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Abstract

Transit service regularity is an important factor in achieving reliable high frequency operations.
This thesis explores aspects of headway and dwell time regularity and their impact on service
provisiononhe MBTA Red Line, with specific referenc
future 3minute trunkheadway, and to issues of service irreguldatged todayCurrent operatig
practices are examined through analysis of historical train tragkidgassenger fare cacta.
Headway regularity is explored in the areas of initial headway regularity, stability of line
headways, and passenger impacts. A metric of effective utilization is proposed which quantifies
the effect of headway irregularity on gasger capacity on an individual train basis. Dwell times
are explored through a statistical approach without passenger regard, and through a regression
approach with passenger regard, both applied to automated data. The proposed methods of dwell
time investigation are applicable for other agencies with track occupancy and passenger fare card
data for continuous monitoring and evaluation of dwell times.

Following the identification of capacity consequences of service irregularity on the MBTA
Red Line, threinterventions were proposed anidledin order todemonstrate operating practices
consistent with the need to improve service regularity for future condititvesfirst intervention
trialed a dropback crewing strategy at tlrinkterminal, finding hat the strategy is applicable to
achieve necessafyturereductions in operator layover time. Significant shertn benefits were
also found, including reduction iterminal queuing delays, and improvements to schedule
recovery following disruptions. Ensecond intervention trialed a target headbased holding
strategy to mitigataitial headway irregularity caused by differences in allowable speeds for the
two departuranovements at the termindlhe intervention successfully improved mean journey
times for the majority of passengers, and reduced extreme downstream bottleneck occupancy
times, consistent with futureapacityobjectives The third intervention trialed a variable target
headwaybased holding strategy following the branch merge to méidetadway irregularity
caused by stochastic branch travel times and simple schedule based coordihatiotervention
successfully improved trunk headway regularity, contributing to reduced journey times and
overcrowding at the peak load point. Thedenventions represent a starting point for a program
of incremental service regularity improvements necessary to achieve future capacity objectives.
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Chapter 1.  Introduction

1.1 Background and Motivation

In response to ridership demands and backlogtgslof-goodrepair(SGR) projects, e
Massachusetts Bay Transportation Authority (MBT#gs entered a phase of intensive capital
invegment. Between 2019 and 2028 combined $198B are budgeted for th®IBTA Red and
Orange Line Modernization Program, including signaling system modernization, complete rolling
stock replacement, and yard expandidBTA, 2018b) On the Red Line, already the highest
frequency line in the network, the MBTA aims to achieve-raiBute trunk headway by2025
(MBTA, 2018a) a substantiab0% increase in service frequency compared to toWdyh parts
of the system operating at capadtyring peak hourtoday, thecapacityincrease is likely to spur
suppressed ridership growth, and continue totfaelsitorienteddevelopmenin the region.

However, there are questions as to whether the current state of operating poactices
Red Linecan accommodate such dramatic levels of frequency improvements, and to what extent
the investments wilprovide relief toriders in the mterim. Today, the MBTA reports a Red Line
reliability of approximately 91%%MBTA, 2019a) however this number masks many sources of
unreliability as experienced by customers, sucpaasengereft-behindat stations when unable
to board overly crowded trainsascading delays, and increape@dk periodravel time due to
train congestionMany of these reliability issues can be linked to issues of service regularity.

To that end,Hisresearch aims to investigate current operating practices on the MBTA Red
Line relevant to the feasibilityfdhe future 3minute headway objective, while simultaneously
linking them to the reliability issues faced by passengers todily.such large investments, there
is a esponsibility to ensurghe full extent of theplanned benefits are realizedinterim
improvements iservice regularitynd the culture surrounding it are essential to ensure that when
the new fleet of vehicles is in place, it will be possible to deliver the promisgdi8e headway.

1.2 ResearchObjectives

Thisresearch aims to quantify cant operating practices on the MBTA Red Line relevant
to the feasibility and reliability of the futurerBinute headway objectivieacluding station dwell
time, terminal operationsjergecontrol, and headway contrdlhiswork does not aim to represent
a omprehensive engineering assessment of the physical constraints necessary to achieve the 3
minute headway, but ratherraview of the operating practicaquiring particular attention.
Future operating practices receive considerably less attention ediatapitatheavyareas but
will be equally important to future service objectives

The objectives of this researchn be summarized as follows
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(1) Quantify current state of operationptacticeson the MBTARed Lineand their
contribution tdine capaciy and passenger delay.

(2) Test operational interventios improveoperationabottleneck performance and
determinanagnitudeof improvements

1.3 Research Approach

The primary method which will be appliedas investigative approactrawing on the
large higorical, automatically collected records of individual train and passenger moveiests.
researchwill also propose and test service interventions, developed using an understanding of
baselinesystemperformancein order to confirm hypotheses abduture operational practices
The results of the interventions will be explored ugngthocanalysis.

1.4 Data Sources

A number of data sourcese used repeatedly throughout this research, including train
movementbtained from track circuit occupancy redsrand passenger movementdtained
from fare card transactionslore generally, these data sources are referred to as Automated Data
Collection Systems (ADCSYhis section will give a brief overview of the assumptions behind
each data source with refame to furthedocumentationGenerally, historical data taken from
October 2018 for the initidleadwayanalysis, and for JanuaRebruary 2019 for the analysis of
service interventions in Chapters36

Historical train movements are obtained framtatabase of track circuit occupancy records.
Train identification is performed by wayside automatic vehicle identification (AVI) devices and
matched with track occupancy recorBier more information on thieack circuit occupancgata,
the reader is rafrred toDixon (2006) who provides an naepth discussion of the MBTA
operations control systen{OCS), which houseand processethe data, and the underlying
assumptions and data issues

Headway, dwell times andrunning times are fundamental metrics used in analyzang
transitoperation Eachcan be extracted from OCS data as folloMsadways are determined by
measuring thelapsedime between successive occupations of the same track Giycdifferent
trains Running time and avell times are determined by matching track circuit occupancy times
for a given train and two points. In case of dwell time, ibarest bounding track circuits are
selected for each platform in order to provide thosest available estimate of dwell timdis
means dwell time as measured from OCS data will always be greater than the actual dwell time
measured by an observer at the platfdesues with preand posishunting, wherebgrack blocks
incorrectly regster as occupied before or after the actual occupatieate some inaccuracies with
these forms of measuremebut their occurrence is assumed to be a random variable and not
affecting the overall distributio(Dixon, 2006) In this research, the firs¢gisteredccupation of
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a given track circuit is taken as actual for headway and dwell time determination and others are
discarded.

Passenger movements are obtained by applying an -olegtmation inferencéODX)
modelto disaggregate fare transaction, with assumptions originally developed at the New York
MTA (Barry et al., 2007and later extended by the MIT Transitb for use in multmodal systems
(Gordon et al., 2013nd adopted for use internally the MBTA. The key assumption is that of
symmetrical journeys, with @stination, and transfer locations inferred from sequential taps.
Transactions without inferred origins or destinations are distributed in probability with inferred
rides sharing the same origin tegzation and 18ninute tap windowwithin the given month
Passengers are assumed to board the first train compatible with their destwatotain
capacity assumed to be sufficient in all cases.

15 Literature Review

This sectionwill briefly explore therelevant literature pertaining thetopics explored in
this researchSection1.5.1 beginswith an exploration of metro bottleneck identification and
calculations, which is relevant for identifying pertmméssues on the MBTA Red Lin&ection
1.5.2reviews studies on dwell time estimation and contributing factors, which is important for
determining the contribution of dwell time bottlenecks to future capacity on the Redkrtion
1.5.3reviews studieson transit reliability and headway regularity, important concepts which form
the compément to transit frequency, and reviestrategies to improve reliability.

1.5.1 High-FrequencyMetro Bottlenecks

TheTransit Capacity and Quality of Service Man(BCQSM (2013)provides a valuable
starting point for the regw of rail transit bottlenecks, describisgnple analytical models to
determine the bottleneck capacdi/station dwell time, turnbacks, and junctions. Each of these
bottlerecks willbediscussed individually in Sectidn6.3- Line Bottlenecks

Canavan et. a(2019) provide a useful inventory of best practices in operahiui-
frequencymetro lines from avorldwide survey of 17igh-frequencylines (defined as at least 25
trains per hour fth)). Factors constraining frequency were grouped into five main categories;
signaling and train control, station and train crowding, fleet, terminal turnarounds, service
complexity. In terms of gnaling and train control, the survey finds that although the highest
frequency linesTaipei and Paris, both over 40 jgboth use moving block signaling with fully
automated train control, ady two-thirds of high-frequencysystems are still using fixelolock
signaling with manual control. The benefits of full autorafor reliability are emphasized in an
analysis ofcoefficient of variation (C\® the standard deviation divided by the mean of any
collection of distributed da}af headways; fully automeatl systems exhibit mean headway CVs
of 0.14, compared to 0.36 for systems with no automation. In terms of crowding, the main
constraining factor wa®alized indwell times.It is emphasized that amohgyh-frequencylines,
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a key practice to reducing dweiines is achieving marginal reductions34) at every stage of
station stop times, including: wheel start, door open/close, passenger boarding/alighting, signal
clear, and dispatch delay. Automation is one solution to achieving such marginal gainmssin te

of fleet, it is noted that although longer trains require some additional separation time, the
additional capacity outweighs the reduction in throughput, and the highest capacity
(passengers/hour) metros typically operate wittO8ar trains. For tenmal turnarounds, it is
noted that examples bfgh-frequencyterminals exist both with trains turning before or after the
terminal, although examples with trains turning before the terminal typically are designed with
higher speed crossovers, around6BRph, compared to 30kph for turnarounds beyond the
terminal. Reducing layover times througbperator drop-backs and speeding up passenger
movements ardisted asother methods for improving terminal capacity. Finally, service
complexity such as branches asidort turns are noted as a constraint to higher frequencies,
although most surveyed lines contain some degree of compléxigyall, a key takeaway from

the report is that even between the survdygt-frequencymetros, significant variations exist in

the key line attributes.

Typically, the identification of rail transit bottlenecks dalculatedfrom fundamental
system attributes, includingdetailedrepresentationf the signaling systerand track layou(C.
Gill & Goodman, 1992; Delaware River Port Authority, 1973; Jong et al., 2012; Toronto Transit
Commission, 1988)which is beyond the scope of this researthtimately, his process is
necessarysince alleviating one bottleneck may cause others to come to the forefront, meaning an
empirical analysis of current operations may be insufficientéonplete enumeration dfiture
service constraintsHowever, the empirical methods presented in thgeaech can still be
invaluable as a starting point for more detailed investigations into metro bottlenecks.

1.5.2 Dwell Time Measurement

This section presentsreview of dwell time estimation models, relevant to the application
of automated data for dwell timmeasurement ifl. Dwell time modelling is important for future
capacity analysis, since dwell time is a major constraint on line capacity, and dwell times cannot
be assumed to remain constant with changing donditsuch as frequeneyd changes in rolling
stock To date, all known studies on rail transit dwell which incorporate passenger demand have
relied on manual surveys to collect passenger volumes, limiting the scale of the studies, and the
applicability d the findings in a wide range of scenaribgleed, in theiinventoryof rail dwell
time modelsLi et al. (2018)show that most influential modeWith passenger regard have been
validatedat between one and three stations, likely the busiest.

