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Abstract

Service reliability is a major concern for public transportation agencies. Transit services
experience natural variability in scheduled service, due to factors such as traffic conges-
tion, irregular demand, multi-route and branching corridors, and operator behavior. This
variability leads to irregular headways, resulting in longer passenger waits and decreased
effective capacity as gaps in service form. Real-time control strategies allow controllers to
intervene at terminals and en route to regulate headways and improve performance.

This research tests the effectiveness of holding control strategies on the Massachusetts
Bay Transportation Authority (MBTA) Green Line in Boston, a complex, four-branch light
rail line. A simulation model is developed to estimate and compare the benefits of differ-
ent schedule-based and headway-based holding strategies. Dispatching trains at terminals
to target headways is found to minimize wait time, and the addition of en route holding
improves service further, albeit slightly.

The simulation results inform the design of a field experiment, in which headway-based
dispatching is implemented at a Green Line branch terminal. Terminal personnel are pro-
vided with tablet computers showing departure times optimized by an even-headway policy.
When optimized departure times are adhered to, peak-hour headway variability is reduced
by 40%. The average wait is shortened by 15% (30 seconds), and the 90th percentile wait
is shortened by 21% (90 seconds). Compliance with the recommended departure times in
the experiment was hampered by various human factors and station features. During the
experiment, only 49% of trips left within 45 seconds of the departure times recommended
by the algorithm. These results show that adopting headway-based dispatching at terminals
promises significant benefits to service and passengers if operational changes are accompa-
nied by improved supervision practices. This research fully supports the idea that transit
agencies, such as the MBTA, should allocate supervisory resources for high-frequency ser-
vices to prioritize terminal headway control versus en route and schedule-based strategies.
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Title: Research Associate of Civil and Environmental Engineering
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Chapter 1

Introduction

The quality of a public transportation service's operations is critical to its ability to meet

the demand of passengers traveling to and from places of residence, employment, education,

and retail. An ineffective or low quality transit service can be one that does not meet the

expectations listed in a schedule, or one that passengers cannot rely on to transport them

in a consistent time and manner. This research uses the increasingly common real-time

vehicle location data in order to transit improve service from the perspective of both the

agency and the passenger. The Massachusetts Bay Transportation Authority (MBTA) is

used as a case study for a simulation model testing control strategies and for implementing

a decision-support tool for terminal dispatching on its light rail line, the Green Line. The

Green Line operates as a complex, high-frequency line over four branches and is projected

to experience increases in demand in the future as the Boston region grows and as the line

is extended to the north from its current easternmost terminal, Lechmere (Malikova, 2012).

Since trains already run at capacity during portions of the peak periods, any growth in

demand is likely to further increase crowding and decrease service reliability, unless actions

are taken to increase service regularity. While changes to routes and schedules can planned

and implemented, service variability will still be experienced due to a number of factors.

Traffic congestion, issues with rolling stock, or a spike in demand at a station can all make

the best-scheduled transit service unreliable. Ensuring a high quality of service requires

strategies for deviating from the scheduled plan and controlling vehicles in real time.

This introduction provides a motivation for the research, describes real-time control

actions available to transit agencies, outlines the research objectives, and summarizes the
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approaches taken to meet those objectives. This chapter also contains a description of the

Green Line and its current operations and a literature review.

1.1 Research motivation in transit operations

This research is motivated firstly by an interest of transit authorities to run high quality

service, to minimize unexpected operating costs, and to meet established performance stan-

dards. Technological advancements now provide the feasible means for agencies to track their

rolling stock in granular detail and in real time, record and store the information digitally,

and send related information to dispatchers on devices ranging from desktop computers to

mobile phones. Finally, there is an incentive to improve transit reliability in order to spur

economic growth. This is particularly true in places with relatively high transit utilization,

such as Boston.

1.1.1 Service reliability

Improving or maintaining reliability is a chief concern for transit agencies. Reliability also

ranks very high among the priorities of transit riders, higher than station and vehicle ameni-

ties (Iseki and Taylor, 2010). Those who depend on transit for daily commuting, for example,

expect to arrive at work on time every morning.

From the perspective of agencies, service reliability can be broadly defined as the degree

to which the published schedule reflects reality. High-frequency transit lines are typically

scheduled at regular intervals, or headways, even if the dispatching of the lines is strictly

based on the schedule rather than the headway. From the perspective of a commuter, service

reliability may be defined as the ability to reach a location-such as a place of employment-

in a predictable duration of time.

The reliability of transit lines is a function of the variability of in-vehicle and dwell times,

themselves affected by weather, variability in demand, differences in operator behavior, and

interference within the right of way (by pedestrians, autos, and other transit vehicles). Poor

reliability results in irregular headways, which are manifested in long service gaps and vehicle

bunching. Vehicle bunching occurs when one bus or train runs with delays, experiencing

long dwell times as it encounters more passengers than typical, and a following vehicle,

running early or on time while experiencing short dwell times due to the shorter gap (fewer
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passengers are found to be waiting for the bus or train), eventually meets the leader. The

two or more vehicles will usually run together as a platoon with a very short headway

between them, unless a special action is taken to separate them and control service. The

unreliability of a transit line, as a whole, can make for an inefficient use of capacity during

periods when headways become uneven and inconsistent, as passengers become unequally

distributed among operating vehicles (Fellows, 1990). Passenger wait times and vehicle

crowding increase.

1.1.2 Technology advancements

The availability of real-time vehicle location data on transit lines has increased, allowing

for more precise decision-making and closer monitoring of vehicle and operator activity.

Through the use of cellular and Wi-Fi networks, information can be sent to mobile devices

in a variety of formats, as simple as showing a map of train locations or as complex as a

system recommending service interventions.

In Boston, recent improvements to the Green Line rolling stock and track infrastructure

allow the agency-and the public, through the use of mobile applications-to know the

location of all trains in real time. Over the past few years, the number of automatic vehicle

identification (AVI) and track circuit points within the trunk (the Central Subway) has been

expanded so that trains can be detected entering and exiting stations. Above ground, most

trains now contain Global Positioning System (GPS) transmitters that send location data

as often as every six seconds. Detailed demand information for every origin-destination pair

and time of day in the system, even if unavailable in real time, can now be estimated using

the Origin, Destination, and Transfer (ODX) inference model by Gordon et al. (2013) and

Sdnchez-Martinez (2017b). These advances enable improving the work of Malikova (2012)

and other researchers, as well as expanding analyses to areas of the line that previously

lacked accurate tracking.

1.1.3 Economic importance of transit reliability

A high reliability and positive public perception of a transit system also yields economic

benefits. Improved public transportation usually results in ridership increases from a higher

willingness to utilize it over other travel modes such as private automobiles or ridesharing

services. This, in turn, yields environmental and public health benefits, and increases equity
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in a metropolitan region, since those who are transit dependent realize improved mobility

(Litman, 2017). New urban developments may be built more efficiently if less parking is

required, and a reliance on transit can benefit businesses built at a human level (American

Public Transportation Association, 2007).

These benefits are likely to be reduced if transit is unreliable. In Fiscal Year 2016,

the Washington Metropolitan Area Transit Authority (WMATA) experienced a ridership

decrease of 6.0%, largely attributed to safety and reliability concerns following a deadly

smoke incident, and service disruptions caused by an ongoing initiative to rebuild much of

the system (Anosike and Thomas, 2016). In Boston, a (failed) bid to host the 2024 Summer

Olympic Games listed a number of MBTA improvements that would have been required

to support the event, including decreased headways on the heavy rail lines and increasing

the number of cars on Green Line trains from two to three (Bazelon et al., 2015). After a

series of blizzards crippled MBTA services for several weeks, support for the Olympic bid

plummeted (Levenson and Arsenault, 2015).

The Green Line will be extended into the cities of Somerville and Medford in the early

2020s (see Figure 1-1, which shows the extension in red). This is a capital project aiming to

spur economic growth in the Boston region by creating jobs through improved transportation

access, encouraging transit-oriented development, and reducing auto traffic on nearby high-

ways and arterials, which itself has positive air quality impacts (Massachusetts Department

of Transportation, 2016). The actual benefits may be limited, however, if the service proves

ineffective for its intended passengers due to the unreliability potentially caused by length-

ening routes from their current patterns. Ensuring service reliability, including through the

use of real-time control strategies, is therefore important for protecting the economic growth

potential of new capital investments in transit, such as the Green Line Extension.

1.2 Real-time control strategies

A real-time control strategy refers to a type of deviation from a scheduled service plan that

is implemented in order to improve the service quality of a transit route. A single control

action is ordered and implemented when service deteriorates and becomes inconsistent due

to the factors described in Section 1.1.1. The decision-making process for control can be

based on information from sources ranging from previous observations of vehicles at a static
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point to vehicle location data displaying the live locations of vehicles on a digital display.

Several real-time control strategies are briefly described below. This research focuses on

holding, including the dispatching of vehicles at terminals.

1.2.1 Holding

Holding occurs when a bus or train operator is asked to remain stopped at a station for

a duration longer than required for passengers to alight and board the vehicle.1 Holding

occurs with the intent of improving service reliability by bringing the vehicle into adherence

with either a scheduled time or headway. Holding can implemented at one or more stations

along a service, including its terminals, in which case it becomes part of dispatching, or

the sending of crews and vehicles from terminals. It can be based on schedules, headways,

or other criteria. Some passengers may experience shorter wait times downstream of a

holding point due to improved reliability, though others may have to sit or stand through

the duration of the hold, lengthening their journey times. Much of this thesis will focus on

vehicle holding as a control strategy.

In schedule-based holding, a vehicle running ahead of its published schedule must stop

and wait at assigned timepoints until the scheduled departure time. Vehicles running on

or behind schedule are not held. The strategy is convenient to apply because the only

information required is the vehicle's schedule-no real-time information about other activity

on the line is needed. Operators can execute this strategy on their own with little to no

qutside guidance and supervision.

Headway-based holding, on the other hand, aims to keep vehicles evenly spaced apart.

Emphasis is on the regularity of service rather than punctuality, which may or may not be

feasible to keep. Headway-based policies are beneficial for high-frequency routes because

passengers generally arrive at origin stops at random, basing their experience on the known,

scheduled headway. There exist different headway-based holding strategies, such as the

target-headway strategy, which prevents a departure until the scheduled headway has elapsed

since the previous train's departure, and the even-headway strategy, which holds a train until

it is equally-spaced between its leader and follower, among others (Barnett, 1974, Turnquist,

1981). Headway-based holding requires the use of real-time automatic vehicle location (AVL)

'Holding can occur at locations away from stations, but this is uncommon due to the inconvenience this
poses to passengers without the ability to alight.

24



data for maximum effectiveness, although target-headway based holding could be executed

by direct observation.

Strategies based on a rolling-horizon optimization incorporate a cost model with inputs

including not only vehicle locations but also demand and downstream arrival predictions

(Delgado et al., 2012, SAnchez-Martinez et al., 2016b). The cost model may contain one

weight for headway regularity and another for the cost of operator overtime. The goal

of these strategies is to optimize holding times based on the specifics of the cost model,

although an optimization model could also decide between other control action types. This

requires weighting different factors that may influence the decision for or against a control

action.

1.2.2 Other strategies

A short-turn is the termination of a transit service at a station prior to its scheduled termi-

nal. When a vehicle short-turns, it begins its reverse trip at the control point downstream

from the scheduled starting location. Short-turning can be implemented for a vehicle when

service in its opposite direction experiences a large gap, which may coincide with bunching

in the initial direction (Deckoff, 1990). In this situation, passengers from two bunched vehi-

cles are consolidated into one, and service is improved in the opposite direction, with wait

times decreased for those passengers at and downstream of the revised origin point. Differ-

ent criteria can inform decisions as to whether short-turning is worthwhile for a particular

situation. Criteria can include schedules, operator costs, headways, passenger load, and es-

timated demand, depending on what information can be made available to decision-makers

in real time.

Expressing a vehicle means to have it skip one or more regularly-scheduled station stops

in order to decrease its running time. Like short-turning, this is a tactic which can be

used for vehicles which are running behind schedule or have both a large gap behind and a

short gap in front, depending on the specific criteria used. While it may benefit passengers

onboard the train heading for destinations beyond the express area, there is a burden to

passengers destined for one of the skipped stops who are forced to alight the train and wait

for the next arrival making local stops (Macchi, 1989, Wilson et al., 1992). On certain transit

lines, expressing can mean that a vehicle on a circuitous route can take a more direct path

to its destination, or that a train can switch to a special track which does not run adjacent
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to station platforms, allowing for faster speeds.

Deadheading is similar to expressing except that the vehicle operates to a specified loca-

tion out of revenue service, carrying no passengers. This practice may be experienced near

terminals in order to fill a large service gap.

A number of other real-time control strategies can comprise an agency's toolkit for

managing service. These can include instructing operators to drive vehicles at reduced

speeds, limiting the duration doors are opened for at stations, extending a trip one or more

stations past its scheduled terminal, and temporarily switching a train's branch entirely

(Delgado et al., 2012). Like the more common strategies described above, these can be used

in conjunction with other actions in order to give supervisors a wide range of options for

managing service unreliability in real time.

1.3 Objectives

This research aims to examine what reliability improvements a transit agency can feasibly

expect on a high-frequency service with real-time control technology by reviewing current

operations, simulating changes in control policies, and piloting and evaluating a field im-

plementation of a decision-support system. Several goals in this research work toward this

overarching objective:

1 Reviewing current service to codify existing real-time control and service monitoring

practices.

2 Developing data processing algorithms to account for incomplete, erroneous, and in-

compatible data collected automatically in real time.

3 Using simulation to evaluate potential impacts of real-time control and to motivate a

field experiment.

4 Developing a decision-support system to provide personnel with optimized dispatching

times given the real-time state of service.

5 Conducting a field experiment to measure the actual impacts of real-time control

and learn how human factors affect the effectiveness of strategies when compared to

simulation.
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6 Recommending the best steps forward for those interested in implementing a real-time

control system.

1.4 Research approach

This research begins with the development of a simulation model of a complex light rail

transit line for evaluating and comparing the effects of different control strategies. The

results of the simulation suggest that even simple control strategies are promising for im-

proving service reliability, and motivate field experiments for testing control strategies in

real conditions. A decision-support tool is developed to enable real-time optimization of

headways on an actual transit line. The results of the pilot are analyzed. The MBTA Green

Line is used as a case study.

1.4.1 Simulation modeling

Simulation modeling is used to recreate the MBTA Green Line in an environment resembling

current operations, but with added or modified control strategies. Different strategies, and

different locations for implementing strategies, are simulated, and their effects on service and

passenger experience are compared to a baseline model. The results shed light into how and

where the greatest benefits can be achieved, and inform the design of the field experiment.

1.4.2 Field experimentation

A field experiment is conducted to test the validity of the simulation results, along with the

hopes of tangibly improving service for Green Line passengers. Based on the conclusions

of the simulation modeling, an even-headway based dispatching scheme at the Riverside

terminal is piloted. Quantitative data on schedule and headway-recommendation adherence

are collected and statistics on service characteristics such as headways and running times

are calculated. Qualitative data on operator behavior and the reactions to the piloted

technology are also collected. The results are analyzed to determine the real impact of

the control strategy and to learn about the role of outside factors on the execution and

effectiveness of service control.
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1.4.3 MBTA case study context

This research uses the MBTA Green Line as a case study, with the field experiment focusing

on the Riverside branch. The Green Line makes for a suitable case study due in part to its

complexity: it comprises four independently-dispatched branches featuring different types

of right of way, lengths, and demand patterns. The light rail line is described further in the

next section.

The Green Line is also suitable for use as a case study because it has been studied

previously. Previous Green Line research has focused both on operations management and

infrastructure improvements.

1.5 MBTA Green Line

This section describes the case study used throughout this research, the MBTA Green Line.

The Green Line is a complex, multi-branch light rail system with a recently upgraded vehicle

tracking system allowing for more detailed analysis along segments than was previously

possible. In addition to describing the tracking system, an overview of current operations is

given.

1.5.1 Background

The MBTA Green Line is a four-branch light rail system which covers 37 kilometers (23

miles) of two-way track in the cities and towns of Boston, Cambridge, Brookline, and New-

ton, and carries over 225,000 passenger trips per weekday (Massachusetts Bay Transporta-

tion Authority, 2014). Figure 1-2 shows the official schematic of the MBTA Rapid Transit

and Key Bus Routes system, which includes the Green Line. The schematic hides the fact

that the four branches of the Green Line vary greatly in track length and operating envi-

ronments. Figure 1-1 overlays the Green Line on a geographic map of the Boston area for

reference. The map shows the upcoming Green Line Extension in red, which will add two

branches to the northeast and require a reconfiguration of service patterns (Sindel, 2017).

In the Central Subway, each of the four current branches terminates at a different station.

The Riverside branch, for instance, runs entirely on a grade-separated, exclusive right of

way, whereas a portion of the Heath Street branch operates in the roadway with mixed

automobile traffic. The four branches are described by segment in Table 1.1.
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Figure 1-2: Diagram of the MBTA rapid transit system and major connecting bus routes.
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Table 1.1: Green Line branches with operating environment by segment.

Right of way
Branch Letter Branch segment operating environment

Boston College B Boston College-Blandford St Protected street median
Blandford St-Park St Dedicated subway

Cleveland Circle C Cleveland Circle-St Mary's St Protected street median
St Mary's St-North Station Dedicated subway

Riverside D Riverside-Fenway Dedicated at-grade railway
Fenway-Government Center Dedicated subway

Heath Street E Heath St-Brigham Circle In-street with mixed traffic
Brigham Circle--Northeastern Protected street median
Northeastern-North Station Dedicated subway
North Station-Lechmere Dedicated elevated railway

The Green Line typically operates trains with two cars, each featuring about 45 seats,

with a policy capacity of approximately 100 passengers (Massachusetts Bay Transportation

Authority, 2014). Depending on the branch, service is scheduled every 5-7 minutes during the

peak periods and every 7-12 minutes off-peak. The flow of trains is regulated in the Central

Subway and along the surface portion of the Riverside branch by a fixed block signaling

system, which is not enforced by any automatic train control (ATC) system (Malikova,

2012). The rest of the Green Line, including all stations, is run as line-of-sight operations

with minimal signalization. Terminal operations are facilitated using loops and crossover

turnbacks. Turnbacks and pocket (or stub) tracks at other locations on the Green Line can

be used to switch the direction of trains during emergencies or other disruptions. Figure 1-3

shows a track schematic of the Green Line and depicts loops, turnbacks, and pocket tracks

at which service can terminate and turn if needed.

1.5.2 Vehicle location tracking

Real-time AVL data with high spatial granularity has recently become available for the

Green Line with the installation of GPS units onto the rolling stock. Location data comes

from a tracking system with three different sources: AVI, track circuits, and GPS.

AVI transmitters and receivers make up the oldest existing tracking system, originally

installed wayside between 1987 and 1990 in the Central Subway and at a handful of locations

on the surface level (Fellows, 1990). Every Green Line car contains two AVI transmitters

(for bidirectional travel) coded with vehicle information which is set to the route provided
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through manual input by the vehicle operator. Whenever a train passes a wayside AVI

receiver, several bits of information are shared between the train and the receiver, containing

the identification numbers of all cars and a code corresponding to the train's current routing.

AVI receivers are used not only for vehicle tracking but, perhaps more importantly, also for

controlling switches at junctions and crossovers and setting the status of wayside signal lights

near those switches. Such switches are controlled electronically with a train's route code.

The active system of AVI vehicle tracking is susceptible to a variety of data issues, with car

numbers misread or extra cars inserted into the reported consist information. Nevertheless,

the quality of data from the AVI system has improved in the last five years with the addition

of new AVI points. At every Central Subway station, trains are now detected both when

arriving at and departing from the stop, allowing dwell times to be analyzed. Data quality

issues are discussed further in Chapter 2.

Track occupancy circuits are used on certain stretches of the Green Line trunk in lieu of

AVI infrastructure. A track circuit works simply as an electrical circuit which is closed and

powered except when a train occupies the track segment. Thus, these circuits detect the

presence of a train indirectly, and no information on a train's consist or routing information

is transmitted.

The third and newest method of tracking Green Line trains uses GPS. Preparation for

the system began in 2013, and real-time location data from GPS-equipped trains began to be

published by the MBTA in October 2014 (Barry and Card, 2014). Of the two types of Green

Line rolling stock in service today, the newer stock, Type 8 cars, have GPS transponders

and cellular routers installed. Similar to the AVI transmitters, the cellular routers are linked

to a car number for identification. Routing information input to the AVI system cannot be

transmitted by the router, however. The older stock, Type 7 cars, are in the process of

having the equipment installed as part of a vehicle overhaul project (Massachusetts Bay

Transportation Authority, 2015). At least one car per train needs to have working GPS

in order for the entire train to be tracked. When they are above ground west of Kenmore

or Symphony stations, trains send their locations via a commercial 3G network every six

seconds while in motion. GPS-based locations are also geofenced to predefined locations

along the track.

All three sources are unified before vehicle location data are published, internally to

the Operations Control Center (OCC) and other applications, and externally through the

32

I I I 1 0 I'll 111111M"



real-time General Transit Feed Specification (GTFS-realtime) and MBTA-realtime, an ap-

plication program interface (API) open for public consumption. These two public sources

provide, for MBTA buses and trains, the latest locations of vehicles, as well as predictions

of when they will reach downstream stops. The MBTA-realtime API is used for obtaining

the current state of the Green Line in subsequent chapters.

1.5.3 Current operations

An understanding of current operations on the Green Line is critical for attempting to

improve service. Depending on the specific location, the light rail line is controlled either

by scheduled departure times or by the scheduled headway. Dispatchers and field inspectors

control operations from the OCC, branch and trunk terminals, and at other stations along

the line.2

The OCC acts as the central dispatching point for the MBTA Red, Orange, Blue, Green,

and Mattapan Lines. Two dispatchers in the OCC are dedicated to the light rail lines (the

Green and Mattapan Lines) at all times. They monitor the real-time locations of trains on

large-screen monitors. The schematics, as exemplified in Figure 1-4, show the last-recorded

location of each train and its routing (coded as the color of the lead car number). Yellow

or red-colored flags can also appear at each station, informing dispatchers that a significant

period has elapsed since the last train passed on the respective branch. A separate screen,

shown in Figure 1-5, lists details from the last twenty trains to pass AVI points as defined by

the user. Both of these tools are powered using an internal source of location data. In these

ways, dispatchers also keep track of headways at stations and make decisions to express,

reroute, or hold certain trains in order to regulate operations. The real-time information

available at the OCC lacks operator information, which dispatchers often need in order to

determine whether a potential control action may make train drivers late for their scheduled

relief. When such information is needed, dispatchers call either the operator directly by

radio or the terminal inspector responsible for the operator by telephone. Other than when

they check on crew constraints, OCC dispatchers do not keep track of whether trains are

running on schedule, as monitoring is generally headway-based.

OCC dispatchers are considered the final authority above field inspectors for implement-

2The general term "official" is often used interchangeably with "inspector" within the MBTA to refer
to any type of supervisory inspector operating in the field. This thesis uses the term "inspector" to avoid
confusion when discussing agency management.
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Figure 1-4: Green Line vehicle location tracking interface available to
inspectors at select locations.

Find:

K34:Grove St IB <|IJXIIK3S:Grove St OB [<I>Z

OCC dispatchers and

12017-04-19 11:24:14

Figure 1-5: Interface allowing OCC dispatchers and select inspectors to view the times and
other information of recent vehicles passing selected points.
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ing service changes. As will be discussed below, field inspectors can and often do implement

adjustments to service, usually minor in nature. Before any such adjustments can take place,

however, they must call and obtain permission from the OCC (by radio or telephone).3 In

this sense, the role of dispatchers is akin to that of coordinators: they may, at different

times, make calls to ensure that inspectors are acting cooperatively, approve a request to

hold a train for several minutes, relay messages about a passenger's lost personal belongings,

arrange for medical services to tend to a sick customer, or inform operators of the presence

of maintenance workers in the right of way. The presence of two dispatchers on the Green

Line, though not allowing for dedicated monitoring of each branch, does allow for multiple

issues to be handled simultaneously. In the case of a major disruption, each dispatcher can

focus on different aspects of the response.

Terminal inspectors are positioned at the dispatched end of each branch, including

Boston College, Cleveland Circle, Riverside, and Lechmere, where there is layover space

for trains (Massachusetts Bay Transportation Authority, 2014).4 These are also the report-

ing locations for operators. The primary responsibilities of terminal inspectors are to ensure

that operators report ready for duty and that trains are dispatched from the terminal.

When operators report for shifts, they check in with the terminal inspector on duty, at

least ten minutes before their first trip of the day and at least two minutes before their next

trip if they are returning from a break. The inspector confirms that the operator is fit for

duty. If an operator reports an absence, the inspector is responsible for finding a substitute

driver for the open trips, typically drawing from a pool of extra board operators on hand

for this purpose (known as the "cover list").

Terminal inspectors dispatch trains primarily by following the schedule. They refer to

printed paper train sheets that include all scheduled departures and arrivals for the day,

their scheduled times, and the operators due for each time, and complete it with actual

times as they occur. These sheets serve as the only official record matching operators

to actual departures. An example of an incomplete train sheet is shown in Figure 1-6.

Inspectors aim to have trains depart as close to the scheduled departure time (under the

column "trip time" in Figure 1-6), and can take actions such as pulling additional trains from

the yard, reordering operators, or drawing from the cover list to ensure on-time performance.

3Terminal inspectors are an exception, as discussed below.
4 Terminal inspectors are often referred to as "pull-out officials" or "starters." A pull-out is the act of

pulling a train from a rail yard and placing it in revenue service.
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These decisions are made while considering the current fleet and crew constraints. In some

cases, adjustments to departure times are made, such as by telling operators to leave a

minute or two before or after scheduled. Trips can also be canceled due to a vehicle or

operator shortage or other disruption, and in these cases, inspectors may adjust the times of

adjacent trips so that headways are more even. Dispatching adjustments made by terminal

inspectors, except for trip cancellations, do not require the consent or notification of the

OCC. Terminal inspectors also decide when trains should be pulled into the yard (resulting

in increased headways), and are in charge of validating operators' claims for overtime pay.

