increases in
mortality, morbidity, and social disruptioiPindyck 2011)In current literature, most
studies quantif the economic damage of climate change as a direct impacDP and
consumption. However, these approachiesl to capture the permanent or longerm
impacts of climate change. Similarly, the DICE model also assume¢hedises in
global temperaturewill affect GDP. On the other handindyck (2011¢laims that global

warming can have a permanent effect on future Gffues,and that the effects of
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climate change shoultherefore be modeled irsucha way thatclimate changempacts

in future years camlso be taken into consideration. In the climate change model
presented in this paper, the DICE models been modifiedso that the impacts of

increasng temperatures affect 1 KS D5t 3INRgGK NI OGS Ay | 002

equations. This modified climate change modesk first applied i{Onat et al. 2016¢)
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FigurelO: Overall transportation related C&emissions and emissior®lated climate
change impacts sunodel stock and flow diagram
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Some of the parameters seen and expéalrin the abovementioned si-models can be
found in Table 3with their values, units, types, and relevant reference information
included as applicable. The model consists of parameters found in currently available
literature and from the reports of goveament agencies. Most of the parameters is to
model transportation behavior are gathered from the website of th&. Department of
Transportation Res@eh and Innovative Technology Administration Bureau of
Transportation Statistic€015) In addition, corresponding factors are used to convert
fuel consumption values to energy equivalent values and €&@fiissions. Since some
parameters have been chang@ver the study period, these parameters are defined as

Wl dzEAf AL NBEQ Ol NALF6fS&a Ay (KS Y2RSt o
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Table3: Model parameters with unit and references

Parameter Value Type Unit Reference
Private Vehicle Occupancy 1.62¢1.39  Auxiliary person
Fud Economy of Private Vehicles 20.3¢23.3  Auxiliary mpg U.S. Department of
Public Transportation Preference 3.5 Constant percentage Transportation
Private Vehicle Preference 90 Constant percentage Research and
Average transit unlinked fare 0.67¢1.33  Auxiliary $ltrip Innovative Technology
Diesel Share dEnergy Consumption (EC ~ 82¢ 62 Auxiliary percentage Administration Bureau
Electricity Share of EC 16.2¢ 14 Constant percentage of Transportation
Natural Gas (NG) Share of EC 13.5¢0 Auxiliary percentage Statisticq2015)
Gasoline and Others Share of EC 9¢2 Auxiliary percentage
Average trigength 8.2-8.67 Auxiliary mile Santos, et al. (2011)
Average trip rate 3.76¢4.30  Auxiliary trip/day
Average transit trip length 5.4 Constant mile
(U.S. Energy
Per gallon tax rate 0.54 Constant $/gallon Information
Administration 2015a)
American Public
Per PMT expense to transit authority 0.6 Constant $/PMT Transportation
Associatior(2014)
(Energy eqg. and CO2 emission conversion fagtors
Electricity- Energy eq. factor 3,412 Constant BTU/kWh
) U.S. Energy
Gasoline Energy eq. factor 125000 Constant BTU/gallon ]
Information
Diesel Energy eq. factor 138,700 Constant BTU/gallon o )
Administraton (2015)
Natural Gas (NG)Energy eq. factor 22,500 Constant BTU/gallon
CO2 eq- Electricity/kWh factor 6.89E04 Constant t CO2eq./kWh )
(U.S. Environmental
CO2 eg- Gasoline/gallon factor 6.66E03 Constant t CO2 edgallon )
) Protection Agency
CO2 eg- Diesel/gallon factor 1.02E02 Constant t CO2 edgallon 20142)
a
CO2 eqg- NG/gallon factor 8.89E03 Constant t CO2 edgallon
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3.3 Model Validation

The overall development of this model is not complete without first presenting the
Y2RStQa @FIfARFGA2Yy NBadzZ 64z 6KAOK Ydzad LN
implementation and testing. In other words, the model should be valid and correct with

respect to applicable literature and historical data before it can be used for forecasting.

With the development of system dynamics in literature, model validation has since
become the topic of several important articleBarlas(1996) highlighted and defined

the modd validation process, and his work has been cited in most system dynamics
articles today.QudratUllah and Seon@2010) summarized the validation methods in
light of the work ofBarlas(1996) Moreover, this paper will follow the validation steps

described byQudratUllah and Seon(2010)

3.3.1 Structural Validaon

The first step consists of five specific structural validation verification) tests;
boundary adequacy, structure verification, dimensional consistency, parameter
verification, and extreme conditions Structural validation tests whether or not the
model is an adequate representation of tmeaklife situation(s) being modeled, and
therefore refers to the point where the model is first developed with the céisap

diagram. Since this dissertatiomas provided some references with different
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perspecives regarding transportation mode problems, it can be safely stated that this
model includes all of the necessary variables that affect the modeled system in reality.
Furthermore, as a part of structural validation, providing references for the model
boundary and variables affirms that this model meets the requirements of the

¢boundary adequagdy G Said @

The causaloop diagram of the model shows that this model consists of feedback loops
that affect the reference mode. Moreover, the developed stock #oa diagram as a
whole was developed with variable relations and formulations that run on VENSIM

gAOK2dzi | yé& SNNEBNHBO® sthidudabvErificaticd a0 F2 R Sit a LI &

After adding all formulas and relations between variables of thel@ehat is also crucial

G2 AyOfdzRS GKSANI RAYSyairzyad 5SFAYAYyI (K
aeaidsSYy GKAY1SNRBR (G2 3ISYySNI OGS (KS SyR23ISy2dza
reatlife dimensions of these s@& endogenous variables. Table &8s previously

explained, defines the dimensions of the model and confirms that the model passes
édimensional consistensy @I £ A RF GA 2y (dbthdimbdeldifiSed lwmadle YS G S N
3 NB Il GKSNBR FTNRBY NBf Al odar@menBefifsaidetadtSa > Y S
is satisfied. Finally, some of the historically defined parameters used in the model
include extreme conditions such as rapid increases or decreases for some years, such as

Hnny Q4 S$02y2YAO ONRAAA Ay (tkpottadoh modesy R A i &
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3.3.2 Behavioral Validation

The structural validation process ensures that the model is developed clyri@ad is
working properly, but does not determine whether or not the model exhibits the same
behavior as the realorld historical data of the reference mode. Although behavioral
validation could be simply presented with graphs, it should also be scoediif
supported with statistical analyses. Figuré LINS & Sy hehavidrdd &productich
test results with respect to public transportation ridership, and it is clear from the figure
that the simulation behavior of the model is fairly similar to thettwical behavior of
the reallife data. The actual data for transit transportation ridership was gathered from
the U.S. Department of Transportation egearch and Innovative Technology
Administration Bureau of Transportation Statistics (201B)e statistical relationship
between the public transportation ridership data for the model simulation and for the

reference mode is explained below.
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Figurell: Behavioral Reproduction dPublic Transportation Ridership

Fuel consumption is one the key components of the model, since it generates the
energy consumption and GQGemissions previously discussed with respect to the
modeled sgtem. Therefore, Figure2ldepicts the behavioral reproduction test results
for the annual fuel consumption of LDVs. The historical fuel consumption data from
1990 to 2012 was also gathered from theS. Department of Transportation Research
and Innovative Technology Administration Bureau of Transportation Stat{@0ds5)
Figure 2 indicates a significantly close relationship between the histodesh and the

simulation results.
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