A large number of previous research have estimated the effect of various factors on ralil
transit dwell time San & Masirin(2016)provide a review of them most influential models, and
cite the three most important fact@as passenger volume, crowding effect, and mixed flow effect.
However existing dwell time models, no matter how detailed are difftoudtpply to a new system
due to large data collection requiremefus validation (Harris & Anderson, 2007)and station
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specific factors, such as passenger distribution by door, which may vary even within a single line
or by time of day.

Unlike rail transit, several studies on bus dwell time have employed AFGrandomatic
passenger counting (APC) technology to estimate dwell time models across large spatial and
temporal ranges, controlling for detailed factors such as bus type, fare payment type, stop
placement, and passenger typlkovits, 2008)(Egge et al., 2017; Glick & Figliozzi, 2017; Sun
et al., 2014) Grisé et. al(2017) comparedmanually and automatically collected bus dwell
observations in Montreal to identify biases in dwell time models estimated solely using ADCS,
finding that the passenger activity portion of dwell time is overestimated, and that failing to
account for passeegs with accessibility needs results in an underestimate of passenger activity
time on certain routes. Comparatively, rail transit is a lessratdt@nvironment, typically lacking
in-vehicleAFC or APC to precisely gather boarding and alighting data lkange scale, resulting
in a lack of large scale studies.

Researchers have attempted to overcome the lack of readily available passenger data in rail
dwell time models by developing models without regard for passenger volumes. L{2€x1 &)
developed noipassenger regarding linear regression models using only track occupancy data,
including dwell time at previous station, dwell time of preceding trains, andlémgth, all of
which are normally available in retine, as opposed to passenger volumes. Similsidytinez
et al. (2007)used a large collection of automatically collected dwell time observatidhsut
passenger regardom the Madrid Metro, finding a mixture of two lognormal distributions to
provide the best fit for the observed distributigvhile these methods are valuable for +iale
prediction, their utility for service planning and forstiag is limited due to the lack of passenger
regard and thus applicability to different scenarios.

In the closest related study on rail transit, Buchmueller £08B)gathered over-&illion
observations of boarding and alighting flow rates on the Swiss Federal Railways regional rail
system using vehicles outfitted with APC systems. The availability of such detailed data is
extremely rare in rail transiespecially within the North American context, necessitating the
development of dwell time estimation models for more readily available data, such as AFC.

Finally, the TCQSM (2013 provides ranges of values observed for loading diversity,
passengeftow rates in different contexts, effect of door size/channels, and dwell time variability,
noting the spread of values observed even within the North American context. These values are
appropriate to provide a range for use in planning new systemschksulficient detail for many
applications in established systems. With increasingly available sources of ADCS, there is an
opportunity to apply more dati#riven dwell time models with wider range of temporal and spatial
context. The methods presentadhis researclemploy ADCS to estimate dwell models system
wide, for use in wide scale applications such as simulatiotielng and service planning.
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1.5.3 Transit ServiceReliability

Important aspects dfransit reliability include: definition and measuremegystomer
perceptions of service reliability, operator perception of service reliability, and control strategies
to improve reliability.

Definition and Measurement

In the seminal study omansit service reliabilityAbkowitz et al. (19784efine reliabilty
as the regularity of service attributes which influence both passenger and transit providers. From
the customer perspective, reliability is of concern as to how it effects wait timehicle travel
time, invehicle crowding, and transfer time. Fromé¢ oper at or s06 per specti
concern as to how it impacts the cost and quality of service provision; for example, schedule
adherence, dropped trips, and operator overtime Pagy go on to list different metrics for
communicating headwaygularity, with particular emphasis on describing the skew; suggested
metrics include mean, standard deviation, coefficient of variation, and percent of headways below
a certain threshold.&., twice the scheduled headway).

Tribone et al(2014)suggest principles for design of reporting metimcsansit including
reflective of both customer and operator experience,dbase automated data sources for
reproducibility, sufficiently conciseand understandable as to not be overlopleeul detailed
enough to allow identification of underlying issues.

Customer Perceptions of Service Reliability

In terms of customer perceptigervice reliability is often related to wait time aW/time
is commonly cited ashore onerousthan othercomponentf the travel experiencespecially
travel time(Ortdzar & Wilumsen, 2011; Raveau et al., 2014¥yardman(1998) conducted a
review of value of time studies, finding that the averap®rtedwait time valuation as a multiple
of in-vehicle travel time is 1.47. Since wait times eninimizedthrougheven(regular)headway,
thislends value tdhefocus onserviceregularity.

Chan(2007)proposes that reliability can be taken into account in traveler departure time
and mode choice decision making through the useboffar time metricBuffer time is defined
as the difference between budgeted and median travel times. This forms a basis for calculating the
effects of improvements in reliability on traveler decisions; if passengers perceive an improvement
in reliability, they will respond by reducing their buffer time, and the reverse for a perceived
decrease in reliability.

In a review of thdull costof public transportation unreliability, Mun€é2019)enumerates
the key attibutes of service from a passenger perspective (speed, wait times, comfort, reliability),
and demonstrates the impact which headway regularity can have on each of these attributes. Of
particular interest, he emphasizes the degrading effect headway itgghés on customer
satisfaction relating to comfort. With a simple example, he shows that since saraigation
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must be weighted by passenger and not by vehicle, and many more pastengé@oard
crowded vehicles rather than uncrowded vehiclesllgperturbations in headway regularity can
cause precipitous drops in crowding satisfaction.

Effect on Operator Cost

From the operators perspective, headway regularity can be communicated in its effect on
fleet size required. Maltza(2015) derivesan Additional Vehicles Required (AVR) metric to
communicate the additional fleet size required to prowaitkvel of serviceas indicated by the
schedule Assuming no changes in cycle timeiomprovements tdhveadway rgularity, Maltzan
shows the AVR can be calculated simply as the square of the line weighted coefficient of variation
of headway. This metric is a valuable contribution to the literature on reliability, because it bridges
the gap between passenger and dperzerceptions of reliability, where most regularity metrics
focus solely on measuring the passenger experience.

Control Strategies for Improving Service Reliability

Abkowitz et al. (1978) classify reliability improvement strategies as preventative
corrective Preventative measures are primarily associated with scheduling, planning, and
route/environmental modifications, while corrective measures are associated with operations
control.

Contol point holding strategies are ogemmonc or r ect i ve strategy;
magni fication of dev(MaAbkowitn et al.f 1878gndhneust batbocethes t r e a
needs oin-vehicleand downstream passengdrierature orheadwaybasedolding strategies
in high-frequencytransit are abundant, including in simulation environmégiterlein et al., 1999;

Fabian, 2017; Maltzan, 2015nd in realworld demongations(M. D. Abkowitz & Lepofsky,

2007; Berrebet al., 2018; Fabian, 2017; Maltzan, 2Q13pwever, holding strategies still appear

to be elusive in practice, perhaps because the benefits of improved headway regularity incurred by
holding are not well understood by agencies in contrast to more dradiipproaches such as
increasing the number of scheduled tripsbecause of the perceived complexity in planning such
strategies

Turnquist and Blumg1980) proposed a simple screening model based on headway
variability and the proportion of passengersvehiclevs. downstream to selecting appropriate
locations to apply holding strategies.

Preventative approaches to improving service regularity can involve reducing variability
in the operating environment, such asdalbr boarding to limit bus dwell time, transit signal
priority to limit variability in signal stop time, or automatic speed retijpato reduce operator
differences in speed. Strategies to ensure trains depart on schedwdsacae considered
preventative measurésr improving service regularityCarrel(2009)provides a udal inventory
of crew and train management techniques from discussions with service controllers on the London
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Underground Such strategiesj nc |l udi n g-b afcdkroo ppii #go c k and cr
operatos 0, and @ s u lopetaiodcantbe usefbr raturrsng alatestrain to its schedule,
without the use othe more disruptiveshortturning. However,aside from drogbacks, these
techniques do not appear to be commonly used in practice due to the requirements to have extra
trains or operatorstandng by.

1.6 MBTA Red Line Characteristics

1.6.1 Line and Service Characteristics

This section provides an overview of the MBTA Red Line, which will be used as a case
study throughout this thesis. Although the analysis presented is specific to the MBTA Red Line,
the methods and findings are applicable broadly to other agencies and rail transit lines operating
under similar service plans.

The Red Line is the longest, highest frequency, and highest riderskipraddine in the
MBTA network with an average weekdaydership of approximately 244,000 (MBTA
Performancéashboard, 2017). The Red Line is composed of a trunk section and two branches,
as shown irFigure1-1 along with key connecting rapid transit lindfie trunk Inerunsfrom the
northern terminus oflewife Stationt o J FK/ UMas s &disal4d.R2 krm(8.9 niildsy K 0 )
with 13 stations. Thewo branches are named after their terminus stations;rthetie branch is
14.2 km (8.8 miles) with 5 stations, while thehmont branch is 4.7 km (2.9 miles) with 4 stations.
The imbalanced length and passenger demand between branches contributes to complexity in
service planning and deliverilere, as elsewherdFK isclassified as trunk station, sinci is
served by bth branchesalthoughthe two branches serve the station on separate platfams
depicted below.

Not to Scale.

Figure 1-1: MBTA Red LineSchematic
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The published headwaps the Red Line arghown inTable 1-1, according to the MBTA
website Peak period branch headways ehthutes(roundedyesult in a scheduled trunk headway
of approximately 4.5 minutes, although peak hour headways closemioudes are often
observed Service on the trunk section generally operates with alternating trains from the two
branchesthere are no scheduled shtuins and all branch trains operate from end to €odleal
with higher demand on the Braintree branthp backto-back pais of Braintree trainsare
scheduled in the mornirendafternoonpeaks eachiMaintaining the correct sequence of branch
trains is a top priority for service controllers, especially in the PM, in order to control platform
crowdingon southbound platforngowntown

Table 1-1: MBTA Red Line Weekdaylarch2019 Scheduled Headways (min)

Branch  Direction AM Peak Midday PM Peak Evening Late Night

Braintree Northbound 9 14 9 12 12
Southbound 9 14 9 12 12
Ashmont Northbound 9 14 9 12 12
Southbound 9 14 9 12 12

The signaling system on the Red Line is fbt#dck system, with Automatic Train Control
and five speed commandsii s p e e d: 0,d® @% 40pand 50 mph. When a track block is
occupied, it communicates speed comesgpstreanblocks (typically up to five upstream blocks)
indicating the maximum allowable speed for trains in that bl@geratorscan proceedat any
speed at or under the speed co&peed codes vary based on track geometry and grade, but
invariably te block immediately upstream ah occupied block receives a zero speed code,
meaning that the following train caot proceed through the block.

