ABSTRACT

Title of thesis: A TRIP TIME COMPARISON OFAUTOMATED GUIDEWAY
TRANSIT SYSTEMS

Reuben Morris Juster, Mastefr Science, 203
Thesis directed by: Professor Paul Mschonfeld

Department of Civil and Environmental Engineering

Automated People Movers (APM) and Personal Rapid Transit (PRT) are two of the main

transportation modes in the realm of grag@arated automated transit technology. APMs can be
seenin variousUS locationsandresembletraditional heavy rail or light railas they all operate
on fixed routes, but APMs are completely automated. Rg3tems, which arewot well
established in the USise low capacity vehicles to transport passengers directlytfreimorigin
to their destination, bypassing intermediate stations. Each type of autoguadesvaytransit
technology may have a niche where one typereferable tothe other. This study uses
simulation to quantify the passenger levels and geograpba#éxts that are preferable for
APM or PRT. The simulation results show that PRT tends to have lower trip times than APM if

the PRT has shorter distances between stations, fewer passengers, and a more complex geometry.
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Chapter 1: Introduction

Automated fixeeguideway transit includes any type of transit that is completely driverless
and whose motion is constrained by a guideway/ rail. There are two types of automated fixed
guideway transit that are currently being designed and constructedlyremeamated people
movers (APM), and personal rapid transit (PRT).

1.1 APM Background

The Airport Cooperative Research Programos
and | mplementing Automated Peopl e Mmsysems Syst e
[that] are fully automatedand driverless transit systentisat operate on fixed guideways in
excl usi ve rACgmR 2EHO) Mdst peopley associataitamated people movergith
the traditional type oAPM, which consst of train-like vehicles that move on rubber tires and
powered via an electrified rair propelled with a cabldut APMs include a family of different
vehicles that are almost as diverse as automofiesalski, 1997) Figure 11.1 shows some
APM examplesMonorail systems varyn shape and size, but all vehiclas above orare
suspended below single rail or beanfMoore & Little, 1997) Automated light rail and heavy
rail resemble their neautomated counterparts, excépatthey are fully driverlessI'hosetypes
of systems have a large capacity that can handle the travel demaatdsiyf activity center.

Heavy rail transit systems feature fast trains with many high capacity cars thateope a fully
grade separate routéight rail systems are similar, but vehicles tend to be shorter, can be
articulated, and slower than heavy r@etro Cincinnati, 2010)The main difference between
heavy and light rail sstems are that the latter are designed to run on various types edfright

ways, ranging from tracks in mixed traffic to completely exclusive oh&sy of the APM



systems have platform screen doors as an extra security measure at unstaffeq gtasons

increasing their resemblance to horizontal elevators
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Source: Planetizen, 2009 Source: Las Vegas Monorail, 2009

System: Miami Metro Mover System: Las Vegas Monorail
Type: Traditional APM Type: Monorall

Source: Wikipedia.org, 2009 Source: Time Magazine, 2011
System: Vancouveskytrain System: Masdar City PRT
Type: Light rail Type: PRT

Figurel.1.1: Automated People Mover Types
The first known automated people mover was allegedly built in thec@6tury in Salzburg,

Austria. It used a system of water tanks, ropes, and gravity to move vehicles that carried goods
up a 625 feet hill with a 67% slope. The system is still in use today, but with several modern
upgrades. No APM was built for hundredsyafars until the 20 century. During the 1950s,
experimental people movers were built, but only survived for a few years. The South Park
Demonstration Project, built by the Westinghouse Electric Corporation, wasfated|attempt

to start an automategaeople mover system in Pittsburgh and only survived from 1965 to 1966.
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Westinghouseds efforts wer e nodf APMS$droliferated vai n.
especially inthe U.S, using Westinghouse based technology. The Tampa International Airgn s
automated people mover was the first people mover ever built at an airport. Completed in 1971,
thspeopl e mover was vital in the airportds i nn
concourses to a central terminal. The airport was ablexpand its footprint and capacity
without dramatically increasing the walking distance of passer{@&RP, 2010) Continuing
today, APMs have allowed airports to grow and accommodate -Bupesize traffic without
requiringpassengers to walk unreasonably long distances.

APMs in nonairportactivity centerdhave beeress popular in the United Statisn airport
APMs. Activity center people moveifgally began operations in tHe 9 8 ,Qvithshe exception
of the experimental Morgantown PRT (considered toGmeup Rapid TransitGRT), which
started operation inl975. The Urban Mass Transportation Administration (UMTA, the
predecessor of the Federal Transit Administration) with directtom fCongress started the
Downtown People Mover (DPM) Prograthroughwhich cities across America could submit
proposals for DPMsAccepted proposalould receivegeneroudederal government funding.
Downtown people movers act as circulators in the majorkplaces and activity centers of
central business districts. Four cities were selected out of thirty eight submitfezbais, none
of which were constructedA second selection procegtelded three other citiesvhich were
eventually selected for DPMedluding Miami, Jacksonville, and Detr@¢&proule, 2004)

No otherdowntown people movers have been builthe U.S.since, butmanyother non
airport APMs have beerbuilt. Las Vegashas multiple people movers that connesgveral
different hotels, casinos, and other attractions. Large medical campuses such as the Indiana

University Health Complex or Huntsville Hospital Systeachhave an APM to reach multiple



hospitals. The Las Colinas Personal Transit System (APM) ciesufzeople around a planned
suburban community. In other countries, APMs have taken on the role of rapid transit,
resembling light rail or high capacity heavy rail. Skytrain provides Vancouver, Canada with
metro capacity and speadthout any train operate since the 1980s.
1.2 PRT Background