Other inspectors are posted at non-terminal stations, or may be assigned to roving shifts

along a branch. Common non-terminal stations for inspectors include, but are not limited to,

Reservoir, Harvard Avenue, Kenmore, and Boylston. The primary responsibility for these

inspectors is to ensure that passing trains are running at the appropriate headway. For

example, if the Riverside branch is scheduled to run every five minutes and two Riverside

branch trains arrive two minutes from each other, the trailing train may be held at the station

for three minutes. To assist in service regulation, inspectors at Kenmore and Boylston have

access to a computer workstation in their platform-level booths with access to the same

vehicle location screens available to OCC dispatchers.

En route, instructions may be recommended by the mid-line inspector and approved by

the OCC by radio, or they may be ordered by the OCC and passed down by telephone to

the inspector, who then relays the instruction to the train operator upon his or her arrival.

Mid-line inspectors may carry train sheets similar to those used by terminal inspectors, but

these are used only to record train arrivals rather than to dispatch them. The roles of mid-

line inspectors at surface-level stations may, at times, extend beyond direct service control,

with such tasks as off-board fare validation to speed boarding and reduce dwell time.

Inspectors and OCC dispatchers together make up the staff in charge of maintaining

Green Line operations. As real-time data first became available for the Green Line, an

information asymmetry developed, with maps of real-time train locations available only

to central dispatchers. This partly resulted in the strengthening of the role of the OCC

dispatchers (Fellows, 1990). Computer workstations have been installed at several locations

in recent years, but the only terminal currently equipped with the ability to view real-time

train locations is Lechmere. At terminals, knowing when trains will be arriving is important

for making the best decisions on running trips and pulling trains from the yard. Traditionally,
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Figure 1-6: Sample train sheet for use by terminal inspectors at Riverside terminal
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train locations have been determined by the terminal inspector using radio communications

with train operators, and terminal arrivals are then estimated. With GPS tracking now

available for most trains, most terminal inspectors observed during this research regularly

use third-party applications on personal smartphones to inform their decision-making. This

practice is neither sanctioned nor prohibited by the MBTA.

1.6 Literature review

This research builds upon previous work in several areas. This section contains a review of

literature on work related to real-time holding strategies, transit simulation, decision-support

tools for transit applications, and the MBTA Green Line.

1.6.1 Holding as a real-time control strategy

The issue of controlling high-frequency transit in real time has been studied at length, al-

though typically in the context of bus services, and only more recently using agent-based

simulation. Barnett (1974) and Turnquist (1981) conducted early work related to holding,

creating a model for minimizing wait times on platforms and in vehicles, and proposing the

Prefol strategy of holding, which equalizes leading and trailing headways. Turnquist (1981)

additionally found that passengers view the quality of service in terms of either sched-

ule reliability or headway adherence, with passengers on routes with scheduled headways

greater than 10 minutes timing arrivals to stops in an effort to minimize waiting, and riders

on high-frequency services arriving to stops at random, suggesting that reducing headway

variability could best-serve those latter passengers. Eberlein et al. (2001) formulated the

analytical holding problem with the availability of real-time vehicle locations and found that

the optimal holding solution depends more on prevailing headways than on passenger de-

mand. Cats et al. (2011) simulated target headway-based, Prefol-based, and schedule-based

strategies for controlling a bus rapid transit (BRT) trunk line, finding the Prefol method

superior when the objective was to minimize total cost. Focusing on a single-line light rail

service, van Oort et al. (2010) showed that service could be improved by limiting holding

times to reduce the cascading effect of en route holding, while noting that headway-based

holding could increase passenger waits when few people travel through the control point.
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1.6.2 Transit simulation modeling with holding

Transit simulation modeling in holding research has also progressed over the past decade.

Bartholdi and Eisenstein (2012) tested a strategy involving only limited holding at terminals,

allowing headways to equalize without manual intervention; the strategy was trialled using

a simulation containing passenger demand per half-hour and uniform station-to-station run-

ning times. Research by Berrebi et al. (2015) used stochastically-drawn travel times and

passenger destinations with headway dynamics to optimize holding for passenger wait time

with as little recovery time as possible. Delgado et al. (2012) formulated a rolling horizon

optimization model to generate holding and boarding limit policies sensitive to capacity

constraints, and showed their strategy outperforming heuristics in a simulation experiment

with stationary running times and demand. Sanchez-Martinez et al. (2016b) extended this

model to capture time-varying running times and demand, and showed further performance

increases in simulated service. SAnchez-Martfnez et al. (2015) applied the dynamic model to

simulated transit subject to event-driven dynamics. HernAndez et al. (2015) simulated con-

trol strategies on a multiple-service corridor, the only such study found in this review. The

authors found that holding on the scheduled headways of the two lines separately proved

worse for wait times than without control, and that holding on combined headways yields

the greatest user time savings.

1.6.3 Decision-support systems in transit operations

Decision-support systems have been proposed for use in public transport operations for

a number of years, with fieldwork focusing either on simply providing dispatchers with

increased information or providing recommendations to operators in-vehicle.

Fellows (1990) describes the installation of an AVI system for the MBTA Green Line

and conceptualizes a user interface for a decision-support system. The concept allows the

use of a desktop computer to click on a displayed train, select a potential control strategy,

and see the estimated costs and benefits (including from vehicle delays and crowding) of the

action. The attention that would need to be paid to the entire system would be reduced

with an exception-based interface that highlights, on a map, anticipated problems with

overcrowding, schedule adherence, or headway adherence. Finally, Fellows documents the

shift of supervisory roles on the Green Line in the mid-1980s when an analog event recorder
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used to measure headways was relocated from a downtown station to the OCC. Carnaghi

(2014) provides a theoretical framework for decision-support systems in tram operations and

investigates the causes of service unreliability.

The need for developers of decision-support tools to engage with prospective users from

the point of project conception is emphasized by Tribone et al. (2014). The research finds a

stakeholder-involved development process critical for gaining the acceptance of dispatchers.

An increasing number of transit agencies, if not using decision-support tools, are setting

the building blocks for future implementation by setting performance standards, calculating

the metrics in real time, displaying them on internal dashboards, and releasing the data to

the public (Tribone et al., 2016). Carrel et al. (2010) write that tools should be developed

to deliver only relevant, real-time information for decision-making, rather than attempt to

automate service control. The researchers determine that dispatchers take into account crew

and vehicle constraints, which real-time control algorithms have not successfully incorpo-

rated.

Pangilinan et al. (2008) trialled the use of a handheld tablet displaying a map with vehicle

locations on a lengthy Chicago bus route and recorded a 21% decrease in headway variability.

The researchers, like Fellows (1990), found that exception-based triaging is necessary for

preventing controllers from needing to filter out unnecessary data. In Stockholm, in-vehicle

displays provided bus operators with headway adherence information and instructions based

on an even-headway holding strategy (Cats, 2016). Passenger travel time was reduced by

10%, although the experiment also included other improvements, such as bus lanes. In

Santiago, the rolling horizon-based simulated model by Delgado et al. (2012) was used in

a BRT pilot, also using in-vehicle consoles (Lizana et al., 2014). The average cycle time

was reduced by 8% and the standard deviation of cycle time was cut in half. Maltzan

(2015) reduced waiting times on a high-frequency bus line by one minute after providing

terminal supervisors with a tablet recommending departure times based on a target-headway

dispatching strategy. Both Lizana et al. (2014) and Maltzan (2015) found that operator

and supervisor compliance requires attention before the full benefits of algorithm-based

recommendations can be achieved.
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1.6.4 MBTA Green Line

This work adds to a large body of research using the Green Line in Boston as a case

study. Most of the prior research focuses on one particular aspect of Green Line operations

or planning, such as studying the length of trains or evaluating a specific service control

option.

Real-time control on the Green Line has been a popular subject. The practice of express-

ing trains along parts of the route as a control strategy was modeled by Macchi (1989) as

the AVI system was being installed. Deckoff (1990) focused on the short-turning of trains at

a downtown terminal and determined that, without real-time vehicle location information,

many instances of the practice yield few positive or even negative benefits. Soeldner (1993)

synthesized the work of the previous authors by documenting several control actions com-

monly used on the Green Line, created a model to calculate the passenger benefits possible

from each strategy. He determined that, at the time of the study, 20% of trips did not depart

their terminals on time, and recommended heuristics to be used by Green Line inspectors

or dispatchers for each strategy.

A system for monitoring the throughput of trains and passenger waiting times, described

by Wilson et al. (1992), is reliant on a pre-AVI system of train circuits at terminals. The

potential service control benefits of installing an information-rich AVL system is summarized

by Wilson et al. (1992). Fellows (1990) further details decision-support tools that can

incorporate the AVI system, as described in Section 1.5.2, while commenting on the changing

roles of dispatchers and field inspectors on the Green Line. Wong (2000) proposes an AVL-

based transfer coordination system, using the Green and Red Lines at Park Street as the

case study.

Several previous works touch or focus on demand-related topics. ming Lin and Wil-

son (1992) create a dwell time model for Green Line stations within the Central Subway

that explains 70% of the variation of dwells using crowding, boardings, and alightings as

explanatory variables. Sindel (2017) evaluates demand estimates for the forthcoming Green

Line Extension and makes recommendations for the next vehicle procurement process. This

follows the work of Malikova (2012), who evaluated service reliability in relation to the

inconsistent use of three-car trains on the Green Line. The research also calls for better

headway management at terminals. Sdnchez-Martinez (2017a) creates a stochastic model
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for estimating the rates at which Green Line surface-level boardings do not interact with the

onboard farebox machines and therefore are not included in fare transaction data. The de-

mand used as an input for the simulation model in Chapter 3 comes from the ODX model as

developed and implemented by Gordon et al. (2013), Dumas (2015), and Sanchez-Martinez

(2017b).

Prior research enhances this work by providing readily-accessible data, details, histories,

such as the dwell time model formulated by ming Lin and Wilson (1992) and the non-

interaction factors by Sdnchez-Martinez (2017a), which are incorporated into the simulation

model specified in Chapter 3.

1.7 Thesis organization

This thesis is organized to align with the natural progression of this research as described in

Section 1.4. This chapter provides a description of real-time control strategies, the objectives

and motivation for the research, a summary of the case study used, and a literature review.

Chapter 2 describes the data available from the MBTA and formulates methods to improve

the data quality before it is used in further applications. Chapter 3 uses the cleaned data

to simulate Green Line service as it currently operates and as it would operate if different

control strategies were implemented. Chapters 4 and 5 deal with the field experiment in

which trains are dispatched to maximize headway regularity from a Green Line terminal.

Chapter 4 details the architecture and features of the decision-support software developed

for the experiment, and Chapter 5 presents the experiment and analyzes results. Chapter 6

presents conclusions and recommendations, and discusses opportunities for future research.
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Chapter 2

AVL data cleaning

This chapter describes an algorithm designed for cleaning archived automated vehicle loca-

tion (AVL) data for the MBTA Green Line (itself described in Chapter 1). The algorithm

is used to clean location data for use in the MBTA version of ODX, the MIT Transit Lab's

origin, destination, and transfer inference model, which in turn informs demand rates when

simulating Green Line passengers in Chapters 3 and 5. Strategies for cleaning AVL data in

real time, necessary in the field experiment described in Chapters 4 and 5, are also discussed.

The reading of this chapter is not required for the understanding of the subsequent chapters.

2.1 Importance of accurate location information

The accuracy of archived train location data is important for several reasons in the devel-

opment of a simulation model for testing different control strategies. AVL data are used

directly to obtain a distribution of inter-station running times as well as a minimum dwell

time for each station. Vehicle locations are used as an input to ODX, which fuses AVL data

with AFC data to infer demand patterns by origin, destination, and time of day (Gordon

et al., 2013, Sdnchez-Martinez, 2017b, Dumas, 2015). These demand rates are then used to

simulate passenger activity. If a data problem with a particular vehicle is significant enough,

a passenger's destination may not be inferred. Observed running and dwell times on the

Green Line are used to validate baseline simulation models, so inaccuracies in the data are

likely to be carried over without correction when vehicle movement is simulated.

Real-time data accuracy is crucial for making optimal service recommendations on the

fly. In the field experiment discussed later in this thesis, departing headways from a ter-
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minal are equalized using knowledge of the previous train to depart and estimation of the

following train to arrive. Insufficient granularity in the data-both in spatial and temporal

resolution-may lead to incorrect departure times being recorded. This could then erode

the effectiveness of any strategy which uses inaccurate information.

2.2 Common AVL data issues

This section describes common issues and limitations of the AVL data sources available for

the MBTA Green Line.

2.2.1 AVL data limitations

Archived vehicle location data are made available via the nightly transfer of AVL records

from the MBTA's real-time data server to a data warehouse maintained by the MIT Transit

Lab and accessed by MIT and MBTA researchers. The data are at the same level of detail

that dispatchers and other Operations personnel at the MBTA can view internally in real

time. It is processed lightly. As this data becomes available to MIT researchers on a nightly

basis, however, it is not suitable for use in real-time applications.

The real-time data used in the field experiment comes from the publicly-available MBTA-

realtime, upon which many other vehicle-tracking applications depend. MBTA-realtime

is an application program interface (API) that can be called by software developers to

output schedule information, real-time vehicle locations, real-time stop arrival predictions,

and service advisories. Developers' requests can be for information related to a specific stop

or vehicle, or for an entire line. A small amount of processing occurs prior to the publishing

of vehicle locations, particularly on the Green Line, and there is typically a delay of about

a minute between the time a vehicle passes a location and when the associated record is

available through the API. Figure 2-2 depicts the flow of information via MBTA-realtime.

Neither data source contains the vehicle location data in its original, unprocessed form.

Vehicle locations detected by GPS above ground are approximated to the centroid of one

of a set of predefined geofences, or virtual geographic areas. Geofences for the Green Line

stretch 60-100 feet in length along the track depending on the branch and specific location.

This means that, when a train sends a location to the MBTA server, the coordinates read by

downstream sources are those of the center of the geofence regardless of whether the train is
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Figure 2-1: Flow of informqtion to and from MBTA-realtime.

at one end of the area or the other. If a train is stopped on the edge between two geofences,

there is the possibility of the wrong geofence being recorded, a concern at certain terminals.

The main purpose of using geofences rather than raw locations is to have static, periodic

locations, similar to existing AVIs and track circuits, for which arrivals can be reviewed using

real-time software and analysis tools. Additionally, using geofences reduces bandwidth and

storage requirements-a train which makes multiple pings within the same geofence, such

as when dwelling at a station or red signal, only has the first timestamp recorded-and to

facilitate the analysis of location data by combining areas into readily-identifiable points. For

bandwidth reasons also, vehicles send their positions at most often once every six seconds.

This means that a train recorded as having been within a particular geofence at 19:50:17

may have entered it as early as 19:50:11 or as late as 19:50:17. Furthermore, while every

geofenced GPS record is available in the archived data, only half of the geofences on the

Green Line are published to the MBTA-realtime API. While this is not an issue for most uses

of the API, which may use stop arrival predictions to inform customers of their next vehicle,

it does reduce the quantity and quality of information available to the decision-support tool

described in Chapter 4.

The algorithm and techniques for cleaning Green Line AVL data discussed in the follow-

ing section must work around these limitations.
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2.2.2 Archived AVL data

A number of issues can reduce the quality of archived AVL data, all stemming from either

incomplete or incorrect vehicle location records. A small percentage of trains do not carry

GPS units. These are trains which only contain cars from the Green Line's oldest fleet

(Type 7) which have not been recently refurbished-as the fleet is refurbished, the problem

of trains without GPS units will continue to diminish. For these cases only 1-3 points are

recorded on each branch, leaving most surface-level stations without arrival and departure

time information.

Trains containing both GPS and AVI units are still susceptible to issues causing incorrect

vehicle location records. While duplicate GPS records from a single train at the same

location are prevented, the same cannot be said of records coming from track circuits and

AVI points. These points have been observed to have a tendency to record some passing

trains twice, making stop visit information ambiguous, or misread a bit on one of the cars,

resulting in, for example, Car 3734 recorded as Car 3732 for one stop only. On occasion, a

third car may be seen as having been added to a two-car train consist for a short duration-a

car which, in reality, may have actually passed the location several minutes earlier. These

issues can be caused by faulty wayside or onboard equipment, or by the MBTA's pre-

processing methods. The onboard GPS units also cause error from time to time. While

it remains unclear whether the issue is from a problem with the GPS units themselves or

with the routers to which they are attached, certain trains may stop providing location data

above ground for a while before sending all of the missing vehicle locations with the same

timestamp-as if the vehicle had traveled several miles in several seconds.

The format of the archived train data is helpful in the cleaning algorithm but can itself

be susceptible to issues. Each location record contains the vehicle consist as well as a

trip identification number. This trip ID is assigned sequentially for each one-way trip on the

Green Line from the start of each service day and is not related to trip IDs provided through

GTFS. At times, the hardware or software-related issues mentioned above will change the

consist information en route but not the trip ID; at other times, the consist information

will not be affected while the trip ID changes; sometimes both the consist and the trip ID

change en route. As a result, neither the vehicle nor trip ID fields can be used as a reliable

key that stays constant throughout the course of a trip.
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2.2.3 Real-time AVL data

Most of the common issues with archived data also apply in the real-time case with data from

MBTA-realtime, as that information is derived from the MBTA servers providing internal

data (sent as archives to MIT).

Working with data in real time, versus retrospectively, eliminates the possibility of look-

ing at a consist's or trip's activity after an anomaly to determine how to handle the encoun-

tered train. For example, when a train previously shown with two cars is suddenly shown as

two separate consists (with different trip IDs) with one car each, a decision must be quickly

made as to whether or not the alleged splitting of the consist should be trusted.

There are also limitations on data collected from MBTA-realtime not discussed in the pre-

ceding subsections. These include the vulnerabilities of the publicly-facing MBTA-realtime

API to high user demand. Outages in the API service were experienced several times during

the experiment in Chapter 5, typically during the peak periods and lasting for a few minutes

each time.

2.3 Archived data cleaning algorithm

The algorithm for cleaning archived Green Line AVL data, as described in the six steps

below, is implemented in Java. The program is installed on the same server hosting the

MIT-MBTA Data Warehouse and is scheduled to run every night after the AVL data are

received from the MBTA. Figure 2-2 shows the place of the cleaning program in the flow of

automatically-collected data from the transit agency to MIT. On the server, the program

takes no more than two minutes to process, clean, and export one day's worth of Green Line

data; on a personal computer using an Intel i7 processor, one day's run takes approximately

four minutes.

2.3.1 Data filtering

The first and simplest step is to pare down the number of movements to be processed to the

minimum required for the level of detail desired from the cleaned location data-arrival and

departure times at each stop. The filtering process speeds up the algorithm and prevents

bad imputation in the final step.
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Figure 2-2: Flow of archived vehicle location data from MBTA Green Line trains to MIT.

In the remainder of this chapter, a movement is defined as a record of a vehicle's loca-

tion with a timestamp. The filtering step sorts movements having the same trip identifier

chronologically over the service day. Movements are then removed from the program (and

not used in further cleaning) if they match any one of the following criteria:

I Movement occurs outside of the service day hours (02:00-04:40).

I Movement is a duplicate of another with the same consist, location, and timestamp.

e GPS geofence has a centroid in a yard or is otherwise away from revenue tracks.

* Movement is located at a AVI point or track circuit with a history of many misreads.

Movements from nine such points across the Green Line are removed.

* Additionally, if any car numbers are repeated within a recorded consist, duplicate car

numbers are removed.

2.3.2 Creation of movement formations

Movements are then grouped by the full consist if they occur within a short time of each

other.

This is done by iterating over all valid car numbers C and adding all movements which

contain c as one of the cars. Those movements are iterated chronologically. If the full
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consist (usually c and a second car) for a movement mr1 differs from that of the previous

movement in, then a decision is made to include or delete all of the movements with the

consist of the previous movement. The decision is made based on the density of the number

of movements with consist mo to duration of consist mo. If the density is too small, it means

that vehicle locations with consist c were not observed frequently and that it is likely that

the car numbers are in error. These movements are then deleted from further cleaning unless

the consist contains multiple cars all from the Type 7 fleet-potentially operating without

GPS units. If the density is too large, it is due to an error on a GPS unit which has resulted

in the recording of many different locations in a short period of time. These movements are

deleted too.

Those movements, grouped by consist, which have acceptable movement count to dura-

tion densities, are made into formations, which are carried over to the next step. Formations

are groups of movements which contain the same consist and have not been broken by a

movement containing a different consist with at least one common car number.

2.3.3 Grouping of formations

Formations are ordered chronologically by the timestamp of their first movement, and then

grouped by time and by car.

Grouping begins by taking the first formation (for the first train to depart a terminal

at the start of the service day), and following it until its end at time t. At that point, we

consider all other formations which begin shortly before or after t which share at least one

car with the first formation. Based on the specific issues observed in the data, the threshold

is set to search for formations between t - 5 and t + 10 (in minutes). If such a train exists,

it likely means that a data error occurred changing one of the car numbers temporarily.

All movements from the second formation are merged with the first formation to create an

enlarged formation. If no such train exists, it likely means that the train entered a yard and

was not put back into revenue service until later in the day, if at all. In these cases, the

enlarged formation is moved to a new list for further cleaning.

The process of finding the formation with the next earliest first movement is repeated

until all formations have been added to an enlarged formation, not allowing any to be added

to multiple enlarged formations. Any enlarged formation lasting for less than ten minutes

in duration is not added to the collection, as there is not enough information contained to
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infer an origin and destination for a one-way trip.

The result of this step is a collection of enlarged formations, each of which contains

movements sharing at least one car and occurring temporally adjacent to one another. These

enlarged formations are assumed to hold the locations and timestamps of a single consist

for the rest of the algorithm.

2.3.4 Cleaning consist information

This step entails the editing of train consists for movements suspected to have incorrect

car information. Such changes are made between different consists within each enlarged

formation, which share at least one but not all cars. The identification and repairing of

trains with suspect data uses heuristics based on the issues listed in the previous section

and formulated after a close review of data containing quality issues.

First, enlarged formations are broken up into their constituent sub-formations by consist.

The cleaning method employed on the enlarged formation depends on the number of sub-

formations enclosed, with different methods for formations with one, two, three, or four or

more sub-formations. Each method is described briefly below.

Formation with one sub-formation

* With only one consist, all movements are assumed to contain the correct vehicle in-

formation, and no changes are made.

Formation with two sub-formations

* If the earliest-starting sub-formation contains less than a threshold fraction of move-

ments x2 than the second sub-formation, the consist from the latter sub-formation is

applied to all movements in the former. In this case, the second sub-formation is in-

ferred to contain the correct consist for the entire formation. If the first sub-formation

contains locations for only part of one trip, running time and demand analyses on the

train may be impossible without this correction.

- In this implementation, x2 = -. This corrects cases when a consist is misread

upon a train's pull-out from the yard and initial record at an AVI point, leading to

one missing car in the data. The fraction is set large enough to not over-correct in
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situations where a train is scheduled to operate in the morning as one car before

a second car is scheduled to be joined to it later in the service day-this occurs

on weekends.

* Otherwise, no changes are made to consist information within the different sub-

formations.

Formation with three sub-formations

" If the earliest-starting sub-formation contains the same consist as the third sub-

formation and the number of movements in the second sub-formation is less than

the product of a threshold fraction X3 of the sum of movements in the first and third

sub-formations, then the consist from the first sub-formation is applied to the sec-

ond sub-formation. The consist of the second sub-formation is inferred to contain a

short-lasting inaccuracy.

- In the Green Line implementation, X3 = 10

" Otherwise, if the number of movements in the first sub-formation is less than the

product of a threshold fraction X3 of the sum of movements in the second and third

sub-formations, then the consist from the second sub-formation is applied to the first

sub-formation. The consist of the first sub-formation is inferred to be in error because

it appears for only a relatively short time.

* Otherwise, no changes are made to consist information within the different sub-

formations.

Formation with four or more sub-formations

* If the consist of the first sub-formation, co contains only one car but the consists of the

second and final sub-formations (cl and Cfinal, respectively) both contain at least two

cars, and if the first sub-formation exists for less than thirty minutes, then the consist

of the second sub-formation is applied to all movements in the first sub-formation.

This is to correct instances where a train's consist is misread upon pull-out from the

yard. The first sub-formation is inferred to contain an error in its apparent consist.
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" The consist of the final sub-formation is not modified-it is assumed that it was

recorded correctly.

" For all other sub-formations, the sub-formations are iterated. For each iterated sub-

formation s, we also consider the sub-formations immediately before, s - 1, and after,

s+1.

- For each s, if the consist c, contains only one car but c,_1 and cs+1 contain more

than one car, and cs- 1 = cs+ 1, then we assume that c, was recorded in error and

replace all the movements in s with consist c 8 __1. This handles cases in which one

of a train's cars is not detected for a short time, but is detected before and after.

- Otherwise, if the number of cars in c,_1 equals that of c,+1, the number of cars

in c, is greater than one, s exists for less than thirty minutes, the number of

movements in sub-formation s is less than the sum of movements in s - 1 and

s + 1, consist c, is not the same as the consist in the first sub-formation and that

of the final sub-formation, and either c,_ 1 or cs+1 equal co, ci, or cfinal, then a

fix is applied. This is typically used to handle situations where a third car is

inadvertently appended to the recorded consist of a two-car train. The inferred

misreading must last for less than half an hour, and confidence in the accuracy of

the consist before or after the misreading is assured by comparing it to the first,

second, or final consist of the formation. The methods of handling this case are

listed:

* If s exists for more than five minutes in duration, the time between the end

of s - 1 and the start of s is less than seven minutes, and the time between

the end of s and the start of s + 1 is also less than seven minutes, then c. is

replaced with c,__.

