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Executive Summary

Despite the emergence of many new mobility options in cities around the world, fixed route
transit is still the most efficient means of mass transport. Transit efficiency, however, is well
known to be interdependent with ridership demand and network design. As a result of this
interdependency, bus operations are subject to vicious and virtuous cycles. Evidence of this can
be seen in New York. Since 2007, travel speed reductions and increased congestion due to more
mobility options competing for road space have led to a vicious cycle of ridership reduction and
further increased congestion as former transit passengers take to other less efficient modes. In
Brooklyn, bus ridership has declined by 21% during this period. The effects of this vicious cycle
are particularly significant for captive riders and the vulnerable population that relies on efficient
bus transport in areas where subway options are less available such as the transit desert areas of
Brooklyn. Intervention is required to promote a virtuous cycle and make the bus more
competitive, especially in the face of increased competition from ride-hail services. This can be
done by redesigning the bus network in a way that does not increase operating cost while

reducing user costs and increasing accessibility for more riders.

The research challenge lies in having an easy-to-use methodology to evaluate and
compare two or more transit network designs in which one or more designs may be incomplete;
i.e. only includes route alignments without either stop locations and/or service frequencies. This
study addresses these gaps by presenting a systematic process that combines techniques from
both analytical and simulation-based tools:

1. Given a route data set, use analytical route-level modeling to identify stop locations
and/or frequency to minimize cost (both user and operator)

2. Create a GTFS schedule from the output of the analytical model

3. Use a multi-agent simulation model to derive the equilibrium for the network design

There is no commercial tool that combines all three of these methods together. The objective of
the project was to put these steps together and show how it can provide insightful decision
support to transit planners that these tools alone do not provide.

Drawing from lessons learned in the literature and the international community along
with surveying 373 bus operators in Brooklyn, Dr. Goldwyn and Levy at the Marron Institute
drafted a redesigned bus network for just this purpose. The route plan includes stop locations
and frequencies. How does it compare to the existing system? Can those frequencies be

improved upon? The study makes the following comparison between scenarios:
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1. Existing Brooklyn bus network

Marron’s proposed bus network redesign with their specified frequencies

3. Marron’s proposed bus network redesign, with an analytical model used to optimize
frequencies that includes demand feedback from a simulation model

N

For Scenarios 2 and 3, there is no GTFS data, so a GTFS schedule needs to be created for each.
For Scenario 3, a simulation-based frequency optimization model is fitted to design frequencies,
using the MATSIim-NYC model developed by Chow et al. (2020a). These are then used to compare
against Scenario 2. MATSIim simulated the complete 24-hour day with departure times
dynamically generated considering spillbacks and congestion on the road. A day-to-day
adjustment component captures the demand response to the congestion. As a result, a
simulation-based frequency setting approach accounts for demand response to the dynamic
traffic propagation and selection of bus as a mode relative to a number of other modes: car,

walking, bike, Citi Bike, taxi, and ride-hail services (see Chow et al., 2020a).

A methodology is designed for the pipeline of steps to take an initial route network
shapefile with frequencies into a GTFS output, incorporation into MATSIim-NYC, and output for
comparison. The MATSim output with the existing model is compared in terms of route ridership
to MTA data, indicating a ridership-weighted average difference in route ridership of 21%, which

is an acceptable level.

The iterative algorithm updates the MATSim demand and the frequencies from the analytical
model (see Tirachini, 2014). The numerical tests with the algorithm for Scenario 3 indicate that it
can converge to a stable equilibrium, although a global optimum is not guaranteed. The model
output can show bus boardings and alightings as well as load profiles for a route. Time of day

distributions of the bus trips for the entire network can be compared.

Based on the methods in this study, we confirm that the proposed network redesign from
Goldwyn and Levy (2020) should indeed increase ridership by their predicted 20% (we predict
23%), at a reduction of operating cost of 6%. However, by further adjusting frequencies
throughout the day corresponding to the simulation, we are able to further reduce operating
cost down to 25% reduction from existing condition while maintaining a ridership increase of
20%. The increased ridership draws primarily from passenger car use (nearly 75%), with a small
2.5% drawn from ride-hail services and another 5% from taxis. This suggests the redesigns should
be effective in moving people away from less efficient transportation modes. The network
redesign with our proposed frequency can essentially double the improvement in the farebox

recovery ratio from Goldwyn and Levy’s design.
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Section 1: Introduction

Subsection 1.1 Motivation for transit evaluation

Despite the emergence of many new mobility options in cities around the world, fixed route
transit is still the most efficient means of mass transport (Walker, 2018). This is evident to the
mobility providers as well as companies like Uber who experiment with “cheaper fares in
exchange for more walking” (Hawkins, 2018). Transit efficiency, however, is well known to be
interdependent with ridership demand and network design (Lampkin and Saalmans, 1967;
Mohring, 1972; Newell, 1979; Ceder and Wilson, 1986; Desaulniers and Hickman, 2007; Daganzo,
2010; Tirachini et al., 2013).

As a result of this interdependency, bus operations are subject to vicious and virtuous cycles
(Bar-Yosef et al., 2013). Evidence of this can be seen in New York. Since 2007, travel speed
reductions and increased congestion due to more mobility options competing for road space
have led to a vicious cycle of ridership reduction and further increased congestion as former
transit passengers take to other less efficient modes. In Brooklyn, bus ridership has declined by
21% during this period. While the decrease in ridership has been steady throughout this period,
there is an emerging concern that it will only get worse as for-hire vehicle services like Uber and
Lyft add more trips to the road network (Sisson, 2018). According to a study from UC Davis, 49-
61% of ride-hailing trips are substituting for walking, biking, or transit trips (Clewlow and Mishra,
2017).

NYCT Bus Ridership 2007-2017

250,000,000

200,000,000
150,000,000 | | ‘ \
100,000,000 ‘ ‘ ’
50,000,000 ‘
ﬂ | i
Bronx @

Brogklyn

Annual Ridership

Manhattan Queens Staten Isiand
Borough

Figure 1: Reduction in bus ridership in NYC between 2007 and 2017 (source: MTA, 2020a).
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The effects of this vicious cycle are particularly significant for captive riders and the
vulnerable population that relies on efficient bus transport in areas where subway options are
less available such as the transit desert (Allen, 2017; Jiao, 2017) areas of Brooklyn as highlighted

in Figure 2.