PRT is another type of automated fixgdideway transit that dizes smaller vehicles than
traditional APMs, but provides passengers with dirg@nsportation from origin to destination.
PRT isa type of APM, butn thisthesis, APMrefers to the traditional type of automated people
movers.PRT enables direct transportation wdfi-line stations that contain a set of tracks for
vehicles to decelerate and dwell at stations, and another set of tracks to bypass atdtit
speed PRT networks can be built with complex geometries twser an entire town without
needing multiple routes as an APM would need. The few PRT systems that exist use multiple
four personunpairedvehicles that are battery powerdaut vehcles can fit six people or be
powered byanelectrified rail(The Times of India, 2011; Taxi 2000)

PRT is arelatively newmode oftransportatiorthat combines features &PMs and taxis.
PRT combinethe grade sepation andautomation of APM with the capacityand directorigin
to destinationtransportationcapability of taxis PRT vehicles are not impeded by other PRT
vehicles stopped ahead stationssince PRT stations hatbeir ownoff-line tracks Since PRT
vehiclestravel directly from origin to destination and stations are sepafiatedthe main travel
guideway,PRT is not restrictetb simplelinear network (Vectus, 2009)The greatest potential

for PRTis with dense networkihat coveran entire town ash®wnin Figure 1.2.1.



BEAMWAYS

Figure 1.2.11thacaPRT Network
Source: Beamways (2008)

The theoreticalthacg New York PRT system created by Beamways would consist of about
24 miles of track with 59 stations and 750 vehicles. $iidemcould supporthe potential 5000
rush hour trips of the ar&50,000residents and students. The average wait time for a vehicle
would only be 5 second8eamways, 2008)Ihelthacasystem is only one of the many potaht
PRT systems that could fulfill most of the transportation needs of a large community.

PRT featuressmall vehicleshat require smalleandless expensive statior@d structural
componentgshan APM These mall vehicles mayappear to minimize thpotential capacity of
the systembut smaller vehicles allosmallerheadwaysHeadways as small as 0.5 seconds are
possible giving PRT the potential capacity of 28,800 passengers per hour per dingthdour

persons per vehicldut PRT currently opates with 3 second headways limiting the capacity to
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4,800 passengers per hour per dehicleepertormance, PRTE
which is slower tharAPM, reaching speeds only up to 30 mph and acceleration of around 8.2
ft/se¢ (Vectus, 2009)

The notion of PRT was first conceivadound 1953y Donn Fichterwho wrote specifically
of a PRT |i ke system in his 1964 work titled,
He thought there should be a tsportation mode that could be integrated with urban landscapes
with inexpensive and small guidewags wellas have service that could meet the transportation
needs of individual riders. Much of the PRT research was performed independently until the
UrbanMass Transportation Act was enacted in 1964. Aflengress approveihe act, multiple
federal actions supported the progress of advatremsportation systems including PRT. This
led to the development of the first PRKe system, the Morgantown PRTinhe 19706 s . )
USA was not the only countrp research RT technologythe central governmesnbf many
Western European countries and Japan funded F
None of the past PRT research projects led to a markepabthict except for the German
Cabintaxi system.

The PRT research i n tdnéehe Ad9aBoed GroupvRapid Toamsitc e nt r
program thatled to recommendationdut did not produce any functimgy PRT or PRTike
system.PRT research restarted 990 when the Chicago Regional Transportation Authority
(RTA) teamed up with the Raytheon Corporation to build a PRT system in the Chicago area.
Phase one of the projecvimo | ved sel ect i neghnologyiwoulld be useddoathey 6 s
study. RTA select Taxi 2000 based technology. For phase two, a 2,200 foot pilot system was
built with an oftline station and threeehicles This system ran successfully, and proved that the

technology could handle 2.5 secohdadways. The third and unfortunately last phase of the



project involved building a demonstration PRT that would actually be g@édssengers. The

third phase along with the rest of the program was canceled in 2000 due to concerns of inflated
costs angboor ridership projection&Carnegie & Hoffman, 2007)

1.3 ProblemStatement

Airports build rail transit to expanded their facilities and increase connectivity between their
existing facilities. Transit agencies build railnsit as part of their mission to provide quick and
convenient transportation service\irport rail transit almost exclusively uses automated fixed
guideway technology while transit agencies usually have onboard train ope(ators
automated)Many trandi agencies around thweorld arebeginning to embracte automationof
their rail lines which result in creating APM Vancouver , British Col um
uses APM light rail technologyandParishas already built one automated heavy rail ie®se
success sparked interest into automating existing (i@sslink, 2012; Jampala, 2011)

Before 2000s, the only type of automated fixpadeway transit that any entity would
consider was APMs. Since thethe Masdar City and London Heathréws Ph&came
operational in November 2010 and September 2@kbectivelyproving the PRT technology is
ready for the twenty first century2getthere, 2012; Ultra Global PRT, 201%Yith the two
different types of automated fixeglidewaytransit, which typef automated guideway transst
preferablefor a certain project? APMs can move substardialvdsat high speeds, but PRTs
offer point to point serviceThis thesiswill quantitatively define where each type of system is
preferable through simulation triafince there are not enough comparable real life systems to

contrast



1.4 Objective

The objective of the thesis is &nableagencies to choose the right type of automated
guidewaytranst based orpassenger travel and waiting tin@ther factors such as construction
costs, operating costs, and environmental impacts are very important factors when deciding
which mode to implement for a transit system, but are difficult to tifyeior PRT since there
are onlytwo systems currently operating. The lack of other measures of effectiveness is covered
in Chapter 3 Agencies would beable toinput the specifications (geometry and passenger
demand) of their proposed automatgddewaytransit system taliscoverwhich type of system
haslower trip times Results from this study may also be used to improve the design of future
transit projects.
1.4 Organization

The contents of the rest of this thearedivided intosevenchapters. Chapter [@ovidesthe
|l iterature review that covers APM/ PRTO0s model
modes. Chapter 8ummarizeghe simulation tools used to evaluate APM and PRT. Chapter 4
describs how the simulation scenarios meechosen and constructed. Chapter 5 summarizes the
simulation results. Chapter 6 provides an example on how the scenario sestmagrbe used
to choose betwee®PM and PRT. Chapter providesa sensitivity analysis that gas how
assumptions made in eanho d eccaeration and velocityaluesaffect thesimulation results
Chapter 7 also covers the different capacities of each mode. L@ktpter 8 concludes this

thesis anatlaborates osome additional areas of research.