1.6.2 Passenger Demandatterns

Estimatedpassenger movements are obtained through ediggtination inference of
passenger fare card transactiassdescribed in Sectidh4. Land use along the branch lines is
heavily residential, leading to a strong directional flow throughout the network, with passengers
traveing predomimtely inbound (towards downtown) in the morning peak and outbound (away
from downtown) in the evening peak. In contrast to the outlying stations, the downtown stations
of Park StreetDowntown Crossing, and South Station, exhibit primaritgdibectional mssenger
movements due to a high volume of transfer movements. The trunk section contains a mix of
residential and commercial hubs, with major trip generators including Harvard, MIT,
Charles/MGH, the downtown financial district, and major transfer statanBark Street
Downtown Crossing, and South Station. This means trunk demand is less directionally dominant
compared to the branches, with about one third of tamy passengersaveing in the non
dominant direction during each peak.
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Table 1-2 provides a summargf the demand by time period, direction and brarash
calculated from ODX records from October 2018, including scaling for passengers with uninferred
destinationsln this context, a branch passenggedefined as one who can only take a train from
a single branch; that is, at least one of their origin or destination are on the branched portion of the
line. Peak hour passenger flow along the line is shoviAgare 1-2. The passenger flow diagrams
help to communicate the peak load points, and demand patterns, which are important
considerations for service control interventions discusséthapters 6 and Notably, Braintree
passengers outhnumber Ashmont passengearly 2:1 during the peak hours and peak direction,
although they receive roughly the same service frequency.
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Table 1-2: Peak Hour Boardings by Branch Destination

Demand
Time Period Direction Branch  (Thousands) Fraction (%)
AM Peak Northbound Ashmont 3.1 19%
(8:00-:9:00 AM) Braintree 6.1 37%
Trunk 7.3 44%
Total 16.5 100%
Southbound Ashmont 0.4 2.7%
Braintree 0.8 5.5%
Trunk 13.4 92%
Total 14.6 100%
PM Peak Northbound Ashmont 0.6 4.1%
(5:00-6:00 PM) Braintree 1.1 7.9%
Trunk 11.7 88%
Total 13.4 100%
Southbound Ashmont 2.6 17%
Braintree 4.9 32%
Trunk 7.8 51%
Total 15.3 100%
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1.6.3 Line Bottlenecks

This section presents an overview of the typical bottlenecks inffeghency rail transit,
with specific reference to the Red Line, includstgtiondwell time, terminal statics) junctions
and headway regularit¥#inally, the relationsip between these bottlenecks will be discussed and
their connection to the line capacity.

Station Dwell Time

It is well recognized in practice that critical station dwell time is typically the constraining
factor on total line capacity imigh-frequencyrail transit (TCQSM 2013) The main components
defining minimum station headway are station stop time and statior-inldsee, where the
former is defined by passenger demand and operating practices, while thes Iptterarily a
function of signaling system characteristics. Improvements to station dwell time typically target
passenger behavior (crowding, demand management, etiquette) and operating practices
(consistency of operations, station attendants), whicimexpensive compared to infrastructure
changes required to affect station claséime.

In the case of the MBTA Red Line, several factors accentuate the bottleneck effect of
station dwell time; namely passenger demand patterns, station spacing, ahedcesign.

Due to thestrong central business district (CBD) oriented commuting patternghand
radial heavy rail system layout with all transfer points located in the CBD, passenger demand on
the Red Line is heavily concentrateat three downtown stions; Park Street Downtown
Crossing, and South Station. Due to the concentration of demand, these downtown stations have
significantly longer dwell times than outlying stations. Becaaseh of these downtown stations
is also a transfer point betweepidtransit lines within the MBTA networkeak hour passenger
flow is bi-directional, reducing efficiency of the boarding and alighting processpared to
primarily uni-directional flow

The signaling systerand line layoubn the Red Linés another Imiting factor on station
bottleneck capacity, due to the conservative system design and downtown station proximity.
Downtown Crossing anBark Streeare separated by just a single track block, meaning that trains
occupying one station cause the upstregation block and station approach block to receive
slower speed codes. This has a negative impact on statiorrclise and bottleneck capacity,
in addition to resulting in slower speeds and higher cycle times during peak peticdsiedse
stop spacig would beatypical in more recently constructed heavy rail systdoesto thdine-
capacity implicationsHarvard is anothekey station where the line geometry and conservative
speed codes negatively impactipgll-in and pultout time and thus overall apacity In both
direction, trains entering Harvardt low headways may be requirgricome to a complete stop
before proceeding into the station. The aforementioned issuéimitihg signaling system
configurationwill see some improvement following timéroduction of two extra speed commands
enabled bylanned upgrades to the signaling systemcamaplete replacement of thaling stock
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(estmated completior20232025).The extra speed codes are expected to allow trains to operate
at 15 mph rather thathe current 10 mph in some constraining situations.

Finally, the branched nature of the line contributemtoeased dwell times in two ways.
Firstly, an imbalanced demand between branches causes more extreme dwell times for Braintree
trains and a corrgponding reduction in capacigompared to a nehranched line with even
demand between trainSecondlysince not all southbound passengersadnie compatible with
all traing passengers are ldite hi nd on the platform afeter ev
p as s e n di@increaseglatfoim loadfrom incompatible passengers contributeicreased
friction between boarding and alightimgovementsand thus longer dwell times for all traias
crowded downtown stations during the PM peak period

Terminal Stations

According to theTCQSM(2013) it is unusual for terminal turnarounds to be the limiting
factor inhigh-frequencytransit operations. They suggest thatell-designed stuend terminal
should be capable of handlifgeadways down to-ghinutes and suggestsan equation for
calculating the maximum allowable layover time giiendamental attributes of therminal
geometry and a given headwdyor further study on terminal capacityee (2002) provides a
framework for the simulation dfigh frequencyail transit terminad, and suggeste three key
factors in @termining terminal capacity and performarare: the train arrival process (and
variability), the scheduled train recovery time, and the length of peak operdtiese. factors are
important to consider when evaluating the viability of a given termipaiagion.

On the MBTA Red Linghere are three terminatations Alewife Station is the northern
terminus, and Braintree and Ashmont Stations are the southern termini for the two branches.
Terminal track schematics are showrFigure1-3, and peak period scheduled layover times for
each terminal iMable 1-3. The track schematics depict crossovers, tail tracks, and the location of
platforms (island or side).

The Alewife ternmnal is of primary concern under a future service increase. Alewife
currently operates as a stahd terminal with all crossover movements occurrinfront of the
station. The crossover behind the station is usgygfor layups and puins due to theslow speed
limit (approximately 5 mph)Under a current &minute peak headway, Alewife experiences
congestion entering the terminal area, imretjulardeparture headways dueuioeven speed limits
on the two forwardrossovempaths Additionally, Alewife has the shortest scheduled layover of
the three terminals at approximatetyrinutes, impacting the ability for trains to make a complete
recovery following northbound delayBhe feasibility of asustaine@-minute headway at Alewife
will be explored in @iture chapters.

The branch terminals at Braintree and Ashmont, operating agistuénd relay terminals,
respectively, will see maximum sustained headwaysroirtutes in future scenarios, assuming an
even distribution between branches. Even in the aflsackto-back pairs of branch trains ata 3
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minute headway, the capacity wihlkely not be critica) since the short headways would not be
sustainedor an extended period, as they are at Alewife
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Figure 1-3: MBTA Red LineTerminal Track Schematics

(From leftto right: Alewife, BraintreeAshmont). Adopted frontMBTA Ridership and Service
Statistic(2014)

Table 1-3: Spring 2018 Scheduled Layover Times

Terminal  Time Period Median Mean Range
Alewife AM Peak 6 6.5 311
PM Peak 7 6.7 57
Ashmont  AM Peak 11 11.7 9-15
PM Peak 10.5 11.3 7-16
Braintree  AM Peak 13 13.5 11-16
PM Peak 13 13.1 7-21
Junction

According to theTCQSM(2013) flat junctions can be operated down to extremely low
headways ofibout 2minutes, although grade separation is typically recommended for headways
below 3minutes.The TCQSMprovides an equation for determining the achievable minimum
headway at flat junctions given system geometry and performance attributes. In gaadéese
junctions, merging and diverging movements can be made without comlftidt should not
represent a capacity constraint unless the junction track geometry requires very slow speeds and is
in immediate proximity of a headway limiting statiofCQSM 2013)

The Red Line contains one mainline junction, where the Ashmont and Braintree lines
merge and divergealled the Columbia JunctioBecause the junction is configured as a grade
separated flying junction, the cagiiy is not a limiting factor,nor does it cause significant
interference,such as at flat junctionsToday, uncoordinated branch trains arriving nearly
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simultaneously to JFK can achieve approximatelymairdute headway through Andrew Station,
showing thajunction capacity is not a limiting factddowever, the branched layout of the line
does iroduce scheduling complexity and headway irregularities into the trunk section, which can
reduce the trunk capacity. In this way the branched layout of the dmeébe seen as a line
bottleneck. The variability of headways caused by the branch merge will be expl@kdpter

2.

Headway Regularity

Headway regularity relates to the ability for an agency to reliapgratethe scheduled
level of service.Systems wth high headway irregularity may have reduced overall capacity,
because the maximum throughput is dependent on the consistent utilization of the bottleneck point.
Additionally, systems running close to, orcapacity may not be able to recover from gaps
service for an extended period.

In case of the Red Linbegadway irregularities are introduced to the line at discrete points,
in addition to the typical variability ofigh-frequencytransit originating from stochasticity in
demandand dwell times These points include the branch merge, and the routinely uneven
departure headways from Alewife. Large gaps introdustethese discrete sourcesy limit
overallcapacity by reducing the bottleneck utilization.

Red Line Bottleneck Summary

In summary, the min challenges of operatingfature 3-minute headway on the MBTA
Red Line can be discussed under the themes of headway irregularity and station dwedistimes,
shown inFigure 1-4, alongwith contributing line characteristicén particular, t is critical to
recognizethe positive feedback loop betwebeadwayirregularity and limiting dwell times

Headway irregularity is caused primarily by the branched line layout, iedigpatches
from the Alewife Terminal, and inconsisteand extreme dwell timgsummarized as follow3 he
branched line layout contributes to significant headway irregularity in bothtidine. In the
northbound direction, the lack of rei@ine coordinatiorbetween dispatchesd stochastic branch
travel times results imorthbound trunkheadway irregularityln the southbound direction, the
branched layoutontributes tauneven demand and dwell times between successive trains, and
large gaps which occur wheaordemng trains at AlewifeThe Alewife Termin&contributes to
headway irregularityy failing to fully recover from northbound delayswving tothe schedule
based dispatching regime, lack of flexibility in reducing layover times, and slow and irregular
crossover speedginally, station dwell timesantributes to headway irregularigs one of the
major sources of variability in line running times between successive, tsaoe initial headway
differences tend to be reinforced by dwell time differences.

Limiting stationthroughpuis caused primaly due to characteristiad passenger demand
and line layout with contribution fromthe aforementioned sources of headway irregularity.
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Passenger demand characteristics which contribute to limiting station dwell times include an
imbalance in demand betese branches, the branched layout which causebdéindrelated
crowdingin thesouthbound direction, and the concentration of demand at the downtown stations.
Line characteristics which contribute to limiting dwell times include restrictive stationeggom

and signaling system characteristics. Finally, headway irregularity contributes to limiting station
dwell times, since long headways are associated with higher demand and thus longer dwell times.