* Otherwise, with s existing for such a short duration or the time between

sub-formation existing for an excessive duration, the best guess is that the

observations were made in error. Sub-formation s and all movements con-

tained within it are deleted. Any stop information removed is imputed in

the final step.

For example, consider a formation containing three sub-formations. The first contains

consist 3813-3658 for 52 movements. The second contains consist 3813-3658-3880 for 7 move-
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ments. The third contains consist 3813-3658 for 145 movements. Since the second sub-

formation contains fewer than n (52 + 145) = 19.7 movements, all movements have the

third car 3880 removed. Another example is visualized in Figure 2-3. Part (a) shows several

movements in a formation before cleaning; at 09:17:30, many movements were recorded with

cars 12 and 38. Part (b) shows the formation during the cleaning phase. Car 38 is filled in

at 09:17:18, the multiple movements at 09:17:30 are removed, and the movement containing

car 20 at 09:18:12 is removed. The result is shown in part (c). If data are deleted for any

stop visit made along the trip, times are reintroduced in the imputation step (Section 2.3.6).

After cleaning each formation of train movements, any formation lasting in duration for

less than ten minutes or containing fewer than ten movements is removed.

2.3.5 Movement clustering around stops

The goal of this step is to reduce the vehicle location data to only the arrival and departure

times at each station.

For each movement m in each cleaned formation, the recorded coordinates 1m are com-

pared to a table of Green Line station platforms and their respective coordinates, and all

stations within an r radius of im are noted. Based on the regularity of trains' GPS pings

and the distances between stops, r is set to 100 meters (or 328 feet). There exists a handful

of locations on the Green Line where the distance between two stops is less than 200 meters,

and in these cases some movements may have multiple stations recorded. For any single trip

on a train, a collection of adjacent movements tagged with a station forms a stop cluster-in

the cases where stations are located within 200 meters, a stop cluster may encompass all

movements containing two or three stations. All movements not in proximity to any station

are removed. Additionally, a check is made to ensure that adjacent clusters do not occur

simultaneously, which would be indicative of a malfunctioning GPS unit onboard a vehicle;

movements in clusters which fail the check are also removed. Stop clusters containing move-

ments from multiple stations are then broken up into multiple clusters, each containing only

the movements linked to a single station.

For each stop cluster, the movement located closest to the midpoint of the station plat-

form is considered the arrival time of the train. For surface-level stations, the entire platform

in each direction is considered in one geofenced area, so a train will only record locations

while it is stopped at or passing a station. The following movement is selected for the
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09:17:06 Car 12 - Car 38
09:17:18 Car 12
09:17:24 I Car 12 - Car 38
09:17:30 Car 12 - Car 38

09:17:30 Car 12 - Car 38
09:18:00 Car 12 - Car 38
09:18:12 Car 12 - Car 38 - Car 20
09:18:18 Car 12 - Car 38

(a) Movements before cleaning.

09:17:06 I Car 12 - Car 38
09:17:18 Car 12 - Car 38
09:17:24 Car 12 - Car 38
09.17.30 / ar 12 Car 38

09:1:0/ Car 12 Car 38
09:18:00 Car 12 - Car 38
0(b 9 D18. g r 1e2 Ca 38 p a 20
09:18:18 Car 12 - Car 38

(b) During the cleaning phase.

09:17:06 Car 12 - Car 38
09:17:18 Car 12 - Car 38
09:17:24 Car 12 - Car 38

09:18:00 Car 12 - Car 38

09:18:18 Car 12 - Car 38

(c) Movements after cleaning.

Figure 2-3: Depiction of the cleaning of an example movement formation.
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departure timestamp. At this point, all stop clusters contain a best estimate for both an

arrival and a departure time. The different actions occurring in this step are depicted in Fig-

ure 2-4. In part (b), clusters of westbound movements are formed in 100-meter radii around

Symphony and Northeastern University stations. As part (c) shows, for each cluster, the

movement closest to the platform (in yellow) becomes the arrival time at the respective

station. The following movement (in red) becomes the departure time from the station.

2.3.6 Imputation

The final step in the cleaning algorithm is to impute any missing data.

At this point, stop clusters still contain two possible stop locations: one for a westbound

platform and another for an eastbound platform, both at the same parent station. For

each train, stop clusters are iterated chronologically while consulting a table containing

all possible direct routings from each stop. The parent stop for each cluster station i is

compared to the parent stop for the following cluster station i + 1, and the table is used to

compute all possible paths from station i to station i + 1. If there are multiple paths, the

shortest path by number of stops traversed is selected. Figure 2-5 shows an example where

two possible paths exist from station i to station i + 1, between which no location data was

recorded. In this case, path b is shorter than path a, so it is selected. The three intermediate

stations along path b are added to a list of stations which the train visited but are missing

from the location data-these stop visits need to be imputed.

Before stops are imputed, a check is made to ensure that imputation makes sense given

the duration and distance between the two known stops. The distance between the two

known stops is computed by summing the straight-line distances between adjacent stations

along the imputed path. If the average speed between the known stations is greater than

17 meters/second (or 38 miles/hour)-the top speed on the fastest segment of the Green

Line, along the Riverside branch-then imputation is not carried out. If the distance to

be imputed is greater than 4 kilometers (or 2.5 miles), approximately the length of the-

Central Subway, the average speed greater than 13 meters/second (or 29 miles/hour), and

the segment is not on the Riverside branch, then imputation is also blocked.

The remaining stops requiring imputation have timestamps filled in proportion to the

distances of stations along the imputed section. For example, if the stop Harvard Avenue

is to be imputed and Harvard Avenue is 300 meters from the preceding stop, Griggs Street,
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Northeastern

Symphony

(a) Observed movements in the westbound direction.

Northeast r

Symphoi

(b) Clusters around two stations.

Northeas* #00n

a WOOOO 7Sympho'

(c) Selection of station arrival and departure movements.

Figure 2-4: Depiction of the selection of movements around two stop clusters on the Heath
Street branch.
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path a e0ai

station i+1

stationi path b

Figure 2-5: Selection of path for imputation between two known points.

recorded at 06:10, and 600 meters from the following station, Packards Corner, recorded at

06:16, then the time recorded for the imputed stop would be - of the time between 06:10

and 06:16, or 06:12. Arrival and departure times for an imputed stop are the same, as if

no dwell time had occurred. While this is unrealistic, the lack of any dwell time is a useful

indicator of time having been interpolated and the stop visit imputed.

Trips within a vehicle's tour of the day are recorded with a unique and sequential trip

ID and the appropriate branch and stop pattern. The branch corresponds to the location

of each stop visit (the trunk is considered a separate branch for this purpose), and the stop

pattern for all stop visits on a trip is determined at the trip's first visit to a non-trunk

station. Each stop visit becomes a single record having a vehicle consist, an arrival time,

and a departure time. All records are inserted to a table on the MIT-MBTA database for

use in various applications.

2.3.7 Implementation and future work

The algorithm presented above has been used to clean vehicle location data from the MBTA

Green Line. It has improved the quality of data input to the simulation model discussed

in Chapter 3, particularly by increasing the origin and destination inference rate of Green

Line fare transactions in ODX. It was by using ODX, in aggregate statistics as well as

disaggregate examples of journeys, that the algorithm was validated and some parameters

calibrated.

The heuristics work best for interpolating short stretches of missing stops or for correcting

inaccurate consist information. Improvements can still be made in adjusting conditions for
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allowing longer gaps between known AVL points to be imputed. For example, westbound

trains without any GPS coverage often will appear, in the uncleaned data, at Kenmore

westbound before reappearing, perhaps an hour later, at Kenmore eastbound. While aided

somewhat by the route designations included in the original data, the designations are not

always accurate, and such a large lack of data makes uncertain which branch was taken,

whether a short turn was made, or whether the trip terminated at the end of the Central

Subway and laid over (as trains occasionally do when run as directed). Although speed

constraints are added to aid in the decision-making, the current implementation errs on the

side of having fewer trips imputed. The issue of having entire trips imputed should arise

less often as GPS units continue to be installed on the rest of the Green Line fleet.

2.4 Real-time data cleaning strategies

As noted previously, the issues related to real-time vehicle location data are largely the same

as those related to archived data. The largest challenge is the unavailability of data for the

entire service day. Several heuristics are used to help clean the data as it arrives in order to

make control decisions in real time.

2.4.1 Maintenance of train activity storage

In the decision-support tool described and implemented in Chapters 4 and 5, vehicle loca-

tions from MBTA-realtime are matched to a trip appearing in the GTFS schedule and, for

each trip, the most recent location coordinates, trip ID, and consist are stored in memory.

This provides a comparison against sudden changes to vehicle or trip information.

2.4.2 Checks for consist and trip changes

All real-time vehicle records are cleaned lightly upon download from MBTA-realtime. They

are checked for invalid car numbers or situations in which a car number is repeated in

a consist (particularly if a train is recorded as having three cars). When a new record

is being linked to an ongoing trip, it can be matched on either the trip ID (assigned by

MBTA-realtime and not related to the GTFS trip ID) or the vehicle consist. Changes in

trip ID are saved in memory if the previous record occurred within fifteen minutes. If the

vehicle consist changes, heuristics are used to determine whether or not the change should
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be saved in memory. These heuristics are based on the location of the consist change and

the number of cars in the old and new consists. Only in the rare event that both values

change simultaneously (with the newly-recorded consist not containing any cars from the

old consist) does this method fail.

2.4.3 Checks for duplicate trips

Trips first appearing in the MBTA-realtime predictionsByStop feed-occurring upon depar-

ture from a terminal in the eastbound direction and upon passing Park Street station in

the westbound direction-are checked to ensure they are not duplicates of preexisting trips.

Duplicate trains can appear in the AVL data when a vehicle's GPS or AVI unit is set to

the improper car number. In this situation, AVL records from GPS and AVI pings show

two different consists operating on two distinct trips. The check functions by comparing

the car numbers of a new record to the previous consist to pass the location. If the two

consists contain at least one car in common, then the new AVL record is ignored. In the

eastbound direction, a departure is prevented from being stored and matched to a GTFS

trip if it occurs within a one-minute headway-shorter than the smallest practical headway

along the branches due to platform and signal constraints. Trips appearing to depart in

shorter succession have been confirmed to be duplicates of the same train, reporting as sep-

arate trains due to issues between the different data sources. In the westbound direction,

a similar check is used but with a threshold of only four seconds-this has proven to be

sufficient to eliminate duplicate trips observed in this direction.

2.4.4 Start of trips en route near yards

Lastly, a simple check is made to prevent new trips from being matched to the schedule and

saved in memory if a train first appears in the middle of a branch adjacent to a train yard.

This is an issue when a train is moved around a yard on a track adjacent to revenue tracks-

GPS drift may result in a non-revenue train being detected as moving along a branch. In

these cases, if the train is beginning to make a legitimate revenue trip from the yard, it will

be properly processed once it travels a sufficient distance away from the yard.
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2.5 Summary

This chapter begins by describing the limitations and common issues experienced with track-

ing data for the MBTA Green Line case study. Many of these issues come from the tracking

hardware or the software which interprets the raw data in real time. Having the most com-

plete and accurate data possible is critical for making informed service decisions in real time,

as well as for post-hoc analyses.

An algorithm for cleaning historic AVL data is described. The algorithm is used on a

nightly process before data are stored in a database for further use. It can be summarized

in the following steps:

1 Filter completely invalid AVL movements.

2 Form movements into groups lasting without gaps in time and containing the same

vehicle consists.

3 Form train blocks, or formations, from movement groups partially sharing consists and

matching temporally.

4 Identify and correct inconsistencies in vehicle consists for movement groups within

formations.

5 In each formation, form stop clusters and, for each cluster, set stop, direction, arrival

time, and departure time.

6 Impute missing stop visits along routes using interpolation.

Heuristics used for cleaning real-time AVL data, applied in Chapter 5, are also described,

and include checking for consist and trip changes, checking newly-appearing trains for du-

plications, and using caution for trains first appearing close to storage yards.
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Chapter 3

Control strategy simulation

experiment

The use of simulation models allows researchers to conduct and analyze a range of experi-

ments quickly and at a low cost. Field experiments require the time and cooperation of a

transportation agency, which may be understandably difficult to obtain if the experimental

scenarios are unproven and operations might be adversely affected. By using simulation as

an early step in the analysis process, reasonable estimates of the costs and benefits of the pro-

posed scenarios can inform the design of and build support for field experimentation. This

chapter begins by describing a simulation framework created by Sanchez-Martinez (2013)

before describing its use to simulate a series of schedule-based and headway-based holding

strategies on the Green Line.

Significant portions of this chapter were published in Fabian and Sanchez-Martinez

(2017).

3.1 Simulation framework

The simulation experiments conducted are based on a framework developed by Sanchez-

Martinez (2013). Simulations conducted within the framework are agent-based and event-

driven, with agents including individual passengers and vehicles, and events including pas-

senger or vehicle arrivals at a station. Any type of relevant information from automatically-

collected or static sources can be incorporated into model specifications. This means that

simulations need not rely on a static distribution of station-to-station running times, for

61



example, and can instead draw on an archive of observations. Other possible inputs include

passenger demand by time and origin-destination pair, signal blocks, and vehicle block pull-

out and pull-in times.

In each simulation run, vehicles travel between segments, and segments are linked to-

gether to form a route. Where the edge between segments is at a station, passengers,

who themselves are simulated arriving at platforms, can board vehicles if the capacity al-

lows. Custom-specified controllers are added to regulate activity at particular locations.

Controllers can define how long it takes passengers to board vehicles, for instance, control

terminal procedures, or define holding or short-turn strategies. After the specified number

of simulation replications are run, two tables are output:

1 One table showing the details of every stop visit from every vehicle. Details can include

arrival and departure time, arriving passenger load, alightings, boardings, and amount

of time the vehicle was held at the station, if applicable.

2 One table showing the details of every passenger. Details can include arrival time

at the origin station, vehicle boarding time, boarding vehicle, route, and direction,

alighting time, and details on transfers, if applicable.

The data output to the tables can be easily changed for specific implementations-for

example, transfer information was added to the output as part of this research, as previous

uses of the framework have focused on single routes. The outputs can then be used in

various analyses. The framework and its architecture can be found, in full, in Sdnchez-

Martinez (2013), Chapter 3.

Two case studies have implemented the framework thus far, both simulating high-

frequency bus services. Sdnchez-Martinez et al. (2016a) applies the framework for use on

nine MBTA bus lines. Service on each line is simulated independently. The objective is to

optimize vehicle allocations between routes while minimizing a linear combination of wait-

ing on platforms and crowding in vehicles. The other application, by Maltzan (2015), tests

different control action strategies on two MBTA bus routes. This research represents the

first use of the framework both for a rail-based service and a network of multiple routes.
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3.2 Framework implementation for MBTA Green Line

This section describes how the framework was implemented in this research for a complex,

multi-branch light rail system. Specifically, this section includes the sources and dates of

data used as well as models and distributions assumed.

3.2.1 Routes and segments

The Green Line simulation model includes a file that defines the route patterns and track

geometry to be simulated. Each route pattern is unidirectional, so following the description

of the four branches in Table 1.1, a list of eight route patterns can be formed. Three

additional route patterns are added, as many trains operating on the Heath Street branch

are based at Reservoir Yard and must travel via the Riverside branch when pulled out or

pulled in.

Each route pattern contains a number of segments. A segment, in the simulation frame-

work, can be related to a length of track: it is the unit at which vehicle running times

are distributed, and can represent a length of track shorter than the distance between two

adjacent stations. Most segments for the Green Line are between stations, but are broken

up when a track switch is located between stations. This is done so that, in the example

of a switch splitting two branches, travel times can be simulated as accurately as possi-

ble. Information on the locations of fixed signal blocks provides the capacities for the input

segments (LTK Engineering Services, 2012, IBI Group, 2011). As described by Malikova

(2012), the Green Line signaling system is dependent on fixed blocks, each of which can

only be occupied by one train.1 While safety is the primary motivation behind a signaling

system, its design has an effect on the congestion of vehicles, as a segment of track between

two stations containing three signal blocks can at most hold three trains at any one time,

regardless of length. A controller in the simulation enforces the constraint, restricting the

number of vehicles in a segment, and no overtaking of trains is allowed except in certain

circumstances at Park Street and Kenmore stations, both of which contain two tracks per

direction.

For each station or crossover, the routes and segments file contains information such as

'Only the Central Subway trunk, the Heath Street branch between Copley and Northeastern University,
and the Riverside branch are protected with a block signaling system. The surface-level portions of the
Boston College, Cleveland Circle, and Heath Street branches are protected by line-of-sight procedures--only
major intersections with automobile conflicts are signalized.
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the stop identification number, route pattern, direction, capacity (number of signal blocks)

ahead of it, traffic signal phases, and fare payment information (such as whether the location

contains faregates).

3.2.2 Segment running times

Running times for each segment are drawn actual observations that come from AVL data

cleaned by the algorithm described in Section 2.3. The dates used are the 25 weekdays from

March 22, 2016 to April 26, 2016.2

Outliers are removed by truncating lower and upper percentiles. Observations below the

15th percentile and above the 75th percentile for each segment are removed. The range was

selected after inspecting the cumulative distributions of running times for every segment.

Two examples of running time distributions are shown in Figure 3-1, with lines drawn at

the 15th and 75th percentiles, to show that the tails are removed from the running time

distributions. The distributions are truncated, particularly for upper values, to prevent

the simulator's use of running times which are lengthy due to train blockages. As this

implementation aims to simulate those blockages, the inclusion of observations biased by

irregularities in actual service may result in a double-counting of blockages. The truncated

distribution, therefore, should represent the distribution of running times in normal, free-

flow conditions over all times of day.

From this truncated distribution, observations are divided into half-hour periods through-

out the service day. Separate probability distributions are generated for each period. Se-

lecting a running time for simulation involves drawing a random observation from the distri-

bution related to the appropriate segment and 30-minute period of day. The total running

time simulated may be longer than that selected if the train is blocked from passage into

the next station or segment due to congestion, as often happens during the peak hours in

the trunk.

3.2.3 Passenger demand

Passenger arrivals at origin stations are simulated via a Poisson process with arrival rates

grouped by origin-destination pair within 30-minute periods. In a Poisson process for pas-
2The start date coincides with the opening of Government Center Station following a two-year recon-

struction closure, and the reconfiguration of branch terminals in downtown. Additionally, Monday, April 18
is excluded due to the atypical demand during the Boston Marathon.
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Figure 3-1: Examples of interstation running time distributions.
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senger arrivals, arrival times at a stop are mutually independent. The arrival rate is the

mean number of arrivals by unit time that would be observed over a long period. This

assumes that passengers arrive randomly at all hours of the day due to the high-frequency

of service on the Green Line, and that they do not time their arrivals based on any available

real-time information or schedule.

The arrival rates are obtained from ODX, a model that infers origins, destinations, and

transfers using disaggregate AFC and AVL data (Gordon et al., 2013, Sanchez-Martinez,

2017b). The passenger load data from which the arrival rates are derived are themselves

based on data from the twenty-one weekdays in April 2016. Since the ODX model by itself

cannot account for passengers who evade the fare or otherwise do not interact with the

AFC system upon boarding trains, non-interaction factors are applied as given by Sanchez-

Martinez (2017a), who also conducted the analysis using farecard data from fall 2015.

3.2.4 Station dwells

A model is created to calculate the dwell time trains spend at each station. Dwell time,

for this implementation, has two components: the constant, or static, portion of dwell time

which all trains experience, and the variable dwell time which is a function of boardings and

alightings.

A constant (or minimum) dwell time component is required because the granularity of

the Green Line AVL system only provides the times of when a vehicle begins entering and

finishes exiting a platform, which is longer than the time a vehicle spends stopped. The

entire duration from entering through exiting of the platform must be simulated, even if the

train does not actually need to stop. The constant component of dwell time is determined

separately for each station by examining the cumulative distribution of observed dwell times

and choosing the minimum dwell above the lower tail. In the example shown in Figure 3-2,

the selected minimum dwell time for two stations is depicted with red lines. The time is

then specified into the routes and segments file. In simulation, the constant is assumed to

be divided equally between the arrival and departure ends of the dwell period.

Once a train stops, passengers may alight and board. Alightings are simulated before

boardings. Passengers will alight once they reach their destination. If the destination is

not on the train's route pattern, then passengers will alight once they reach Park Street,
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and then wait for a train that continues to their destination. 3 All four branches share

the Central Subway at Park Street, so any required transfers are simulated to occur there.

Following the alightings, waiting passengers can board a train if it is scheduled to serve their

destination; if the origin station is not scheduled to connect directly with the destination,

then they will board the first available train and change at Park Street. An example journey

requiring a transfer is between Fenway and Haymarket: since the Riverside branch (which

is the only branch to serve Fenway) terminates at Government Center, one would travel

from Fenway to Park Street and then transfer to a train from another branch to continue to

Haymarket. Passengers cannot board trains which have loads exceeding capacity, which is

set to 168 passengers per car, or 336 passengers per train (Massachusetts Bay Transportation

Authority, 2014).4

The variable dwell time is modeled differently at gated and ungated stations. 5 For gated

stations, the model developed by ming Lin and Wilson (1992) for stations along the Central

Subway is applied, which makes dwell time a function of alightings, boardings, and the

seated capacity of the train. For ungated stations, a model is derived from AFC transaction

data for boardings and industry standards for alightings (Kittelson & Associates, Inc., 2007),

as follows:

talight = (ffronttfront) + (freartrear) (3.1)
C

where:

talight = alighting time per passenger,

c = number of cars operating per train = 2,

ffront fraction of passengers alighting from the front door = 4,

frear fraction of passengers alighting from the rear doors - j
tfront alighting time per passenger from the front door 2.6 seconds, and

trear alighting time per passenger from the rear doors 2.1 seconds.
3 In simulation, passengers alight at a station that is neither Park Street nor their destination, if the

train makes an unscheduled short-turn prior to the destination or runs express past the destination. This
situation is not encountered in the experiment described in this chapter.

4 All Green Line trains are simulated as running with two cars, which is scheduled for all hours during
weekdays. In reality, a train may occasionally run with only one car due to vehicle or operator constraints.
The capacity of 168 passengers is derived from the average of the policy (101) and crush capacities (234,
assuming each train has one Type 7 car and one Type 8 car) of Green Line cars, as given in Massachusetts
Bay Transportation Authority (2014).

5 Gated stations include all underground stops, Science Park, Lechmere, and Riverside. All other stations
are ungated and require fares to be paid at the farebox adjacent to the operator's seat, in either car.
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(fcardtcard) - (ftickettticket) + (fcashtcash) + (fcardftopup * ttopup) + (sts)
C

where:

thoard = boarding time per passenger,

1, if boarding passenger is a standee
s=

0, otherwise

fcard fraction of passengers validating fare with a smartcard,

fticket = fraction of passengers validating fare with a magnetic-stripe ticket,

fcash = fraction of passengers paying fare in cash,

ftopup = fraction of smartcard-validating passengers topping-up their card,

tcard boarding time per passenger with smartcard - 3 seconds, during AM period

2 seconds, otherwise

tticket = boarding time per passenger with magnetic-stripe ticket = 5 seconds,

tcash boarding time per passenger with cash = 9 seconds,

ttopup = time spent by a passenger topping-up smartcard onboard = 21 seconds, and

t = additional boarding time required if train is above seated capacity = 0.5 seconds.

For the boarding model, tcard, tticket, tcash, and ttopup are the medians of the amount of

time passengers with the respective fare transaction take to board a vehicle from a sample

of Green Line boardings, where the amount of time is defined as the time between one fare

transaction for a farebox and the next transaction, if both occur at the same station. The

fractions of passengers using each fare payment media (smartcard, magnetic-stripe ticket,

and cash) and the fraction of smartcard-equipped passengers topping-up their cards on the

train are provided in Table 3.1 by Green Line branch and time of day.

Beyond the duration prescribed by the constant and dynamic terms, dwell times can be

lengthened if a train must be held at a station. This may occur due to a control strategy in

place (such as headway-based holding) or due to a train in the segment ahead preventing a

clear signal out of the station from being shown. Passengers who arrive to the origin station

during a holding period are allowed to board, capacity permitting.
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Table 3.1: Fraction of Green Line passengers by branch, time, and fare media.

Branch Time perioda fcard fticket fcash ftopup

Boston College AM 0.94 0.04 0.02 0.019
Midday 0.89 0.07 0.04 0.041
PM 0.88 0.09 0.03 0.035

Cleveland Circle AM 0.93 0.04 0.03 0.01
Midday 0.88 0.07 0.05 0.038
PM 0.87 0.10 0.03 0.035

Riversideb AM 0.91 0.07 0.02 0.006
Midday 0.85 0.12 0.03 0.017
PM 0.83 0.14 0.03 0.014

Heath Street AM 0.89 0.08 0.03 0.02
Midday 0.84 0.11 0.05 0.033
PM 0.86 0.11 0.03 0.025

a For this table, AM is defined as 04:00-10:00, midday 10:00-14:00, and
PM as the rest of the service day, 14:00-26:00.

b All ungated stations on the Riverside branch feature unstaffed fare vend-

ing machines where passenger can obtain or top-up fare media.

3.2.5 Terminal behavior

Terminal controllers define the behavior of trains at the start and end of every route pattern.

As current Green Line operations revolve around scheduled trips, the complete schedule for

each station is built into the controller for the respective terminal or en route stop. When

a train reaches a terminal, either at a train's pull-out time and location or at the end of a

revenue trip, the next route pattern is inferred from the current location. For example, an

eastbound train terminating at Government Center via the Riverside branch will have, as

its next pattern, the westbound route on the Riverside branch toward Riverside. Interlining

between branches is not permitted, per current practice on the Green Line.

