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Executive Summary

Transit service in suburban regions can be costly and transit agencies face various challenges for
providing desirable and responsive operations, especially from the perspective of connectivity and
service frequency. Suburban transit operation typically uses fixed-route scheduled based
operations with large headways. If a traveler miss a bus, they have to wait for an extended period
of time for the next bus, This is inconvenient and wastes time for commuters. These issues have
significant effects on transfer, first mile, and last mile connectivity. The lack of real-time
information from both travelers and transit agencies presents a challenge for both stakeholders to
obtain necessary and adequate traffic and transit information.

UC Berkeley PATH, in partnership with Tri Delta Transit, Contra Costa County Transportation
Authority (CCTA), and the California Department of Transportation (Caltrans) havedeveloped an
Integrated Dynamic Transit Operation (IDTO) system that enables D-RIDE service as well as real-
time information for transit operations and travelers. As shown in Figure 1-1, The Tri Delta Transit
provides on-demand shuttle services, called Tri-MyRide, in the cities of Antioch, Pittsburg,
Brentwood, Oakley and Bay Point.

T

T e ANTIOCH BART

.

Figure 1-1. Tri-MyRide service zone at Tri Delta Transit

The development of an Integrated Dynamic Transit Operation (IDTO) and real-time information
about the overall transportation systems (both transit and highway networks) has begun to make
dynamic transit operation feasible. One of the dynamic operations, Dynamic Ridesharing (D-
RIDE), can substantially improve transit service quality by providing faster, more convenient, and
more cost effective trips to the traveling public. D-RIDE offers travelers the choice of micro-transit,

ridesharing, or paratransit to connect to/from mass transit.

This project is Phase II+ of the IDTO system research, which focuses on the development and
evaluation of the D-RIDE application at the Tri Delta Transit service zones. The D-RIDE function
enables travelers to submit their connection and ridesharing request to the IDTO Server, which in





turn automatically forwards the request to the Demand Responsive Transit (DRT) application at a
strategic time point in time. Then, the travelers are able to seamlessly arrange their successive trip
directly with the on-demand service provider.The operation data and the field test demonstrates
the benefit of notable time saving for both the travelers and the transit operators.

The tangible benefits of implementing the dynamic, real-time IDTO system was successfully
proven in project phase I and II. Additionally, the research provides informative references and
innovation practice for policy makers and stakeholders to develop new transit services operated in
suburban American cities.
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1 Introduction

1.1 Overview of this Report

The purpose of this project is to develop and evaluate the D-RIDE component of the Integrated
Dynamic Transit Operation (IDTO) system. The goal is to deliver significant and sustainable
improvements to suburban transit services including transferring, ride-sharing and time-saving

commutes.

The IDTO system developed under this project is built upon the IDTO framework and prototype
systems developed under the previous phase including the IDTO server, the Mobile App, and the
Driver-Vehicle Interfaces (DVI). The IDTO server hosts the decision support tool, data collection
and database, and the messaging interfaces. The Mobile App interacts with travelers to obtain trip
information and requests. The DVI communicates with transit operators to accommodate the
requests from travelers and dispatch centers.

The D-RIDE application is the on-demand ridesharing option that incorporates the existing DRT
services (e.g. Tri-MyRide at Tri Delta Transit). The D-RIDE function enables travelers to submit
their connection and ridesharing requests to the IDTO Server, which in turn forwards the requests
to the DRT application at a strategic timing automatically. Then the travelers are able to arrange
their successive trip directly with the on-demand service provider seamlessly.

The key features of D-RIDE as described below:

A Train-to-DRT linkage model was developed to analyze mass transit to DRT connection needs
with the objective to reduce the wait time of transfer passengers, as well as the total travel time of
all passengers that use the D-RIDE application. Methodologies for real-time adjustments in
response to the changing dynamics of the routes has been explored.

A function component of the mobile app has been designed to enable travelers to input their
travel needs (e.g., plan a trip, request a service for D-RIDE, monitor the trip, and the connection

status), and to receive trip status notifications.

A booking-by-prior-trip algorithm has been developed to enable a D-RIDE strategy that saves
time for passengers and also provides reliable rider information to DRT operators.

With the integrated functions and features, the D-RIDE application has been tested and
demonstrated at the Tri Delta Transit agency during this phase of the project. Under the
sponsorship of Caltrans, the PATH project team, Tri Delta Transit, and the Contra Costa
Transportation Authority have been devoting efforts investigating the benefits of D-RIDE.





The combination of innovative real-time data capture and data management methodologies has
been shown to improve dynamic transit applications, expand the horizon for public transit
management, and facilitate better operational and planning decisions

1.2 Project Objectives
The project objectives are listed below:

» Develop seamless trips connecting mass transit and on-demand shuttle services (aka DRT),
that demonstrate how an optimized on-demand service and IDTO can enable an efficient
operation strategy for suburban transit operations.

* Further develop the IDTO system to implement the D-Ride pilot application and conduct
simulation analysis and field operational tests at the Tri Delta Transit serviced region.

» Facilitate the deployment and wide-spread implementation of dynamic transit operations
as an essential component of MaaS.