Chapter 2: Literature Review

The topic of comparing traditional APMs and PRT is not well researched with only a few
papers available, but there is bountiful literature on APMs and PRT individiiakyliterature
review for this thesidgs divided into three sections: Automated Peddlevers, Personal Rapid
Transit, and PRT and APM Comparisons.

2.1 Automated People Movers

Most traditional APMs are built as short haul transit in airports or specibazivity centers
such as central business districts or campuses. One of the ssemaweled in thighesis
includes a long lindhaul type system which resembles a typical heavy rail corridos. type of
system is often implemented as a substitute for a light rail or heavyimailtransporting
commuters across citieShen, Zhaoand Huang 1995 provel that line-haul type APMs are
effective at transporting passengers byviewing existing linehaul APMs including the
Vancouver Skytrain in Canada, Lille Metro in France, and the Wenshan Line of the Taipei Metro
in Taiwan. The systesranged in length from 7.2 to 17.9 miles with 12 to 36 stations at the time
the paperds publicati on. /Shenetsalyssovedimsyedclatne si n
haul APM system had the capacity and the operating specifications to competéheitfoons
of line-haul transitThe systems operatat relatively high capacities with headways as low as 1
minute andheir fleetsconsisted of trains with a capacity of upa@0 passengers per train. The
maximum capacity along a point was 25,000 pagsees per hour per direction. The trains could
reachspeedof up to 56 mph(Shen, Zhao, & Huang, 1995)he capacityvason par with light
rail, but on the low end for heavy rail. The speesscomparable to light rail and lait slower
than heavy railCarnegie & Hoffman, 2007) The capital cost figures for each of the APM

systems were highly variable and depended on how much of the alignment -grasieat
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elevated, or undergrounBior example, th@rimaiily elevated Skytrain cost about $98n@lion

per mile, while the rmostly underground Lille Metro cost about $164.6 million per mike.
comparison, theverage cost per mile for light rail and heavy rail at the time of the study and
adjusted to 202 dollars was $105.8 and $240.7 million per mikspectively.In the US and

other developed countries, employee costs make up the largest portion of costs, which APMs
minimize through the lack of eboard operat@: Each Vancouver Skytrain employseppated

about 630,000 passenger miles compared to 221,000 passenger miles for heavy rail and 76,300
passenger miles for light railAs line-haul transit systems, APMs have the performance,
capacity, and cost to be considered along with-automatedheavy rali and light rail (Shen,

Zhao, & Huang, 1995)

Lin and Trani (2000) developed a sophisticated APM simulatiodelusingthe speciaized
simulation software EXTENDS. Tire simulator, APMSIM, wascapable of modeling
passenger/vehicle movement, system performance, and energy consumption based on a number
of input blocks. Besides the simulation specifics and station component blocksywrera
number of guideway blocks that inclubevo-way switthes, merge diverge, singlene loop,
pinched loop, turnaround, and single lane béodkhe simulation user would assemifie blocks
together to creatan APM model. The user specifiekdhr ough bl ocks the pa:
destination pattern, network geetry, and demandver time. The simulation assumed

9 Passengers first exit vehicles before new passengers enter

1 Boarding time per passengevas deterministic (thoughit was possible to use a

distribution)

1 Accelerationwasbased on equations of motion

1 Thebraking ratewasconstant

10



Linand TraniuseAPMSI M t o model Atl anta Hartsfield I
For that particular example they assuitieat

1 Each vehiclehadtwo doors thatook 1.5 seconds to open/close atwdk 1 sec for a

passengeto enter/exit each door

1 Braking ratewas1 m/seé

1 Station dwell timewas35 seconds

1 Headway between traimsustbe a minimum of 120 seconds apart

The simulation successfully allowed them to model energy consumption, waiting time,
gueues at stations, anthny other variables of interggin & Trani, 2000)

ACRP 37, AGui debook for Planning r&ystdmslatmp | e me
Ai r por t s @,varigty od mforrdagicsh on APM®One of the most important issuess
what instances should an APM be considered at all. If a trip is short enough, the station access
time could make walking or moving walkways quicker than automated guideway tfigsie

2.2.1 showfor which distances each type of inaport mode ipreferable

11
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9 Moving Walkway,/
Stand /

Walking Only
Moving Walkway,
Walk

Travel Time (Minutes)
10,

0 1,000 2,000 3,000 4,000 5,000
Distance (Feet)

Figure2.1.1: Intra-Airport Mode Comparisons
Source: ACRP (2010)

For trips under 300 feet, walking or moving walkwayss the fasiest. The travel time
savings for APMs really statlto pay offafter about 800 feevhen the dwell time and stopping
sequencebadless of an effect on the overall trip time.

ACRP 37 alsohad recommendations on the design and operation of the systdran
designing an AP MO0 secanmendedune radii greateiGiuP 30B4€ (91.5
meter) and a bare minimum radius of 150 feet (45.72 meter) which drasiicgdgcted
allowable speedvlinimum allowableheadway between traimgasrecommendeds 1.5 minutes.
Maximum speedsariedfor each vehicle type, buteretypically 32 to 4 mph(ACRP, 2010)

2.2 Personal Rapid Transit

Gluck and Anspach (1997) used PRT2000 NETSIM, a PRT simulator, to run various
sensitivity analyzes on PRTs. In the first analysis, ayetap length and trip speed wsisifted
in a system with 100 vehicles to yield how many vehicle trips per hour the PRT can produce.