If the train is at its assigned pull-in location, an estimate is made on the duration of

the next route trip from and to that location. This estimate is made based on the method

of selecting segment running times presented in Section 3.2.2 and the constant portion of

each station's dwell time. (The effects of demand and segment blocking are not simulated

for these estimates, so it is likely that the estimated cycle time will be lower than that

actually simulated.) If the estimated time of return to the pull-in location is later than

the scheduled pull-in time, then the train does not go back into service and is no longer

simulated until the next replication. If the train is at a terminal which is not its assigned
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pull-in location, the train operates on the next route pattern regardless of time of day. An

important exception is for Heath Street branch trains~ based at Reservoir. Trains pulling out

from the yard operate from Reservoir to Government Center via the Riverside branch, loop,

and then travel to Heath Street. For such trains approaching the pull-in time, the decision

point is at Lechmere: a calculation is made as to whether the train can travel to Heath

Street, return to Lechmere, and then travel to Reservoir before the pull-in time. Trains

pulling in travel in revenue service from Lechmere to Reservoir via the Riverside branch.

Departing trains are assigned the first available trip for the route pattern departing that

terminal. A trip is available for dispatching from a terminal if it has not already been

assigned to another train and its scheduled departure time has not been elapsed by more

than twenty minutes. Unavailable trips which have not been dispatched are considered

canceled from the schedule. In the experiment scenarios simulated, the number of canceled

trips during the morning peak period (for which the analysis is conducted) resulting from

these rules is below the 6-7% of peak period Green Line trips which were not observed, and

likely canceled, by Sindel (2017).

Operators are not explicitly modeled in this simulation, leaving scheduled vehicle blocks,

which are publicly-obtainable from an agency's GTFS feed, to act as the closest proxy.

While it is true that operators cannot work the 12 to 14 hours for which some blocks are

scheduled, the calculations estimating whether a train can operate an additional cycle before

the pull-in time are similar to the guesswork terminal inspectors must do for operators in

order to avoid situations in which they must clock-out late. The simulation, in its existing

form, underestimates the number of time constraints that inspectors and dispatchers have

to consider when making service decisions.

Vehicle blocks, including their pull-out and pull-in locations and times, are taken from the

Spring 2016 schedule as provided in GTFS. Figure 3-3 depicts the span of all 100 scheduled

blocks on the Green Line as well as their respective pull-out and pull-in locations. The

availability of spare vehicles at terminal yards is not accounted for in this implementation.

In existing operations, the use of spare vehicles (and cover operators), when available, could

be considered a control action, as they can fill gaps in service and ensure on-time departures.

Minimum layover times at terminals are also determined from the GTFS schedules as well

as from recommendations by Operations staff. For most terminals, the minimum turnaround

time is 3 minutes. At Park Street and Government Center, it is 2 minutes because there is
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no need to change crews, and similarly, this is lowered to 1 minute at Heath Street. At North

Station, the turnaround time is extended to 4 minutes because the crossover is located well

past the station, and operators are required to change ends when switching directions.

3.3 Simulation experiment overview

Using the Green Line simulation model described above, a number of schedule-based and

headway-based holding strategies are tested. The strategies are programmed in the controller

classes for stations and terminals, and the controllers are set to a strategy based on flags

in the routes and segments file. In order to evaluate only the effects of different holding

strategies, other commonly-used control strategies, such as short-turning, are not tested in

this experiment. This means that, while the simulation includes many realistic aspects of

current operations on the Green Line, the results are unlikely to precisely match a real-world

implementation.

In schedule-based holding, a train can depart a terminal or station at or after its sched-

uled time. If a train arrives at the stop later than the next scheduled departure, then

it departs after the minimum layover time has elapsed, if at a terminal, or immediately

following any normal dwell time if en route. This is formulated in Equation 3.3.

Dij = max (min(D*, Aij + Hijt + Tj +Wij), Aij + T + Wi) (3.3)

where:

Dij = departure time from stop j for trip i,

D_- = scheduled departure time (trip i) from stop j,

Ai = arrival time to stop j for trip i,

Hit := maximum allowed holding duration for trip i at stop j based on time of day t,

Tj - minimum layover and turnaround time at j if stop j is a terminus, and

Wi = dwell time for trip i at stop j.

In headway-based holding, the main determinants of a train's departure are the headway

between it and the preceding vehicle, Aij - A(jl), and the scheduled target headway, Fit

at time of day t. The strategy is detailed in Equation 3.4.
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used for en route holding in the simulation model

Branch/segment Station

Branch Boston College Harvard Avenue EB
Cleveland Circle Coolidge Corner EB

St Mary's St EB
Riverside Reservoir EB

Fenway EB
Heath Street Brigham Circle EB

Trunk Central Subway Park Street WB
Kenmore WB
Kenmore EB

Dij = max ( min(A(il)j + Fijt + T + Wjj, Aij + Hijt + T +Wi), Ai + T + Wi) (3.4)

Holding at terminals is not limited to a maximum duration in any scenario. For en

route holding (along the branch or trunk), some of the scenarios tested allow holding at

each station to be as long as necessary, while other scenarios limit holding to two minutes

per station.

Holding is tested in branch and trunk terminals, selected branch-line stations, selected

trunk-line stations, and combinations thereof. Holding at select stops along the trunk is

tested with strategies that hold either to the vehicle's branch's headway or to the combined

headway of all branches serving the station. In the latter case, Equation 3.5 determines the

combined trunk headway, Ft for stop j at time of day t:

:= fAt--l (3.5)
k=1

where K is the set of branches that stop at j, each having a scheduled headway of fAt.

On the Heath Street branch, the eastbound Brigham Circle station acts as the terminus

point for holding. En route holding is applied only on commonly used control points, which

are listed in Table 3.2. There are five eastbound branch control points, and one eastbound

and two westbound trunk control points.

Twenty replications are run for each scenario, each spanning an entire service weekday.

Analyses are run on only the subset of passengers arriving at origin stations between 05:00
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and 10:00. The focus is placed on this morning peak period, as it captures a large share

of daily ridership and is generally uniform in scheduled headway-5-6 minutes-reducing

natural variability in wait times due to different service levels throughout the day. T-tests

confirm that twenty replications suffice to obtain statistically significant results. Perfor-

mance across scenarios is compared based on both passenger-oriented and operator-oriented

performance measures calculated from vehicle and passenger movements. In addition to vi-

sually comparing cumulative probability distributions, means are compared with t-tests and

variances with F-tests. Passenger-oriented metrics include wait time, wait time reliability,

and journey time. Wait time is the difference in time between a passenger's arrival at a

station and boarding of a train, including any transfer time, and is given in Equations 3.6

(no transfer required) and 3.7 (transfer required).

Wi = bi - ai (3.6)

= (b - ai) +H (btransfer _ transfer) (3.7)

where:

wi wait time of an individual passenger i,

bm vehicle boarding time for passenger i at the origin station,

ai =origin arrival time for passenger i,

b'ransfer - vehicle boarding time for passenger i at the transfer station, and

ransfer =vehicle alighting time for passenger i at transfer station.

Wait reliability is a metric used by the MBTA (Tribone et al., 2016). A passenger's

experience is considered reliable if the wait time is less than the scheduled headway, and

unreliable otherwise. The metric is detailed in Equation 3.8.

W _= 1 -(3.8)
n

where:

W = wait reliability over n passengers,

hi scheduled headway for i (a function of origin, destination, and time of day),

ri = 1 if hi - (bi - ai) > 0, and

t0, otherwise
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n = number of passengers analyzed.

Given AVL data, arrival rates are used to estimate how many people experienced a

wait longer than the scheduled headway, and this subset of passengers is counted as having

an unreliable wait. This headway-based metric is adopted for analysis because passengers

expect service to operate frequently and generally make trips without consulting the schedule

(Turnquist, 1981). Tabulated results show reliability as the percentage of passengers with

a reliable wait time. Total journey time combines a passenger's wait time and in-vehicle

travel time, and is given in Equation 3.9.

ji = di - ai (3.9)

where:

ji = total journey time of an individual passenger i, and

di = vehicle alighting time for passenger i at destination station.

Evaluating journey times is of interest because drawing conclusions based only on wait

times neglects the additional journey time of passengers travelling through (and held at)

control points. Holding en route might help decrease wait times, but potentially at the

detriment of passengers' journey times. One-way running time distributions are used to

evaluate performance from the operator's perspective, since they affect operations plan-

ning, required fleet and crew, and the ease with which the operations plan can be followed

(S-Anchez-Martinez, 2013).

Performance is evaluated for vehicles and passengers on all branches during the morning

period, separately for each direction because the trunk is concentrated to the east and the

branches to the west, so different control points may disproportionately benefit service in

one direction. Since the same passenger demand and quantity of service is used for each

scenario, the observed differences in performance across scenarios are due to differences

in control strategies. While vehicles operating on different branches and passengers with

different origins and destinations will naturally experience a wide range of travel times, the

distributions of these travel times can be compared across control strategies.
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3.4 Experiment results

3.4.1 Unlimited holding durations

In the first scenarios, holding durations are not limited at any location. In the eastbound

direction, the predominant direction of travel along the branches during the morning peak,

regulating service for schedule adherence results in only small fluctuations in running time

means and variances when changing control points. Controlling for headway adherence, on

the other hand, results in either significantly higher or lower mean running times depending

on the choice of holding points. Scenarios with holding at terminals or controlling by the

combined headways of multiple branches at trunk stations yield faster trains than scenarios

with separate control on each branch. This is primarily because trains held in the trunk

to their branch headway prevent following trains of other branches from moving forward as

fast as they otherwise would. Examining westbound running times supports these findings:

the highest variance is found in the scenario where holding based on branch headways oc-

curs in the trunk with no control elsewhere. Headway-based holding results in significant

improvements over schedule-based holding in most other scenarios. In general, however, the

difference in average running times between control policies is less than one standard devia-

tion. These small differences, while statistically significant, suggest that other performance

metrics should first be compared before drawing conclusions.

Table 3.3 presents statistics on passenger wait times. On average, wait times are cut by

27% when adopting headway-based over schedule-based holding policies. Holding only at

terminals decreases average wait time by 32% and the standard deviation by 44%. Adding

en route holding along the branches further improves performance, albeit marginally, with

a decrease in average wait time of 34% and a decrease in standard deviation of wait time of

47%. Headway-based holding in the trunk only slightly improves performance over schedule-

based control. Figures 3-4a and 3-4b show the percentage of simulated passengers served by

a train within any duration of wait. By percentile of total ridership, wait times in headway-

based holding scenarios are either the same or lower than in schedule-based holding. The

no-control scenario underperforms all other scenarios in both directions.

Table 3.4 shows wait time reliability in both directions; numbers give the percentages

of passengers who waited less than the scheduled headway. Schedule adherence results in

lower wait time reliability than headway-based holding, and holding at terminals (alone or
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Table 3.3: Passenger wait times with unlimted holding strategies.

Locations Eastbound passengers Westbound passengers

Hold to keep Hold to keep
applicable Hold to keep applicable Hold to keep

Hold to keep combined published Hold to keep combined published
branch headway at vehicle branch headway at vehicle
headways each point schedules headways each point schedules

2. . .8 .2 .0 .2 2. . .1 .2 .3 .2
2.9 2. - ... . 4 0- - . .

3.9 4.
-2.9 2 .-N=

Ie p b r

/ 3.1 2.9 __ .9 62 . 4 C 4.8 5.
/e 3. 3.8 r" -4 6.0 7.. .-4 5.5 6.

3.1 2.9 - 4.9 6.4 3.6 4.01- 4.76.0

// 3.9 4.2 3.3 3.3 5.1 6.1 3.8 4.3 3.4 4.0 4.8 5.5
/ / / 2.9 2.9 2.8 2.8 5.0 6.0 4.2 5.0 3.4 4.0 4.7 5.6

No control Mean =6.1 Standard deviation 7.5 Mean =5.4 Standard deviation =6.3
In all tables, -"denotes inapplicable information.
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Table 3.4: Wait time reliability with unlimited en route holding strategies.

Locations Eastbound passengers Westbound passengers

64 rj>84

- % - 6

7 

; % --

83 % -4 ;:% ;6 -_ 3

4 8W ce 71 P4 C% 4
-'- -_ C

C14 Q) P4 C 1Q) 4
Q) QQ W)

40 0 0 0 0 0. 0 0~

/82% - 70% 76% - 62%
/ 76% - 63% 72% - 57%

/ 60% 62% 61% 63% 64% 57%
/ / 83% - 71% 76% - 63%
/ / 74% 81% 67% 74% 78% 60%

84% 86% 67% 78% 78% 61%

No control 60% 62%

in addition to en route) benefits the greatest proportion of peak-direction passengers. Ta-

ble 3.5 gives a summary of passenger journey times across each unlimited holding scenario.

Headway-based holding significantly decreases average journey times, except in certain sce-

narios implementing holding within the trunk.

Considering both directions, the strategies minimizing journey times are (a) terminal-

only holding on headways and (b) terminal and trunk holding on combined headways. In the

eastbound direction, significant increases in journey time means and variances for scenarios

including trunk holding by branch headways can be explained by upstream congestion: while

vehicles can overtake at two stations, multiple branches may need to be controlled, causing

blockages. This is mitigated when trains are held by combined headways, since trains are

scheduled to pass very frequently. The journey time distributions in Figures 3-5a and 3-5b

reveal that headway-based holding decreases journey times for nearly all passengers, and

that in-vehicle times also decrease slightly. That most of the journey time improvements

come from wait time should be preferred: revealed preferences studies show that waiting is

more onerous to passengers than in-vehicle time (Maltzan, 2015, SAnchez-Martinez, 2015).
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Vehicle trajectories help explain the high wait and journey times resulting from holding

based on vehicle schedules. It only takes several junction blockages, service gaps, or ridership

spikes to delay vehicles and cause bunching. Once several trains fall behind schedule, it

becomes difficult to recover with only holding, and thus schedule-based holding strategies

eventually produce similar service as without any control. This convergence to bunching

speaks to the lack of robustness of the schedule used. It is likely that, without additional

control actions, increasing recovery time would decrease passenger wait times, but also

increase scheduled headways or fleet requirements.
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Table 3.5: Passenger journey times with unlimted holding strategies.

Locations Eastbound passengers Westbound passengers

Hold to keep Hold to keep
applicable Hold to keep applicable Hold to keep

Hold to keep combined published Hold to keep combined published
branch headway at vehicle branch headway at vehicle
headways each point schedules headways each point schedules
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3.4.2 Limited en route holding durations

The findings above are compared against those of scenarios that constrain en route holding

times, balancing the discomfort of those riding through the control point with service regu-

lation (van Oort et al., 2010). Aside from limiting holding-induced congestion in the trunk,

holding limits make the control strategy more palatable to passengers by decreasing their

in-vehicle delays, an important consideration in practice. In previous research, maximum

holding limits of 1-3 minutes have been used (van Oort et al., 2010, Maltzan, 2015, Sanchez-

Martinez, 2015), though other implementations are possible, such as using a specific fraction

of the current headway. This research uses a two-minute holding limit, except at terminals,

where no limit is applied for dispatching.

Results with limited holding are similar to those without limits, but with several dif-

ferences in optimal control locations. Average running times decrease significantly (to the

3% significance level) in six of thirteen tested scenarios, with another four experiencing no

significant change. In the remaining three scenarios, a lack of sufficient holding en route may

increase time spent in queues approaching stations, resulting in longer running times overall.

The wait time means and standard deviations, summarized in Table 3.6, are generally the

same or slightly lower when compared against the corresponding unlimited holding scenar-

ios. As shown on the cumulative distribution plots, Figures 3-4c and 3-4d, headway-based

scenarios result in waits longer than 10 minutes for 4% of passengers, whereas this increases

to about 13% of passengers in schedule-based scenarios. The 90th percentile wait time under

headway-based scenarios is 44% shorter than under schedule-based scenarios. Table 3.7 re-

ports similar trends in wait time reliability: fewer passengers are well-served when terminals

are not holding points. Limiting holding times at some control points lessens opportunities

to recover the schedule or headway. Figures 3-5c and 3-5d show that this decreases jour-

ney times under branch-based trunk holding scenarios. All other headway-based strategies

have similar journey time distributions with the limit. Especially when used in conjunction

with headway-based terminal holding, limiting hold durations en route provides similar or

increased passenger benefits as without limits, while making the strategy more practical.
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Table 3.6: Passenger wait times with strategies limiting en route holding to two minutes per station.

Locations Eastbound passengers Westbound passengers
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3.5 Limitations and future work

This simulation-based study is not without its limitations, many of which could be overcome

with further modeling and experimentation. Future research may optimize the placement

and number of control points at terminals, branches, and the trunk, as well as the maximum

holding duration allowed at en route stations. As mentioned previously, passenger demand

rates are given for 30-minute periods during the morning peak, which may not precisely cap-

ture demand variations during peak-of-the-peak periods. A more applicable area of further

research for other transit systems is the integration of terminal capacity constraints, spare

vehicle counts, and operator schedules. Capacity is currently considered between stops and

within non-terminal stations, but in practice, constraints at terminal and short-turn points

within the trunk often results in the early dispatching of trains. Such infrastructure-based

limitations may reduce the effectiveness of headway-based dispatching, but further work is

needed to quantify this. Passenger choice research may also be conducted to better allocate

the preferred locations of transfers along the Green Line trunk or determine whether pas-

sengers prefer waiting for a one-seat ride versus boarding the first train to arrive, regardless

of destination, potentially requiring a transfer.

Analyses of services or passengers can also be broken down by branch, origin, and des-

tination, which may result in different policy recommendations for different branches or

during off-peak hours. The simulation modeling approach could be used to test additional

holding strategies such as the even-headway strategy and those based on rolling horizon

optimization, or stop-skipping control strategies such as short-turning and expressing. The

framework used in this research could be applied, with minor modification, to multi-route

BRT corridors with exclusive rights-of-way.

3.6 Conclusions

This chapter focuses on determining effective holding strategies for a multi-branch light rail

service experiencing congestion where branches merge into a high-frequency trunk, as well

as track capacity constraints seldom present in bus operations. A simulation of the MBTA

Green Line was built to model operations based on historic demand and running time data.

Various forms of schedule-based and target headway-based control were tested, including

control at terminals, on branches, and in the trunk, as well as limited holding durations.
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The analyses were limited to the morning period to limit the scheduled variability in service

and isolate the effects of control strategies on performance.

Based on the case study, holding based on target headway prevents cascading delays and

bunching more effectively than schedule adherence strategies. The performance resulting

from both types of holding strategies significantly depends on the choice of holding points.

Terminals are the single most effective locations to control service, and holding at terminals

is essential even when service can also be regulated en route. This finding confirms what

others have found in previous research (Eberlein et al., 2001). On transit services with

branches merging into a trunk where there is not much opportunity to overtake, holding

vehicles of each branch to branch-specific headways can be counterproductive due to the

interaction of vehicles serving different branches. This performance-decreasing congestion

can be avoided to a large extent by limiting holding times in the trunk or by holding to

the combined trunk headway. Limiting en route holding also makes the control strategy

more palatable to passengers, an important consideration in practice. Out of the strategies

considered in this research, holding at terminals and branches based on headway yielded

the best performance. Compared to schedule adherence, this strategy decreased mean wait

time by 35%, standard deviation of wait time by 49%, 90th percentile wait time by 43%,

and shortened journey times and running times.

While adding recovery time to the vehicle schedule could solve some performance prob-

lems observed in schedule-based holding scenarios, it would also require either longer head-

ways (and decreased passenger capacity) or higher operating costs. The latter can be a

difficult option for agencies, including the MBTA, who face constrained vehicle capacities

at terminals and throughout the trunk. Light rail lines often do not rely solely on schedule-

based control, but may dispense with the schedule and use other control strategies, often

based on headways, when significant delays accrue. Consistent headway-based terminal and

en route holding may reduce the need for more disruptive strategies such as short-turning,

and increase the effectiveness of available resources. Adopting a headway-based holding

strategy may require shifting supervisory resources to staff terminals and en route holding

points. Schedule-based control is relatively simple to conduct, but headway-based control

requires field officials to track multiple vehicles, requiring technological improvements to

communicate real-time headways, and perhaps a decision-support system that recommends

control actions.
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These results guide further portions of this research. Chapter 4 creates a decision-

support tool for controlling headways at terminals, which the simulation results support

as the method of obtaining the highest benefits. Chapter 5 uses the tool in a real-world

experiment, trialling headway-based dispatching at one Green Line terminal (Riverside).
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Chapter 4

Decision-support tool for transit

performance improvement and

management

4.1 Introduction

The creation of tools for supporting decision-making in transit operations is not a new move-

ment. The tools themselves, however, have evolved with technology. This chapter describes

an application created for the purpose of improving operations performance and manage-

ment on the MBTA Green Line. The chapter begins by listing several transit applications

of decision-support tools and systems before outlining a framework containing the software

architecture needed to operate such technology. An implementation of the framework for the

Green Line is then described. The experiment run with the decision-support tool described

in this chapter is presented in Chapter 5.

4.2 Applications of decision-support tools

Decision-support tools and systems can be used to manage different aspects of transit oper-

ations. These aspects include real-time control strategy implementation, fleet management,

crew management, and the integration of the three.
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4.2.1 Real-time control strategy implementation

The use of decision-support tools is integral for the effective implementation of consistent

control strategies. Currently, service actions on the Green Line are generally chosen by a hu-

man controller based on his or her own set of heuristics-through practice and experience--

with only basic rules (such as locations from which express segments can begin). This has

the advantage of often assigning dispatchers or field inspectors who have had to previously

address an expansive list of service situations. Experience-based knowledge-and the abil-

ity to successfully draw upon it-is unlikely to be uniform among personnel, however. For

instance, different terminal inspectors have different strategies for how far ahead they plan

for a departing trip with a late-arriving crew, or at what point a scheduled trip should be

canceled.

Tools providing information on vehicle locations and predictions of when trains will reach

stops can assist inspectors in determining whether a train will arrive in time to serve a sched-

uled departing trip, for example, with greater accuracy and precision than by calling for an

operator's location via radio, which might not be returned promptly. Many field inspectors

are already doing this using a variety of mobile applications on personal smartphones, but

this is still far from a uniform or official practice.

Train locations, vehicle identification numbers, destinations, and stop arrival predictions

make up the information currently available for the Green Line in real time internally and

externally (via the MBTA-realtime API). With future vehicle fleets it may become possible

to transmit data on passenger load or fare transactions in real time, although for now it is

possible to estimate these based on historical data and ODX. All this information can be

used to evaluate the full impacts of potential control strategies.

An intelligent decision-support system could, in theory, automate the simpler aspects

of decision-making and management for events of lesser significance, thereby increasing the

productivity of operations support personnel. Automated events may include holding at

stations for very short durations or informing operators of their terminal departure times.

This automation could be the norm at all times or only when more complex situations arise,

allowing inspectors to focus on the less common issues requiring human intelligence and

understanding. In situations requiring the input or approval of multiple inspectors before

enactment, such as a short turn, the parties, each with their own decision-support tool,
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could remotely view possible control plans simultaneously and discuss them on private audio

channels. Paperwork can also be reduced. OCC dispatchers currently keep a log of major

events, and terminal starters must submit daily logs of scheduled trips that were missed,

information that would be easy to log automatically, with notifications asking inspectors

to provide reasoning or approval as required. The information would also be available for

supervisors to review and reference as events occur instead of making phone calls or waiting

until the next day.

Finally, feedback can be made instant if a device showed adherence to instructions as

well as performance metrics-such as average wait times or headways-in real time and as

projected under proposed adjustments. The day's departures and other events could be

reviewed as an annotated log by inspectors on different shifts or by supervisors.

4.2.2 Fleet management

A decision-support tool can be particularly useful for managing fleets, both in and out

service.

Inspectors managing terminal dispatching are often conscious of the number of spare

vehicles in the adjacent yard. At Riverside, for example, the number is usually above 40 at

the start of the day before all the fleet is pulled out by the height of the peak periods. The

yard count, as it is known, helps determine if a trip can depart on time when there are no

trains available on the platform. An electronic device could aid, or even make suggestions,

in this process by keeping track of trains in yards and adjusting the count as trains enter

and leave service throughout the day. A display could show which tracks in the yard are

occupied.

Such a system could help in the work of the yardmaster, the inspector in charge of

organizing yard tracks each day, relaying yard occupancy to the terminal inspector, and

notifying maintenance crews elsewhere in the yard of required repairs when a disabled train

comes out of revenue service. A decision-support system could rely on distributing mobile

devices to yardmasters and installing large-screen displays in maintenance facilities. If a

train in service experiences a malfunction, an OCC dispatcher could enter the details of the

mechanical issue upon receipt of the operator's radio message. The train would be directed

to proceed to a specific terminal with maintenance facilities (often Riverside). The relevant

yardmaster may miss the radio transmissions, but a notification may appear on his or her
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tablet. He or she will then know to expect the faulty train and be able to place it on the

proper track into the yard. Maintenance workers will see information beforehand, be able to

prioritize the situation and, if urgent, make preparations so that work can begin as soon as

the train arrives. Currently, such a situation would require multiple radio transmissions and

telephone calls. The system described would reduce irrelevant radio traffic that inspectors

have to filter out. Even more possibilities could be envisioned if digital terminals were

installed in each vehicle, similar to the TransitMaster units currently installed on MBTA

buses, as messages could be transmitted to and from vehicles without the use of radio.

4.2.3 Crew management

The management of vehicle operators is another area in which decision-support tools can

aid terminal inspectors. Terminal starters act as the operators' first-line supervisors. An

operator, for half or all of his or her run, is assigned to a single branch and is based at that

branch's dispatching terminal. The terminal starter ensures that operators are checked in

and fit to work prior to their first scheduled trip. They must also assign personnel coverage

to trips when operators call in sick or when they cannot be at the terminal for a trip due to

a disruption elsewhere on the Green Line. The decision-making process could be improved

if inspectors needed to only enter the name or identification number of an operator or run

to see a complete schedule for the day. Currently, a large book inside the inspector's booth

or office must be consulted to definitively determine when an operator is off for the day.