Properly Served " Transit Oasis ™ Transit Desert

Unmet demand for transportation (percent of population)

Transit deserts are areas where demand for transportation exceeds supply. They represent underserved areas of a city,
not a citywide transportation shortage
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nversation, CC BY-ND - Source: Junfeng Jiao

Figure 2: (left) Ranking of cities with transit deserts (source: Jiao and Bischak, 2018); (right)
geographical distribution of transit deserts in NYC (source: http://www.transitdeserts.org/).

Planning a transit network requires taking all stakeholders into consideration. On one side,
operators want to receive enough revenue to maintain the transit operation. However, like many
public transit agencies, NY MTA relies heavily on dedicated taxes and state and local subsidies.
According to MTA 2018 Adopted Budget February Financial Plan (MTA, 2018), it has an agency
average farebox recovery ratio of 35.5%. Due to the increasing operation cost, MTA estimates in
that plan to having an even lower farebox recovery ratio of 32.4% in 2021. Unfortunately, the
agency also faces a higher operating deficit in the next few years due to growing pension and

healthcare liabilities, as shown in Figure 3.
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Projected Financial Plan Operating Results
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Figure 3: MTA Projected Financial Plan (MTA, 2020a).

On the other side, transit users want a highly available, reliable, comfortable, and safe transit
service. According to a customer satisfaction survey done by MTA in 2010-2012 (NYCT, 2012),
only 59% of the bus users were satisfied with the frequency of service, and only 62% of the bus

users were satisfied with the overall value for the money of the local bus in 2010.

It is important to improve the existing bus service in order to address the issues mentioned
above. Intervention is required to promote a virtuous cycle and make the bus more competitive,
especially in the face of increased competition from ride-hail services (Warerkar, 2017). This can
be done by redesigning the bus network in a way that does not increase operating costs while

reducing user costs and increasing accessibility for more riders.

The research challenge lies in having an easy-to-use methodology to evaluate and compare
two or more transit network designs in which one or more designs may be incomplete; i.e. only
includes route alignments without either stop locations and/or service frequencies. Existing
transportation planning tools (e.g. TransCAD, MATSIim, EMME, Cube) require schedule
information. This study addresses these gaps by presenting a systematic process that combines
techniques from both analytical and simulation-based tools:
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1. Given a route data set, use analytical route-level modeling to identify stop locations
and/or frequency to minimize cost (both user and operator)

2. Create a GTFS schedule from the output of the analytical model

3. Use a multi-agent simulation model to derive the equilibrium for the network design

There is no commercial tool that combines all three of these methods together. The objective of
the project was to put these steps together and show how it can provide insightful decision
support to transit planners that these tools alone do not provide.

Subsection 1.2 Case study background: Brooklyn bus network redesign

Drawing from lessons learned in the literature and the international community along with
surveying 373 bus operators in Brooklyn, Dr. Goldwyn and Levy at the Marron Institute drafted a
redesigned bus network for just this purpose, as shown in Figure 4, and presented in CityLab and
New York Magazine (Levy and Goldwyn, 2018; Goldwyn and Levy, 2018). The redesign features
increased stop spacing along with other technological improvements like all-door boarding and
transit signal priority.

The route plan includes stop locations and frequencies. How does it compare to the existing
system? Can those frequencies be improved upon? The study makes the following comparison

between scenarios:

1. Existing Brooklyn bus network (with volumes calibrated to average ridership levels
provided by MTA)

2. Marron’s proposed bus network redesign with their specified frequencies

3. Marron’s proposed bus network redesign, with an analytical model used to optimize
frequencies that includes demand feedback from a simulation model

For Scenarios 2 and 3, there is no GTFS data, so a GTFS schedule needs to be created for each.
For Scenario 3, a state-of-the-art analytical model is fitted to design frequencies. These are then
used to compare against Scenario 2.
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Figure 4: Brooklyn Bus Network Redesign Plan by Levy and Goldwyn (2020).

To evaluate how well any of the scenarios work, the performance measures of these designs

are obtained using a multi-agent simulation, a citywide virtual test bed developed by C2SMART
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to evaluate emerging transportation technologies and policies (He et al., 2020a,b). The simulation
outputs the equilibrium demand for each scenario based on dynamic adjustments in a day-to-
day process setting (see Djavadian and Chow, 2017a,b). In addition, the calibrated model also
incorporates ride-hailing modes so that the scenario outputs take that into account when
evaluating the performance. The output of this scenario is a recommended frequency of each

route based on the simulated demand.

Furthermore, the analytical model in Scenario 3 assumes passenger demand is fixed. When
designing the frequencies, the performance would inevitably impact ridership demand as that
affects the level of service. The frequency setting problem is therefore a bilevel problem
(Constantin and Florian, 1995; Szeto and Jiang, 2014; Verbas and Mahmassani, 2015). We
propose an algorithm to find an equilibrium set of frequencies for the bus network that uses the

MATSIim model as the lower-level user equilibrium.