12



The simulations showed that the higher the average trip speed and lower the average trip length,
the more trips per hour the systevas able to supply. Increasingp speed from 20 to 30 mph
increased the capacity of the system by about 50%. Doubling the average trip length tiedve
capacity. During certain periods of time, especially rush $)dups tend to ganainly in one
direction and with PRTs, empty velgs mustrun against the direction of travel to make up for
t he Aunbal a@6leckaddAnspaehrshawed.titae capacity of a system decreéhss

its demand beamemoredirectionallyunbalancedFor example, the transit route in Figure 2.2.1
was 100%directionallybalanced between 0 and Oamd 0% balanced between 0.5 andten
though the sum of passengardoth directions stagd constant throughout the route, the region
between 0.5 andWason the verge of beingverloaded sincell the passeregsrodethe route in
one direction Lastly, with lower travel speeds, the systemuld accommodate more vehicles

though not necessarily more tri@Sluck & Anspach, 1997)

120

100 o c—r——— —’
3 = Eastbound Direction
T 80
@
Q— 60 P N | J
n 100% Balanced Uz balanced == e \Westbound Direction
¢ <-
GC) 40 i
0 .
9] 20 [ Passengers in Both
é_c v Directions/Capacity

0 . in One Direction
0 0.5 1
Location Along Route

Figure 2.2.1: Directiondimbalance Example

Gluck and Anspach (1997) looked at how different travel charactersiglsl affect the
capacity of the PRT system, but what about the capacity of the PRT stations thePnselves

Schweizer, Mantecchini, and Greenwood (2011) specially stuthe capacity of the PRT
13



stations The capacity of thewo main types of PRT stations, serial-biffe (figure 2.22) and
sawtooth (figure 2.23) stationswas examined Serial type stations typidgl have a single
platform where vehicles queue up to adcppassengers. The first vehicle to enter is the first
vehicle exit the stationThe serial type station dahe best capacifyheoreticallyable to handle
almost 800 vehicles per hour assuming the statiodslRaberths and each vehicleas loaded

with four passengers with hgawggage. 12 berth stations ch#éhe capacity for over 1000
vehicles per hour if ther@as only one passenger without baggage per vehicle. The major flaw
for this station typewas that loading a slow passenger will slow down thdarendtation
(Schweizer, Mantecchini, & Greenwood, 2011)

Sawtooth type stations, which resemble angle parking spaces, allow for vehicles to
independently maneuver in and out of berths. Passengers loading or unloading &hicte v
does not interfere with other vehicles since the berths are out of the way of the main station
track. The drawback of this station type is the capacity, wttiehstudyestimated tdoe only
about 450 vehicles per hour for a 12 besthtion with any type of passenger(s). Although
loading timewas irrelevant, the time it takes for a vehicle to find an empty berth, maneuver in,
and back out of a bertlecreasedhe capacity below the serial type station. A high capacity
sawtooth with gerlapping curved platforms was proposed, but its capacity was still less than the
serial type stations withassengers that take long to load and un{8atiweizer, Mantecchini, &

Greenwood, 2011)
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Figure 2.22: FiveBerth Serial Type Figure 2.2.3: Four Berth Sawtooth
Station Station w/ Vehicle Entering (Left) and
Source: Schweizer et al. (2011). Exiting (Right) Berths

Source: Schweizer et al. (2011).

Juster and Schonfeld (2013) feemed a <ries of sensitivityanalyzeson a linear PRT
system withevenly spaced stations and unequal trip distribution. The base vehicle characteristics
for the simulation were:

1 Max Velocity- 15 meters / second

1 Minimum Allowable Headway3 seconds

1 4 seats/ vehiel

1 1100 vehicles

Each of the sensitivity analyzes adjusted one variable while keeping the others constant.

Figure 2.24 shows how each of the variables affect average travel time (the time spent

moving in the vehicle).
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Figure 2.24: Average Travel TimBensitivity to Model Variables
Source: Juster & Schonfel(2013)

When the authors decreasdé® minimum allowable headwayt had little effect on travel
time, but increasing it greatly increased the travel tififtee greater the vehicle velocity, the
lower the system's average travel tilBealler vehicle sizslightly increased the travel time and
adjusting the number of vehicles had no efféegure 2.25di spl ays teffeetorvar i ab

average wait time.
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Whenthe number of vehicles, maximum velocity, and vehicle size decdedise wait time
increased When tlose variables werencreased the wait time decreasedut in an unstable
manner. Tk phenomenowasmod likely due to the small wait time values. When the variables
wereset to their original levels, the wait timeasbelow 6 seconds. Any slight change to the low
wait time would seem dramatic on the grapimcreasing the minimum allowable headway
increasd the average wait time. The results of Juster and Schof@i8) showedhow certain
systemcharacteristics effect the operation of a linear network, but the results might not hold for a
different systenwith a differentconfiguration.

2.3 PRT and APMComparison

Lowson (2003)was the most similastudy to thisthesis He comparedhow station spacing

affects the average travel time and speed for PRT, barsd APM. The study incorporatedlk

(access), wait, and travel time on a linear corridor for each mode.@updsne was inferior to
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the other two modes. Figure321 shows the trip time compared to average stop separation for

APMs and PRT.

50 1 T | !