Scheduled trips listed on a tablet could include the number of trips or hours remaining for

operators until pay moves to overtime rates.

Similar to fleet management, there is the potential to significantly reduce paperwork

when operator information can be stored and displayed digitally to inspectors and supervi-

sors on demand. Delay time (or operator overtime pay) is perhaps the single-largest source

of paperwork: whenever an operator finishes a run later than scheduled, he or she writes

the late time and reason on a small paper slip and turns it in to the terminal inspector,

who in turn verifies the slip's validity and logs the details onto a separate log that is sent

to the human resources (HR) department nightly. It is not difficult to imagine a system

where overtime pay is handled automatically and out of the hands of inspectors whose pri-

mary responsibility is to run service. Abnormal patterns in delay time (or other attributes,

such as running time or average speed) could be detected automatically and flagged for
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further review by a human auditor-maintaining and perhaps enhancing accountability on

operators.

Logging crew activity digitally can also make it readily available to agency departments

which require it outside of Operations, such as HR (when conducting payroll) or the Transit

Police (when investigating vehicle accidents or criminal activity onboard trains). The po-

tential is here to reduce bureaucratic delays and human effort spent archiving and retrieving

information when offices legitimately attempt to access crew data.

4.2.4 Integration of system management

The full potential of digital decision-support tools is realized only when the pieces described

above-real-time tracking, fleet management, and crew management-are integrated as one

product. Carrel et al. (2010) discuss how dispatchers make service decisions based on a num-

ber of factors beyond headways, including crew and fleet constraints. The objective function,

in reality, is not simply to reduce passenger wait time but also to increase throughput, de-

crease operator overtime, and ensure future trips can be covered. Indeed, decisions in the

MBTA OCC are seldom made without consideration to crew constraints: before a train's

destination in the trunk is extended, for example, it is verified that the impacted operators

are not on their final trips. Likewise, a train carrying operators running significantly behind

schedule is more likely to be short-turned in an effort to reduce or eliminate delay time.

Much of the process of juggling several service-related factors could be automated in a

device used by terminal inspectors to help with real-time control. As an example, consider

an operator who has just arrived to a terminal 20 minutes late for his or her final round trip

before a meal break. If the inspector assigns the operator to the next trip due to leave, a

red warning sign may appear next to the operator's name-clicking on it would warn that

the projected return time to the terminal would put him or her late for the meal break

before asking the inspector if the plan is worth implementing. It would not be completely

inconceivable for an agency-defined cost function to be used to recommend short-term service

plans, balancing the monetary costs of overtime with the passenger benefits of running even

headways. Implementing such an optimization would require monetizing all agency and

passenger costs, which presents a difficult value proposition for agency managers.
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Figure 4-1: Software architecture framework for a transit decision-support system.

4.3 Decision-support tool software architecture

This section describes a framework containing the different software components required for

a decision-support system capable of managing a transit line's fleet and crew while recom-

mending control actions. The system software recommends service decisions which personnel

can choose to follow or ignore. Figure 4-1, adapted from Maltzan (2015), summarizes the

software components in a decision-support tool. Data flows both from real-time services

and static schedules to a data interpreter, which in turn feeds train statuses and arrival

predictions to the decision engine. The decision engine contains all possible service control

actions and makes recommendations that are stored in a database and displayed by a user

interface.

4.3.1 Information requirements for fleet management

Any system or tool fully able to assist in fleet management must be able to determine,

store, or retrieve various information about each vehicle. Not every piece of information

which follows is required for a tool that supports decisions on control actions, but better

recommendations can be made with less input from terminal starters, yardmasters, and
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others, with each addition.

" Real-time location of every vehicle in and out of service. In rail yards, this can be

accomplished by adding AVI points or ensuring GPS is installed on each car.

" Counts of cars in yards which are available to put into service. This would preferably

include accurate track allocations so that a terminal dispatcher does not have to call

for the information (which often helps to determine switch placement).

" Counts of how many cars should be in service based on the schedule. This can be

displayed as a percentage of the service scheduled to be operating at the time of day.

" Ability for tool users to consult a vehicle's location history for the current day.

" Ability for maintenance crews to look up a vehicle's inspection and maintenance record

to determine patterns and schedule preventive maintenance. In the event that a vehicle

must be inspected after a regular interval of miles in service, users can also be notified.

Information about the vehicle can easily be documented digitally.

4.3.2 Information requirements for crew management

The following is information or features that would assist in digitally managing operators.

Once again, not everything listed is necessary for a simple decision-support tool. A tool for

controlling service can have a very simple interface such as that in Maltzan (2015). In the

Green Line case study, however, Operations management suggested that an application re-

sembling the current paper sheets might realize more buy-in from inspectors and supervisors.

Possible requirements and features include:

" The ability for users to view an operator's past locations for the current day.

" Digitalization of the run schedule book. Each run and operator can be searched for

clock-in, clock-out, and meal break times.

" Complete roster of all operators, including extra board operators.

* Coverage lists which can be accessed and modified remotely.

" Ability for HR to update the system when operators report or schedule absences. Full

automation may entail an automatic assignment of scheduled coverage to trips when

absences become known.
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Table 4.1: Required and optional real-time information by control strategy.

Predicted Passenger
Previous arrival of activity on

Static departure trailing control Downstream
schedule time vehicle vehicled demand

Schedule holding
Target headway holding
Even headway holding
Deadheading
Expressing //
Short-turning // V/ $

Legend: /optional information, //required information.
d Passenger activity includes not only the load but also the destinations of passengers onboard the

vehicle. Passenger information could be inferred from the combination of static sources, such as ODX,
and real-time headways.

4.3.3 Information requirements for real-time control

The information requirements for generating recommendations for real-time service controls

is dependent on the strategy to be implemented. Maltzan (2015) details a number of strate-

gies and the information which is required to be known in real time in order for a system

to recommend them. Table 4.1 summarizes the minimum requirements for each strategy

marked with a double checkmark. The most common information requirements are the

times of the previous departure from a stop and the next arrival at the stop. Additional

information which is not commonly quantified by transit agencies but would be useful in

providing controllers with a more complete picture of operating service is denoted with a

single checkmark. The lack of a checkmark does not mean that the particular piece of in-

formation is irrelevant to the respective control action but rather that it is likely to be less

important. Maltzan (2015) walks through each case and gives the requirements in text.

4.3.4 Real-time data interpreter

A computer program must be included somewhere to interpret the incoming stream of real-

time information. This program must include a direct call to one or more APIs which return

vehicle locations, arrival predictions, and vehicle loads, typically in JavaScript Object No-

tation (JSON) or the Extensible Markup Language (XML) format. A prediction interpreter

for transit data must take the following steps:
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1 Call real-time APIs at a regular interval.

2 Store the API response as a set of objects, one for each record returned (for example,

a distinct train with a location).

3 In the case of information related to a train (location, predictions, load, and boardings),

link the returned object to a previously-observed train, and update fields.

4 If vehicle locations are available but downstream predictions are unavailable directly

from available APIs, predict downstream location times based on historical running

times.

5 Impute times, particularly terminal departures, if the closest location-recording point

is more than a negligible distance downstream.

6 Update archival database entries with revised information if it does not first need to

be processed through the decision engine. After this step, updated information will

be shown via the user interface at its next refresh.

4.3.5 Decision engine

The decision engine for a real-time decision-support system is its most critical piece: the

engine uses the information passed through the data interpreter and makes service, main-

tenance, or other types of recommendations to the end user. The engine is programmed

with the decision rules for all permissible control actions. When updated information (not

only related train locations, but also crew availability, etc.) is passed to the decision engine,

decision rules related to each possible control action are applied, and updated recommenda-

tions are passed along to the database from which they will be shown in the front-end user

interface.

4.3.6 Database

A database is necessary for storing the data passed from the real-time data interpreter

and the decision engine. In terms of the system architecture, the front and back ends of

the decision-support software are likely to be two separate applications. Bridging the gap

between these two components is a database that the data interpreter, decision engine, and

user interface (UI) can all read from and write to.
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Any database used must meet basic requirements of security and reliability. Since

the types of data available in the database may be sensitive or confidential in nature-

particularly information related to individual operators-a system of permissions must be

put in place so that personnel can access only the information necessary for their jobs, and

so that misuse can be detected. Reliability must be ensured by placing the database (and all

other software components) on a stable server secured from outside vulnerabilities. All data

should be backed up regularly so that, in the event of a failure or security breach, records

can be restored with no permanent loss.

4.3.7 User interface

The user interface (UI) is the only component visible to end users of the system. As Maltzan

(2015) describes, there are three main roles to which the UI can be adapted: centralized

dispatchers using desktop computers, field inspectors and supervisors using tablets or smart-

phones, and operators consulting basic data terminals installed inside train cars. A fourth

interface can be added: a portal for analysts and supervisors to access archived information

from previous days-a user-friendly alternative to querying the archival database directly.

Separate Uls can be created to support multiple role types, or a one-size-fits-all approach

can use only one UI for different groups of users. Regardless of which roles the application

is adapted for, there are several basic requirements for all Uls:

1 They must show information relevant to the role and location of the specific user.

2 They must hide extraneous information that will be unimportant for the role and

location of the end user.

3 They must allow for intuitive modification of the service plan (with few clicks needed

to make common changes).

4 They must be responsive. End users must be able to access and interact with the

application without significant lag.

4.4 Implementation for MBTA experiment

The following section describes an implementation of the decision-support tool framework in

Section 4.3. The framework is implemented for an experiment that tests controlling service
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by headway at the Riverside terminal of the MBTA Green Line in Newton, Massachusetts.

The experiment itself is described in Chapter 5.

For this implementation, the framework components were developed as three applications

and one database, the relationships of which are shown in Figure 4-2. The three applications

are a logic program, an API, and a user interface. The rest of this chapter describes the

applications in the context of the framework.

4.4.1 Vehicle location data

Vehicle location data comes from MBTA-realtime, a publicly-accessible API which develop-

ers can call to view, among other information, the locations of and predictions for trains on a

given line. As noted in Maltzan (2015), data can also be downloaded using GTFS-realtime,

which uses a standard format shared by transit agencies around the world. MBTA-realtime

is chosen for use in this implementation for its ease of use (no special permissions are re-

quired), documentation, and general reliability (although uptime is less than 100%). Unlike

GTFS-realtime, using the MBTA-realtime API does not require the system to download

location data for all lines and stations, allowing users to select the ones of interest, which

decreases download and processing time.

Data from MBTA-realtime pertaining to the Riverside branch of the Green Line is down-

loaded by the real-time data interpreter once every 10 seconds (the most frequent interval

allowed by the API use policy). The API returns a JSON document with the location of

each train on the branch, the time at which the train was recorded at the location, its desti-

nation, and predicted arrival times at all downstream stops.1 Each train is then categorized

as one of the following:

1 Terminal-bound train A train which is en route toward the controlling terminal

and for which a prediction for arrival at the terminal is available.

2 Terminal-bound but short-turning train A train heading in the direction of and

along the branch of the controlling terminal but which will be terminating early. On

the Riverside branch, this is typically a train with a destination of Reservoir.

Predicted arrival times for downstream stops are not currently provided for westbound trains east of

Park Street. In-station signage lists the number of stops away a train is rather the time until arrival, because

for trains at Park Street and east, it is difficult to predict movements with accuracy, since many trains are

held.
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Figure 4-2: Software architecture for the MBTA Green Line decision-support tool.
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3 Terminal-departing train close to the terminal A train which is within two

stops of the controlling terminal and is moving away from it.

4 Terminal-departing train far from the terminal A train more than two stops

away from the controlling terminal and moving away from it.

Once this categorization is applied for each train, the location data are processed and

cleaned with the methods described in Section 2.4. If a train's AVL record is still believed

to be valid after cleaning and is not a duplicate of another record, an attempt is made to

link the train to an existing trip previously detected at another location by comparing train

consists and trip IDs. Depending on the categorization of the train, one of the following

processes or checks occur:

1 Terminal-bound train The predicted arrival time at the terminal, if changed, is

updated. If the current time is more than 15 seconds after the predicted arrival time

at the terminal, the train is assumed to have arrived. If the train has not yet been

linked to a trip, the matching algorithm described in Section 4.4.3 is run, which infers

the train's crew and scheduled trip based on its last departure from a control terminal.

2 Terminal-bound but short-turning train If the train was previously designated

to go to the control terminal but has had its destination changed to short-turn, then

the object relating to the train is updated so that it is no longer expected at the control

terminal. If the trip was previously scheduled on paper, then the arrival at the control

terminal is shown as canceled. Otherwise, the arrival is removed entirely. In either

case, if a departing trip from the control terminal was recommended to use this train,

the trip and the train are unpaired, and the trip is reassigned to the next available

train arriving at the terminal.

3 Terminal-departing train close to the terminal If the train matches an existing

trip, the algorithm checks whether the destination of the trip has changed. If it has, it

updates the database. An unmatched train suggests that this is the first time the train

has been tracked since departure. The algorithm estimates the terminal departure time

from the current location and timestamp. This departure time is given by tg-rg, where

t9 is the time the vehicle is reported at location g, and rg is the average running time

from the terminal to point g (typically a geofence). The average running time from
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the first geofence departing Riverside to each possible location g is calculated from

one month of AVL data. The remaining running time, from when a train begins to

move upon departure from Riverside until it reaches the first possible geofence past

the station is obtained from pre-experiment observations. After a departure time

is estimated, the trip-matching algorithm is run and the matched trip is marked as

having departed at the appropriate time. As an example, consider area a to be the first

geofence departing Riverside, and a train is observed traveling away from the terminal,

detected at area c at 15:30:25. If the average running time from the platform to area

a is 19 seconds, and that from area a to area c is 35 seconds, then it is estimated that

the train departed Riverside 54 seconds before its detection at area c, at 15:29:31.

4 Terminal-departing train far from the terminal If the train matches an existing

trip, the algorithm ensures that the destination of the trip has not changed. If it has,

the database is updated.

The real-time data interpreter is part of a Java SE program installed on a server in the

Massachusetts Green High Performance Computing Center (MGHPCC).

4.4.2 Crew and vehicle block data

Several data sources are incorporated in the decision-support implementation in order to

provide vehicle and crew information. One of them is open to the public, but others are

internal to the agency.

The schedule is published by the MBTA in the GTFS format. This includes all scheduled

trips and their scheduled times at all stations, along with trip and vehicle block identifiers.

From this information we can determine when vehicle blocks are due to be pulled out of and

into yard as well as how many vehicles should be in service at any given time. The schedule

does not specify which trains should be pulled from the yard but only uses block numbers

as placeholders for available rolling stock.

Digitized crew schedule information was sent to MIT weekly. This was a digital version

of the paper train sheets used by terminal inspectors, in the same tabular format, showing

operators scheduled to depart from or arrive at a terminal at a scheduled time. The files

were parsed by a Python script that summarized the information into a table containing all

scheduled runs and operators for each day of the week. After parsing, the table is imported
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to the database. A separate table, also obtained from the MBTA, correlates scheduled trips

in GTFS to crew run numbers. These three sources are combined to provide end users with

a schedule including all information from GTFS while adding flags indicating, for instance,

if a scheduled trip is the first or last for a run. Any real-time updates to crew or vehicle

availability are input directly via the user interface to the dispatcher or terminal inspector.

4.4.3 Scheduled trip matching

Several situations require the matching of a train to a scheduled trip. Even though departure

times are being modified in the experiment, every departing train is still linked to a scheduled

trip, unless it is explicitly added to supplement scheduled service. The situations requiring

trip matching and the algorithms developed to link newly-seen trains to a scheduled trip

and crew are as follows:

1 A new train is seen heading toward control terminal.

a All completed departures from the control terminal in the previous two hours

are iterated in reverse chronological order. The most recent departure containing

at least one of the cars which is now heading toward the terminal is selected.

The two-hour window is sufficiently longer than the one-way running time on the

Green Line but shorter than the time typically needed to make three one-way

journeys. This ensures that the wrong trip is not selected if, for instance, the

train switches branches for a trip or is not tracked for one or more trips.

b If such a departure exists, the runs of the crew operating the train are noted.

The earliest available trip in the direction of the terminal containing ether of the

runs is selected for the train, as long as it has not been marked as canceled. The

scheduled arrival time must occur after the actual departure time of the previous

trip.

c If no previous departure contains either of the cars, the train is likely being

transferred from another branch (perhaps to undergo a mechanical repair). A

new trip ID is generated for the train and the trip is considered a supplement to

the regular schedule.

2 A train is heading toward the control terminal, has already been linked to an arriving
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trip, but is no longer the furthest train away from the terminal traveling in the same

direction.

a This situation usually arises simultaneously with that in Item 1: once a train is

no longer the furthest from the terminal heading toward it, the trailing headway

can be calculated, and an initial recommendation can be made on the train's

eventual departure time from the terminal. On the Riverside branch, this usually

occurs more than half an hour before its arrival at the terminal.

b The schedule of departures from the terminal is consulted, and the earliest sched-

uled departure without a recommendation (and which has not been canceled) is

selected. This is trip a.

c The previous step is repeated with the restriction that the selected trip cannot

be scheduled as a pull-out from a yard during the early morning hours (before

07:00). This is trip b. 2

d The train heading toward the terminal is assigned to depart from the terminal as

trip a. If trip a and b are not the same (i.e., if trip a is scheduled as a pull-out),

then trip b is reassigned to now be covered with a pull-out from the yard, to

ensure that the number of trains in service matches the schedule.

3 A new train is observed departing from the control terminal via manual observation

input by an assistant supervising the pilot.

a The scheduled trip which is selected by the assistant is matched to the departing

train. During the experiment, trains were manually input by assistants because

of the current shortcomings in the Green Line tracking system, as described in

Chapter 2.

b Unless the train is being pulled out of the yard, the train will have been predicted

to depart on some trip. The algorithm looks at which trip the train was previously

matched to and sees if this is the trip that the train is actually serving. If the trips

match, no further work is needed. If they do not match, the trains of upcoming

departures need to be rematched to trips, as explained in the next section. An
2Only scheduled pull-outs ahead of the morning peak period are considered, since pull-outs ahead of

the afternoon peak period are currently dispatched as needed to fill scheduled trips without regard to the
pull-out trip designations.
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example of when this may occur is when two trains are dwelling at a terminal

station and the first to depart is not first to have arrived.

c Since this departure was marked manually without accurate consist information,

four minutes are allowed after the input to wait for AVL data (which contains

the consist) to be reported by the train-tracking system. During this four-minute

window, the actual departure time can still be used for the purpose of optimizing

service.

4 A new train is observed departing from the control terminal using AVL data (because

it was not manually input by an assistant).

a Scheduled departure trips (and any extra service added) for the terminal are

iterated chronologically. The trip with the earliest recommended departure time

that has not yet departed is selected to be matched to the observed train.

b If no trains to depart have recommended departure times, the first scheduled trip

to depart is selected.

c As with manually-matched departures, trains are rematched to trips if the de-

parting train was not previously matched to a trip. Since the observation is made

using AVL data, the consist is known.

4.4.4 Rematching of upcoming departures

As mentioned in the previous subsection, there are several cases that require rematching

trains to departure trips. These cases include the following:

1 A train departed from the terminal out of the order anticipated by the decision-support

system.

2 An inspector indicates that an arriving vehicle previously marked to continue in service

will now be pulled into the yard, or vice versa.

3 An inspector indicates that an upcoming departure will be served by a train coming

from the yard instead of a train already in service.

4 An upcoming departure trip is canceled.
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(a) Before

Sche
Trip ID ti

A 09:
B 09:
C 09:
D 09:

Table 4.2: Example effects of a trip cancellation.

cancellation. (b) After cancellation.

luled Train Scheduled Train
ne serving trip Trip ID time serving trip

10 3642-3888 A 09:10 3642-3888
15 3615-3805 B 094
20 3868-3653 C 09:20 3615-3805
25 3808-3710 D 09:25 3868-3653

5 A scheduled trip shown as departed

the crew which actually departed.

backward one or more trips so that

in the decision-support tool does not match with

The associated train must be moved forward or

the train is correctly aligned with the operators.

How departing trips are reorganized is best explained through the use of examples. First

we consider an example of a trip needing to be canceled shortly before its recommended

departure time from Riverside due to a crew shortage, as shown in Table 4.2. Before the

cancellation, the decision-support software anticipates that train 3615-3805 will serve trip

B, originally scheduled for 09:15, as it will arrive several minutes beforehand. The following

trip C, scheduled for 09:20, is to be served by train 3868-3653. Trip D, scheduled for 09:25,

is anticipated to be served by train 3808-3710 based on real-time AVL data. After trip

B is canceled, trains are rematched to trips such that train 3615-3805 serves trip C, train

3868-3653 serves trip D, and train 3808-3710 serves the subsequent trip.

The second example uses the same trains and scheduled trips, and is shown in Table 4.3.

The terminal inspector at Riverside learns that the approaching train 3615-3805 has a door

malfunction and cannot be put back into revenue service. Using the decision-support tool,

the status of train is manually changed to Pull-in, designating that the train will not be

used for a departing trip upon arrival. As a result, trip B is reassigned to train 3868-3653,

trip C reassigned to train 3808-3710, and trip D is reassigned to some other train.

The routines for reorganizing trips are located in multiple locations across the application

so that updates to the user interface can occur as quickly as possible. Changes initiated

by an end user implement any required reorganizing within the API interfacing with the

front-end (see Section 4.4.6).
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Table 4.3: Example effects of a train pulled into the yard.

(a) Before train status modification. (b) After train status modification.

Scheduled Train Scheduled Train
Trip ID time serving trip Trip ID time serving trip

A 09:10 3642-3888 A 09:10 3642-3888
B 09:15 3615-3805 B 09:15 3868-3653
C 09:20 3868-3653 C 09:20 3808-3710
D 09:25 3808-3710 D 09:25 TBD

4.4.5 Database

Data for the experiment was stored in a PostgreSQL relational database configured to allow

only authorized developers, analysts, and applications to access and modify its contents.

The database was used in real time to power the decision-support tool and to archive results

and conduct analyses. A number of tables were created in the database. The following is a

list of the tables and a brief description of each:

1 stop_ visits Contains all terminal stop visits, along with assigned crew and vehicle

information, for past service days. The table columns are similar to those in the paper

train sheets, but with added fields to store information such as whether the operator

has signed in and which inspector was on duty when the stop visit took place.

2 stop_ visits_ today and stop_ visits_ tomorrow Identical to stop_ visits, except

that the contents are only the stop visits which have occurred or are scheduled to

occur during the current or next service days, respectively. These tables are kept

separate from the archive to reduce retrieval time from the database by the real-time

decision-support system.

3 actions_ log. Logs the user, timestamp, location, and type of every modification

made using the front-end UI. Inspector sign-in and sign-out times are also recorded.

The logs were used for debugging the application before and during the experiment.

In practice, they could be used to audit usage of the tools.

4 comments, comments_ today, and comments_ tomorrow Contains all com-

ments input manually by end users as well as automatically when special actions are

taken. Comments can be linked to a trip, vehicle, operator, or single stop visit, and

may follow the object for the rest of the service day.
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5 operators A correlation table of operator identification numbers (or badge num-

bers) and operator names. This table is joined with stop_ visits_ today when train

information is shown in the UI, since the former contains only badge numbers.

6 run_ assignments See Section 4.4.2.

7 signature_ images If operators sign in using the mobile device, an image file of the

signature is stored into this table along with a timestamp and location. The sign-in

feature was not used during the experiment.

8 users A table of all authorized application users and hashed credentials.

4.4.6 Client-side application

For most users, the client-side application and its user interface is the method of interaction

to the decision-support tool. The front-end is built as a browser-accessible web application,

built primarily using the JavaScript language supported with the jQuery, jQuery Mobile, and

Knockout libraries. Responsive web design is used to ensure that the user interface is easily-

viewed and used on both tablet and personal computer devices. Backwards compatibility is

ensured so that all features can be used on the OCC terminals using legacy browser versions.

The entire application is hosted on an Apache Tomcat web server.

The default user interface, shown in Figure 4-3, is the view that inspectors and other

users of the tool see the majority of the time. The layout can be broken into three sections:

1 An upper bar with the current time and administrative features. From left to right,

the administrative features are as follows:

a The location at which the decision-support tool is being used.

b The identification badge number and name of the inspector signed into the tool.

c A button to scroll to the next upcoming trip.

d A button to activate the ring-off bell on the terminal platform.

e A switch between the schedule of the current and following service days (for use

when making next-day crew substitutions).

f A logout button to switch between users or terminal locations.
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g A notification showing service alerts for the branch. The button appears only

when alerts are issued to the public and can be clicked to show more details.

2 A lower bar with the following figures, from left to right:

a A count of cars in Riverside Yard. This is only a crude approximation based on

pull-outs and pull-ins, as a demonstration, since there is no access to real-time

train locations in yards.

b The number of cars in service on the Riverside branch in each direction based on

real-time train locations.

c The previous departure headway.

d The current scheduled headway.

e The average of the recommended headways of the next two departures.

3 The main section showing scheduled and actual service. The section contains a table

which shows service to and from the control location for the entire day. Scrolling the

section shows either earlier or later service, and a click of the Current button in the

upper bar returns to the current time of day. The left half of the section shows trains

arriving to the user's location, while the right half shows departing trains. Each row

in the table represents a single car in service. A row with information only on the left

side depicts a train being pulled into the yard upon arrival, while a row with only the

right half filled is a train being pulled out. A train will almost always occupy two rows

in the display, since trains usually run with two coupled cars. Trains are separated in

the table with a thin, horizontal line across the screen.

a The car column shows the identification number of each car in a train. (The lead-

ing digit "3" is omitted, following current practice and for space considerations.)

The second car of a train is labeled with a "T" after the car number, and the

third car of a train (if applicable) is labeled with a "K", following current practice

on the paper sheets.

b The Trip column in the departures half of the table shows the originally-scheduled

time for a trip, which may differ from the recommended or actual departure time

as shown in the Time column.