This report is structured as follows: Section 2 reviews previous research on bus network
planning, and especially focuses on bus frequency setting (analytical modeling and bilevel
modeling) and MATSim as a simulation platform; Section 3 introduces our NYC Virtual Testbed;
Section 4 proposes the bilevel optimization algorithm to determine the optimal frequencies for
Scenario 3; Section 5 introduces the overview of simulated scenarios will different configurations;
Section 6 analyzes the result of different scenarios in terms of operation cost, users cost, total
ridership, bus stop load, and vehicle load; Section 7 and 8 conclude and discuss the possible

improvement of the project and potential future development of our transit simulation tool.
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Section 2: Literature Review

Subsection 2.1 Transit Planning and Frequency setting

There are four main activities in public transportation planning: network route design,
timetable development, vehicle scheduling, and crew scheduling. The activity diagram
demonstrating these activities is shown in Figure 5. This project connects activity 1 and activity

2. An overview of public transit operations planning is provided in Chow et al. (2020b).

Independent input

Planning activity ‘

Output

Land-use
characteristics

Network route design |

|
Determination of
interchanges and terminals |

Times for first and
last trips

Running limes

Comparison measures

Interchanges and
terminals

Authority constraints :

Current patronage, by | Design of network of F\Ked;‘ooulzs N
time-of-day, -—-—hl routes and stops | I
day-of-week !_

_____________ Input
2]
| Timetable development | Alternative setting of

frequencies and

Analysis of frequencies

headways

and headways ! |
= [
Analysis and construction |

of alternative timetables |

Selected public
timetable

[ S =R
| Fleet-size analysis with |
Service and dead- 1 and wio interlinings } |
head travel imes : Determination of I.ou\luler tbmlmd G
1 lower bound } | - Lo
Layover and 1 |
recovery times 1! Reduction via
I : deadheading Minimum fleet size
Schedule constraints 1
and criteria | 4]
| e e e e
Gosiplemenls | Vehicle schedules
|

[ owm ] T el
Relief points Analysis and construction |
| of crew assignments

Crew work rules,

rotation rules, ’II Establishment of
constraints | crew rosters

| Crew schedules and
duly rosters

Figure 5: Typical Transit Planning Activity (Source: Ceder, 2016).

Strategic planning involves planning routes and frequencies, often called the line planning
problem. Hasselstrom (1982) and van Nes et al. (1988) proposed early line planning optimization
models for setting routes and frequencies jointly. Reviews of transit network design models and
algorithms can be found in Desaulniers and Hickman (2007), Guihaire and Hao (2008), and more
broadly in Farahani et al. (2013). Line planning has been shown to be NP-Hard in complexity (see
Schobel and Scholl, 2006) leading to the use of route construction heuristics like Ceder and
Wilson (1986).
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As such, line planning in practice may involve using permutations of simple structures.
Fielbaum et al. (2017) explicitly tackle the problem of defining any city transit network using a
parameterized network design structure. Fielbaum et al. (2016) used their network description
to evaluate four different line structures: direct lines, exclusive lines, hub-and-spoke, and feeder-

trunk. These are shown in Figure 6.

B | 5

SC j&———— 8C

\ / \ a. Direct (DIR) b. Feeder-trunk (FT)
CBD
sc — T sc
D \ | / e
sc
vrf'.[
P
¢. Hub and spoke (HS) d. Exclusive (EXC)

Figure 6. General network design that can be parameterized into different structures: (a)
direct, (b) feeder-trunk, (c) hub and spoke, and (d) exclusive (source: Fielbaum et al., 2016).

For those interested in optimizing more custom designs, Byrne (1975) developed a
continuous approximation model to optimize transportation line locations and headways for a
region with uniform population density and demand. Newell (1979) also developed a model of
this type to compare two bus network designs over a square street grid. Newell (1971) developed
a model to set the service rate on a single route with a time-varying level of demand by
minimizing the sum of user cost of delay and operator cost. His finding that the optimal frequency
is proportional to the square root of the arrival rate of passenger is sometimes referred to as the
square root rule. Mohring (1972) independently showed a similar square root rule using a simpler

construct of the cost function. The objective in that study was to show that with user cost
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considered, transit frequency for a given route exhibits economies of density, which serves as

evidence for public subsidies of transit service.

Analytical models of this square-root form are still of use to contemporary researchers.
Tirachini (2014) provides a simple analytical approach by considering operational cost, user
waiting cost, user access and egress cost, and in-vehicle time cost. Though he mainly considers
the optimal stop spacing in this paper, if the number of stops has been pre-determined, then the
optimal frequency of a route can be calculated. The total cost function is shown in Eq. (1) and Eq.

(2).

Ct = Coperation + Cuser_access + Cuser_egress + Cuser_wait + Cuser_in—vehicle (1)

Ct=c-f-(£+ﬁﬂ +StS)N 2)

L 1 l/L N
+Sts)+P—N —N+P,- ( + B~
Vo f Vo

WA T: f

where ¢ ($/bus-h) is a unit bus operating cost, v, (mph) is bus operating speed, f (bus/h) is bus

frequency, t, —+ﬁTN+StS (h) is the bus cycle time, B (sec/pax) is average boarding and

alighting time per passenger, N (pax/h) is passenger demand, S is number of stops, t; (h) is
stopping delay, P, ($/h) is the value of access time, v,, (mph) is the walking speed, P,, is value of
waiting time, P, is value of in-vehicle time, and [ is average travel distance (mi) per passenger. By
jointly solving for (S*, f*) to minimize total cost, one can find the stop spacing and frequency to
serve a route. Since solving them jointly is nonlinear, we discretized values of f to the nearest
0.1 increments, and optimized S*. The optimum number of stops for a given frequency is
obtained by taking the derivative of the cost with respect to number of stops. The value of f* is
found from the lowest total cost across all values of f. This relationship is visualized in Figure 7,

where it shows the relationship between total cost, frequency, and number of fixed stops.

When demand is fixed, the optimal frequency is obtained by taking the derivative of Eq. (2)
with respect to the frequency, resulting in Eq. (3). Since the bus stop delay is not modelled in in
MATSIm, tg is dropped out in this study to yield Eq. (4).
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Figure 7: Relationship between cost, frequency, and number of fix stops (source: Chow et al.,
2020b).
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When demand is elastic and subject to congestion, then the frequency setting problem in
Eg. (3) — (4) need to include an equilibrium constraint. The resulting model is called a bilevel

problem.

Subsection 2.2 Bilevel transit frequency setting algorithms

Bilevel network design problems refer to an optimization problem divided into two levels (see
Chow, 2018). At the upper level a decision-maker determines design variables for a system in

anticipation of the reaction of the users. At the lower level users have an objective that is
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separate from the upper level objective which decides the decision variables used for the upper
level problem. An optimal solution to this problem is considered a Stackelberg equilibrium (see
Marcotte, 1986; Yang and Bell, 1998).

The model is known to be NP-hard (Bard, 1991) and non-convex (Bard and Moore, 1990).