8 km trip . |
ST [ 10.1g accel, 20second stops |
40+ AN\ 4 - _| 80 m/min walk | |
%5 5 minute wait Stops +Walk+Wait |

Stops plus waln_i

L -_—-'-_'5—‘— — :
04— —— . _! - _ _— —
: PRT Base N
5 — | SR - [ Wp— - e |
0 . —
0 0.25 05 0.75 1 1.25 1.5
Stop Separation km

Figure2.3.1 LRT/APM Compared to PRT
Source: Lowsor(2003)

As one would expect, PRT wasperior when the stop separation is small, but as the distance
between stations increake® RTO6s t i me adv 8hen aogsderidgi tlsats Liowsant e d
assumed t he AfRMgeavaidtimdPt®dISinsmutes (10 minute headway) aB0
seconds respectively, APM waise superior mode with stop separation greater than 1.25 km
(Lowson, 2003)There werenany assumpti ons ireducdhereaismofithes st ud:
results. The system wasmplified to an infinite linear corridor, which only fits a few redlife
systems. Many PRT and APM systems have complex canaisranches to cover a wider area.

Net wor k efleqan dave tym@sswasilso ignored intte case that too many passengers
can increase the travel tinfleowson, 2003)

Juster and Schonfeld (2013) compaaddht rail (LRT), bus rapid transit (BRT), and PRT

alternative forthe real life applicationof the MarylandT r ansi t Admi ni strati on

Line Project The Purple Linewas a linear transit line with stations approximately the same
18



distance from each other, but widéim uneven trip distributionSome nultimodal statios (i.e.
Purple Linestationswith Metrorail, commuter railAmtrak, and bus connectionead over 12
times the trip origins and destinations as adjacent unimodal statitimsugh the LRT and BRT
alternatives were not APMs, theyere transit modes that stop at each statildke traditional
APMs. The paper superi mposed a PRT network
alignment using the BeamEd PRimulator, the same programilized for PRT modeling in this

thesis. Therip time and cost comparison is shown below in Tabled 2:3d 23.2.

Table 2.31: Purple Line Trip Tim€omparison

Average Peak Hour Travel Time Average Peak Hour Wait Time
Mode : i
(Minutes) (Minutes)
LRT 11.2 3.0
BRT 13.6 3.0
PRT 9.06 0.12

Source: Juster & Schonfeld, 2013

Table 2.32: Purple Line Cost Comparison

Mode | Original Estimate Cost ($million
LRT 1600
BRT 1200
PRT 319

Source: Juster & Schonfeld, 2013
Based on the tables above, PRa@sboth afaser and cheaper mode of transpodatand

should beevaluated for urban transit project§hey wrote that future research should be

syst

conducted on what instances PRT should be implemented over other modes since they only

examineda singlelinear system with equal station spacing andineventrip distribution(Juster

& Schonfeld, 2013)
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Chapter 3: Methodology

Multiple simulation trialswere created fo this thesis since ther&e notenough real life
examples to aggregaend comparePRT and APMwere modeled with heir own software
which eachhas its separateinput format output format, assumptions, and limitatiolen
though each mode used different software, the input for each scenario was idEméicadttings
for both PRT and APMxre programed to resemble systems with the highest possible capacity,
since the goal of this thesis to find which type of automated guideway tranartlzandle which
type of loads for specific geometmather tharoptimizingthe number of vehiclesTrip timeis
the measure of effectiveness (MOH) this thesis, though othéVilOEs such ascost werealso
considered.

3.1 APM Simulation Methodology

The APM model, Automated People Mover Simulation Model (APMSM), is a Java based
simulation that runs directly from code without a graphical user inte(fackd). APMSM was
created bythe author to estimat&PM system performance and energy consumpt#d®MSM
requires the user to input the system geometry, service routes, train characteristics, and passenger
demand.Once the simulation is running, a set of rules govern vehicle motidrpassenger
distribution. The actual operation of an APM is complex, and APMSM makes many asssmption
to best approximate the actual operation without being computationally intensive. Some of the
assumptions includeleterministic passenger arrival, twdimensional operation, and perfect
performance. After the simulatidmished,the user has multiple output files availabbeshow

the system performance down to each train and second.
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3.1.1 APMSM InpuRequirements

APMSM requirel a large amount ofput o run each simulatiorGeeFgure 3.1.1 for the

1
1 1 1 1 1
B
Figure3.1.1 APMSM Hierarchy

Each scenario for the thesis needed its oWnpernetwork which contained all the

APMSM hierarchy.

componentsieeded to create a unique APBY default, each Supernetwork contaired

1 Networkgraph Containedall the APM track and station components

1 Routes Contaneddifferent groups of statiorend directions

1 Networktrain Containedall the trains and the rules that dictate the t@msvement

1 NetworkpassengeContainedhe passengeend demand levels

1 Networkvisual Helpedtheuser visualize the Networkgraph

Eadh scenari o6s Naevithwhe rcreaian afpstatiorsStattonstcensisd of a
name, x coordinate, and y coordinate. Ttang y coordinatecouldbe in any unit, but needto
be consistent with the other units used in the simulation. For this thesisydhein metersThe

stationswerethen connected with track sectgincluding oneway and bidirectional track3he
21



simuation assumed the track sections were straight unless waypoints or curves were created in

the NetworkgraphWaypoints actd as intermediate points lvaten stations. Curves aaeseries

of waypoints and connections based on theduspecified radius andumber of intermediate

points. Curves and waypoints were essential for creating the complex geometries in this thesis.
Every s ¢ e n aSupemeiiverk requireda depot to storghe trains and acteds t he tr ai
starting location during the simulatiorA depot was usually placed at one of tleads of a

network Creating the Networkgraphs wasediousprocess and coding mistakes wegressilbe.