111



c Some trips may have a button within the Note column. Such a button means that

a comment has been added to the trip, stop visit, operator, or car corresponding

to the row (in the arrivals or departures half). The button can be clicked to view

the comments.

d The button next to every car-trip under the Edit column opens a dialog window

from which modifications can be made, as described later in this section.

Separating arrivals and departures to the left and right sides of the display is reminiscent

of the paper sheet format, except that a car's arrival and departure are shown together in

a single row instead of two. The decision was made for each row to represent a single unit

of rolling stock rather than an operator, since the top priority for terminal inspectors is to

dispatch vehicles. The display for a train is likely also to be simpler across the left and right

halves because train cars are seldom coupled or uncoupled on the platform, whereas one

crew member on a train may be assigned to a meal break upon arrival at the terminal and

the other may immediately serve another trip.

An effort is made through the use of symbology to distill the displayed information to

only what is necessary. Arrival and departure times in the main section of the user interface

can be displayed in parentheses and italics without seconds to indicate they are scheduled

times, in large and bold text with seconds to indicate they are times for upcoming arrivals

or recommended departures, or in the standard script and size with seconds to indicate they

are actual times of completed arrivals or departures. Row background colors also provide

context, as exemplified in Figures 4-3, 4-4, and 4-5. The different colors used are listed and

defined as follows:

1 Dark gray (default background color) The trip has already arrived or departed

and thus no action needs to be taken.

2 Green The trip has yet to occur. A recommended time is displayed under the Time

column indicates that the arrival or departure will occur in the near future.

3 Light gray An arriving train to the control terminal is being sent to the yard rather

than than immediately returning to service.

4 Black The car will not run in revenue service for the related trip. A button appears

under the Note column to view further information. If the text in the row is crossed
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Figure 4-3: Standard view of decision-support tool in use for the Green Line experiment.



Figure 4-4: Black and light gray background colors for canceled (top rows) and pull-in
(bottom rows) trips.

out, the trip or car has been canceled by a user and will not run at all. 3 If NR appears

next to the time in the row, the trip is run as a non-revenue train.

5 Yellow under the Run, Badge, or Name columns Crew information cannot be

inferred or has not been assigned. The color is also paired with ? symbols under the

relevant rows.

6 Blue under the Car column A trip is en route to or from an unscheduled location

opposite the control terminal. This color typically indicates that a short turn has taken

place. This is dependent on the branch: for the Riverside branch, any trip to or from

Riverside that does not originate or terminate at Government Center is considered

unscheduled.

7 Red A recommended departure time exceeds the allowable headway due to a lack

of equipment or personnel. This color acts as a warning for the inspector or dis-

patcher to take a corrective action, usually a pull-out. Red also highlights undesirable

performance or yard availability in the lower bar (see Figure 4-5).

8 Yellow for the entire departing half of a row The trip is recommended to

depart within 30 seconds. The button for the ring-off bell should be pushed to ensure

an on-time departure.

Manual changes to the status of trains, crews, or trips are made through pop-up dialog

windows accessed by clicking on the button in the Edit column for the desired train car.

The edit dialogs differ for arrivals (see example, Figure 4-6) and departures (see examples,

Figures 4-7 and 4-8). Along the top of the window is a summary of the trip being modified:

3A car can be considered canceled if, for example, a trip scheduled to be served by a two-car train is
served by a one-car train.
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Figure 4-5: Instant feedback concept and indicators recommending that actions be taken.

colored banners provide explanations for the colored rows in the main table. Toggles and

buttons below the summary allow the user to make the most common changes, including

adding a comment or pulling a train into or out of the yard. Some of these actions open

secondary dialog windows such as the shown in Figure 4-9 for adding a comment. The main

edit dialog contains text boxes for modifying car numbers, runs, or operator identifiers. In

the case of an operator, a change can applied to either the upcoming cycle (to and from

the terminal) only or to the rest of the original operator's scheduled trips for the day. The

button labeled Special actions opens a drop-down menu with options used less frequently.

Refinement of the interface occurred after periods of user testing at Riverside. Before

the final iteration of the UI, two columns appeared on the left and right halves of the main

section labeled Code. The columns contained, for certain trips, symbols indicating trips

that were scheduled as pulls to and from the yard or trips which started or completed a run

or led to a meal break. The symbols came from printed train sheets, but initial feedback

found that few inspectors used the information on a regular basis, and many did not even

know the meaning of every symbol, so the column was removed. The column was considered

redundant because users could click on a car number, run, or operator in the main table
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Figure 4-6: Main dialog window for an arriving train originating from another branch.

Departed at 5:05:34pm - . r Recommended 5:05:41pm
(5:00pm) IRun: 9014 Oper:"IP * ,4' , fa# Car: 3878 Trailer

Route: 852t Riverside to Government Center

Figure 4-7: Main dialog window for a departing train.
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Figure 4-8: A banner explains why a recommended departure time is colored red.

Figure 4-9: Dialog opened upon clicking the Add comment button.
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to view only desired trips during the service day. Nevertheless, at least one complaint was

made by a user after the removal of the column, suggesting that a permanent system must

undergo more rigorous consultation, testing, and training with prospective users.

The removal of the Code columns also made way for the Trip column for departures.

Before this addition, scheduled departure times were only shown in the editing dialog window

when the trip had a recommended time. This feature was designed to discourage inspectors

from referring to the scheduled time, but resulted in confusion as inspectors would often

refer to scheduled times when directing trains to depart early or late. Using an example

from Figure 4-3, a terminal inspector may announce to waiting operators that "the 10:05" is

instead leaving at 10:08:40. In order to smooth the transition from dispatching by schedule

to dispatching by headway, the Trip column was added so that it could be used as a reference

point. The addition was well-received by users who could better compare what the algorithm

was recommending with the paper sheets.

There are more features which a decision-support device could have but which were not

implemented for the described Green Line experiment. One example is shown Figure 4-3,

where small red squares are drawn next to the 12:41 departure. These squares, a prototype

that was not used in the pilot, were meant to give instant feedback on recommendation

adherence to inspectors. Many red squares would suggest that the official was doing a poor

job of ensuring that operators left on time. Since the squares are visible on the main screen,

the theory is that inspectors may become more motivated to ensure on-time departures. The

green banner in Figure 4-7 shows how recommendation adherence feedback was incorporated

into the dialog window for the final version of the UI.

When the main screen is left open without dialog windows, the train data are updated

on the front-end application every seven seconds; while dialog windows are open, updating

is suppressed. While the refresh rate of the interface is shorter than that of the back-end

application, they are not synced together, meaning that in some cases, the effects of a UI-

initiated change may not be seen by the user for seventeen seconds. This would commonly

result in a significant delay between an action and its effects, which annoyed several end users.

Future implementations must either reduce this delay or clearly indicate that modifications

are being processed and prevent further user actions in the meantime.

Acting as an intermediary between the database and the user interface is an API. This

API is written as a Java EE web application and is hosted on the same web server as the
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front-end application. The API is accessed using HTTP POST and GET methods sent with

a body containing the changes required or a request for train information along with an

authentication token in JSON. For calls requesting information, portions of the database

tables are returned to the front-end client as a JSON array.

4.4.7 Departure ring-off bell

An important logistical problem is the communication of recommended departure times to

operators. Currently, departures are scheduled to the minute, and adjustments made by

inspectors are never at sub-minute intervals. At Riverside, the terminal inspector is usually

situated at the end of the platform opposite of departing trains, making it difficult for him

or her to speak to operators once they have boarded the train, except by way of radio, which

can be heard by all operators and supervisors on the Green Line. This leads to departures

which are not made on time, as operators use different methods to determine when to depart.

Any success at implementing a control strategy using sub-minute accuracy is dependent on

ensuring that operators know precisely when to depart. It is unreasonable, under current

conditions, to expect an operator to depart at 40 seconds after the minute, for example.

This decision-support implementation included the installation of an audible bell that

notifies operators when they should depart. A similar system of "ringing-off" an operator

exists in many metro systems, including at heavy rail terminals on the MBTA network. The

departure bell at Riverside was configured as a 15-second audio file that could be played

through the existing public address system on the platform. This is the same system which

announces the arrival of trains using speakers and LED displays at downstream stations. On

the main user interface, the Bell button sends a message to an MBTA server instructing the

public address system to play the audio file. The audio levels on the platform were adjusted

by a technician to ensure that the bell could be heard from within the train cab. A stand-

alone application was also made to activate the bell with a single tap of a large-sized button,

as shown in Figure 4-10. At most times the terminal inspector had one tablet open with

the main dispatching application next to another tablet with the companion bell-ringing

application open. The size of the bell was designed on purpose to encourage inspectors to

utilize it on a routine basis.
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Figure 4-10: Screenshot of companion application for the platform ring-off bell.

4.5 Summary

This chapter began by presenting several applications of decision-support tools and systems.

These applications include implementing real-time control actions, vehicle management, and

crew management. Additionally, the three applications can be combined to manage transit

at all levels, since real-time service decisions, for example, often require updated information

on spare vehicles and operator coverage.

Descriptions of the applications are followed by an outline of the software architecture

needed to implement a decision-support tool. Real-time and static schedule information are

fed into a data interpreter, which updates the current state of the transit line or system. The

state is read by the decision engine, which makes recommendations on service adjustments in

real time. The recommendations are displayed in the user interface and stored in a database.

The framework was implemented for an experiment on the MBTA Green Line. The

MBTA-realtime API is used to obtain vehicle locations and predictions, and each train in

the feed is matched to a trip and crew using internal schedule data. Trains moving toward a

terminal are assigned a trip, crew, and time after arrival at which they should depart again,

unless the end user indicates otherwise. A user interface is created to provide dispatchers and

inspectors with recommendations and to allow them to adjust the service plan. A database
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stores all of the data necessary to feed the decision-making components and display service

plan details to authenticated users of the decision-support tool.
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Chapter 5

Field experiment and results

An experiment to control departing headways and modernize record-keeping using the

decision-support tool described in the previous chapter was implemented on the Riverside

branch of the Green Line. The pilot was conducted at Riverside terminal over ten week-

days in early 2017: Monday, February 20 through Friday, February 24, and Wednesday,

March 1 through Tuesday, March 7. Weekends were excluded, and the experiment lasted

for the entirety of each of the included service days. This chapter describes the experiment's

implementation and discusses the results.

5.1 MBTA Green Line Riverside branch

The Riverside, or Highland, branch of the MBTA Green Line stretches 19 kilometers (12

miles) between Government Center station in downtown Boston and Riverside station in

Newton. It is by far the longest of the Green Line's four branches and serves 20 stops per

direction. The route's length makes it attractive to commuters from outer suburbs west

of Boston. Combined, the two western-most stations feature about 1500 parking spaces

(Massachusetts Bay Transportation Authority, 2014). Its surface-level, branch portion, west

of Kenmore station, is also unique to the Green Line because it operates at higher speeds

along a dedicated right-of-way, without the interference of automobiles. Figure 5-1 shows

a diagram of the Riverside branch and its stations, with service in downtown typically

terminating at Government Center.
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Figure 5-1: Schematic of Riverside branch of the MBTA Green Line.

5.1.1 Headway-based control strategy

In consultation with MBTA Light Rail operations officials, a hybrid departure policy combin-

ing the target headway (Turnquist, 1981, Daganzo and Pilachowski, 2011) and even headway

(Turnquist, 1981) strategies was adopted at Riverside for this experiment. The base of the

experimental policy is the Prefol even headway strategy, which equalizes the leading and

trailing headways around a controlled train as shown in Equation 5.1.

dij = di- 1, j + (ai+j, j + 1j) (5.1)2

where:

dij = departure time for trip i from terminal j,
ai+1, j = predicted arrival time for trip i + 1 to terminal j, and

1j = minimum required layover time at terminal j.

Passenger-related dwell time at terminals is not considered because it is assumed that

passengers can alight and board during the minimum layover time. ai+, j +1j is the earliest
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estimated departure time for trip i + 1. The adopted policy adds the following constraints:

any train cannot depart until both the minimum layover, 1j, and the target headway at time

of day t, hjt, have elapsed. This is shown in the following:

dij = max (di-1, j + (ai+l, j + 1j), ai + 1j, ai + hjt (5.2)

At most times, the target headway is equal to the scheduled headway, hjt = hschedule, jt-

Following a large gap in service, defined by the MBTA as 1.5 times the scheduled headway

(Massachusetts Bay Transportation Authority and IBI Group, 2016), hjt = 0.65hschedule, jt

for the following trip. Following a very large gap longer than twice the scheduled head-

way, the adjustment is made for the following two trips. These adjustments are made to

alleviate concerns of reduced capacity after large gaps if the first train following the gap

leaves passengers behind on the platform. In the experiment, these situations were seldom

encountered, as long gaps were often filled by pulling extra trains out of the yard and into

service.

5.1.2 Context within agency organization

The experiment was conducted with the assistance of the MassDOT/MBTA Office of Per-

formance Management and Innovation (OPMI), which conducts data analysis and initiates

projects not only in Operations but in all facets of the transit agency. Staff from OPMI

acted as assistants during the experiment, as described in Section 5.1.4. Supervisors from

the Light Rail Operations department, which oversees the Green Line, as well as agency-

level Operations officials, were consulted on and gave approval to pilot specifics. Light Rail

officials issued a memorandum during the second week of the pilot asking operators and

inspectors to adhere to departure times calculated on the experimental tablet. The memo

was posted in the terminal break room and dispatching booth but was not issued to every

operator in the way a more binding special order would.

5.1.3 Operations personnel

The operations personnel involved in the experiment included operators, inspectors, and

supervisors. OCC dispatchers observed the user interface (UI) throughout the pilot, often

using it to determine which operators were on which train, though they did not use it directly
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to make control decisions.

Field supervisors oversee inspectors and operators. For the first two days of the pilot, one

supervisor monitored operations from within the official's booth at Riverside and coordinated

the training of officials who were not regularly scheduled to work at Riverside.

Officials regularly scheduled to work at Riverside terminal were the primary users of

the decision-support tool. On a normal shift, these officials are responsible for signing in

operators, ensuring that they are fit to operate a train, dispatching vehicles and crews

toward Boston, and marking departures, arrivals, and schedule modifications on the pre-

printed paper train sheets. During the experiment, they had the added responsibility of

using the support tool, and were instructed to dispatch trips at the time given by the

headway-based algorithm rather than on schedule. During the second week only, the ring-

off bell (see Section 4.4.7) was operable via the support tool, and officials were told to ring

the bell when indicated in the user interface (30 seconds before the recommended departure).

In general, the recommended departure time was communicated to operators orally, even

when the ring-off bell was in use.

Most Green Line inspectors and supervisors received a short training session by assistants

February 20-21. These trainings were held during their normal shifts at other locations and

lasted 15-20 minutes; other officials filled in for their regular duties while they were at

Riverside for training. Since officials' schedules often fluctuate due to vacations and sick

leave, an effort was made to train even those officials who were not scheduled to work

at Riverside. Nine different officials had shifts at Riverside during the two weeks of the

experiment.

5.1.4 Support personnel

Assistants from OPMI and the MIT Transit Lab provided on-site support at all times of

the experiment. After an initial, hands-on training at the start of an official's first shift

with the tablet, assistants monitored the official and ensured that they made all necessary

adjustments through the user interface. If the official encountered difficulties using the

application, the assistant would step in to provide technical support. Three tablets were

present at the terminal, one for inspectors, one for assistants, and a third as a spare but also

used as a stand-alone activation point for the ring-off bell. Assistants took notes on algo-

rithm adherence, official and operator actions, feedback from all parties involved, and other
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service-related events. If the official was not telling operators to leave at the recommended

time, assistants would determine why and attempt to convince the official to adhere to the

algorithm departure times, noting such situations. Finally, assistants were responsible for

obtaining and returning tablets to a secure location at the station at the start and close of

service each day.

In total, 13 assistants, 11 from OPMI and 2 from MIT, had shifts during the two-week

pilot. The shifts ranged between 4 and 7.5 hours in duration. During peak periods, two

assistants were often present in order to provide support during busiest times-for example,

one assistant can monitor trains on the platform while the other follows the official's planning

and actions. The assistants themselves attended one overview training session and one

hands-on training session the week before the pilot began. And a debriefing was held after

the pilot to obtain their feedback.

5.1.5 Pre-experiment baselines

The baseline period consists of weekdays within the three weeks before the experiment,

Monday, January 30 through Friday, February 17, 2017. Three weekdays (Tuesday, January

31, Thursday February, 9, and Monday, February 13) were excluded from the baseline due

to significant snowstorms, as service and ridership on those days were not representative of

normal weekdays. Tuesday, February 7, was also excluded due to a sports parade in Boston

which led to added service and increased ridership. For the remaining eleven weekdays,

periods with severe delays or during which service was suspended on the Riverside branch

(as described in public-facing service alerts) were also excluded.

For all baseline and experimental data presented later in this chapter, the time-of-day

periods and associated scheduled headways used in the analyses are shown in Table 5.1. The

non-integer scheduled headways listed come from patterns in the existing schedule, since the

schedule is rounded to the nearest minute. For example, a 5.33-minute headway means that

trains are scheduled to leave with headways in a repeating pattern of 5 minutes, 5 minutes,

and then 6 minutes-averaging to 5.33 minutes. These periods are different from those

defined by the MBTA and are instead based on periods of uniform departure headways from

Riverside.
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Table 5.1: Time periods analyzed and scheduled headways on the Riverside branch.

Time period Time Scheduled headway

Morning peak 06:00-09:00 5.33 min
Midday 10:00-15:00 7.5 min

Afternoon peak 15:00-18:00 5.66 min
Evening 20:00-24:00 10.5 min

5.1.6 AVL data periods of experiment data

Analyzed experimental data during the pilot's ten days excludes periods of time with sus-

pensions or severe delays on the Riverside branch, which occurred only once, during the

midday of Thursday, March 2, when a tree branch fell on catenary wires.

In all analyses, data from only the second week (weekdays of Wednesday, March 1

through Tuesday, March 7) of the experiment are considered, for several reasons. The first

week of the pilot occurred during the Massachusetts-wide February school vacation period-

ridership periods differ from normal during this week, as some parents stay home with their

children and/or take off-peak trips from suburbs and into Boston. Much of the first week also

consisted of officials and assistants becoming comfortable with the devices and dispatching

algorithm, resulting in more periods of non-adherence to recommendations. The first week

also did not run with a functioning ring-off bell, decreasing the number of methods officials

had to communicate dispatching times precisely and encourage operator compliance.

5.2 Compliance with dispatch instructions

The decision-support tool presented each scheduled departing trip from Riverside with the

scheduled departure time and, more prominently, the algorithm's recommended time. This

section describes the degree to which departures complied with recommendations and dif-

fered from the schedule.

5.2.1 Definition of compliant departure

Departing trips from the experimental period are labeled as either compliant or non-compliant

to the recommended departure time from Riverside, based on a threshold of 45 seconds.

This is done to separate the effects of using the holding strategy from those of using normal

dispatching procedures, as the policy was not followed consistently during the experimental
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period. Since a train's running time and headway are often impacted by the vehicles ahead

(leading to greater or fewer than normal boardings) and behind (leading to en route control

actions), a trip is only considered compliant if the adjacent trains had also departed within

the 45-second threshold. In other words, a compliant departure is one with even headways

surrounding it per the dispatching algorithm. For passenger-based metrics, the definition of

compliance was relaxed in that the following train does not need to have departed River-

side within the threshold, because the simulation used to generate the metrics assumes that

passengers board the first available train serving their destination or the furthest station

reachable from the origin (whichever is closer to the origin).

The 45-second threshold provides a large enough sample size to compare against the

baseline for all times of day except the evening (which sees low eastbound ridership), and it

can be reasonably expected that, under a full implementation of headway-based dispatching,

trains will be able to depart within 45 seconds of the recommended time. A smaller threshold

was not chosen due to the lack of trips matching all criteria and to inaccuracies in determining

a train's true departure time from real-time AVL data. During the second week of the

experiment, 15.6% of eastbound trips met all the criteria. When broken by time of day, the

share of fully compliant trips varied between 12.8% (midday) and 20.3% (morning peak).

5.2.2 Deviation of departure times from recommendations and schedule

A total of 782 departures were observed at Riverside during the second week of the ex-

periment. Figure 5-2 summarizes the differences between actual departure times and rec-

ommended departure times for all times of day. Negative lateness values signify early de-

partures. Only 19% of departures left within 15 seconds of the recommendation, and 36%

departed within 30 seconds. Table 5.2 shows that just fewer than half of all trips left within

the 45-second standard of punctuality established above, suggesting that significant difficul-

ties were experienced ensuring that officials and/or operators adhere to the decision-support

tool's recommendations. Comparing the punctuality to the departure recommendations to

schedule adherence, both in Table 5.2 and in Figure 5-3, it becomes clear that trains were

more likely to leave with the scheduled time than to the recommendation.

Figure 5-4 shows adherence to the experimental recommendations for compliant trips by

time of day. For all periods except the evening, trips tend to depart before the recommended

time-this is also reflected in the negative means and medians of adherence for the respective
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Figure 5-2: Adherence of all departures from Riverside to recommended times.
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Figure 5-3: Adherence of all departures from Riverside to scheduled times.

130



Table 5.2: Adherence to recommended, scheduled departure times by compliance threshold.

Threshold Trips compliant to recommendation Trips compliant to schedule

Within 30 seconds 36.1% 48.4%
Within 45 seconds 49.3% 62.7%
Within 60 seconds 60.6% 72.4%
Within 90 seconds 77.6% 83.4%

times of day.

Based on observations written by assistants, officials occasionally ignored the recom-

mended times if they strayed too far late past the scheduled time. In these cases, an early

departure compared to the algorithm may also be an on-time departure compared to the

paper schedule. This can be seen in Figure 5-5: adherence of departures against scheduled

times, among compliant trips, is centered around the on-time mark and is not skewed early

or late. The link between the schedule, recommended departures, and actual adherence

to recommendations is explored further in Section 5.3. There is also evidence that some

operators departed ahead of the recommendation in order to avoid hearing the ring-off bell;

several even negotiated with the official at what time the bell would be rung if he or she

had not yet departed.

5.2.3 Deviations of recommended departure times from schedule.

Figure 5-6 shows, for compliant trips by time of day, the difference between the time rec-

ommended for departure and the scheduled departure time. To a greater degree than in the

day-spanning Figure 5-3, compliant trips show a tendency to have a recommended departure

time later than scheduled. In order to determine more precisely how the schedule impacts

adherence to the recommended departure times, we segregate compliance by the difference

in time between the recommended and the scheduled departure of each trip. Table 5.3

summarizes the share of early, on-time, and late departures from Riverside by the difference

between scheduled and recommended departure times. When recommendations are made

for 90 seconds or more after the scheduled time, trains leave early more often than they do

on-time. For recommendations 30 seconds or more ahead of schedule, trains will leave late

as often or more often than they depart on-time.

These results suggest that the problem of compliance was widespread. Trips recom-

mended to leave ahead of schedule tend to leave late, and those due to leave behind schedule
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Figure 5-4: Adherence of compliant trips to recommended departure times from Riverside.

Table 5.3: Shares of trips departing early, on time, and late (to recommended).

Difference between recommended Left 45 sec+ Left on time Left 45 sec+
and scheduled departure times early (+45 sec) late

2.5-3.0 min 68.2% 18.2% 13.6%
24 2.0-2.5 min 77.8% 22.2% 0.0%

3 1.5-2.0 min 69.2% 25.6% 5.1%
1.0-1.5 min 46.4% 44.9% 8.7%
45-60 sec 42.1% 49.1% 8.8%
30-45 sec 29.6% 54.9% 15.5%
15-30 sec 19.7% 62.1% 18.2%
0-15 sec 6.0% 82.1% 11.9%
0-15 sec 17.5% 60.5% 21.9%
15-30 sec 7.0% 58.1% 34.9%
30-45 sec 3.2% 48.4% 48.4%
45-60 sec 4.0% 48.0% 48.0%

0 1.0-1.5 min 8.7% 30.4% 60.9%
ce 1.5-2.0 min 0.0% 20.0% 80.0%

-- 2.0-2.5 min 0.0% 25.0% 75.0%
2.5-3.0 min 0.0% 0.0% 100.0%
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Figure 5-5: Adherence of compliant trips to scheduled departure times from Riverside.
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tend to leave early. The problem is slightly worse for recommendations ahead of schedule

than those behind schedule. Observations by assistants show that there were difficulties in

having operators walk to their vehicles (which, at Riverside, are usually left on the platform

with doors open during the layover period) in advance of the departure times. Even when

the recommended times were within one-half minute of the schedule, however, only 65.5%

of trips left on time. In most of these cases, the official simply told operators to leave at

the "regular time". This relatively low adherence rate may be reflective of typical on-time

performance at the terminal. Issues related to compliance are discussed further in Section

5.3.

Given the above observations on recommendation adherence, the analyses on service

and passenger-oriented impacts (Sections 5.4 and 5.5) are based on the small proportion of

compliant trips, but are representative of improvements which can be experienced if service

was operated to the times recommended by the decision-support tool on a more consistent

basis.

5.3 Factors contributing to recommendation non-compliance

This section explores the contributing factors to operator departure non-compliance during

the experiment at Riverside. These factors include poor operator and inspector behavior,

the design and reliability of the software application, and specific features of the Riverside

terminal. Section 5.6 will then provide several suggestions for addressing these factors for

future experiments and implementations.

5.3.1 Operator and inspector behavior and culture

The chief reason for the large proportion of non-compliant trips in Section 5.2 is the behavior

of operators, who drive the trains, and inspectors, who are supposed to inform operators of

their departure times. Some of the issues suggest a culture among personnel which does not

prioritize on-time performance, while others relate to inconsistencies in practice by terminal

inspectors, or inspectors' workloads.