As a result, the problem requires heuristics to obtain satisficing solutions for in practice.

Bilevel problems have been applied to the frequency setting problem where users adjust
their route choices as a user equilibrium constraint. In the case of static user equilibrium,
examples include Constantin and Florian (1995), Gallo et al. (2011), Szeto and Jiang (2014), and
Canca et al. (2016). In the case where the equilibrium constraint is based on dynamic assignment,
then simulation-based methods are needed (e.g. Zhang et al., 2013, Verbas and Mahmassani,
2015).

In our study, we will use the cost function shown in Tirachini (2014) as an upper level
objective where the user demand is determined from lower level dynamic equilibrium
constraints (across multiple modes under a time-of-day activity scheduling process) based on
MATSIim.

Subsection 2.3 Multi-agent simulation

Agent-Based Modeling and Simulation (ABMS) (von Neumann, 1966; Bonabeau, 2002) can
be used to model complex heterogeneous agents with interaction rules and agent learning. There
are several well-known ABMS platforms designed to support decision-making, including but not
limited to Transportation Analysis and Simulation System (TRANSIMS) (Nagel et al., 1999, Multi-
Agent Transport Simulation Toolkit (MATSim) (Balmer et al., 2009), Sacramento Activity-Based
Travel Demand Simulation Model (SACSIM) (Bradley et al., 2012) Simulator of Activities,
Greenhouse Emissions, Networks, and Travel (SimAGENT) (Goulias et al., 2011), Polaris (Auld et
al., 2016), SimMobility (e.g. Nahmias-Biran et al., 2019), etc. TRANSIMS was a first-generation
tool developed by the Federal Highway Administration (FHWA), after which the creators took the

lessons learned from it to produce the next generation tool MATSim.

MATSIm is an open-source simulation toolkit implemented in Java. It has three desirable
features that make it unique among other agent-based simulations. The first is the use of a

synthetic population that includes activity schedules so that simulation incorporates activity
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scheduling behavior. The role of MATSIim as a simulation of activity scheduling is discussed at
great length in Chapter 4 of Chow (2018). MATSim provides a feedback loop by using a day-to-
day adjustment process, although the adjustment process is simplified with a heuristic (a genetic

algorithm) and the use of only a single population.

The second desirable feature is that MATSim can simulate large-scale scenarios using a
spatial queue model (Cetin et al., 2003) to simulate the traffic dynamics instead of car-following
and lane-changing models (Zheng et al., 2013). To shorten the computation time, MATSim also

adopts parallel computation for the spatial queue model.

Another advantage of MATSim is its numerous extensions as an open-source platform, which
makes it easier for users to simulate and evaluate different scenarios. There are many
applications of MATSIim around the world, including Berlin (Neumann, 2016; Ziemke, 2016),
Zurich (Rieser-Schissler et al., 2016), Singapore (Erath and Chakirov, 2016) among others. These
applications prove that MATSIm is suitable for analyzing the complex urban transportation
system in large cities. MATSim has also been used to evaluate several emerging technologies,

including the following examples:

e Autonomous vehicle fleet (Horl et al., 2019)
e Carshare (Ciari et al., 2016)

e Urban air mobility (Rothfield et al., 2018)

e Demand-responsive transit (Cich et al., 2017)
e MaaS (Becker et al., 2020)

As an agent-based simulation, MATSim can capture the behavior of each agent and the
interaction between agents and transportation system. Each agent refers to an individual
traveler. Traveler behavior is represented by a series of activities, travel modes and routes.
MATSIm uses an iterative framework for simulation, as shown in Figure 8. The goal of the iterative
framework is to find the equilibrated state of the system. At each iteration of the MATSim loop,
agents’ activities of a typical day are simulated at each iteration. The activities are scored based
on vary aspects based on the user-defined scoring function. A simulation will reach equilibrium
as each agent optimize his score with the co-evolutionary algorithm. The overall simulation

procedures are:

e Put the agents with the initial travel plans into MATSIim and simulate their mobility in the
physical system.
e Calculate the score (utility) of each agent’s executed plan.
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e Randomly select a certain proportion of agents and mutate their plans. Go back and re-run
the simulation until the agents’ scores converge.

initial ; .
I T X i E— = rin U E—— n I
replanning

Figure 8: A MATSim Loop.

MATSIm can address the following modeling needs:

e |t needs to recognize dynamic traffic propagation to capture traffic technologies and
policies like congestion pricing;
e |t needs to recognize activity scheduling behavior of travelers (see Kang et al., 2013);
e It needs to recognize different segments of travelers in the population, e.g. low and high
income, age groups, residents of different socioeconomic backgrounds;
e [t needs to be flexible enough to adapt to new emerging technologies.
Based on these requirements, we chose to develop the initial test bed for NYC using MATSim,
a Multi-Agent Transportation Simulation. MATSim models transportation networks using a
mesoscopic simulation based on cellular automata. It is open source and many extensions have
been quickly developed for it to handle a wide assortment of policy needs: autonomous vehicles,
emissions modeling, parking, freight, electric vehicles, bikeshare, etc. MATSim makes use of a
synthetic population which is useful for modeling heterogeneous population segments. It
incorporates a day-to-day adjustment process that can reflect learning from the population (see

Djavadian and Chow, 2017a,b) to achieve a social equilibrium under the technology scenario.

Section 3: Simulation Framework

The C2SMART NYC Virtual Testbed is based on MATSim, called MATSIim-NYC (Chow eta |,
2020). It was designed to help evaluate new policies and emerging technologies at a city level. It

features a synthetic population representing eight-million NYC residents and a calibrated time-
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variant multi-model network, both in a base year of 2016. The simulation can capture the
interaction between each agent and the transportation system in both aggregated and

disaggregated levels. There are three inputs: population, road network, and transit schedule.

Subsection 3.1 Road Network

Complex road networks like the one in New York City are impossible to be built on MATSim by hand.
Our road network is generated from OpenStreetMap and converted it to MATSim XML format with JSSOM.

The network is visualized in Figure 9 on Simunto Via. To better reflect the real traffic work, link free speed

and capacity are calibrated using 2016 bridges/tunnels volume and INRIX speed data.