To verify that everything waisput correctly, aNetworkvisualwascreate to get gicture of the
Networkgraph. Acompaison of asampleNetworkvisual andhe official map of the sample

systemareshown below in lgures 3.1.2 and 3.1.3

Jamica Station

Terminal ¥

Howard Beach  Lefferets Boulevard Terminal 5

ederal Circle

Terriinal 4

Figure3.1.2 APMSM Networkvisual of Airtrain JFK
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Figure 3.1.30fficial Airtrain JFK Map
Source: Port Authority New York New ey (2011)

Many scenarios simulated had multiple service routesgséirtrain JFK shown abovelhis

wasmockled in ARMMSM by creating routefRoutes areraorderedgroup of stations and have an

assgned headway in secondBhe headway fosingle routesystems was twminutes, whichs

comparable to thhigh speednedium capacity Vancouver Skytrain systéfmanslink, 2013)If

two routes ust some of the same track,a c h rout eso

headway

wa s

initialize2 commandwas used to make ne o f t hies opemte texadls haltwayan

bet ween t he o tAfteethe routesweteeoded, the aetwaikand trainspecifications

wereinputted. The specifications webased a a six-car Bombardier InnoviMetro 300 train

and remained constant throughout each of the scer{@awosbardier, 2011)The specifications

included:
 Smulation run timel hour or 3600 seconds
1 Acceleration ratel.00 m/seé

1 Capacity:804passengers pérain (134 passengers per gab car3
23
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{ Brake rate1.00m/seé

1 Dwell time: 35 seconds

{ Diffusion rate36 passengers/secondgo (i C

1 Maximum speed27.77m/sec(100 km/hr)

Next, thescenarios were initialized by havirige simulation release single train for each
route one at a time, all while collectinthe travel time betweenaeh station. The simulation
usedthis information to calculathow many trains wemeeded for eacbfthe s c e ratesi o0 s 0
and which route washe best route for eh origin deshation (OD) pair. Each route was
assigned a fleet of trains basedtom e rdesigriatedheadway. The headway wasresed
to an effective headway sshen the snulation dividel total travel time bythe headway to
calculate the fleet size, the resulting number is an int€jepairs refeto the set of passengers
going from one origin to a specific destinatioghmultiple routes covexd the sameOD pair;
passengers ould use he fasiest route and any other rouiéhich travel time exceedethe
quickest routeby below the user specified threshdld minute). Finally, the hourly passenger
demand for each OD pawas set for each scenarid sample of the code can be seen in
Appendx 1.
3.1.2 APMSM Mechanics

Each simulation begawith thei ni t i al i zati on processtranfFor al
was sent from the depot throughl its stationsThetr ai ns 6 swereamrelledtusing a

series of ules shown below inigure3.1.4
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Calculate maximum velocity*. Maximum velocity
exceeded?

Yes:
Decelerate
at the brake
rate or set

acceleration If train's stopping If train is below
to 0 distance is less maximum speed
than distance to and is not near

If train's velocity is|
If train is braking, almost 0 and is If train is stopped

next station( with a next station, e Bk

safey factor), brake accelerate station, stop

If dwell time
counter is 0, reset]
dwell time counter

and start moving
again

If dwell time
counter > 0,
decrease time
counter

Figure 3.1.4Train Movement Rules
*If train is on curve, maximum velocity is calculated using equation 26.16 from Hay (1982)

While each trainmoved through the networkthe simulation collectedvhat time trains
arrivedat each station (arrivabtarrival). Once the train arriveat the first station of the roufer
the second time, the train waemoved fronthe systemThe model calculatedn effective
headway below the original headwhgsed on the time ibok the train to move through the
route. The iniialization sequence createdough traingo support the effective headwaysing
this headway, the model assigreedtart timeto each train. This start time wadjustedn case
the initialize2 command vgaused.The run sequence begarnth each train leaving the depot
based on theiassignedstart time ensuring that the trains weoerrectly spacedBefore the
official run sequencédegan the simulation waitedintil all the trains were released from the
depot The trains move similary to initializer trains with addiional rules forstoppedrains See

Figure 3.15 for an overview of additional rules.
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Train Is stopped

Is dwell time counter
less than 1.5 seconds o If dwell time counter is
greater than full dwell 0, reset dwell time
time - 1.5 seconds? Stal counter and start
at station (Doors moving again
opening and closing)

Is dwell time counter is between 1.5 seconds or ti
full dwell time-1.5 seconds. Is there people who ne
to get out of the train?

No: A portion of
Yes: A portion of train passengers waiting at
passengers exit the station enter the
train

Figure 3.15: Additional Dwell Rules for Run Sequence
The simulatiorcould allow each train tago through a vehicle detection sequetit senses

if there is a vehicle in front, buthis featurewas disable in this thesis since the simulation
perfectly spaces vehicles and the operation was assumed to have no prditemshe
simulation ran for the set period of tinfeun time), the @ins continued to operate until all
passengers reached their destination. After the run time was reached, the trains continued to
operate and record travel time, but all other simulation functions (wait time, passenger arrival
etc) were disabled, whichrevented any skewing of the result3he entire simulation took
about14 seonds to complete all the steps if all featunesre enabled. Disabling the vehicle
detection sequen@nd output file generation speip the process considerably.
3.1.3APMSM Output

APMSM outputteddatain three locations: the Java console, the initializer text file, and the
train text file. The java console output contathinformation also included in the text files, but
the console outputould be seen immediately after the silation anddid not require any

processing. The console informatiorcludeda plethora of information, but most importantly,
26



the average wait time and asge travel time. The initializer text fikhowedthe initialization
t r ai ns 0 thatavelitima betiveerseach OD pair for each route, the direction between each
OD pair for each route, the minimum travel time between each OD pair, and the acceptable
directions between each OD pair. The train text $it®wedthe same information fromhe
console in addition to the trainsdé activity
at stationsWhen a completely new network was created for the thesis, all data sources were
reviewed to ensure their integrity, but when there were wmhpr adjustmentshe console was
the only data sourceviewed.
3.1.4 APMSM Assumptions