Limiting Station Headway
Throughput < Irregularity
(Chapter 2) (Chapter 3)

Y

r

h

h 4

Station Dwell Times

Alewife Terminal

Concentrated demand
patterns

Irregular, slow
crossover speeds

Restrictive station
geometry (track and
platform)

Schedule based
dispatching

Passengers left-behind
due to branch

Limited ability to
reduce layover times

Delays due to re-

Branched Line
Layout

Northbound dispatches
not coordinated in
real-time

Stochastic branch
travel times

Uneven length and
demand between
branches

incompatibility
(Southbound)

Operator variability

ordering branch trains

Delays due to out-of-
order merge arrivals

Frequency of Incidents

Figure 1-4: Overview of Line Bottlenecks and Interactions

1.6.4 Future Service Plan

Many important details of the future service plan are unclear at the time of writing,
including for example, how additional trains will be distributed between the two branchesf span
peak frequency, or the timeline for implementing the increased frequecognientallys. all at
oncg. Furthermoreinformation on theorogrammedmprovementgo the signaling system, new
rolling stock attributes, and other capital investments wetravailable in detail. Another crucial
element of modelng future service is projected ridership growth scenarios, which have
consequences for dwell times and thus cycle times. With many unknowns, this research does not
set out to identify full solutiongo the future operation conditions, but instead to suggest
incremental operational changes, which ultimately contribusei¢oessful implementation tife
proposed frequency. Parallel research at the MIT/NEU Transit Lab seeks to extend a previously
develged simulation model of the MBTA Red Li(&/ang, 2006jor application to future service
planning, includinglifferent operationascenarios described in this document.
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1.7 Thesis Organization
This section will outline the contents for the remaining chapters of this thesis.

Chapter 2presents an exploration of the @nt state of headway regularity on the Red
Line, and aims to highlight the negative impacts that a lack of regularity can have on service quality
and resource efficienc¥he review also identifies several causes of headway irregularity and their
relative frequencies on the Red Lin€he relationship between headway regularity and service
frequency is emphasized, showing how the frequency improvements promised by the MBTA will
likely fall short if not accompanied by regularity improvements.

0 presents an exploration of the current state of station dwell time on the Redt laiims
to highlight stations that will require particular attention to ensure the success of future capacity
objectives, explore the use of automated datad¥eell time measurement and prediction, and
outline strategies which can be taken to reduce the impact of dwell time on system reliability.

Chapterd ntroduces three service intervagntions
regularity, as it relates to current and fetservice delivery objectiveshe pilots demonstrate the
incremental approach to service improvements which is necessary to achieve future service targets,
while simultaneously providing benefit under cumreperating conditions.

Chapter Hresentshe results of the Alewif®rop-back Pilof a crew management change
intended to increase schedule recovery time, reduce queuing delays, and demonstrate the
effectiveness of the techuie for future operating conditions.

Chapter 6presents the results of the Davis Southbound Holding Pilo¢adwaybased
holding strategy which was implemented in order to reduce headway differences between
successive dispdies caused by crossover speed limitations, and to demorik&dtapacts of
increased dispatch regularity on line performance.

Chapter 7presents the result of the Andrew Northbound Holding Pilogadwaybased
holding strategy which was implementedarder to improve headway regularity following the
branch merge, which has implicatidios future operating conditions which likely will not be able
to recover from high service variability.

Chapter 8offers conclusions and recommendations from the ocgapbn of current
headway and dwell time, and from the pilot studies, with implications for future service provision.
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Chapter 2. Headway Regularity

2.1 Introduction and Motivation

This chapter presents a discussiorneaddway regularity, both in its impacts on sesvic
guality and line capacity. Headway regularity is a vital concept in transit capacity and quality of
service analysis. At any level of service, headway regularity is closely linked to frequency as
experienced by the customer, since it influences the geevait time and train crowding. At near
capacity operations, headway regularityadine bottleneck is a preequisite for delivering the
scheduled service frequency, as lost capacity due to irregular headways may not be possible to
recover from withoutancelling trips.

Providinghigh-frequencyservicewith poor regularity also represents an inefficiesg¢of
valuable peak periodesources, since improvements to headway regularity can typically be
implemented with minimal costs compared to capacity aw@ments from capital expenditure.
With large capital improvements plannedn t he MB T A 0 (signalng dsystdmi n e
improvementsfull fleet rolling stock replacement, Alewife crossoveconstructiohy a stratey
to improve headway regularity representianportant compment to ensure the investments
deliver theirstatedcapacitybenefitsand for passengers to experience interim benefits

Section2.2will discussfactors influencindheadway regularityncludinginitial headway
headway stabilityand ontextual variablesSections2.3 and 2.4 will review initial headway
regularity and headway stabilitgn the MBTA Red Ling including reference to relevant
contextual variablesSection 2.5 will discusses the implications of headway irregularity for
passengerszinally, Section2.6 will discuss strategies to improve regularity.

2.2 Factors Affecting Headway Regularity

Outcomes of headway regularity of an existing rail transitise can be explained by
considering initial headways, stability of line headways, and different contextual variables which
influence passenger demand or train performance. This section will give a general overview of the
three aforementioned factors.

2.2.1 Regularity of Initial Headways

The regularity ofnitial headways has a large impact on line performadrdeee, the term
finitial h e a d wisugesl tather thafdispatchh e a d wtaigchide the effect of branch merges,
and terminal crossovemhich affecthow the dispatch headway is experienced downstream
Withoutinterruptionfrom servicecontrollers offrom incidents the initial headwayf a triptends
todefinea tri pds outcomes; bécamegmagnifiedise pia inccebsingh e a d we
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passenger demdsand dwell time while short dispatch headways tendudherbunch due to
relatively low passenger demandmparedd the leading train. Dispatch contralkso deserves
special consideration because unlikdime headway control, headway adjustmentsienat the
terminal are nogenerallyperceived as delays lopboardpassengers. For these reasons, improving
dispatch headway regularity can cause significant improvements downstream, sighdidant
negative customer impacts.

There are two primary gimes for dispatching in fixed route trangieadwaybasedand
timetablebased. Although passengers percaigi-frequencyoutes to run on headways, a survey
of very high-frequencymetrosworldwide reveal that most in fact operate on highly precise
timetables, scheduled to at least the nearest 15 seconds, due to the high amount of resource
coordination required in such operatiq@anavan et al., 2019 owever, study of the operation
control environment shows thaervice controllers may still focus primarily on controlling
headways due to the difficulties of incorporgtill schedule and crew consideratiamgler time
pressurgCarrel, 2009) These contrasting methods of service delivery and passenger perception
should be considered when evaluating dispatch headways.

2.2.2 Headway Stability

The sability of headways is another important faciar determiningline headway
regularity. Headway stability is defined in this context as the ability for a train to maintain its
dispatch headway within a given tolerance, and represents the relationshiprbeigatch
headway andsubsequent iine headwayg. Headway stability is primarily influenced by the
dispatch headway, and the resulting feedback loop between headway, passenger demand, and
dwell time. These factors may in turn be influenced by contextactiors described under the
following headingHighlighting the disparate outcomes of different dispatch headways can help
make the case for improvements to dispatch regulanty for more precise dispatch under
different contexts.

2.2.3 Contextual Variables

In addition to the initial headway, contextual variables including train itinerary, time of
day, rolling stock, and incidents can influence the probability of different outcomes at a given
dispatch headway. The relation between dispatch headway and retabll@ay region will be
unique for each context. These different factors will be outlined below.

Itinerary

The itinerary of a train (., express/local, branch destination) is closely associated with its
demand patterns during a particular time of dBgmand is of critical importance when
considering headway evolution. For example, a train with lower demandigstined for a lower
demand branch) may be able to maintain a stable headway even in context of a long dispatch,
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whereas a train with highdemand (&., higher demand branch) may fall behind the leading train
even when dispatched at the scheduled headway.

Time of Day

The time of day has a significant impact on passenger demand, which can in turn impact
headway stability. During the peak-peak, headways tend to be the most sensitive to initial
conditions, since high demand can quickly deteriorate performance through crowding and
increased dwell time. Sensitivity may decrease during shoulder periods, when excess demand does
not cause trainotreach a high level of crowding which influences dwell times. Duringedk
periods, sensitivity to initial headway generallyexpected to be much lower, with only large
changes in initial conditions or demand fluctuations causing headways to betstataal

Rolling Stock

Within a nonrhomogenoudleet, differences in rolling stock characteristics impacting
headway evolution caproducedifferences in dwell time and running time performance. Factors
affecting dwell times may include number of doorgniver of cars, seating configurations. Factors
affecting running time may include acceleration and deceleration performance, and performance
under heavy passenger IsadFleets of different ages can also vary in their susceptibility to
mechanical issues.a€h of these factors can influence headway adherence, especially in the
context of a mixed fleet. In the case of the Red Line, a mixed fleet containing three separate
generations of rolling stock are operated (Tyg).IMost critically, Type 1 and 2 canswve three
doors while Type 3 cars have four doors, resulting in differences in station stop passenger flow
rates.

Incidents

Train or passenger incidents can cause significant discontinuities in headway stability, and
act contrary to the other influenagiscussed herein. Without intervention from service controllers,
incidents cause an increase in headway proportional to the incident time for the delayed train, and
a decrease in headway proportional to the incident time for the following train (corcstbgine
safeseparation distance). Incidents can impact the headways of not only the affected train, but also
following trains. If there is little slack to absorb delays, a single incident can continue to impact
trains, causing them to follow at minimum heagyw until slack is introduced into the system,
whether by scheduled or dubc pullouts. It is important to consider the effect of incidents on
headway stability, because they may act contrary to the anticipated direction of headway change
caused by passger demand, obscuring that connection.

Minimum Train Spacing

Minimum train spacing and other headway bottlenecks have an important impact on
headway stability, because they prevent the expected result of bunching for closely spaced trains
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with little demand. Minimum train spacing constraints may cause very short dispatch headways to
appear stable.

Operator Differences

Although some operating characteristics such as maximum speed may be governed by the
signaling system, there is still significant leeway dperator actions to shape headway stability.
Some operator differences may include time switching ends at the terminal station, assertiveness
in closing doors at busy stations, acceleration out of stations, and importantigugation time
(i.e., thetime required to proceed into the next signal block or station when following a train at the
minimum allowed distancah nearcapacity situations. The impact of operator differences will
vary significantly by agency context, depending on operator tigipassenger behavior, and level
of automation. No quantitative evidence is available to support the theory of operator differences
on the Red Lingalthough MBTA management believes that differences in operator driving
practices can impact headways sigmaintly on the Red Line.

2.3 Initial HeadwaysExploration

This section will examine the Alewife Terminal and Columbia Junction and their effect on
initial trunk headwaysThe focus of this section is placed primarily on the trunk section, which
operates at @ombined headway twice that of the branches, and is thus more critical for
determining limiting line capacity.

2.3.1 Alewife

Due to its position as the trunk terminus, operations at Alewife play a significant role in
delivering reliable southbound operationsn@ng the key issues facing Alewife operations are the
variable headways from the northbound branch mergeegaencing of ouvf-order branch trains,
and inconsistent crossover speéaistrains entering and leaving the terminédter giving a
general oerview of Alewife operations, these specific issues will be discussed.