The ring-off departure bell at Riverside was conceptualized as a way to let operators know

when to close the doors of the train and depart. In practice, however, many operators at the

terminal do not board their vehicles until the departure time or very shortly beforehand. This

135



120 ----

100
R2 =0.8996 .

80 ,_

60 *

40040 4 ___

20 
____ 1

0

0 10 20 30 40 50 60 70 80 90 100

Cumulative percentile

Figure 5-7: Distribution of reaction time from departure bell activation until train departure.

often made the bell impractical. Often during the pilot, assistants would observe operators

in or near the inspector's booth, chatting with fellow colleagues, with only a minute to spare

until the instructed departure time. More often than not, the bell would be rung while the

operator was not yet onboard the train, so the sound acted as a admonishment that he or

she should have already departed. Some operators would begin running if they heard the

bell ringing for them while more than one was observed to have slowed his or her walking

pace, perhaps out of contempt. Figure 5-7 shows that the duration of time between when

the departure bell began ringing and when the vehicle began to move was inconsistent,

suggesting that the bell was often ineffective at ensuring compliant trips during the pilot.

The bell itself was generally not well-received by operators. Many complained that it

was excessive in duration and volume, valid complaints which are addressed in Section 5.3.3,

while others likened the bell to being herded around as if they were cattle and expressed

fears of being tracked while on the job. The bell was inoperable until the second week of

the pilot, meaning that some operators may have considered the bell to be separate from

the rest of the tablet application and held different opinions of the two.1 Separately, this

experiment was never run without the presence of an assistant, who came from MIT or

the OMPI office at the MBTA headquarters. Therefore, there is the possibility that some

'All of the analyses of the experiment earlier in this chapter exclusively use data from the second week,
as explained in Section 5.1.5.
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operators were more diligent in their behavior during the pilot than on typical weeks.

Instructions to inspectors about the usage of the decision-support tool, including the

departure bell, were unclear and not consistently followed. The written memorandum to

inspectors and operators said that "a bell will sound on the platform; this is to alert Op-

erators to safely close their doors and depart the station on signal", but the memos were

not posted until two days before the end of the pilot (Michaud and Thibodeaux, 2017). A

memorandum, within the MBTA, does not have the force of a special order, which has an

implied disciplinary threat. The use of a memo was deemed appropriate because the pilot

was only in effect for a short time and because special orders must be approved and signed

by additional supervisory and management personnel. Some inspectors used the bell for

every departure, while others did so only if the operator had not yet left after the instructed

time, and several stopped using the bell entirely after a short time because it was deemed

too bothersome. From at least one inspector there was an indication that, due to the com-

plaints of operators, continuing to use the bell may cause operators to stop following his

instructions, worsening service performance.

Ensuring on-time departures begins before operators reach the platform. Operators are

required to report to the terminal inspector on duty ten minutes before the start of all

shifts and two minutes after breaks (including the start of the second half of a split shift).

Some operators were observed reporting much closer to their first trips than the ten-minute

buffer required, often without reprimand from the inspector. A two-minute buffer before

the scheduled departure time after breaks was insufficient to ensure that operators depart

early when that was the recommendation given by the even-headway policy. At present,

inspectors are permitted to send operators out on trips earlier than two (or ten) minutes

before scheduled if they are present, but operators are allowed to refuse the change. More

than one inspector expressed a sentiment of frustrated defeat on this subject: coordinating

the pulling out and in of trains and ensuring that trains departed on time left very little

time and energy to force operators to sign-in early.

Indeed, the terminal inspectors were observed as having a large workload. While all

inspectors manage to run service and record necessary information on their train sheets at

Riverside, it was often clear that there is room for increased efficiency. Terminal inspectors

play multiple roles: managing and approving delay time requests, fielding inquiries from

OCC dispatchers about operators or canceled trips, instructing operators to depart, deter-
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mining whether a trip will go out on time, and if not, formulating a plan (by assigning

cover, having the trip depart late, or cancelling the trip). At least several tasks (such as

delay time processing, reporting train cancellations, and filling in substitute operators for

the next day's service) could be streamlined or eliminated with a decision-support system,

allowing inspectors to focus on dispatching the next several trips from the terminal.

5.3.2 Software application design and reliability

The software application had undergone many hours of field testing on multiple days before

the start of the pilot, but the software was still not without issues which either disrupted

the pilot or made the interface difficult to follow on occasion.

MBTA-realtime, the public-facing API from which vehicle locations and predictions are

obtained, would occasionally go offline for several minutes during the height of rush hour,

right as it is most critical for trains to be properly dispatched. During some of these

instances, trains were dispatched by the scheduled times, and departures were not recorded

electronically.

Often, during the pilot and in normal operations, inspectors would orally give instruc-

tions on departure times to operators several minutes in advance. If, between the current

and recommended departure times, changes were made using the user interface, such as

pulling in the next arriving train, the recommended time would also change. Users of the

application found it frustrating when they told an operator one time before having it change

on the screen soon thereafter. The reliability and other technical issues which remained may

have shown some inspectors that the software was not yet perfected, reducing their trust in

the devices.

Some inspectors found maintaining the tablet application to be a difficult task during the

busier times of their shifts, especially since they were still required to fill out the paper train

sheets. On occasion, this meant that the decision-support system was not kept updated,

particularly when the inspector had to leave the booth to investigate a mechanical issue or

find an operator. In these cases, the recommended time, using the information known by

the algorithm, may have differed from the optimal departure time, had more up-to-date,

accurate information been given. The inspector would, at times, ignore the recommended

time, or, as a concession, give the operator a departure time between that scheduled and

recommended by the tablet. Operations officials assured researchers that inspectors would
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be easily able to manage both paper sheets and tablets simutaneously, though observations

during the experiment suggested this was often not the case. While some exception-based

ideas were incorporated in the development of the tool (by highlighting trips with long

recommended headways in red or highlighting unknown crews in yellow, as shown in Figure

4-5), the displayed information can be pared down and tasks simplified. The dissemination

of information could also be better-managed with the use of additional electronic displays,

as described in Section 5.6.1.

5.3.3 Riverside terminal infrastructure

The physical layout of the Riverside terminal should bear some blame for the observed non-

compliance of departures. The distance between the platform and the operators' lobby is

addressed here, as is the lack of an effective, internal communications system.

Before shifts and during breaks, train drivers are usually found in the operators' lobby,

the break and locker room at Riverside. The operators' lobby is located 100 meters (325 feet)

from the inspector's booth, a non-trivial walk. The path between the booth and the lobby

can be seen in Figure 5-8. If an operator is late reporting for a shift, he or she may be in

the lobby, but it can be difficult for the inspector to communicate with operators there-an

installed telephone often goes unanswered. On a handful of occasions, a frustrated inspector

left his or her post in the booth and walked to the lobby to find the tardy operator.

The station is not designed for easy communication between the inspector and the oper-

ators once they are onboard a train. The easternmost end of the train, where the departing

operator sits, is about 53 meters (175 feet) from the inspector's booth. During testing for

the experiment, a working microphone, connected to the public address system on the plat-

forms, was discovered, but the inspector on duty reported not having seen or used it for

many months, if not years. The options available to the inspector are to walk from one end

of the platform to the other (consuming valuable time), using a flashlight as a signal (which

must be pre-coordinated by a different means), or using the open radio (which may be oc-

cupied and can be heard by all inspectors on the Green Line).' Additionally, the ring-off

bell, when used, would ring loudly throughout the entire platform area. The station is split

into two public address zones by platform, but both were needed to be used for the bell

2A special radio channel does exist at Riverside, but this is generally used for communicating with the
yard crews. Train operators normally would not be tuned to the appropriate frequency while on the Riverside
platform.
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Figure 5-8: Map showing the locations of several facilities at the Riverside terminal.
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to be audible from the operator's cab due to the location of properly working speakers. 3

This meant that people far away from the front of the train, including the inspector and

operators waiting around the booth, experienced a quite loud bell ring, perhaps reducing

the inspector's willingness to use it.

5.4 Experiment impacts on service

This sections considers the impacts of the terminal control experiment on Green Line service.

The metrics used to compare changes in service are running and cycle times, headway

variability, and the additional number of trains that would be required to obtain the service

quality produced by a perfectly run schedule.

5.4.1 Running times

Significant improvements to running times were not anticipated based on the results of the

simulation experiment in Chapter 3. Table 5.4 lists summary statistics for running times

by time of day in the eastbound direction. Running time is calculated as the time between

departure at Riverside and arrival at Government Center. The improvement in mean east-

bound running time from the baseline to the set of compliant trips is small but statistically

significant to the 1% level during the morning peak and to the 5% level during the afternoon

peak. The decrease in running time when following the headway-based dispatching policy

comes from fewer longer dwells following long gaps and fewer en route holds (to adjust the

headway mid-trip).

In the westbound direction (returning to Riverside), similar improvements are observed.

While it may appear counterintuitive for running times to have decreased in the direction

that did not have additional terminal control, bunched trains are still often held in the

westbound direction. This happens most often at Park Street and Kenmore Square stations,

where multiple platforms allow overtaking.

In practice, however, vehicle schedules are set based on the longest of observed trips over

a survey period, typically between the 85th and 95th percentile of cycle times (Muller and

Furth, 2000). This means that upper percentile observed running times are more important

3A public address zone is a set of network-connected speakers which are linked together and can be
controlled as a unit. The zones are defined using software. The MBTA uses public address zones to send
different audio and visual messages to different platforms within the same station.
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Table 5.4: Statistics for eastbound running times.

Sscenario Median Mean Std dev 90th percentile
Time period Service (min) (min) (min) (min)

Morning peak Baseline 46.7 47.2 4.7 52.7
Non compliant trips 45.1 45.4 3.7 50.3

Compliant trips 45.3 45.1 3.7 49.6

Midday Baseline 44.0 44.2 3.9 48.4
Non compliant trips 43.4 43.9 4.8 47.4

Compliant trips 42.7 43.0 3.4 46.9

Afternoon peak Baseline 46.3 46.9 3.6 52.0
Non compliant trips 44.5 45.1 3.0 49.3

Compliant trips 45.2 45.4 2.3 48.1

Table 5.5: Statistics for cycle times from Riverside EB to Riverside WB.

Sscenario Median Mean Std dev 90th perc Sched
Time period Service (m)cmen(a) (m)imo

(min) (min) (min) (min) (min)

Morning peak Baseline 98.1 97.8 9.7 107.4 100.0
Non compliant trips 96.9 97.9 7.1 107.0

Compliant trips 94.2 94.4 5.4 101.0

Midday Baseline
Non compliant trips

Compliant trips

91.3
90.7
89.2

90.8 8.7
91.0 5.9
89.7 4.0

99.6
98.4
94.5

100.5
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Afternoon peak Baseline 98.6 98.7 11.6 111.4 107.0
Non compliant trips 94.9 95.2 7.3 103.3

Compliant trips 93.3 90.9 12.2 101.2
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Table 5.6: Reductions in 90th percentile cycle time from baseline to compliant trips.

Reduction in Reduction in Reduction in

Time period cycle time from cycle time from cycle time from
baseline non-compliant current schedule
to compliant trips to compliant trips to compliant trips

Morning peak 5.9% (6.4 min) 5.6% (6.0 min) -
Midday 5.1% (5.0 min) 3.9% (3.8 min) 5.2% (5.2 min)

Afternoon peak 9.2% (10.2 min) 2.0% (2.1 min) 3.8% (4.1 min)

than the mean for potential schedule changes. Table 5.5 lists the statistics for observed cycle

times on the branch excluding the layover time at Riverside. As with running times, the

difference in means of cycle times between compliant trips and the baseline is significant

and large during the peak periods. The differences between the 90th percentile cycle times

observed for compliant experimental trips, non-compliant experimental trips, the baseline

period, and the current schedule are summarized in Table 5.6:

Compared to the baseline, consistently using the times recommended by the headway-

based algorithm results in at least 5% shorter cycle times through the afternoon peak period.

By adjusting the scheduled cycle time likewise, the current number of trains could be sched-

uled to serve additional trips, or fewer trains could serve the current number of scheduled

trips. In the example of the morning peak, a 6.4-minute cut from the scheduled cycle time

would require one fewer train in service. The scheduled cycle time in the morning, however,

is shorter than what was observed during the experiment: this means that trains are still

arriving back to Riverside late. Nevertheless, the algorithm used in the pilot would still

reduce the number of late trains, which in turn reduces the operating costs by reducing the

amount of overtime worked.

5.4.2 Headway variability

The effect of the decision-support tool on headway throughout the route is examined. Figures

5-9, 5-10, and 5-11 show the coefficient of variation of headway along the Riverside branch

for the morning peak, midday, and afternoon peak periods, respectively. The coefficient of

variation of headway is the standard deviation of the headway divided by the mean headway

at each station. In each figure, the left half shows the headway variability in the eastbound

direction departing Riverside and the right half shows the westbound direction heading
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Figure 5-9: Coefficients of variation of headways during the morning peak (06:00-09:00).

toward Riverside.

Abrupt changes in the coefficient of variation between stops, such as at Reservoir east-

bound or Park Street westbound, likely indicate a holding control point. At all times of

day, eastbound headways generally increase in variability moving toward Boston. During

the peak hours, the headway variability of compliant eastbound trips begins significantly

lower than the baseline, and the difference decreases as trains approach and merge with

other branches at Kenmore. At midday, the magnitude of improvement from the baseline

is small leaving the terminal but increases before reaching the eastern terminus. This in-

dicates either that terminal dispatching is already effective during this time period or that

compliant trips and their surrounding trains are not as punctual at midday as during the

peak periods (see Figure 5-2).

In all cases, westbound service from Government Center is more variable than eastbound

service, largely due to layover space constraints within the Central Subway: only so much

adjustment can be made before a held train blocks another, and such control is out of the

scope of this experiment. Improvements from baseline coefficients of variation are smaller

in magnitude westbound but tend to increase along the route.

Across both directions, the morning peak headway variability of compliant trips de-
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creased by 41% compared to the baseline when the coefficients of variation are weighted by

boardings.

5.4.3 Additional vehicles required

The additional vehicles, or capacity, required metric, formulated by Maltzan (2015), is an

operations-oriented indicator of the amount of resources required to operate at the level

of service scheduled and promised to passengers. It is useful for agencies when allocating

vehicles and crews and estimating additional or reduced costs from implementing new service

delivery strategies. The metric is based on the relationship of a transit route's scheduled

cycle time at a given time of day, ct and its headway, Ht, to the number of vehicles required

to run the service. This requires the assumption that the scheduled cycle time, scheduled

headway, and thus scheduled number of vehicles in service are constant across a time period.

In this analysis the assumption is true for scheduled headway and is true for cycle time and

number of vehicles after an initial ramp-up phase in service for the morning and afternoon

peak periods.

As given by Maltzan, the headway used for Ht is the route's effective headway, Ht*, a

function of its unreliability:

H = Hscheduled, t (1i 0 2) (5.3)

where CV is the coefficient of variation of the headway at time of day t weighted across

all stations on the line. The weighted coefficient of variation is the weighted mean -^ divided

by the weighted standard deviation & over all stations i, which are given in Equations 5.4

and 5.5:

/,t= wiPi (5.4)

where wi is the passenger weight assigned to the station and pA is the average headway

at stop i during the studied time of day.

Passenger weights are obtained by running the passenger simulation model from Chap-
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Table 5.7: Improvements in addition vehicles required to run scheduled level of service.

Service scenario Morning peak Midday Afternoon peak

Baseline 22.7% 2.3% 24.2%
(3.9 additional trains) (0.3 additional trains) (4.1 additional trains)

Non-compliant trips 21.5% 18.8%
(3.7 additional trains) (0 additional trains) (3.3 additional trains)

Compliant trips 11.7% 12.8%
(2.2 additional trains) (0 additional trains) (2.4 additional trains)

Improvement with 11.0% 2.3% 11.4%
experiment strategy (1.7 trains added) (0.3 trains added) (1.7 trains added)

ter 3 with baseline period AVL data (simulating only demand and not service) and deter-

mining each station's share of boardings out of the total boardings at all stations in both

directions of the line. The weights are calculated separately for each time period and are

normalized to sum to 1. The number of additional trains required to run the scheduled

service is given by Vrequired in Equation 5.6:

Vrequired Vscheduled, t - (5.6)
cscheduled, t

where scheduled, t is the scheduled number of vehicles to operate on the branch and Cscheduled, t

is the scheduled cycle time at time of day t.

Summarized in Table 5.7 is the amount of service, given baseline or experimental con-

ditions, that would have to be added to the Riverside branch in order to operate at the

scheduled level of service (at which the effective headway is equal to the scheduled head-

way), both as a percentage and the number of vehicles. For example, we consider the

afternoon peak, which experienced the greatest improvement: the added vehicles required

decreased from 24.2% to 12.8% with the proper compliance of the experimental dispatch-

ing strategy. This is an improvement of 11.4%, which implies that controlling headways at

Riverside produced an effect equivalent to increasing the amount of service provided on the

branch by 11.4%. Translated into vehicles, the strategy results in only 2.4 trains needing to

be added to provide the scheduled service during afternoon peak instead of 4 1 trains, the

equivalent of obtaining the benefit of 1.7 additional trains. The benefits are similar in the

morning peak as the afternoon peak, with smaller benefits realized at midday.

These improvements mean that an agency can improve reliability with fewer capital and

operating expenses spent on adding resources, or that it can run current levels of service
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Figure 5-12: Time-space diagram of eastbound service on Tuesday, March 7, 09:30-12:00.

by utilizing fewer resources, lowering operating costs. These improvements can be increased

across the Green Line if the strategy was applied at all terminals and in both directions,

and to a lesser extent if fine-tuned control actions consistent and coordinated with terminal

dispatching were applied sparingly at select en route control points, as shown in the results

from Chapter 3.

5.4.4 Examples of effects on holding

Shown below are several examples of time-space diagrams showing eastbound service on

the Riverside branch when the recommended departures were and were not followed. In

the three following figures (5-12, 5-13, 5-14), each line represents the trajectory of a train.

Lines in bright red signify trains which left more than two minutes before or after the

recommendation; bright green lines signify trips departing at the recommended time; colors

in the gradient between green and red signify a varying degree of adherence.

Figure 5-12 shows a midday stretch of trains which departed Riverside relatively close

to the recommended time displayed. The departures running along the bottom of the figure

are spaced relatively equally apart, and trains generally remained evenly spaced downstream

until reaching Government Center.
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Figure 5-13: Time-space diagram of eastbound service on Tuesday, March 7, 15:10-16:10.

In contrast, Figure 5-13 shows uneven departures at the start of the afternoon peak on

March 7. Both of the circled departures occurred at their regularly-scheduled time but did

not follow the recommendation. Both experienced long dwells at Reservoir station-likely

the respective operators were told by an official at Reservoir or the OCC via radio to hold

several minutes to adjust headway. The train departing at 15:46 left less than 4 minutes after

the previous, likely experiencing fewer passengers and thus shorter dwell and running times.

The result is that two trains came within one minute of each other by Newton Centre, and

the second was held for about four minutes at Reservoir, inconveniencing the 27 passengers

estimated to be onboard. There is also the consideration of passengers waiting downstream

of Reservoir who had no knowledge of the hold from the real-time information available to

them (via station signage or mobile devices). If the train had departed at the recommended

time, such an en route hold at Reservoir likely would not have been needed.

In the final example, Figure 5-14, the focus is placed on the train departing just before

09:20. The previous train left at its originally-scheduled time and was then held for three

minutes at Reservoir from 09:29. The circled train itself was scheduled to depart at 09:20:00

and was recommended to depart very close to schedule at 09:19:46. The train departed more

than a minute early at 09:18:45 and experienced a faster running time, catching up to the

previous train by Reservoir. At Reservoir, the early train was held for five minutes, and a
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Figure 5-14: Time-space diagram of eastbound service on Tuesday, March 7, 09:05-10:15.

shorter hold may have additionally occurred at Kenmore station. 53 passengers rode through

Reservoir station and 90 through Kenmore, resulting in a total of 6.7 passenger-hours spent

onboard the particular vehicle during the holds.

The preceding examples show how the control algorithm can impact service at the level

of the individual trip-and how a lack of adherence to dispatching instructions can quickly

affect commuters' journeys.

5.5 Experiment impacts on passenger experience

This section looks at the impacts of the terminal dispatching experiment to passengers. In

particular, we look at changes in passenger wait and journey times as well as in a wait

reliability metric. Values for metrics are obtained by running a simulation model similar

to that used in Chapter 3, adapted to assign passengers to vehicles defined by archived

AVL data rather than from randomly-drawn running times. For each scenario, at least 50

replications were run.
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Table 5.8: Passenger wait time statistics during the morning peak.

Service scenario Eastbound Westbound
Mean (min) Std dev (min) Mean (min) Std dev (min)

Baseline 3.26 3.07 4.34 3.35
Non-compliant trips 3.03 2.60 4.32 3.46

Compliant trips 2.75 2.07 4.20 3.01

Table 5.9: Passenger wait time statistics during the afternoon peak.

Service scenario Eastbound Westbound
Mean (min) Std dev (min) Mean (min) Std dev (min)

Baseline 3.65 2.93 4.36 3.73
Non-compliant trips 3.44 2.68 3.98 3.40

Compliant trips 3.22 2.35 3.77 2.83

5.5.1 Passenger wait times

A passenger's wait time is defined as the time between his or her arrival at the origin station

and that person's boarding time. If the journey requires a transfer between trains within

the Green Line, the transfer time is added to the wait time.

Tables 5.8 and 5.9 show the means and standard deviations of wait times for the morning

and afternoon peak periods, respectively. Analyzed eastbound passengers include all those

who began trips along the branch portion and went to a destination within the Central

Subway trunk; westbound passengers include all who traveled from the trunk to a surface-

level stop along the branch.4 Assuming that passengers arrive at their origins randomly

through a stochastic process, the mean wait time for the ideal transit route running with

regular headways should equal one-half the scheduled headway.

Passengers in each of the four time-direction pairs shown experienced significant de-

creases in the mean headway as well as headway variability. The greatest improvements

from baseline wait times are realized in the two patterns with the highest demand: morning

peak eastbound and afternoon peak westbound. The average passenger, in those patterns,

waits 30 seconds less for a train following the headway-based strategy. More importantly, the

change in standard deviation means that passengers experience a smaller range of waiting.

We also examine the ranges of experiences of eastbound passengers' waits as presented

4 Passengers traveling only within the branch are not analyzed, as their journey times tend to be much

shorter compared to those riding between the trunk and branch, and they represent a small share of all

travelers, especially during the peak periods.
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Table 5.10: Riverside-branch wait time reliability by direction and time of day.

Direction Service scenario Morning peak (%) Midday (%) Afternoon peak (%)

Eastbound Baseline 81.2 85.0 80.2
Non compliant trips 84.9 84.8 82.8

Compliant trips 89.2 83.8 86.9

Westbound Baseline 77.6 75.0 74.3
Non compliant trips 78.6 75.5 78.7

Compliant trips 80.4 75.4 79.5

in box plots in Figures 5-15 and 5-16. The ends of each plot's box represent the first and

third quartiles, and the range between the end of the box and the closest whisker is 1.5 times

the interquartile range. In the eastbound direction, the third quartile (75th percentile) is

reduced by more than half a minute during the peak periods. The 90th percentile wait time,

representing a segment of customers more likely than others to complain publicly about their

unreliable journeys, decreases by 90 seconds (21%) in the morning peak and by 75 seconds

(15%) in the afternoon peak. The midday period shows no decrease in the interquartile

range for complaint trips but rather a marginal shift toward longer waits. As mentioned

in Section 5.4, service already runs with greater regularity at midday than during the peak

periods. This means that recommended departure times are not likely to significantly differ

from the schedule, leading to a lesser sense of need to adhere to the tablet recommendation.

Figure 5-16 gives the wait time distribution for the afternoon peak in the westbound

direction. The improvement in customer experience is similar to that in the morning peak

eastbound, with a 75-second (or 14%) decrease in wait time at the 90th percentile.

5.5.2 Passenger wait time reliability

Wait time reliability, as defined in Chapter 3 and by Tribone et al. (2016), is a measure

of customer experience. It provides the proportion of passengers with wait times deemed

acceptable by the transit agency, with a duration shorter than the scheduled headway. The

MBTA uses this metric for measuring performance on its bus and rail services. Table 5.10

shows the wait time reliabilities of passengers riding between the trunk and branch portions

of the Riverside branch by time of day.

The greatest improvements are realized in the peak directions of travel. In the morning,

wait reliability in the eastbound direction increases from 81.2% to 89.2% for those passengers
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(c) Afternoon peak.

Figure 5-15: Distributions of wait times for eastbound passengers.
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Figure 5-16: Distributions of westbound wait times during the afternoon peak.

boarding compliant trains, and for westbound afternoon peak passengers, wait reliability

increases from 74.3% to 79.5%. This suggests that, in the peak directions of demand, 5-8%

of passengers, who wait longer than the acceptable duration under current operations, would

experience acceptable wait times with terminal headway-based control.

As noted in the discussion in Chapter 3, the MBTA currently has set as a standard a wait

reliability of 90%. Table 5.10 shows that this level may be achievable across all passengers

on the Riverside branch when controlling service only at the outer terminal. Figure 5-17

compares morning peak wait time reliability by station. Under headway-based control from

Riverside, the 90% standard is met at six out of thirteen surface-level stations (at two more

stations, 89% of passengers have reliable waits). Under existing operations, only one station

achieves a reliability of 89%. Wait reliability decreases eastbound of Riverside until the final

station along the branch segment, Fenway. Even with proper, headway-based dispatching

at Riverside, headways become more variable and wait times more unreliable due to factors

such as the variability of operator speeds and of dwell times (because of unequal demand

within a short period of time, an unequal distribution of passengers boarding the two cars

of a train, or even passengers interacting with the onboard farebox with cash).

The results in this section reinforce the conclusion from Chapter 3 that implementing

proper terminal dispatching is a major-but only one-tool for agencies to improve service

reliability.
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Figure 5-17: Stop-level wait time reliability along the surface-level of the Riverside branch
during morning peak period.