There are many assumptions built into APMSM that simplify the modeling process
including:

i Stations and vehicles arepresented gmints

1 The system is two dimensidnghe vertical component is neglected

1 Vehicles have constant acceleration

1 Trains operate perfectl{no breakdowns)

1 Passenger arrival deterministic

1 Passengers are aggregated and when they move between stations andhtexjng) a

proportion of passergs with the same origin/destination are moved between stations
and trains
1 For this thesis, intersections between other track seatieregrade separated
All of the above assumptions differ to how automated peapdeers really operate, but

provided a good enough approximatidor this thesis
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3.2PRT Simulation Methodology

BeanED, developed by Beamways AB, wahe simulation tooltilized to modelPRT.
BeamED allows usert® draw a PRT network out of different elements by simply clicking on a
graphica user interface (GUI)These elements can be expanded or shrunk with simple key
strokes and any expansion or contraction to each element is reflected in the GUI. System
characteristics such as number of vehicled maximum speed can be inpatthe setupmenu.
Demandis specifiedwith multiple techniquesncluding an automatic population based demand
synthesizer, an OD table, or a land use based demand synthesizer. Once the simulation is
activated, it only takes a few seconds to model ah o u r 6 sPRIvaperatibnThe model
assumes twaimensional operationdeterministicpassenger arrival, and perfect performance
just as APMSM BeamED outputs data in a window after the simulation, through the elements
on the GUI, and on a spreadshstered in a sepate file
3.2.1 BeamED Input Requirements

To start each scenario, the network was drawithe GUI. Seeifure 32.1 for a screenshot

of the GUI.
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Figure 32.1: BeamEd Screénshot
BeamEd has maniuilt in components that allowed any scenario tockeated. Fst, the

stations( S1, 8d to bedrawnBerths may be adddd stations until itvasgeometrically
impossible but for this thesis, only 30 berths were uddtese stations were necdénnected with
guideway, whichcan be bidirectional aseen throughdumost the sample system or emay
like the section between J4, S7, S8, and J5. Depots (D1gdemdbe placed fowehicles to
spawvn  f r o m. Depending on tjineions a eunvacoulddh® geatgde o me t r
from existing guidews sections with adjustable rad{ustafsson, 2012)
After thes ¢ e n aPRT metiverkwasfinalized, the setting on the project setup menu

were finalized. Similar to the APM vehicle characteristiogst of thesettings stayed static for
al | t he scenari os. The settings were based of
included:

1 Minimum allowable headwayd seconds

1 Vehicle capacity4 passengers per vehicle

1 Velocity: 15 m/s (54 km/hr)
29



1 Acceleration2.4 m/¢
1 Vehicle count: As needed
1 Simulation run time: 1 hour or 3600 seconds
1 Mean group sizel.5 people per group
Although the upcoming Amritsar PRT will feature gperson vehiclesfour-person vehicles
were used sincthey representhe industry stagard (PRT Consulting, 2011 Demand was one
of thet h e ssetBn@ssthat shift scenario to scenario. The simulation softwarethnes
techniques to input demando implement the simpleshethod only the poplation near the
PRTand the percentagd population that usBRTis neededBeamEdautomatically divide the
population proportionally based on the number of bedbatedat the stationThis technique
provides a quick assessment of PRT, but does not take into atbetyyie and magnitude of
activitiesaround each station. Another method that can be utilized is inpattiiggnand matrix
with the number of riders between each sta{ob Matrix). A demand matrix multiplier can be
applied to change thmagnitudeof the matrix if each cell in the matrix remains proportional to
one another. LastlyGIS data can beitilized to estimate ridership based on the amount of
different population types (residential, work, shopping) in each GIS polygwrthisthesis, the
matrix technique wasised becauseé allowsthe greatest control over demand le@sistafsson,
2012)
3.2.2 BeamEdProcedures
Less was known about the BeamEgrocedurescompared to APMSMsince the
simulation codewas unavailable tothe public, but some of the important aspects of the
simulationwere available.For most of the scenarios, BeamEd only teofew seconds to run,

but if thescenario wasvercapacitythe system toolonger tosimulate Through the course each
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simulationt h e s c stati@srwere asSigned aimleal number of empty vehicledwelled
based orthe anticipated demandndthe simulationwould redistributethe vehicles around the
S ¢ e n astatioms d0dmatch theleal dwelled vehicle counBeamEduseda pseudo dynamic
traffic assignment technique for vele route assignment where vehicles follow the shortest path
to their destiation, which BeamEd recalculatesyery virtual five minutes foreach origin
degination (OD) pair. BeamEd keptack of statstics throughout the simulatisexceptduring
the initial period of the simulatignvhen the system wastabilizing. The simulation behaved
similar to Group Rapid TransitGRT). If there werenot extra vehicles at a station, passesge
with the same destation weremodeled to share the samehicle though this happenedore
during scenarios with heavy loaffSustafsson, 2012)
3.2.3 BeamEd Output

BeamEd has three sources of information, a window that displays after theatsamul
finishes, the simulation network its€hesult displayand a spreadsheet. The window provides a
quick overview ofnetwork geometry, network performance, vehicle performance, and passenger
delay. The result display shows the performanfehe simuation networkand how each
component performs during the simulation. A sample ressfilay output is shown below in

Figure 3.2.2.
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Figure .éiz_:.éSample-.Fgé-sult Display
The thickness of #hguideway sections represents the usage of the tracks. If they are colored

red, the usage is above half the capacity. Each station has a corresponding pieneHarger

the chart, the greater the station usage waseach of the pieharts, red angellow represent

the ratio of arrivals and departures respectivEhe cursormay be moveaver the station area

to obtain station specific information such as number of berths, maximum number of passengers
waiting, or the number of arrivals per hour. dtimns are not full designed before the simulation
starts, but after the simulation trial, the modaell show what type of junctiorshould be
constructed for each intersection. If the junction is not too busy, it can be built as a raura$abo
shown by acircle @2. If the junction has higher volumes, it should be built as a cloverleaf,
which is represented as a 3 or a 4 depending on how many legs the junctibinehsireadsheet
displays the same information as the window with the addition of many @igl destination
matrices including travel time and average speed. For this thesis, the average wait time from the

window andtravel time matrix from the spaelsheetverethe most pertinent information
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3.2.4 BeamEd Assumptions