Overall Headway Distribution

Table 2-1 shows thalistribution of thescheduled headways arriving to and departing from
Alewife during peak priods.Note that Red Line schedule is written only to the nearest minute, so
a combination of clock headways is required to achieve the desired average hédtheagh
there is some variation in scheduled arrivals, trains in the AM Peak are schedidpdrtowith a
uniform headway. The situation is similar in the PM, with some minor variations in scheduled
departure headways.
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Table 2-1: Alewife Scheduled Headwdyistribution (2018)

Headway AM Peak(7:00-9:00 AM) PM Peak(4:00-6:00 PM)

(min) Arrivals Dispatches Arrivals Dispatches
2 - - 4% -

3 10% - 4% 7%

4 69% 100% 56% 73%

5 21% - 37% 20%

Observecheadways arriving to and departing from Alewife Terminal in the peak periods
are shown immable 2-2 for all weekdays in Octob&018 Here, headways are measured as they
arrive/depart from the platform, drawing the boundaries arounglatfermascloselyas possible
with the available train tracking data.

The pdtern of arrival headways shows the significant variability that Alewife operations
must contend witklue to variability imorthbound operation®©nly 65% of trains in AM and 54%
of trains in PM arrive within Ininute of the mean headwdayontrary to whatvould be expected
from Alewife as a schedule recovery point, significant reductiosin headway variabilityare
observedetweerarrivals and departurefr example, the #5and 8% percentileshowminimal
improvements of no more than @finutes. 8ghtly larger improvements are seen in thé"95
percentile.

Table 2-2: Alewife Terminal Headways

Time 15th 85th  95th  Within 1-min of
Period Case Mean SD Pctl Median Pctl Pctl Mean Headway
AM Arrivals 4.2 1.8 2.9 3.9 5.2 7.4 65%
Peak Departures 4.2 14 3.1 4.0 54 6.9 66%
PM Arrivals 4.4 1.9 2.9 3.8 5.9 8.1 54%
Peak Departures 4.3 15 3.0 3.9 5.8 7.3 58%

The lack of significant improvements to headway variability and lack of reduction in large
headway at the terminasuggests inefficiencies in the terminal procedures at Alewife, including
lack of significant scheduled recovery tingenflicting terminal movements, aadscheduldased
rather tharheadwaybaseddispatching policySchedulebased dispahing is typically not very
robust and relies on compression of the scheduled layover time to achigwe atepartureor
late-arrivals In cases wherkyover timesare already close to the minimum, such as at Alewife,
reduction in layover times may nhde possible and arrival delays are maintained without
significant reductions, as seen in this section.

Although it is difficult to assign a single attribution to each long dispatch headway, it is
noted that among peak period dispatches with headwaysu@es or greater, approximately half
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the trains had an Alewife layover time less thanpbak periodnedian, and half larger than the
median. Trains with short layover times and long dispatch headways could inkétaiperators
were simply not able teecover enough time at the terminal, while trains with long layover times
and long dispatch headways could indicate the presence of conflicting terminal movements.

Effect of Alewife Crossover

Investigatiorof headways downstream of Alewife reveals thatdesign and condition of
the crossover used by trains departing Alewife has a significant impatbwnstreanheadway
distribution resulting from a difference in allowable spded trains departing Alewife from
Platform 1 (AP1 # M#&i2n $(Bigare 213 draifsideparting from PR2are
limited to 10 mphas comparetb a speed limit of 25 mph fd&?2 departuresBy the time trains
reach Davis, manifests in rnning timedifference of approximately 60s betere dispatch
platforms, effectively increasing the headway of P1 trains by 60s and decreasing the headway of
P2 trains by 60s. For example, an edd® dispatctheadway results in headways 0d® (+60s)
and3:00 (-60s) for P1 and P2 trains, respectivalyDavis Statiorsouthbound.

Platform 1 (P1) Departure Platform 2 (P2) Departure
P1 P1 —

>
P2 P2

Figure 2-1: Alewife DepartureMovements

The distribution of peak periodheadways once trains arrive at Davis, compared to the
headways measurepartingthe Alewifeterminalare shown inFigure 2-2. The outcomeof the
different speed codes is mosbticeablein the third panel showing theombined headway
distribution; measured at Davis, the combined headway displaysnadal distributon with
modes at approximately 2.5 and 4fnutes.In the first two panels, smaller but still noticeable
differences in headways by platfomrmeasured at Alewife show that the closest track circuits to
the platform already include some palit time, whichs different between the two platforms.

Based on commonly understood effects of bus/train bunching, thedal headway
distribution can be expected to lead to increased average wait times, uneven passenger loading
between successive trains, and saop-start speed codes for the followirfgunched)train.
Although it isunderstoody operating staff that the two platforms receive different speed codes,
there is no attemgty dispatcherso adjusttorrect for the impact on headwaysh@adwaybased
holdingintervention described later @hapter Gattempts taddress these differences

38



Platform P1

0.6
0419
0.24
0.0+
Plafform P2
- 067 ,
o Measurement Location
L 0.4
g_ D.&t&lewﬁe
L?_ 0219 . At Davis
0.0+
Combined
0.5
0.41
0.24
dESt e =
1 2 3 4 5 6 7 g 9 10

Hea&way (min)l\
Figure 2-2: Effect of Alewife Crossover Speed Difference on Headveay Downstream Station

Terminal Queuing Delays

The lack of flexibility in terminal operations contributes to another major proljeeuing
delaysto enter the terminallhe limits of the analysis are chosen as departing Porter Northbound
(two stops prior to terminal) to arrival at Alewife terminal,dcsn analysis that shows delays are
primarily concentrated between these poiftse queuing delays are primarily concentrated
between PorteSBtation (two stops awaynd Alewife, and so the limits of the analysis for the
following delay metrics is chosers departing Porter to arriving at Alewiféotably the analysis
includes dwell time at Davis Northbound, which is assumed to be of minimal impact compared to
the queuing delays. The aforementioned boundaries will be referred to as the Terminal Area for
the remainder of this analysis.

To communicate the delays, a metric of excagming time (ERT) is used, which
represents theunning timeminus the minimum observednning time(approximately 200s in
this case)Table 2-3 shows smmary statistics of for the terminal area exeessing timefor the
month of October 201&igure 2-3 showsindividual observations of terminal aregcessunning
time for a sample of dayswhich is valuable founderstanding how the delays propagate and
dissipate.
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The medianERT is found to berelatively minor at about-fninute in both AM and PM
peaks. Larger percentiERT are more severén the AM peakexhibits85" percentile delayof
4.1-minutes and 95percentile delays of 6-minutes. Extreme delays in the PM peak are slightly
smaller, possibly because service controllers are more conscious about limiting delashtole
passengers in the PM, when northbound passenger volumes are Hghdisaggegate sample
shows a common pattern of mounting delays, which eventliaBypate, either throughspatcher
action or a long northbound gapor example, irthe case of theAM peak onOctober 18, a
buildup of ERT of 4-5 minutesoccurs)asting for 3@minutes In addition, some large delays occur
without any buildup are visible (ex. October™.@M peak). This is attributed to improper
prioritization of terminal movementsThese regular delays represent an inefficient use of
operator/rolling stock resoces, and substantial inconvenience to passengers.

Table 2-3: Alewife Terminal Area Excess Running Time (ERT)

Time Period Mean SD 15" Pctl Median 85" Pctl 95" Pctl

AM Peak 2.0 2.0 0.4 1.2 4.1 6.1
PM Paak 1.4 1.3 0.5 0.9 2.5 3.9
AM Peak PM Peak
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Figure 2-3: Alewife Terminal Exces®unningTime (Sample of Days)

40



2.3.2 Northbound Branch Merge

Next, the northbound branch mergsouth of Downtown Bostois examined due to the
significant impact it has on trunk headway variabiligtst, an overview of the observed merge
headwaywill be presentedshowing significant irregularity andpattern of dayto-day variation
Secondpranchrunning times areexaminedshowingthe potentl for dispatchcoordination

Due to passenger demand pattesnghe Red Lingonly the PM Peaknerge operations
areexamined; in the M, 88% of northbound passengers originate on the treorkpared tqust
44% in theAM. These demand pattermaply thatmanagement of northbound trunk headways is
significantly more important with respect to crowding in the,RRNd can be done with less delay
to in-vehicle branch passengerélthough not shown here, it should be noted that AM merge
headways follow largelthe same patterns and procedures as do the PM.

Merge Arrival Headways

A summary of headway statistics both before and after the nesgpewn inTable 2-4.
Overall, there isevidence of significantregularitiesin merge headway®ecall thatTable 2-1
showed roughly uniform northbound scheduled headwéys5 minutes Headways arriving at
JFK have &pread of 5.0 minutder the middle 70% of observatiogrend a CV of 0.58Headways
at Andrew are observed to improve slightly compared to at JFK, however the improvement is
attributed only to the effect of the minimum safe separation on spacing otgimedtaneous
arrivals. Andrew Northbound has a minimum headway of appteiyn 100s, as observed
through empirical headway distributions. At JFK, the brandiezth on separate platforms, so
there is no minimunseparation timéhere fortwo trains of different branches. Trains meaoggo
a common tracht a flying junction bete@en JFK and Andrew statians

From discussions with Red Line management, it was discerned that branch merge
headways are primarily managed throtighetabling rather than through retime coordination.
When reattime coordination does occur, it is in tleem of in-line holding rather than coordinated
dispatching, and mostly focuses on ensuring the correct sequence of branch trains rather than
achievingeven headways.

Table 2-4: Headways Before and After bbound Merge (4:066:00PM)

Station Mean SD CvV 15thPctl Median 85thPctl 95thPcitl
JFK 4.2 2.4 0.58 1.7 3.9 6.7 8.4
Andrew 4.2 2.1 0.50 2.0 3.7 6.5 8.1

Figure 2-4 shows the headway distribution by dayd bybranch arriving at Northbound
JFK for weekdaysn October 2018The figuredemonstrates significaiaily variations inPM
Peak headways arriving to JFRhe difference in arrival headways between Ashmont and
Braintree trains varies by dawith the worst dys showing a gap of aboutn@nutesbetween
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branchesfor example, Octoberishows a median Ashmont headway ehhutes and a median
Braintree headway of approximately 2rinutes. October 18 shows the opposite median
headways 3-minutes for Ashmonand 6minutes for Braintree. Disaggregate observations for
the two aforementioned days, along with one day of nearly equal median he Oatayer 13

are shown irFigure 2-5. The disaggregate observations allasvto see how bunched arrivals are
extremely prevalent and persisteiihese finding confirms thatorthbound branchheadway
coordination is not a major focus sérvicecontrol today.
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Figure 2-4: Daily Variation inNorthboundBranch MergeHeadways (4:06:00 PM)
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Figure 2-5: Northbound Branch Merge HeadwaySample of Day$October 2018)

Branch Running Times

Despite a scheduling process aimed at pragdiniform trunk headways by offsetting
branch departure times by the differenceunningtime along eachbranch, significant variations
occur due to the effect of stochastinining times and other delays.