Figure 9: MATSim Road Network.
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Subsection 3.2 Transit Schedule

The existing transit schedule is converted from GTFS data using pt2matsim, a MATSim’s extension.

In order to keep transit running based on historical record, subways and buses run on dedicated links, and

they are not subject to road congestion. Figure 10 shows the existing location of the transit stops.

Figure 10: Existing Transit Stops in MATSim.

Subsection 3.3 Population

The population is synthesized using PopGen 2.0 (MARG, 2016), which is based on an
enhanced iterative proportional updating algorithm. In total, a population of 8.38 million agents
are generated and validated with LEHD data. Each agent receives an agenda, which consists of a
series of activities of a regular business day. Their agenda are based on the 2010/2011 Regional
Household Travel Survey (RHTS). More than 30 million trips are assigned, and each agent receives

3.5 trips on average. The mode of each trip is also updated using a nested logit model, which
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considers agent’sincome, age, work status, travel time, and travel cost. Each agent is represented

as one small white dot in Figure 11.

Figure 11: Agents in MATSim.
Subsection 3.4 Simulation summary

For the bus network scenarios, the evaluation is based on the whole city-wide simulation.
The advantage of this approach is that trips for passengers going to different parts of NYC are all
simulated instead of breaking the network into subnetworks. Details of the synthetic population
and the whole network are provided in He et al. (2020a,b) and Chow et al. (2020a).

When evaluating the new scenarios, the Brooklyn bus network shown in Figure 12 is cut

out and replaced with the proposed networks.
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Figure 12: Existing Brooklyn bus network.

MATSIm-NYC includes the following modes: driving, carpool, walking, biking, Citi Bike, public
transit (subway and bus), taxi, and TNC (ride-hail). As a result, the simulation output considers

the presence of ride-hail services as a competing mode in addition to other modes.
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Figure 13: Predicted mode share from MATSim-NYC compared to NYC Citywide Mobility
Survey (source: Chow et al., 2020a).

Section 4: Implementation and algorithm design

Subsection 4.1 Implementation Framework

Per our discussion in section 3, the NYC Virtual Test bed already contains the population and
a calibrated road network. We only need to prepare the transit schedule, which is accomplished
in 3 steps. First, convert the existing transit service from GTFS data obtainable on MTA Website
to MATSIm transit schedule XML format. MATSim’s pt2matsim module is used to accomplished
it, and this module also supports converting HAFAS and OpenStreetMap networks. Second, the
existing Brooklyn bus network is replaced with the proposed network. Third, the frequency of

the proposed network is inserted to transit schedule XML file.

The implementation framework is shown in Figure 14. On the first branch, the user can
specify the frequency or headway of each route and run the simulation. If the user wants some
optimization on the frequency, he or she can use Eq. (4) shown in section 2.1 to update the
frequency based on the simulated demand. On the second branch, the operation frequency is
not specified. A default initial frequency will be provided: 2 trips per hour on non-peak hours,
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and 6 trips per hour on peak hours. The initial frequency is then simulated on MATSim and
updated based on the simulation output. The frequency update loop stops when the demand
changes is minimal. Minimal policy frequency is also considered to provide coverage to low

demand hours. In NYC, the minimal frequency is set to be 2 trips per hours.

Prepare Simulation Network

Operational
Frequency
Determined?

Apply Initial Bus Frequency

Run Simulation Run Simulation

: : Update Frequency with
Gather Qutput Information Gather Qutput Information s o s
Equation 4
-

Y

Update Frequency with
Equation 4

Require
Optimization
on frequency?

Significant Yes
Demand
Changes?

Stop and compare the result
with the existing network

Figure 14: Simulation Flow Chart.
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Subsection 4.2: Algorithm design
The frequency updating algorithm is an iterative optimization algorithm.

First, an initial guess is generated to test the ridership. The initial guess consists of 2 trips per
hour per direction per route from 10PM-4AM and 11AM-3PM, and 6 trips per hours for the
remaining hours. Frequency information is stored in “TransitSchedule.xml”. Function CallMATSim
passes this file out to the Virtual Test Bed to start the simulation. By default, the transit network

is simulated in MATSim for 100 iterations using 4% of the NYC population at each round.

Second, the simulated ridership is read from the MATSim output “ExperiencedPlan.xml” using
the ReadMATSimOutput function. “ExperiencedPlan.xml” contains a detailed travel dairy of all
agents throughout the day. For each leg of the travel dairy, it contains the selected mode,
departure time, travel time, start link, end link, travel time, travel distance, vehicle ID, and
traversed links. If a trip is made using public transit, it also contains the vehicle trip name,

boarding and exiting stop links, for example:

<route type="experimentalPtl" start_link="pt_10000145" end_link="pt_10000384" trav_time="00:05:50"
distance="1689.0534736915677">PT1===10000145.link:pt _10000145===NYU25===NYU_EV-
Everyday 19200 _NYU25_1===10000384.link:pt_10000384</route>

The ReadMATSimOutput function only targets transit trips. It extracts the agent ID, agent
departure time, route chosen, traveled distance, departure stop ID, arrival stop ID, and travel
direction. They are further summarized to average travel distance(/), and number of riders(N) for

each route for each direction for 24 hours.

Third, based on the simulated ridership, the optimal frequency is calculated using the
CalculateOptimalFrequency function. CalculateOptimalFrequency is an implementation of Eq.
(4). Its inputs consist of the route usage metrics passed from ReadMATSimOutput and five
constant parameters. The parameters are vehicle operation cost(c), vehicle travel speed(v,),
passenger boarding time(f), value of wait time(P,), value of in vehicle travel time(P,). The

output of this function is an array of frequencies for each route for each direction for 24 hours.

Finally, “TransitSchedule.xml” is updated using function UpdateXML. This function first removes
all vehicle trips of the targeted routes, then inserts new trips according to the new frequency.
The output of this function is an updated “TransitSchedule.xml”, which is ready for another

iteration of simulation.
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The flow of the iterative optimization algorithm is shown in Figure 15, and the pseudocode is
shown in the Appendix. After the simulation using the initial guess, ReadMATSimOutput is used
to summarize the simulated result. CalculateOptimalFrequency is used to calculate the new
frequency. Finally, UpdateXML is used to update the “TransitSchedule.xml” file for another round
of simulation. The algorithm can be set to a tolerance based on transit ridership change or simply

to a maximum number of iterations.