5.5.3 Passenger journey times

We compare passenger journey times between existing service and compliant service during

the experiment. Journey time is defined as the time from a passenger's arrival at the origin

station until his or her arrival at the destination station.

Statistics for journey times between the Riverside branch and the trunk are shown in

Tables 5.11 and 5.12. The variation of journey times is naturally high because different

passengers have different origins and destinations, but the samples of passengers are large

enough to compare between different operating environments. During the dominant di-

rections of travel during peak periods (eastbound in the morning and westbound in the

afternoon), average journey time decreases by more than 90 seconds for passengers riding

compliant trips. In all other directions and times, except the morning peak traveling away

from Boston, the mean journey time decreases by smaller but still statistically significant

durations. In both directions of travel, the standard deviation of journey times decreases

when recommended departure times are followed.

The decrease in average journey time is greater than that of average wait time, meaning

that the journey time improvements come from both improvements in wait times and faster

running times.
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Table 5.11: Passenger journey time statistics during the morning peak.

Service scenario Eastbound Westbound
Mean (min) Std dev (min) Mean (min) Std dev (min)

Baseline 30.6 17.1 21.6 11.8
Non-compliant trips 29.2 11.0 22.0 10.5

Compliant trips 28.9 10.9 22.6 10.4

Table 5.12: Passenger journey time statistics during the afternoon peak.

Service scenario Eastbound Westbound
Mean (min) Std dev (min) Mean (min) Std dev (min)

Baseline 26.8 11.5 24.7 13.6
Non-compliant trips 25.6 11.0 23.3 12.8

Compliant trips 25.9 10.9 23.0 9.9

5.6 Ideas to improve recommended departure compliance

This section lists several ideas to improve the compliance of departures for future imple-

mentations. The proposed solutions are based on the possible reasons for non-compliance

as suggested in Section 5.3.

5.6.1 Real-time terminal displays

As recommended by Maltzan (2015), the LED displays on the platform should display the

two upcoming recommended departure times, adjusted automatically as needed. This is

similar to the current practice at the MBTA's heavy rail terminals, except the Green Line

departure times would be based on the recommendations made by the decision-support

system. An example of an LED sign displaying real-time train information at a mid-route

station is shown in Figure 5-18; the existing signs at Riverside or other terminals would show

similar information. Since the display is visible to the public, operators may be incentivized

to depart on time in order to avoid complaints from passengers who rightly believe that the

train should be departing. On the Green Line, LED displays are installed at Riverside and

Lechmere and require only software changes; at the other two dispatching terminals, Boston

College and Cleveland Circle, network upgrades would be necessary in order to install such

displays.

This research proposes that additional displays be installed at terminals. These large-
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Figure 5-18: LED display at Newton Centre showing the next two westbound arrivals.
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format LCD displays, similar to those already used by the MBTA to show real-time infor-

mation at several bus terminals, would list upcoming, recommended departure times to the

second, the operators assigned to those trips, and the state of the train to be covering the

trip (whether it is being pulled from the yard, is on the platform, or will be arriving from

service). A mockup of the interface is proposed in Figure 5-19. Each large-format display

would be located in a portion of the station inaccessible to the public-likely the inspector's

booth-in order to protect the privacy of operators. If the operators' break room is located

away from the platform, as is the case at Riverside, additional displays should be installed

in those non-public areas so that operators can confirm their departures before walking to

the platform.

5.6.2 In-vehicle electronic communication devices

The recent research by Lizana et al. (2014) in Santiago and Cats (2016) in Stockholm used

in-vehicle communication consoles in order to send holding and speed-adjustment messages

directly to en route operators. This is another avenue for the MBTA or other agencies to

consider when aiming to improve departure adherence.

A network-connected console can provide various types of messages to the operator,

including a readout of the train's current headway, or instructions to hold, express, or

terminate at an upcoming stop. Naturally, any electronic devices in the operator's cab must

include the simplest-possible interface to avoid dangerous distractions while operating a train

(Maltzan, 2015). An example interface may have a black screen display only the words "At

Reservoir: Hold for 2 minutes" or "At Reservoir: Hold until 15:25:30" next to a icon of a stop

sign. At terminals or other locations, they could count down the seconds until the departure

time. Use of such a tool could reduce the amount of radio traffic required. In addition to

receiving messages, operators could press a button to request to speak to dispatchers, using

either public or private audio channels; canned text messages could also be sent to the OCC

with the touch of a button. Instructions sent to consoles could be connected directly to a

decision-support system which automates the dissemination of messages with effects below a

specified threshold, but this is not necessary for a functioning system of in-vehicle consoles,

as inspectors and dispatchers may instead send all messages manually.

The MBTA currently uses in-vehicle consoles from the company Trapeze for its bus

fleet. The units are linked to the radio network and display a bus operator's adherence to
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Figure 5-19: Mock interface of a display for operators at a terminal.
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scheduled timepoints but they do not display headway-based instructions or metrics, so a

potential exists to also improve service for high-frequency bus routes if capable hardware

and software were installed.

5.6.3 Adherence reporting

All parties involved in the operating the Green Line--operators, inspectors, and OCC

dispatchers-need to have the same understanding of which service objectives and stan-

dards will be evaluated. Terminal inspectors primarily work toward schedule adherence,

whereas mid-line inspectors and OCC dispatchers enforce headway adherence and are typ-

ically not concerned with the schedule. This can make for inefficient operations if, given a

state in Green Line service, schedule and headway-based controls lead to different outcomes.

As an example, a terminal inspector may release two trains within three minutes of each

other, only to have the second train held for two or three minutes by another inspector

several stops downstream in order to increase the spacing.

Until 2016, the MBTA Service Delivery Policy defined light rail reliability, along the

branches, in terms of the percentage of trips which "operated within 1.5 scheduled head-

ways" over a service day, with a goal of reaching this for 85% of trips (Massachusetts Bay

Transportation Authority, 2010). The running time was also evaluated: trips should have

been run within five minutes of the scheduled duration from one terminal to the other. A

train running with a headway of 8.5 minutes in a period with a 6-minute scheduled headway

would have been considered to be on time under previous policy. The newest revision is

tied more directly to the customer experience by using the passenger wait reliability metric,

defined in Section 3.3 (Massachusetts Bay Transportation Authority, 2017). The emphasis

on headways and passenger waits must be conveyed to inspectors by ensuring that the tools

produced for use in controlling service reflect the objectives set by the agency upon which

these employees will be evaluated.

Previous researchers have suggested posting the on-time performance of operators at each

terminal on a regular basis (Malikova, 2012), or providing incentives (in the form of extra pay

or vacation hours) to the top percentiles of operators complying with instructions Maltzan

(2015). The decision-support system used in the experiment generates compliance data.

Reporting these to management and even providing operators with personalized compliance

scorecards could motivate improved compliance. These ideas of softly incentivizing on-time
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performance should be pursued, to improve morale among some operators. Any requirements

to negotiate such programs with unions should not preclude their consideration. Indeed,

union leaders may express interest in the idea of providing better service to passengers

through improved behavior, thus improving their public perception.

5.7 Recommendations

Several recommendations are made to the MBTA for future work in implementing a headway-

based dispatching policy relying on automated decision-support tools. The recommendations

are based on the results of the experiment, a review of issues leading to non-compliance,

and ideas to improve compliance. While the recommendations are specific to the Green Line

case study, they can be adapted for similar projects on other transit modes and in other

cities.

5.7.1 Operator culture and departure discipline

Requiring operators to check in with a terminal inspector two minutes before the first trip

following a break is not enough to ensure that early departures can be made when necessary.

A change in operator policies to allow for a five-minute buffer would allow for increased

flexibility in operations, likely at a small monetary cost.

Separate rules requiring operators to be onboard their trains ahead of the instructed

departure time should also be proposed. One simple implementation may involve having

operators begin walking toward the train (and moving the vehicle onto the platform, if

necessary) at the "boarding time," two or three minutes before the recommended departure

time. The large-format displays depicted in Figure 5-19 should show the boarding time for

each operator rather than the departure time.

Ultimately, the implementation of any major changes to terminal departures requires the

retraining of inspectors and operators in order to realize the intended behavioral changes.

Training sessions must emphasize the importance of service reliability as well as how it relates

to other key goals, including safety. Supervisors should receive regular reports on departure

compliance, and operators should be able to track their compliance, either through messaging

in break rooms or by distributing personalized scorecards. Incentives can be offered for good

compliance, and tips can be offered to improve poor compliance.
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5.7.2 Terminal infrastructure

Improvements in communication systems at terminals are also crucial for implementing a

dispatching system which uses sub-minute intervals. At Riverside, much of the infrastructure

is already in place and only needs modification. A microphone connected to a public address

system should be installed at every station with an inspector's booth and adjusted so that

it can be clearly heard.

Despite the negative reactions to the ring-off bell during the Riverside pilot, the use of

some signal to cue departures, audio or visual, is strongly recommended. Examples of a

visual signal include an LCD sign posted just past the front of the train, or an indicator

at the front of the cab. If the signal remains an audible bell, those implementing it must

work closely with those in charge of the public address system to ensure that speakers are

relocated as needed, and to make sure that the public address zones are configured so that

only necessary speakers ring the bell. At Riverside, only the speakers closest to the eastern

ends of the platforms should sound the departure bell (a practice done on some heavy rail

terminals on the MBTA).

LED and LCD screens should be used as discussed in Section 5.6.1, with the recom-

mended departure times appearing on the countdown clocks as well as in the publicly-

accessible MBTA-realtime API. An additional, less intrusive chime should be considered to

sound at the boarding time before departure. This short chime would be heard throughout

the platform as an instruction for the next operators; it could be replaced with a recorded

voice announcing that the "next Green Line train departs in two minutes".

Vehicle tracking should be made more accurate and more precise around terminals and

in yards, potentially by adding AVI points on each track within a yard, or sending trains'

GPS pings within yards to internal data feeds. This knowledge of vehicle availability would

reduce the need for manual data entry and improve the data the headway-based algorithm

uses to recommend departure times.

5.7.3 Terminal and layover procedures

This research follows the suggestion of (Malikova, 2012) to have trains arriving at terminals

move into the departing position, leaving the doors open for passengers to board before

the departure time. This already occurs at most times at Riverside and generally also at

162



Lechmere, both of which feature faregates. The practice can be followed at other locations

with the MBTA's forthcoming movement to a proof-of-purchase system for the Green Line

as part of the AFC 2.0 project (Block-Schachter, 2016). At Boston College, a terminal with

a loop, trains which are arriving and will be reused on the next trip should be relieved of

passengers upon arrival to the station and immediately looped to the boarding platform

prior to transferring the train to another operator. This may add a minute or two to the

duties of an operator about to be relieved, but any associated costs should be worth the

increased reliability in departures.

Operators should sign in electronically so that check-in times can be recorded and the

associated rules enforced. Requiring operators to sign in electronically may reduce late

check-ins if they are aware that they may easily be held accountable for their tardiness.

Radio-frequency identification (RFID) targets can be installed near or at the entrances of

the booths at terminal stations. An inspector is still required with any individual's sign-in,

however, due to the need to confirm an his or her fitness to work. One way this check can

be ensured while still easing the responsibilities of the inspector is to introduce a multi-tier

system. Upon arrival to the booth, following ths example, an operator sees her name next

to a red dot on a large screen, indicating that she has not yet signed-in. She taps her

employee badge at the entrance of the booth and the dot turns yellow; the screen lists her

boarding time. She approaches the inspector on duty, who confirms that she is fit for duty

and clicks her name on a handheld tablet, making the dot next to the name turn from yellow

to green. At this point, the operator would be authorized to board and operate the train

when signaled.

5.7.4 Future vehicle procurement

Procurements for the Type 10 and future light rail fleets should incorporate elements which

will transmit more data or allow service control instructions to be transmitted more easily.

At this time, the existing fleet can only transmit real-time data related to location. The

existing routers, which are connected to the GPS units, could also be connected to fare

validators and automatic passenger counting (APC) systems to gain real-time information

on boardings and load, which could in turn be incorporated into the control strategy algo-

rithms. Alternatively, passenger counts may be estimated using computer vision techniques

if surveillance cameras are installed on Green Line cars, just as they are on many MBTA
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buses. There may also be an ability to stream information from the electronic headsign,

which would provide more frequent and detailed updates on a train's destination. The cur-

rent destinations in the AVI system are limited in quantity (with more terminals to be added

with the Green Line Extension), and updates can only be recorded when the train passes an

AVI point. There may also be the potential for this information to be made public through

in-station signage and APIs: passengers may be able to see, before leaving their homes, for

example, that the next train is near capacity and choose to postpone their travel for several

minutes in order to obtain a seat.

There should be a consideration into adding in-vehicle consoles to future fleets, not

unlike those on the existing bus fleets. In addition to the benefits of sending and receiving

instructions directly in the cab, operators would be able to sign into trains with their run

and operator numbers (possibly with a tap of their RFID-enabled badges), reducing the

need to infer which crew a train is carrying and which scheduled trip it is serving. Ideally,

the AVI route code, headsign, and public address announcements would be controlled from

the same console to reduce the amount of dashboard clutter.

5.7.5 Decision-support tool integration in operations

The MBTA should pursue the creation and use of a unified decision-support system for

all Green Line supervisory personnel. The system, during the development phase, must

have the full support of everyone to be impacted, including inspectors and operators and

dispatchers. Tribone et al. (2014) concluded that, when creating new tools and metrics, the

process involved in the creation is as important as the innovation itself. If a group outside of

the Light Rail Operations department is in charge of the project, a liaison within Operations

should be established with regular updates and meetings scheduled with Operations staff.

The dispatching control algorithm should be improved upon to include vehicular and

crew constraints, and algorithms to determine the feasibility of different actions (such as

short turns) should be formulated and tested. Algorithms and performance metrics should

be aligned to be based on similar inputs, and inspectors and operators must be retrained on

what they will be evaluated in addition to the functionality of the new system.

Opportunities for using decision-support tools beyond recommending real-time controls

should also be explored. Yard masters and maintenance crews, for instance, may carry

devices which show the real-time positions of trains within a yard, or warn them when an
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in-service train requires repairs. Administrative tasks, such as the requesting and approval

of overtime delay pay, can also be simplified if not automated, increasing productivity while

reducing the likelihood of fraud.

Any decision-support system should rely on internal data sources and APIs. An internal

API running on a server separate from public-facing API will be more resilient by not

experiencing periodic downtime from increased demand during the peak periods, as the

researchers experienced. An internal API will also be secure from external threats, such as

denial of service (DoS) attacks. Security and redundancy is important for any electronic

system upon which service depends.
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Chapter 6

Conclusions

This chapter begins with a summary of the thesis, including findings from the simulation

of and field experiment with real-time control strategies on a complex light rail network.

The key findings and contributions of the research are then provided, followed by recom-

mendations for the MBTA or another transit organization to follow when implementing a

headway-based service control policy. Finally, avenues for future research are offered.

6.1 Summary and findings

This research has expanded the study of headway-based control actions to a complex, multi-

branch light rail service, using simulation and an experiment implementing a decision-

support system. The research uses the MBTA Green Line, which has recently expanded

vehicle tracking to cover the entire system, as a case study. Chapter 1 of the thesis begins

by outlining the motivation for this research in terms of service reliability, technology ad-

vancements, and social and economic growth, particularly as the Green Line prepares for an

expansion which will add two branches to its eastern end. An overview of the Green Line

and its existing operations is provided, followed by a literature review.

6.1.1 AVL data cleaning

Chapter 2 begins by presenting common issues and limitations experienced with the vehicle

location data available for the MBTA Green Line, in both its archived and real-time forms.

Some of these issues relate to the pre-processing of the different raw data sources, while

others involve the reliability of the tracking infrastructure itself. The chapter continues
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by detailing an algorithm for cleaning archived AVL data using information from an entire

service day. Use of this algorithm results in improved continuity within trips when analyzing

characteristics such as headway and running times, since errors in train information are

corrected and missing data are imputed. The algorithm is run each morning to clean the

previous day's vehicle location data before they are stored on a server for later use by

researchers (such as in Chapters 3 and 5). Strategies for cleaning real-time data are also

described.

6.1.2 Service control simulation

Chapter 3 presents a simulation model of the Green Line based on the framework created by

Sdnchez-Martinez (2013). The model takes as inputs running times from AVL data cleaned

with the algorithm in Chapter 2, demand from ODX (which also uses the AVL data), track

and signal infrastructure, and schedule data from GTFS. The model allows for scenarios

implementing different service control strategies to be tested and compared.

An experiment is run to determine effective holding strategies for a light rail service as

complex as the Green Line. The current practice of schedule-based dispatching is compared

against a target headway-based strategy. Combinations of holding points at terminals and en

route were tested for each control strategy to determine where supervisory resources would

be most efficiently utilized. Holding trains at terminals until the scheduled headway from

the previous trip has elapsed significantly improves passenger wait time reliability during

the peak hours and, as a result, decreases the 90th percentile of passenger journey times by

12%. Holding trains en route yields only marginal additional benefits to wait and journey

times, and should be limited in duration if conducted along the trunk of the line. These

results inform the strategy implemented in the experiment described in Chapter 5, that is

to focus resources on terminal headway control rather than en route holding.

6.1.3 Decision-support system and tool

Chapter 4 begins by specifying a framework for implementing a decision-support system for

improving reliability on a transit line. The framework builds upon what Maltzan (2015)

conceptualized by incorporating information that inspectors and dispatchers consider when

making control action decisions, such as vehicle and crew constraints. The framework is

generalized so that it can be adapted and used outside of the case study for this research.
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The second part of the chapter describes the creation of the decision-support tool for

use in the headway control experiment in Chapter 5. The tool's software takes as inputs

real-time AVL data, crew and vehicle schedules, and changes entered via the user interface.

Trains en route toward and departing from the Riverside branch terminal, the experiment

site, are detected and matched to a schedule trip. The user interface allows the user to switch

the order of departing operators, designate trains as coming in and out of service, cancel

trips, and make other common adjustments. Based on these inputs, the decision-support

tool, in the form of a web application accessible from a browser, applies the service control

policies specified in Section 5.1.1 and displays optimal departure times. A bell, activated

within the same web application, was installed at the testing terminal in order to notify

operators on the platform of revised departure times.

6.1.4 Field experiment

Chapter 5 covers the implementation of the headway control experiment at Riverside ter-

minal on the MBTA Green Line. The chapter begins by describing the experimental even-

headway dispatching policy on the Riverside branch before outlining the logistics involved

in running the pilot. During the two-week experiment, terminal inspectors simultaneously

used both the preexisting paper train sheets and the new decision-support tool, implemented

on a commercial tablet computer. Assistants from outside of the Operations department

supervised the experiment at all times, providing technical support as necessary.

The results from the experiment show that, during the times that the recommenda-

tions were properly followed, the variability of headways during the peak hours decrease

by 40%. Passenger wait times, on average, decrease by 30 seconds during the peak period.

The improvement in service quality is equivalent to adding 1.7 trains to service. Problems

with ensuring that operators departed the terminal at the recommended time prevented

these benefits from being recorded at all times. Recommendations for improving terminal

operations and increasing compliance in future implementations are provided.

6.2 Contributions

This research contributes to the body of research into the holding of transit vehicles as a

control strategy, the implementation of real-time control strategies using a decision-support
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system, and AVL data cleaning.

Many of the techniques for cleaning archived and real-time AVL data, as described in

Chapter 2, while formed specifically to address the issues found on the Green Line, could

be generally applied to other transit agencies or technology companies wishing to improve

the quality of their vehicle location data. Before the start of this research, the quality of the

Green Line data was sufficient to provide station predictions in real time, but inadequate

for aggregate service analyses by time of day or for a decision-support system.

The analyses in Chapter 3 extends the simulation of holding strategies to a complex,

multi-branch light rail service. The framework used for the simulation is agent-based and

event-driven and incorporates various automatically-collected data. The results from the

simulation experiment are similar to previous, simpler applications on light rail and BRT

trunks: headway-based holding is more effective than schedule-based holding, and regular

dispatching at terminals is critical to maintaining service quality throughout the entire line.

Finally, this research represents the first known use of a decision-support system which

recommends headway-based holding while incorporating crew data. Compared to the works

of Lizana et al. (2014) and Cats (2016), this system consists of a tool designed for decision-

makers potentially deciding between many alternative service options, rather than automat-

ing the process and sending instructions directly to operators. The results and feedback

show that a support system similar to the one designed is feasible for use as long as consid-

erable retraining is conducted. The holding algorithm, pilot application, and the broader

framework on which the application is based can be used for future implementations, on the

Green Line and other complex transit lines.

6.3 Recommendations

The key recommendation following this research is for the MBTA to adopt a policy of

headway-based dispatching at the outer terminals of the Green Line. Consistent, headway-

based dispatching at terminals should be prioritized over en route control, and supervisory

resources should be shifted accordingly. These recommendations can be adapted and applied

to other high-frequency light rail and bus services of varying complexity, and are mostly

taken from the recommendations previously made in this thesis.

1 Dispatching at terminals should be based on maintaining the scheduled headway rather
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than attempt to follow the scheduled times precisely. If ensuring the success of the

headway-based dispatching requires additional supervisory posts at terminals, mid-line

inspectors along the branches (such as at Coolidge Corner or Harvard Avenue) should

be reassigned to the terminals. Headway-based holding at terminals will reduce the

need for en route holding, which then could be directed by OCC dispatchers.

2 Any implementation of headway-based dispatching at terminals must involve the con-

sistent use of real-time AVL information. This requires having inspectors use a single

website or application in order to standardize the decision-making process. This need

can be filled using a new decision-support system.

3 The MBTA should consider deploying a decision-support system that is adaptable to

operate within a variety of situations and can detect and flag exceptions in normal

service patterns. This research envisions supervisory personnel being provided with

handheld tablets, but other configurations are possible, such as installing a console in

each vehicle for the operator to receive direct messages from inspectors or the OCC.

The implementation of any support system requires an agreed upon control policy to

be programmed in the recommendation engine. The opportunity may also warrant a

reevaluation of the roles and relationships between field inspectors and control center

dispatchers.

4 Dispatchers, inspectors, and operators must understand how performance of their own

jobs and of service as a whole are evaluated. Agency performance metrics should align

with the goals of the agency, and in turn, any decision-support tools developed must

be geared to work toward those metrics.

5 Beyond using headway-based dispatching, procedures at Green Line terminals must

change in order to encourage on-time departures. At every terminal, arriving trains

should be pulled into the departure berth, with all doors left open for passengers to

board without delaying the departure. The adjustment can coincide with a change to

a proof-of-payment fare enforcement policy. Operator policy must also be changed to

ensure that those returning from breaks check in with the inspector more than two

minutes before the next scheduled departure. The use of digital displays, departure

signals, and potentially financial rewards for compliance may also encourage a culture
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of on-time performance.

6 Future light rail vehicle procurements should consider adding features to allow pas-

senger load, operator, run, and destination information to be wirelessly transmitted

from the train in real time. Information on vehicle crowding and stops to be skipped

could be published through public APIs and added to digital station signage.

6.4 Future research

This research concludes by listing several possible areas for further researchers to investigate.

They are generally in regard to simulation modeling but are also relevant for informing the

development of decision-support tools and reducing operator behavior variability.

The simulation experiment presented in Chapter 3 tested headway-based holding, but

controllers were also specified for short-turning and expressing. Using the framework by

Sanchez-Martinez (2013), controllers for other control actions can be easily specified and

added to stations or inter-station links. Additional experiments should be run to determine

the optimal use of these additional strategies on the Green Line or other transit services.

The results can be applied in the field in various ways, from providing pamphlets listing

guidelines and typical effects of specific actions to full incorporation into a decision-support

system. More sophisticated holding strategies, such as the one by Sanchez-Martinez et al.

(2016b), could also be tested on the Green Line.

The algorithms in the controllers should take into account practical considerations when

deciding on control actions. These include multiple costs and constraints, such as passenger

comfort, the availability of cover personnel and extra vehicles, and scheduled operator relief

times. Passenger comfort can already be estimated from passengers' in-vehicle travel times

and vehicle load, both of which are provided by the simulation engine and can be used within

the model. Another avenue for future study is the variability of operator behavior. The

simulation experiment in this research included a factor to simulate the current variability

in schedule adherence, but additional research may include the creation of an operator speed

factor. Such a factor would simulate the difference between conservative and aggressive

operators, or slow and fast operators. If used in simulation, this would require changes in how

the simulated running times are drawn from historic observations. In real-time operations, an

operator speed factor could be assigned to a trip in progress and used to improve downstream
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arrival predictions or to suggest slowing, holding, or expressing interventions to regulate a

particularly fast or slow driver.

The assumption of stochastic passenger arrivals at stations, used for simulating demand

in Section 3.3, should be examined when real-time arrival predictions are publicly available.

This is likely to be a factor at some stations on the Green Line more than others. At

Riverside, for instance, many passengers drive to the station from suburbs and thus may

be unable to time their journeys as precisely than if by foot. Additional research should

develop a new model for passenger arrival rates as a function of the scheduled headway and

the mode shares of station arrivals. If a stochastic distribution is found to not be a good

approximation of passenger arrivals, changes in wait time-based performance metrics may

be necessary.

The work of Wong (2000), who evaluated the benefits of coordinating transfers between

the MBTA Green and Red Lines in Boston, should be reevaluated in light of more accurate

vehicle location information. The previous research found transfer coordination to be only

effective during off-peak hours, when scheduled headways are long. An advanced decision-

support system, coordinated across different lines and modes within a public transportation

system, may be able to continuously evaluate transfer opportunities between metro lines

and bus services, regardless of scheduled headways. Based on estimated or real-time vehicle

load information, it may determine whether holding a vehicle for a short duration would

result in a large passenger benefit, in which case instructions can be sent directly to the bus

or train.

Finally, more can be learned from labor research and best practices in the transit industry

on operator and supervisor behavior and culture. A plan or toolkit should be developed for

fostering a positive and passenger-focused work culture which makes service reliability a top

priority. Recommendations for retraining employees should be included in such a plan.
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