Table 2-5 shows theunningtime from departing the branch terminal stations to arriving
at the branch merge in AM and PM peak peridde larger magnitude and variability mmfnning
times for the Braintree branch is a result of the higher demand and leng#t ajute The narrow
range in Ashmontunning time (approximately dminute spread between®1&nd 8% percentiles)
suggests the opportunity dispatchAshmont departures in reime relative to oproute Braintree
trainsin order to achieve the destt merge headway at JFRhe time of an Ashmont departure
could besetdynamicallywhen Braintree trains are aboutrBnutes awayrom the merge, giving
a reasonable certainty forore uniformmerge arrival headway$he difference imunning times
betweerthe AM and PM peakseen belovhighlights the need to dispatch using different offsets
by time of daywhich can be determined through historicaining timeanalyss.
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Table 2-5: RunningTime from Branch Erminals to Northbound Merge

Time Period Branch  Median Mean SD 15" Pctl 85" Pctl

AM Peak Ashmont 9.0 9.4 1.6 8.6 9.6
Braintree  20.4 20.8 1.9 19.6 21.9
PM Peak Ashmont 8.6 9.4 2.4 8.3 9.4
Braintree  19.3 19.7 2.1 18.5 20.5

2.4 Headway Stability

This setion presents theesult of an analysis of headway stability on the MBTA Red Line
and explores different contextual variables affecting stability. It begins with a discussion of the
methodology applied to measure headway stability.

2.4.1 Methodology

As a methdology toassess thbeadway stabilityf a given trip, it is proposed that linear
regression can be appli¢alrapidly extract information about the intercept, slope, and goodness
of fit from a linear regression of the headways observed at each stopaaiopgModeling the
headway pattern using coefficients from a linear regression is more robusisthgthe actual
dispatch and final headways, because it damperetwvayariability observed at those specific
stops. Contextual variables includidgspatch headway, branch, rolling stock, time of day, and
presence of incidents will then be added, and the headway stability outcomes can be examined
within each context.

For each trip, a linear regression model is estimated with the independent \asitixe
station index along the line (0 representing the first station) and headways departing each station
as the dependent variablhe procedure is shown KFigure 2-6 with three sample regressions
Taking the first station as=0 allows for the yintercept to be interpreted in a straightforward
manner as the dispatch headvaayl the slop€breadway to be interpreted as the average headway
change per stog-rom each model, the estimated coefficients are extracted, along with, the R
measure of the goodness of fih this case the first stang are chosen as Andrew in the
northbaund direction and Davis in theosithbound direction, following the findings of large
discontinuities in headways immediately prior to these points.
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Figure 2-6: Sample Linear Regression of Trip Headways

A rule-baed approach is then applied classify the stabilityof each trip using the
regression resultsaas shown iffable 2-6. 1 n t hi s case, & stopavetager pr et e

headway change is chosen asvéhich represents arinutestabilitythreshold over the 10 trunk
stops (excluding Alewife/JFK and the initial station).

Table 2-6: Classification of Headway Stability by Regression Coefficients

PHeadway Classification
PHeadway< -8& Unstable, decreasin
-8e<  Hdddway< &€ Stable

PHeadway> &8 Unstable, increasing

2.4.2 Results ofStability Analysis

Initial Headway

Theresultsof a headway stabilityclassificationfor peak period tripss shown inFigure
2-7, with tripsgrouped by their initial headway at Day&outhbound) and Andrew (Northbound)
Only initial headways with at least 3@gervations for the time period and direction are included.
In general, the stability trends areeagpeced

(2) Initial headways close to the scheduled headwayroidites exhibithe moststable
outcomesandleast likelihood of ikreasing.

(2) Begiming with the scheduled headway, each additional minute of initial headway
contributes to aecreasindikelihood of stableoutcomesNotably, both unstable, increasing and
unstable, decreasing results become more prevalent abovautes initial headwayThis
highlights the opposing forces acting on these trains; increased passenger demand threatening to
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increase dwell times and headways, and decreased train congestion allowing the train to travel
more quickly.

(3) Initial headwaybelow thescheduledheadvay (2-3 minutes) have a high proportion of
unstable, increasing headways, showing the effect of line bottlenecks.

AM Peak (7-9 AM) PM Peak (4-6 PM)

100 -
¥5-
50~
25-
Case
0- . Decreasing
100 - . Stable
. Increasing
¥5-
50-
25-
D_ 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 3 4 5 i T a 2 3 4 5 ] 7 g

Initial Headway (min)

Percent (%)
punogquuaop

punoqgLinos

Figure 2-7: Peak PeriodHeadway Stabilitysrouped by Initial Headway

Effect of Rolling Stock

Figure 2-8 showsthe effect of rolling stock on headway stability in the AM peak,
Southbound directionThe differences between 3 adedoor trainsare most pronounced for
headwaygreaterthan or equal to-Bninutes. At these headways above the scheduled headway,
the 3door trains appeakess capable of handlinthe higher demand associated with a long
headway, and exhibit a higher proportion of unstable, increasing outcomes. Meanwdoite, 4
trains with 56 minute headways have the highest proportion of unstable, decreasing headways
despite the long initial headwaydbor trains perform well under the higher demand.
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Figure 2-8: Effect of Rolling Stok (Southbound AM Peak)

Section2.3 demonstratedhe large impact that the Alewife crossover and branch merge
have on initial trunk headways in the north and southbound directions, respectively. This section
provided quantitative evahee of how initial headway irregularities contribute to further negative
outcomes in the form of headway instability

2.5 Passengetmplications of Headway Regularity

In addition to the aforementioned passenger agnostic metrics, headway regularity should
be onsidered from a passenger perspectivas section will explore theffect of headway
irregularityon the MBTA Red Line asxperienced by passengers in terms of wait times, crowding,
andreliability of journey times.

2.5.1 Wait Time

The effect of headway irgalarity on wait times is well understood in the literature;
because more passengers arrive during long headways, an increase in headway variability results
in an increase in average wait time, even when the mean headway remains constant. In addition,
time spent waiting for public transit is frequently cited as more argetioan invehicle travel time
(Raveau et al., 2014; Wardman, 1998hding importance to wait time metridis section will
present thenetrics of averagand percentile wait timavhich can beused to describe passenger
experience of headway regutgirby station or for the entire line
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Average Wait Time

Average wait time can be an effective metric to communicate headway regularity, because
it is readily interpretable by all stakeholders. Assuming passengers arrive uniatingyrate of
& the average wait tigj0 , can be calculated for a given period dochtionas follows.
B or B T

v B B !

Where h= headway of train, iand

> = passenger arrival rate

Percentile Wait Time

In addition to average wait time, extreme wait time (for exampl&,g@%centile) is an
important metric to communicate the extreme eventsat®atritical tocustomer perceptions of
transit reliability. Percentile statistics are also more rdbiesextreme values compared to the
average, and important for communicating skewed distributions. For any percenplercinatile
wait time, W), can be found as follows:

Consider a period with uniform passengerigter r i val t i me ;. &hewaitnd hea
times experienced byll passengeboarding train i, argiven by the ordered seried;:

~

o YiSRy p TgY

T

Where & = p-agvalénmeger i nter

Then W is defined as the ordered multiset containing all elementsfof Wl trainsin the
period of interestThen,any percentile (p) wait timé&V,, can be found by selecting thalue in
position Pfrom set W where:

VR p—
WhereN = number of elements in set,\&hd

p = percentileof interest

Effective Headway

In addition to passenger wait times, headwastricsare useful because they can help
bridge the gap between passenger and agency perspéttibesie, 2013) Tribonesuggests the
metric of effective headways (@ which isthe average headway wetgh by the number of
passengers experiencing each headway. Again assuming a uniform passenger arrival rate, the
formulation is simply twice the average wait time
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The concept of effective headway was egth by Maltzan(2015)to communicate the
effective impact on the entire line, wetgig each stop by the historical passenger arrivaltcate
develop a lineeffective headway, H

o BB _ O
BB _Q

Where: p = time period of interest, and

0 = origin station

Results

Results of a peak period wait time analysis for the MBTA Red Line are shokigure
2-9, including average andoper percentile wait time3he half average and average headways
are shown as guidelines, representing, respectively, the average and maximum wait times in a
hypot heti cal case with zero headway variabil:|

Overall, it is evident thapassengers must budget significant extra travel time due to
irregular wait times. In all casebown the 84" percentile wait time is approximately equal to the
average headway, meaning that 15% of passengers wait longer thagetiteeadway during the
peak periods. In the southbound directioverage and upper percentile wait times are observed
to continually increase throughout the line, caused by the instability of headways, as seen in the
previous sectionThe 93" percentile exhibits the most rapitcrease, attributed to the effect of
passenger related incidents and irregular dwell times at the downtown stiatiomstrast to the
southbound directionthe northbound directionwait time percentiles remain mostly stable
throughout the line, which @ttributed to the bottlenecking effect of the terminal.
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The effective line headways are showrlable 2-7 for the trunk portion of the MBTA
Red Line.The mean line headway is also included as a reference point, which presents the headway
without any passenger weighting. A large difference is observed between the mean line headway
and the effectivdine headway, indicating significant variability in service delivery, and an
inefficient application of peak period resources. The difference between the effective line headway
and mean line heavay is slightly better in theosithbound direction, attributieto being closer to
the point of dispatch, compared to therthbound direction which inherits the variability from the
branch merge. This metric is effective as an aggregate measure in communicating the degradation
of customer experience from irreguladdways.

Table 2-7: Effective Line Headway

Mean Line Effective Line

Direction Time Period  Headway Headway Difference

Northbound AM Peak 4.3 5.3 1.1
PM Peak 4.5 5.6 1.1

Southbound AM Peak 4.3 5.0 0.7
PM Peak 4.6 5.4 0.8

2.5.2 Passenger Crowding andEffective Utilization

Headway irregularity, especially long gaps and bunching results innigdoaded trains.
The effects of headway irregularity on crowding can be communicated using metrics such as the
variahlity in passenger loading at the peak load pant frequency of lefbehinds More
generally, a metric afffective capacity utilizatinwill be proposed to communicate the effects of
headway irregularity on train loading

Passenger Train Load

The exgcted passenger load for each train can be estimated using historical passenger
origin-destination arrival rates and assigning passengers to trains according to the number of
passengers expected to arrive during the trains preceding headway at eachastiimimg no
left-behinds. A distribution of expected train loads can then be determined for each station, as
would be viewed by a stationary obsen@ummary statistics of passenger loading can then be
used to communicate crowding, or the effects ofiesy irregularity.

More formally, the passenger load is estimated as the summation ofdggjination
passenger arrivals rates for all stops with origin less than or equal to current stop and destination
greater than current stop, for all served itamis.

0 B B B Qi  Rh

WhereLi; = train load of train i departing stop J
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I = train,
0 = sftion,
b =trainitinerary(e.g. destination, brancgh)
K = last stop in itinerary b
B = all itinerariesserved by traim,
hi,n,o = departure headway of train i at stop J for itinerary b (minuaes),

_op,p= historical arrival rate between stogrjd stop k during time period p
(passengers/minute)

Effective Utilization

A new metricof effective utilization, W, is proposed, which measures the passenger
demand experienced by a traiover the lineas a fraction of thaveragedlemand experienced by
a trainin the same period

B B i Qp

TY“ =
" BB _.;0;

Where_ i = historical passenger arrival rate at station o during time period p with a
destination on itinerary,tand

"Qr = headway of train i at station o for itinerary b.