Prepare Initial Guess

CallMATSIim UpdateXML

ReadMATSimOutput CalculateOptimalFrequency

Total transit
ridership change
|less than 5%7?

Figure 15: Iterative Optimization Algorithm Flow.

Section 5: Testing Scenarios

Three scenarios are tested in this project. The first scenario tests the existing bus operation.
January 2020 MTA GTFS is imported to MATSIim-NYC and tested to establish a baseline.
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The output is analyzed in detail and compared with the published ridership. The simulated
ridership is scaled to match the published ridership, and this scaling factor is kept the same for

the rest of the scenarios.

The second scenario is to test the plan proposed in Goldwyn and Levy (2020). In this scenario,

the frequency of each route is predetermined in their design.

The third scenario is to test the proposed network in which the frequency is set using the
algorithm that accounts for the demand response from the MATSim-NYC model.

Subsection 5.1 Input Parameters

Lam and Small (2001) reports the value of time at Orange County, California is $22.87. Since
the cost of living in Orange County is comparable to New York City, we decided to test scenario
3 with an in-vehicle travel time of $20/hr and a wait time cost of $35/hr (based on more than

50% wait time premium in Balcombe et al., 2004).

Table 1 lists the global parameters used in the simulation, where P, is the cost of wait time,
P, is the cost of in-vehicle travel time, 3 is the average boarding and alighting time per passenger,

c is the operation cost for buses, and v, is the bus travel speed.

MATSIm-NYC is run to 100 days of iterations to adjust passengers demand to the scenario
design. One run requires about 11 hours on a PC with an Intel Xeon E5-2637 CPU and 128 GB
RAM. In practice, we recommend users to reserve at least 70GB of RAM to run our 4% MATSIim-
NYC model. The computation time is relatively high due to the large number of agents and NYC's
complex network. It is highly recommended to use numerical optimization techniques such as
the one shown in Figure 14 to reduce computation time.
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Table 1: Testing Parameters for Scenario 3

Parameter Value Unit
e ——————————————————————————————————————
P, 35 S/hr
P, 20 S/hr
B 7.2 second
C 215 veh/hr
Vo 15 km/hr

Subsection 5.2 Scenario 1 calibration results

The existing transit network is run in MATSIim-NYC for one run and the results are compared to
existing MTA ridership numbers. Because MATSim-NYC was calibrated overall at the citywide
level considering both subway and bus for one transit mode, there are discrepancies to the total
ridership values. Assuming the distribution of ridership is adequate, we add a further calibration
for the local area study in Brooklyn by applying a scale factor to the ridership to make it match
the total Brooklyn bus ridership. A factor of 3.69 was applied to the output MATSIim-NYC bus
ridership to scale it to the observed ridership. The resulting scaled MATSIim-NYC ridership is
compared at the line level to the observed ridership in Table 2. The average of the relative
differences is shown to be 30% while the median difference is 17% (this means there are a few
large outliers). The outliers greater than 50% are colored red. None of them have an observed
ridership greater than 10,000 daily trips. When weighted by ridership, the ridership-average
difference across the routes is 21%. This suggests the distribution of the ridership is within a

reasonable range (see Flyvbjerg et al., 2005).
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Table 2: Comparison of calibrated MATSim-NYC daily line ridership to MTA data

Route | Simulated Ridership (After Scaling) | Reference Ridership (MTA, 2020b) | % Difference
Bl 17643 18180 3%
B11 12206 10377 18%
B12 10830 12124 11%
B13 6356 6084 4%
B14 3713 5900 37%
B15 17459 17977 3%
B16 11070 6184 79%
B17 7068 9382 25%
B2 2041 2088 2%
B20 8478 6315 34%
B24 3411 2449 39%
B25 9110 7874 16%
B26 7725 8234 6%
B3 8637 11309 24%
B31 2694 2619 3%
B32 1078 820 31%
B35 21626 27273 21%
B36 6434 12305 48%
B37 4573 2300 99%
B38 10424 18011 42%
B39 805 220 266%
B4 8379 6192 35%
B41 19537 22967 15%
B43 10055 9346 8%
B44 24896 32334 23%
B45 4894 4973 2%
B46 28580 38120 25%
B47 11605 9252 25%
B48 6607 3534 87%
B49 11276 10886 4%
B52 10150 9940 2%
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B54 9516 9197 3%

B57 7825 6851 14%
B6 26705 35963 26%
B60 7663 8364 8%

B61 14056 8876 58%
B62 8183 6841 20%
B63 10712 11148 4%

B64 7246 5442 33%
B65 6301 2795 125%
B67 5160 4441 16%
B68 12535 12660 1%

B69 4031 4134 2%

B7 8146 5091 60%
B70 3946 6520 39%
B74 4056 3598 13%
B8 15348 18388 17%
B82 27868 25126 11%
B83 6090 7024 13%
B84 476 544 12%
B9 12265 14416 15%

Subsection 5.3 Proposed Transit Network Configuration

For Scenarios 2 and 3, we refer to Goldwyn and Levy’s (2020) proposed bus network
redesign. The network is visualized in Figure 16. Major attractions are marked with red triangles,
and bus depots are marked with a green bus sign. Compared to the existing average operation
speed of 7.2 mph for Brooklyn buses (NYCDOT, 2019), Levy and Goldwyn propose to speed up
the buses to 9.32 mph (15km/hr) by implementing off-board fare collection, stop consolidation,
dedicated lanes, and signal priority. In order to provide sufficient frequency, they also propose

to consolidate the network from the current 550km to about 355km.

The network is then converted into XML, and it is visualized on Simunto Via (a MATSIim

visualization software), shown in Figure 17.
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Figure 16: Goldwyn and Levy's (2020) Bus Redesigned Plan (on GIS).
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Figure 17: Goldwyn and Levy's (2020) Bus Redesigned Plan (on MATSim).