Multiple assumptioswere made in the mechanics of BeamEd. They include:

1 The system is two dimensional, the vertical component is neglected

1 Trains operate perfectly (no breakdowns)

1 Passengers share vehicles if they have the same destination and if there is a queue

1 Group size idased on discretized Poisson Distribution with selected mean

1 Arrivalsaredeterministi¢ but pulse arrivals can be programed
3.3 Measures of Effectiveness

The main measure of effectiveness (MOE) for the thesis was average trip time. Average trip
time isthe sum average wait time and average travel twmnéch areboth outputs from each of
the simulation programs. Decision makers choosing which mode to implemenhéw transit
project consider the lifecycle costs, reliability, and environmental impactaddition to trip
time. These other MOEsvere not considereldecause they wereither too systerspecific or
about the same betwe&fM and PRT.

Lifecycle costs, which include capitahd annual costs, are generally the most important
MOE to decision makers, especially when budgets are limited. g€eatly varies based on the
location of a transit systen@apitaland annuatosts depend on

1 Material expensedMateral expenses can vary by location

1 Terrain/environment of the projectThe terrain/environment can require certain

additions( tunnels, viaducts, bridges, site remediation, traffic impact mitiga¢itm)ghat
greatly increase the cost

T Project ds | ulaws:dabbrdaws, building codes, dazument requirements,

and he permitting process varies by the nature and location of the project
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1 Labor costs: Labor costs vary considerably region to region

All the above factorgontribute in makingan APM or PRT systenwith the exact same
alignment cost much different in one |Itica verses anothePer mile and station costs estimates
are availablesuch as the figures used in Juster and Schonfeld (2013), but PRT is overwhelmingly
less expensive. See Chapter 6, Application, for a cost compafisen actualsystems.

Service eliability, defined here ashe percent of time the system operates withaut
operational problemis another important MOE. If a system does not work when it is needed,
there is little reason to build it. Reliability is higlependenbon the quality of thes y st e mdé s
construction and how well a system is maintained. Both APM and PRT have poogparate
with reliabilities above 99% (Long, 2011; TransLink, 2011)Since both modes are
extraordinarily reliable, therasnot areliability difference to compar®r each scenario

In terms of environmental impag¢tboth PRT and APMuse about the same amount of
energy, but what revironmentalimpacts are considereds conti ngent on a
location.An automated guideway transystem locateth a busy downtown area would need to
be designed to minimize the visual impact, while a system in a suburban center filled with homes
would have to attempt to minimize noidéor an exteriorairport automated gdeway transit

systemsnoise or visual impactsre generally not considered
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Chapter 4: Simulation Trials Description

Multiple simulations were performed to model what type of systems would appear in
airports, specialized activity centers or urban arbhatiple system designs types were analyzed
and cover a spectrum of alignment designs and magnitudes. The demand levels and distributions
were adjusted to cover a wide rangesibfiations. The various geometric and demsitwhtions
werecombined tdorm final testing scenario®r both APM and PRT.
4.1 SystenDesignTypes

The first and simplest design type was dual lane, which is fundamentally artogar
Notable linearoutesi nc | ude At | anTran,DAuibrapio rMedtsr oPdlsanRsed Li n
Vegas Monorail.These type®f routes may be component within with a larger netyvdmht
linear routes operate independently on their own right of way. Fhg#& of route remmbles a
linear route, but hagnother segment that branches out usually tdsvilre end of the rout&he
London Heathrow PRT, Copenhagen Metro, &mel Canada Line of the Vancouver Skytrain
systemall resemble a Xype system. The Yype system features two routes that share tracks on
part of their journey, butlivergeon one enaf trackto go their separate ways. The loop type of
system appears to be a linear route whose ends are connected to form a circle. The Detroit People
Mover, Seattl e Tacoma Airportés Satellite Transi
Skylink are allloop systemsSome loop type routes aredrectional andothers areoneway.
The last type of system was loop with legs and looks like the loop system with branches out the
loop. Notable loop with legs type system include the Airtrain JFK, Miami Metvemandthe

Airtrain SFO. kgure 4.1.1shows maps foeach type of system.
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Type: Loop System: Miami Metromover
Type: Loop with Legs
Figure4.1.1: System Design Examples

4.2 Geometric Alteratios

Transit systems vary in how far apart stationstops are. Local buses may have stops every
block, while commuter rail services can have miles between each station. Light rail or heavy rail
systemssuch as the Washington Metro Eliiami Metrorail, have statiorplaced closdéo each
other in downtown enter butfar apart towards the suburban arebsnsit located in activity
centers generally hasughly equidistant station spacing. r ans i t systemso va
spacing can be demonstrated by the Miami Metromover APM system and Miami Metrorail

heawy rail system shown below indure 4.2.1.
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Source: (Sharemap.org, 2013)

Miami has three passenger rail systems includingRail, Miami Metromover, and Miami
Metrorail. Tri-Rail is a commuter system that spansltiple counties and is out of scope for
PRT. Miami Metromover, thpurplesystem circled inigure 4.2.1and shown on thiswer right
of Hgure 4.1.1 is an APM located ithe central business districts of Miamiihis system was
built to transport people around the busy commercial hub and many of the Metromover
passengers feed into the Metrorail sys{@rooks, 1989)Metromover sationsarevery close to

each other at about 0.2 miles ap&ttami Metrorail, the rd and yellowsystem that spansdtire

4.2.1, is a heavy rail system that spans Mi@ade County. tl facilitates movement from
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