This metric further attempts to bgd the gap between passengeragehcy perspectives,
by communicating the undesirable effects of bunched trains and long gaps on passenger loading
on an individual train basi§he metric can be understood as followhpwUeiisequal to 1.0, the
demandexperienced by train i is equal to the period average. Thus a system which is operating at
capacity and making optimal use of available train assets would have an effective utilization of 1
for all trains during the peak period. Effective utilization ¢eedhan 1 indicates ovettilization
of the asset, and would result in passengers left behind on the platforroajpaatty systems.
Conversely effective utilization less than 1 indicates wudiézation, which must be absorbed by
future trains.

Compared to effective headway, the fractional nature of this metric helps to communicate
the undesirable effects of nomiform headways, both for short and large headways. For example,
at an average headway cefrinutes, a train with aeffective headwagf 3-minutes appears to be
positive from an agency perspective, since lower headways mean lower wait times. In reality, this
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train is bunched and experiences lower demand. In this case, the train would ledfextare
utilization of 0.75, indicating that thasset is underperforming.

Results

This section presents calculations of effective utilization for the MBTA Red Line under
various scenarios. The effective capacity calculations demonstrate the capacity implications of the
previous findings of initial hedway irregularity and instability.

The distribution of effective utilization for all peak period trips, including branch and trunk
demand is presented Trable 2-8. As expected due to the variability in line headways observed
prevously, a wide range of effective utilization values are observed. The minimum observed
effective utilization of 0.53approximates the naturdimit imposed by safe separation
requirementsimplying that theminimum weightedheadway a train can maintainesvthe line
under ideal conditions is approximately half the average peak period headway. Conversely, there
is no maximum effective utilizatiohunder large delays the value would be unbounded since the
method does not account for Keiéhinds.

Overall,just 53% of all peak period trips are found to be within 25% of the period average
utilization (0.75 to 1.25). The fractions above and below this 25% threshold are approximately
equal; 27% of trips have an effective utilization below 0.75 and 20% ofttaps an effective
utilization above 1.25. This finding indicates in the system overall, there is significant potential to
improve system capacity by simultaneously reducing the number of bunched trips and long gaps.

Table 2-8: Effective Utilization(All Peak Period Trips)

Percentile Min 5% 15% 25% 50% 75% 85% 95%
EffectiveUtilization 053 063 069 074 090 117 134 1.68

Effective capacity will now be explored in more depth, relating to the previdisslyssed
factors affecting headway stability, including rolling stock, Alewife dispatch platform, and branch.

Effect of Alewife Platform

In the disaggregate sample, the routine effedi®tlispatch platform on passenger loading
is visible. The effect is most pronounced in the first hour of service on 10/16, where service appears
to be stable with no long gaps; dispatch platforms alternate, with P2 trains consistently seeing
utilization aound 6075% and P1 trains seeing utilization between-125%.
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Table 2-9 shows the distribution of effective utilization feouthboundAM Peak trips by
Alewife Dispatch Platform. The results are not differentiated by branch since differences in branch

demand are very minor in the AM peaku#tbound direction. A disaggregate sample is also
provided inFigure 2-10.

The differences observed between P1 and P2 dispatches is substantial; the median effective
utilization is 108% for P1 dispatches compared to only 75% faligtiatches. The differences at
the upper percentiles, for example th& i&also striking; a #Bpercentile P1 train will experience
boardings around 125% greater than the average, whil@ peréentile P2 train has an effective
utilization of 0.94,still below the average utilization (1.0). Conversely, th& @&rcentile
utilization is quite similar between platforms, suggesting the influence of incidents rather than
routine demand on these values. In the disaggregate sample, the routine efiectlispatch
platform on passenger loading is visible. The effect is most pronounced in the first hour of service
on 10/16, where service appears to be stable with no long gaps; dispatch platforms alternate, with

P2 trains consistently seeing utilizatiomand 6075% and P1 trains seeing utilization between
100-125%.

Table 2-9: Effective Utilization Percentilesby Alewife Dispatch Platform (AM Peak,
Southbound)

Alewife Dispatch Platform 5% 15% 25% 50% 75% 85% 95%
Platform R 0.79 0.89 0.94 1.08 1.24 1.36 1.67
Platform P2 0.60 0.64 0.66 0.75 0.94 1.12 1.69
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Figure 2-10: Effective Utilization by Alewife Dispatch Platform (AM Peak, Southbouind)
Sample of Days

Effect of Northbound Merge Headway

In Section2.3.2 the northbound merge headways were examined, finding significant
variability due to minimal reaime coordination between branches. Here, the effects of the
uncoordinated mige are explored in terms of effective capacity.

Figure 2-11 shows the effective utilization fmorthbound PM Peak trips. Because branch
demand is very | ow relative to trunk iditelmand,
headway after the merge. Trips with headways undemBtes experienced minimal utilization,
exceeding an effective utilization of 0.85 just 8% of the time. The effective utilization for trips
with initial headways beyond®inutes grew linearlin relation to the initial headway. Trips with
initial headways beyond-&inutes made up just 20% of all trips, but contributed 32% of the
effective utilization over the period. These findings provide strong evidence that the initial
headway of a trip is anajor factor in determining its outcomes, and sutgyesgnificant
improvements to arthbound capacity and crowding are possible with improved merge control.
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Figure 2-11: Effective Utilization of Northband PM Trunk Trips

2.5.3 Journey Time Reliability

Journey time reliability is an important measure of passenger experience in transit.
Depending on the available data sourcesspnger journey time can be measured using either
Automatic Vehicle Location (XL ) or cardbased approaches as describetMopd(2015) Card
based journey time metrics such as Excess Jourmey(London Transport, 199; Frumin, 2010)
measure individual journey time based onitapnd tapout times, and include elements important
to individual experience such as ¥ethnds, route choice, and access and egress times. In contrast,
AVL based approaches use omghiclemovements to calculate distributions of wait times and
travel times, and excluding some of the aforementioned factors critical to individual experience.
Howev e r AVL based measures are valuable from
simple to apply, and can be used in open systems withcoutap

The effects of headway irregularity on passenger journeyrefadility can becaptured
using the coeept of reliability buffer time (RBT), developed by CH2007) The RBT represents
the buffer time a typical passenger magtl to their trigo ensurean " percentile probability of
orttime arrival. The RBT can also be expressed as a fraaiomedian travel timeReliability
Buffer Factor (RBFWwhich communicates what portion of travel time a passenger with a certain
OD pair must factor in due to unreliability in journey time.
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Reliability Buffer Time (RBT)

Chan (2007) defined the Reliity Buffer Time as the difference between the median and
n"" percentile journey time (JT), for a particular OD pair and time period (t), as follows:

RBT = N"Percentile Jiop- 50" Percentile J{op

In addition,Chanpropose a Reliability Buffer Fator (RBF), as the ratio of the RBT to
the median journey time. The RBF can serve as a relative factor, indicating the proportion of time
a passenger must allocate for a reliable arrival time, relative to the expected journey time:

RBF = (N"Percentile Jjop- 50" Percentile Jfop) / 50" Percentile Jifop

Results

Reliability Buffer Time and Reliability Buffer Factor were calculated for trunk OD pairs
in AM and PM peaksigure 2-12 shows the RBF for the AM peak, southboum@éctioni other
resultsfor the RBT and RBF factomre included ilAppendix 1.

In general, a trend of high RBF for very short trips, and decreasing RBF as trip length
increaseds observed This finding indicées that wait time represents a larger portion of the
difference between 95and median JT compared to travel times. Passetrgeeing from north
Cambridge into downtown generally require-20% (46 minutes) RBT to ensure an-time
arrival. In contrat, passengetsaveing Downtown Crossing to South Station, a populatation
trip for passengers transferring from the Orange Line, must budget an additional 200% (around 5
minutes) travel time compared to the median. This is almost entirely duegolar wait timesit
was shown previouslthat asouthbound passengers at Downtown Crossing the AM peak has a
95" percentile wait time of approximatelyridinutes Figure 2-9).
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2.6 Discussionon Improving Headway Regularity

Overall, the findings in this chapter suggest a need to increase the prioritization of headway
regularity in order to provide a cestfective andeliable service to customers. During a time of
intensive capital investment into system infrastructure, it is important for the agency to maintain
awareness of fundamental aspects of service provision includaday regularity, which can
deliver systemmprovements in the sherérm, well in advance of large capital investments.

In this chapterthe key characteristics of the MBTRed Line which contribute to difficulty
in maintainingregularheadwayg were examinedrhese includerregularinitial trunk headways
due to northboundbranch merge and Alewife crossoveGRS alternating branches (with
imbalanced demand), aadnixed fleet with different rolling stock characteristd#hile some of
these issues can be addressed through technical solutiorasshehargeted service interventions
discussed in the coming chaptdeken together they point to larger cultural issues wiredguire
a different set of solutions.

The issues uncovered in this chapter point towandgmal agencyawarenessand/or
concernof how irregular headways degrade service for customersfeandtaff incentives to
improve headway regularityThesecultural issuessuggestthe need for a larger agenayde
reorientatiorto prioritize ontime performance and operating precisiSpecific solutions could
include improving operations reportirgdproviding staff incentivesr operationatargets

Reporting and transparency aremportant agency aspects influencingntime
performanceThe MBTA currentlyoperates a public facing staboard which reports on reliability
of each route. In this context, the MBTA defines reliability as the percentage of passengers waiting
less than the scheduled headway. This definimasks many facets of customer reliability (even
without accounting fopassengeleft-behinds), masking the irregularity of wait times below the
scheduled headway, afatgoingthe more thorough journey tirmetricsused by other agencies
(TfL). Detailed headwayakhboardsuch as thosdesigned by Tribone (2013) could bephed
to improve transparency of headway regularity both within and without of the agertpring
attention to specifimcidentsrather than masking thebehinda single daily metridDetailed and
transparent reporting is an important step in inceatig service improvement within the agency,
as is establishing efficient communication channels between service providers and those with the
tools to analyze it.