Section 6: Results

6.1 Algorithm convergence for Scenario 3

For scenario 3, ten iterations of the proposed algorithm were run to find a stable solution.
Figure 18 shows the trajectory of the algorithm for scenario 3 in terms of ridership and number
of bus trips. The number of riders increases monotonically each iteration until iteration 5, after
which the algorithm stabilizes. The ridership stabilizes at around 64,400 per day. The number of
provided vehicle trips increases rapidly since iteration 0 and stabilizes at iteration 5 to around
12,000 vehicle trips per day. These are used as the final frequencies for the design in the

comparison of scenarios.
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Figure 18: Ridership and Vehicle Trips Trajectories for proposed algorithm used in Scenario 3.

6.2 Scenario 3 output summary

Based on the experienced plans from each agent in the simulation, we can aggregate the
number of riders who departure or arrive at each transit stop station per day. Figure 19 shows
the stop boardings and alightings for scenario 3, where the red bars represent the aggregated
number of agents who depart from a station, and the green bars represent the aggregated

number of agents who arrive at a station.

It is important to know the rider demand at each station because it can provide guidance to
engineers and planners on where to prioritize bus infrastructure investments. For example, NYC
DOT should first deploy their Real-Time Passenger Information Signs at the stops with the most

passengers to reduce waiting anxiety.
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Figure 19: Bus stop boardings and alightings.

We can also aggregate the simulated demand on a route level. As an example, Figure 20
show the vehicle load for the proposed Nostrand/Lee/Bedford Ave route between 8 AM and 9
AM. This profile shows where the peak loads are which allows the bus operator to focus on those

stops and segments.
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Figure 20: (a) Nostrand route, and (b) simulated load profile for Nostrand Route at 8-9AM.
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From our simulation, we can aggregate the number of vehicle trips provided each hour,
which reflects the output frequencies for the routes in the network. Figure 21 shows the vehicle
trips provided for each hour by stacking the frequency of each route at different hours of a day.
The left part of the figure is based on Goldwyn and Levy’s (2020) headway design, and the right
part of the figure is the simulation output for Scenario 3. Scenario 3 provides a significantly lower
number of vehicle trips at mid-day and evening. Engineers and planners can use these figures to

guide their timetable, vehicle scheduling, and crew scheduling designs.
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Figure 21: Trips Provided per Hour for the Proposed Design for Scenarios 2 and 3.
6.3 Comparison of Scenarios

The daily ridership across the three scenarios are summarized in Figures 22 — 24. They show
that the Existing ridership is relatively low, but by redesigning the routes and frequencies, it is

possible to attain higher ridership throughout.
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Figure 22: Scenario 1 (existing) Brooklyn bus network daily ridership.
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Figure 23: Scenario 2 Brooklyn bus network daily ridership.

- S MART Evaluation of Bus Redesign Alternatives in Transit Deserts under Ride-Hail Presence

CONNECTED CITIES WITH J

SMART TRANSPORTATION




Jackson Heights FOakland
Corona Gardens
Elmhurst

Sunnyside Fresh Meadows

Queens

Jersey City S

Jamaica

South
Richmond
Hill

South
Ozone Park

ten Island

Legend

Scenario 3 Daily Ridership
Ridership
—— 0- 10000
10001 - 15000
15001 - 20000
Rockaway| —— 20001 - 25000
Greater Than 25000

Esri, HERE, Garmin, (c) OpenStreetMap contributors, and the GIS user community.

Figure 24: Scenario 3 Brooklyn bus network daily ridership.

The three scenarios are compared in terms of operating cost, ridership, fares collected, and
farebox recovery ratio, as shown in Table 3. The operating costs are based on the same
parameters used for determining operating cost shown in Table 1 used to compute the cost for
each network of routes according to their frequencies. The revenue is based on the simulated
ridership for all three scenarios in MATSim. This ridership reflects the costs of transit to the riders
who use the system. Increased wait times (due to lower frequencies) or in-vehicle times would

result in changes in ridership.
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Table 3: Comparison of Simulated Daily Metrics Between Scenarios

Scenario 1 Scenario 2 Scenario 3
Vehicle Miles
Traveled 93,447 113,480 90,252
Operation Cost $2,790,451 $2,623,462 $2,081,994
[% change] [-6%] [-25%]
Ridership 537,217 661,755 644,788
[% change] [+23%] [+20%)]
Equivalent Fare
Revenue $613,899 $756,214 $736,825
Farebox
Recovery Ratio 0.22 0.29 0.35

The results suggest that the bus network redesign from Goldwyn and Levy (2020) would
increase demand by 23% while reducing operating cost by 6%. This result is similar to their
estimated ridership increase of 20% as well. Meanwhile, the propose frequency setting leads to
a more balanced outcome: ridership improves over existing by 20% but also reduces operating
cost by 25%. This is a small 3 percentage point drop from the Goldwyn and Levy (2020) design

with an accompanying 19 percentage point reduction in operating cost.

Because the simulation outputs individual agent choices, we can determine where all the
new ridership is coming from in Scenario 2 and Scenario 3. This helps answer the question of how
redesigning the bus network in the presence of ride-hail services as well as other modes would
impact travelers’ choices to choose bus. The results are shown in Figure 25. In both scenarios,
the major mode drawn from is by car, which is a very encouraging result. Only 2.5 — 2.6% (this
amounts to about 2400 daily trips by ride-hail) of the new trips in the bus redesigns would come

from ride-hail, which suggests there is not so much competition between the two modes. Nearly
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12% of new trips would be drawn from walking, which suggests that the redesign is able to

provide a more convenient alternative to people who otherwise would have walked only.

Although the basic fare is $2.75, many riders have discounts or free rides through various
programs for seniors, students, monthly passes, etc. To account for this, we determine an
equivalent fare per passenger by setting it such that the farebox recovery ratio matches the
observed value from the MTA (2018) of 0.22. The resulting equivalent fare is $1.14, which we
apply to the other scenarios.

0,

0.1%
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Figure 25: Modes shifted to new bus ridership in (a) Scenario 2 and (b) Scenario 3.

Goldwyn and Levy’s (2020) design increases the farebox recovery ratio by 30% to 0.29 by
providing faster and more frequent services. Scenario 3 provides a more balanced solution,
whose vehicle mile traveled per day is similar to the existing MTA’s system, but can attract
more customers. It is more efficient compared to Levy and Goldwyn’s design because many of
the unnecessary trips during mid-day and evening are taken away based on the demand. The

farebox recovery ratio for Scenario 3 is 0.35, which is a 60% improvement over Scenario 1.

Section 7: Conclusion

In sum, this project has two main contributions. First, we proposed a simulation-based
optimization framework for bus frequency planning in a large-scale transportation network.

Second, we implemented this framework with C2SMART’s Open Source Multi-Agent Virtual
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Simulation Test Bed to evaluate the existing Brooklyn bus network, the proposed network

redesign by Marron Institute, and an alternative design based on our framework.

The MATSIim-NYC model from Chow et al. (2020a) is generally able to simulate similar
patterns to the existing bus network in Brooklyn with some calibration. A line-level comparison
to observed ridership shows a ridership-weighted average of 21% difference between observed

and simulated route ridership, with a few outliers for the smaller volume routes.

An iterative simulation-based frequency optimization method is proposed that uses an
analytical model to set frequencies and a simulation model (MATSim-NYC) to update demand.

Numerical tests show that the algorithm converged to an equilibrium outcome.

Comparisons of the Goldwyn and Levy (2020) design to the existing scenario confirms their
claim that their design can increase ridership by 20% (our simulation result suggests an increase
of 23%), at a reduction in operating cost of 6%. By using our simulation-based frequency setting
approach, however, we can further improve operating cost (to 25% reduction from Scenario 1)
while maintain a 20% increase in ridership from Scenario 1. As a result, our simulation-based
optimization approach can improve upon Goldwyn and Levy’s (2020) network redesign to
increase farebox recovery ratio from an improvement of 30% up to 60% over the existing

scenario.

The increased ridership draws primarily from passenger car use (nearly 75%), with a small
2.5% drawn from ride-hail services and another 5% from taxis. This suggests the redesigns should

be effective in moving people away from less efficient transportation modes.

Section 8: Technology Transfer, Dissemination, and Broader Impacts

8.1 Technology Transfer

In this section we provide links to all the completed products we developed during this
project as shown in Table 4. Each of the items in the table served on its own to transfer “new

knowledge” or contributed in developing the product that did.
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Output

Code to create
GTFS from
shapefile

GTFS for
redesigned
Brooklyn Bus

network

Code for
simulation-based

frequency setting

GTFS for
redesigned
Brooklyn Bus

network v2

MATSIim-NYC-
Marron model

< SMART

CONNECTED CITIES WITH J
SMART TRANSPORTATION

Table 4. Delivered products

Description

This is the code to create GTFS from the network shapefile and frequency
data.

This is the GTFS version of the network and frequencies proposed by
Goldwyn and Levy (2020).

This is the iterative algorithm code that solves the optimal frequency for Eq.
(4) given a demand, and calls MATSim-NYC to update the demand based on

the new frequencies.

This is the GTFS version of the network proposed by Goldwyn and Levy
(2020) with frequencies set by the proposed algorithm.

This is the MATSim-NYC-Marron model, which takes the baseline MATSim-
NYC and replaces the Brooklyn bus network with the network and
frequencies proposed by Goldwyn and Levy (2020).
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This is the MATSim-NYC-Marron-V2 model, which takes the baseline
MATSim-NYC- MATSIm-NYC and replaces the Brooklyn bus network with the network
Marron-V2 model | proposed by Goldwyn and Levy (2020) and the frequencies proposed in this

project.

) This is a user guide that provides instructions to users on going through the
User guide ] ]
implementation process.

8.2 Dissemination

The work is being prepared in a paper to be submitted to Transportation Research Record
and TRB Annual Meeting 2021. A Linkedin post will be prepared to share the findings with
industry, particularly aiming to share the results with NYCT and Remix, who are involved in bus
network redesign projects in Bronx and Brooklyn.

A webinar is being planned for the summer to showcase the work to C2SMART stakeholders.

8.3 Broader Impacts

In addition to the direct dissemination and technology transfer, this research has led to

several broader impacts.

Student training and involvement: Two graduate students were trained and mentored through
this project: Ziyi Ma and Mina Lee. Ziyi also received an Eisenhower Graduate Fellowship as a
result of this work that he built upon in his application. He also led a team that won the
Microtransit Hackathon hosted by IATR in 2019. The study output has been used in classroom
setting, including in TR-GY 7133 Public Transport and in an undergraduate course CE-UY 3373
Transportation Systems Analytics.

In addition to the main research team, we participated in the ARISE program to expose K-12

STEM students to this research and other projects from our lab.
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Public engagement: Through social media (Linkedin) we will present the findings of this work to

publicize it.

Industry engagement: Through the webinar in the summer we will engage with industry and

stakeholders that might be interested in this kind of tool.
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Appendix

Pseudo Code for the Iterative Optimization Algorithm:

Function ReadMATSimOutput(ExperiencedPlan.xml, route attributes):
Merge the total length of each route to the SimulatedResult(i)

ExperiencedPlan.xml to the SimulatedResult(i)

return SimulatedResult(i)

Function CalculateOptimalFrequency(OperationCost(c), VehicleTravelSpeed(c),
PassengerBoardingTime(c), Value-of-WaitTime(c), value-of-in-VehicleTravelTime (c),
SimulatedResult(i)):

Calculate optimal frequency with Eq. (4)

traveled

return FrequencyArrays

Function UpdateXML(FrequencyArrays, TransitSchedule.xml):

Reformat FrequencyArrays
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Remove the existing vehicle trips
Insert updated vehicle trips to TransitSchedule.xml with ElementTree

Return UpdatedTransitSchedule.xml

Function CalIMATSim(UpdatedTransitSchedule.xml):

Use io command to start MATSim simulation using UpdatedTransitSchedule.xml as input
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