In most available literature on performance incentives in public transportation, thesfocus i

placed on design of private sectontractgLaidig, 2010; Pyddoke & Lindgren, 201&jther than

on performance at the staff levéh one of the only available studies on staff level incentives,
Hartman et al(1994) details two case studigdeom Capital Metro Transit Authority (Austin,

Texas) and the Toronto Transit Commission (T.TB)th agencieprovided financial incentives

to all staff for sggestions leading to budget savings, improved customer servigenen
perfor mance, or safety. The objective of t he
performance and participationtother e r a | | mi ssion and objwadti ves
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as fhighly succ etveyears afier implementtiom §urtoeatinet programs
could provide great benefit to the MBTA by involving operating staff in the process of
transformation Operating staff may in many cases be the most awarkeabot causes and
solutions toissues affecting headway regularignd could provide vital knowledge to service
planners if given the opportunity and correct incentive

Technical solutions to improve headway regulaaitg numerous, including preventati
and correctivemeasuresPreventative measures aim to prevent issues of headway irregularity
before they occur; these solutions could include reducing rolling stiffskences reattime
headwaybasedlispatching, realime coordinated branch dispateti or more precise scheduling
to account for anticipated differences in demand/performadlapter Sdescribes a crewing
intervention at Alewife whichamong other objectives detailed later, aims to reduce initial
headway irregularityResponsive measwgaim to stem irregularitgfter it occurs; these solutions
could include idline headwaybasedholding or others such as expressing or shorting, for
which Carrel (2009) provides a valuable invéory. Chapters 6 and Pprovide details of the
implementations and results of twwadwaybasedholding service interventions, intended to
reduce initial variation isouthbound and northboutrdnk headway, respectively. The pilots are
alsointended to inrease awarenee$ headway regularity and some potential solutions to address
it within the agencyThe straightforwardstrategieschosen represent a starting point tobloét
upon by agency staff following the end of the pilots.
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Chapter 3.  Station Dwell Time

It is evident from the state of service today that dwell times will be one of the major barriers
to reliably reducing the minimum headway on the Red Line. This chapter will attempt to quantify
the state of station dwell time in the system today and its qoesees for future performance.
Section3.1will explain the motivationthe relation between dwell time and minimum headway.
Section3.2 will outline different approaches to understanding dwell timguising with and
without passenger regaiSection3.3will discuss the motivation, applications, and issues of using
automated data for dwell time measurement and mod@&igions3.4 and3.5will propose two
methodologies for exploring dwell times based on automated data, and present results of such
exploration for the Red Lind.astly Section3.6 will explore methods for dwell time reduction
with specific attentiorio the case of the Red Line.

3.1 Motivation: Determining Station Bottleneck Capacity

The TCQSM(2013) provides a useful reference for practitionkersking to estimatethe
minimum headway achievable through doaisiing stationsthe minimum possible headwasy
approximated by the sum of dwell time, statieioccupancyime, and an operating margin. Dwell
times can be taken from existing operations data, or from similar systems in the case of insufficient
histoiical data, and is effected mainly by passenger demand and agency operating practices. The
minimum re-occupancytime canbe calculated from system attributes including the signaling
system and rolling stock, or from historical data in a system operatisg wacapacity. Finally,
the operating margin can be a standard value such as 15s depending on the reliability targets of the
agency, or it can be excluded if sufficiently rigorous values are used for the other components.

While this approach can be silgmented with simulation models to answer more complex
capacity and reliability questions, the basic approach is still an invaluable for initial investigations
into line capacityOf the components of minimum headway, dwell time is opttmaryinterest
due to its large magnitude, high variability, and low cost strategies for improvenmeist. this
chaptemill focus on understanding station dwell time.

3.2 Approaches to Estimating Dwell Time

This section will outline the two main approaches to understgraivell time of a system
with historical operating datgl) a statistical approach (without passenger regaadil (2) a
regressiorapproach(with passenger regard).

(1) Statistical approach (without passenger regard)

A statistical approachvithout pasenger regard is a valuable tool for rapid identification
of bottleneck stations under current operating conditions. A set of peak period dwell times can be
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quickly assembled for each station from historical train tracking data, and summary statistics such
as mean plus two standard deviatiohn€EQSM 2013 can beextracted easilyThis approach can

also be applied to measure dwell time changes following a service intervention (such as headway
control or change in train operator procedures).

While a statistal approach is sufficient for rapid identification, it is not easily applicable
to other operating conditions due to its sole reliance on historical observations. For example,
applying a statistical approach to estimate the constraining dwell timeifé¢rard headway is
problematic due to the relationship between headways and dwell times; in the short term, an
increase in service will result in less passenger demand per train and lower dwell timesul@his
be addressecsomewhatby subsetting dwellimes prior to statistical analysis; for example,
sampling from the observed dwell times based on headway to obtain a distribution representative
of future conditions.

(2) Dwell Time Regression (with passenger regard)

Conversely, dwell time regression m&slavith passenger regard can be invaluable for
predicting dwell timein a multitude of service planning applications, because they capture the
fundamental relationship between passenger activity and dwellReggession models are also
used extensivelynirail transit simulation modeling &ccurately capture thateraction between
serviceand dwell timesA fundamental approach with passenger regard is necessary to capture
dwell time changes with respect to large changes in service, such as the fyeiqoerases
planned for the MBTA Red Line, which cause significant changes in passenger adtiviliy.
large volumes of data can help to estimate a more robust model, regression can also be applied to
more limited manual studies and thesed for predictig dwellin other contexts.

3.3 Dwell Time Modeling with Automated Data

This section outlinethe main motivations mplications, and issues of mditg dwell time
with automated data sources.

3.3.1 Motivation

Using ADCS for dwell time modeling has a number d@fantages compared to manually
collected studies. It allows us to rapidly examine a large number of stations and time periods
without regardfor data collection costs, whereas past manual studies have been limited to the
specifici most likely busiest stations.Due to the low cost of gathering the dataudy of dwell
time using automated datdso allows for continuous monitoring and evaluation, in itself of
significant value, especially in face of dwell time reduction targets.
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3.3.2 Applications for Automated Dwell Time Modeling

There ardwo important applications for dwell tinraodelng with automated data which
will be essential for achieving future capacity targétysimulation modeling to determine effect
of dwell time and target reductioremd(2) monitoringthe status of interventions to reduce dwell
time.

(1) The approaches described in this chapter can be used to develop a dwell time model for
use in simulation. Simulation will be necessary to determine line constraints, and can be used to
test gerational strategies and improvements which are impractical to test in the field. In particular,
simulationmodelng relates to the dwell time constraint in that it can be used to test different dwell
time scenarios. Scenarios could include reductiongiarthe form of strictly enforced maximum
dwell times, or in the form of increased uniformity of dwell times such as those resulting from
automation. Simulation can also identify the effects of changes to the signaling system on
minimum reoccupancy time.

(2) Monitoring and reporting are necessary steps to make dwell time improvements
qguantifiable and accountable. Gathering evidence of dwell time improvements following
interventions can help to gain broader institutional support for future dwell timetiwdu
initiatives. The methods discussed here, either statistical or regression approaches with automated
data could be applied continuously for monitoring and reporting purposes at significantly lower
cost than manual surveys.

3.3.3 Issues

Issues with modelingwell time with automated data can be separated broadly into two
categories(1) issues with the available data sources, and (2) factors not captured in available
ADCS.

(1) Issues with the available data sources are primarily in measurement of passenger
demand and measurement of train movements. Passenger demand obtained from fare card sources
may contain errors in origin/destination inference, from passengers not interacting with the fare
system (nofinteraction/fare evasion), and from passenger to wagignment models. Some of
these issues are reducedeliminatedwhen analyzingclosed systems with tap and tapout,
rather than ta4in only systems. In tayin only systems, estimating ldfehinds with only fareard
entry/boardingnformation islessaccuratebecausenformationon egress station aniine must
be inferred and there is no way to validate inference with the fare card data

Dwell times obtained from train tracking system may contain inaccuracies, primarily in
that dwell time is measuddrom the occupation of track blocks which may not exactly represent
the boundaries of the station. Furthermore, it is impossible to identify components of the block
occupancy time, for example, station fiartime, passenger movement time, and door dijpes.

While some nofpassenger components of station stop time can be assumed to be random
variables, rurin and rurout time depend otine exact locations of the block track circuits &émel
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speed code received due to position of downstream trains, whifficult to model and would
require the line speed code logks discussed previouslyrg and postshunting are another
factor influencing the quality of automated dwell time measurements, although the frequency of
such issues is impossible to esdba

(2) Factors not capturedith the available ADCSnay include discrete events affecting
only certain trains, or unobservable factors which affect all trains. Discrete events affecting dwell
time can be broadly grouped into train and passenger insidessenger incidents could include
sick or unruly passengers, or passenger requiring assistance from the operator to board. Train
incidents could include mechanical issues or service control subkaasvaybasedholding.
Unobservable factors which afteall observatioarather than discrete events could include the
unevendistribution of passengealong the platformn selected stationsvithin the train, or at
specific doors. These factors may follow predictable patterns, such as pagdatigen
distribution which is inherent to station attributes, or headway control which is related to the
position of other trains.

Although many of these issues would be avoitiedugh the use of labor intensive, manual
surveys, thelow cost andbreadth of analysi possible with ADCS presents significant
opportunity to understand system dwell time on a scale not previously possible.

3.4 Statistical Approach

3.4.1 Methodology

The methodologypresented heres borrowed from theTCQSM (2013), with the key
difference beinghat data is obtained from automated track circuit based measurements, rather
than from manual surveys. Theean plus two standard deviatiorethod is used to determine the
limiting dwell time, which representghe 97.%' percentile dwell time assuming a rnal
distribution. Only dwells from the PM peak hour (560@0PM) are selected, since the PM peak
hour shows significantly longer dwell times downtown compared to the AM. The safe separation
time ismodekd as the interval between a train passing owedéparting circuit and the following
train passing over t he ar r-o0wdé wnmma nccifor cheirene 0 .t er
occupancy time, records are taken from all times of day rather than just the peak hour, since trains
following at minimum posble headwaysre of concernregardless of dwell timédt is assumed
that due to frequent bunching which occurs on the Red Line, the minimum obseogedpancy
times represent a good approximation of the theoretical minimum tifteesminimum re-
occupacy time is selectedxcept where the values are judged to be unreasonably low compared
to the expected value of around-@8s. Extremely low values are attributed to issues ofgre
postshunting. For these stations, the lowest recorded values-aafcupancy were examined
manually and the minimum Areasonabl ed value v
results below.
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It should be noted that although the equivalent formulation with automated track circuit
data results in different proportis of station occupancy to-oecupancy times compared to a
manual survey, the summation of the two components under either method is eqasslerihg
equal closan speed for both train3his is illustrated irFigure 3-1. Thislast assumption mayot
always be true, but contributes minimally to the overall calculation.

Figure 3-1: Measurement of Limiting Station Headway with Automated and Manual Approaches
(Adapted from TCQSM2013))

3.4.2 Results

Results from a statistical analysis of station occupancy times asatupancy times for
1-month (April 2017) is shown ifable 3-1. The results are ordered tgscendindgimiting station
occupancy ad reoccupancyime. Notably, three stations, South Station NB, Downtown Crossing
NB, andPark StreeNB do not haveompleteentries due to lack of available data for the relevant
track circuits According to a signal engineer at the MBTA, these ciraiitse fimal f unct i
and frequently report Afal se o0 c@acgssng asitoenstdo an d
interfere with the train tracking algorithm. PM peak dwell times instheghbound direction are
generally understood to be more consiirag than in thenorthbound direction dut the effects
of uneven branch demand and crowding caused by incompatible passengers; thus the lack of data
for northbound stations is not a major conciemidentifying the minimum line headway

A significant umber of stationsare observed t@exceed dminutes limiting station
occupancy plus reccupancylt is noteworthythat the busiest downtown stations are not the most
constraining, but rather Davis NB, whighlocated immediatelgeforethe key bottleneck®sf the
Alewife Terminal. The fourth station on the list is a similar case, being located immediately before
Park SB.The restrictiveness of these stationswang to signal logic which prevents trains from
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