1.3 Organization of the Report

This report is organized as follows: Chapter 2 describes the background of the project. Chapter 3
documents the framework of the D-RIDE system including the system structure, the database
structure, and the overall workflow. Chapter 4 presents the system development and describes the
functional components of the backend server, decision support engine, and booking interfaces.
Chapter 5 is devoted to the field test with Tri-MyRide, and summarizes the test methodology and
results. Chapter 6 focuses on the D-RIDE application performance evaluation from the perspective
of transit operators and travelers. Chapter 7 summarizes the project and results, and provides

recommendations for future research and implementations.





2 Background

2.1 Concept of the IDTO System

The PATH team has developed three phases of the Integrated Dynamic Transit Operations (IDTO)
system.. The IDTO system aims to enable enhanced connectivity, reduced travel time, and
improved transit operations by providing transit connection protection, dynamic dispatch, and
dynamic ride-sharing applications.

A transit commuter can choose several options for their first/last mile trip through the IDTO
applications. The T-CONNECT application aims to guarantee the local bus ride, while D-RIDE is
expected to save time for the DRT ride. The multi-modal mobility scenarios are outlined in Figure
2-1.

s To Driving
___ﬂ (Park & Ride)

(automatic system request) ————

late call request)

( )
i i |I : y 'E To Local Bus
ﬁt_:.i ﬂ Q (Connection Pratection)

7:32pm 7:35pm 7:39pm  7:.41pm 7:43pm  7:48pm

(Scheduled (BART (Scheduled (390 departed
Arrival of BART) arrived late) Departure of 390) after waiting)

To DRT
(D-DIRE)

Figure 2-1. Connection Options for First/Last-Mile Transit

The PATH project team started the investigation of dynamic transit operation system in 2015 and
developed the prototype of the IDTO from 2015 to 2018 in the IDTO Phase I project. The first
phase proposed the architecture and system designs of the IDTO system, including a dynamic
operation server, a mobile interface, and a dispatch center interface. As shown in Figure 2-2, the
IDTO system allows the traveler and dispatch center to communicate through dynamic operation
servers, that provide real-time information and operation status. In Phase I, the IDTO used an
interface located at the Tri Delta Transit operation center that enabled transit operation staff to
receive requests from the IDTO Server. They were able to successfully communicate with bus
drivers through a radio communication channel to advise drivers to implement Connection
Protection or dynamic operation.
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The first phase has conducted several case studies to evaluate how Connection Protection can
provide benefits for transit operations. For instance, the waiting time for transfer passengers can
be significantly reduced at Tri Delta Transit’s Hillcrest Park & Ride bus station by adjusting the
schedule time of the connecting bus routes to meet the main bus route.. The study shows that a
large number of schedules can be adjusted, resulting in a considerable benefit for all passengers.
For another example, if the schedule of the connecting buses can be optimized at Hillcrest Park &
Ride bus station, 13 hours can be saved for all transfer passengers per day.

The Phase I project concluded that T-Connect can significantly improve connections between
transit routes, thus offering substantial reduction of travel time for transfer passengers. T-DISP
and D-RIDE combined can offer travelers with connectivity and convenience, thus have potentials
to attract choice riders.

Dynamic Operation Server

Inbound bus/BART Dispatch Center

Figure 2-2. Use Case of IDTO Phase I system

In Phase 11, lasting from 2018 to 2020, the PATH team further developed a fully functional IDTO
system that delivered large improvements to suburban transit services. The overall goal of the
project was to revolutionize suburban transit operation through deployment of IDTO. While the
Phase I project was dedicated to the concepts and developing the IDTO system prototype, the
Phase II project focused on the full scale implementation and field operation tests, successfully
creating the following services:

1. Trip planning and communications with travelers through the mobile applications;

2. Real-time communications between IDTO and transit operators through driver-vehicle
interfaces; and

3. Dynamic operation strategy optimization and decision support in the backend server.
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Dynamic Operation Server

Ne ,:'j':u;:,;; Outbound bus

Inbound bus/BART

Figure 2-3. Use Case of IDTO Phase II system

In Phase II+ from 2020 to 2022, the PATH team added the D-RIDE function to the established
system, which utilizes the transit real-time data to enable a booking-by-prior-trip strategy. The
scenario is demonstrated in Figure 2-4 . The benefit of saving travel time caused by the overlap of
BART trip time and DRT dispatch time has been evaluated and verified.

|
Prev. Trip "  -Booking
@

: o 5w n Lem DRT Tri
Timeline g o 4 0 ) - Picking Up
@ - Arriving Dest.

Spatial line ~ — - — « = . >
In Vehicle Pickup Stop Destination

Figure 2-4. Use Case of IDTO Phase 11+ system

The successive phases established a framework of transit operation being adaptive, dynamic, on-
demand responsive, and traveler centric, and proved that future deployment can be achieved in a
promising and reliable way.

2.2 Goal and Concept of D-RIDE

The objectives of D-RIDE (for IDTO Phase II+) are:
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1) Develop seamless trips connecting mass transit and on-demand micro-transit (aka DRT),
and to demonstrate how an optimized on-demand service and IDTO will enable an
innovative and efficient operation strategy for suburban transit operations.

2) Further develop the IDTO system to implement the D-RIDE pilot application and conduct
simulation analysis and field operational tests at the Tri Delta Transit serviced region.

3) Facilitate the deployment and wide implementation of dynamic transit operations as an
essential component of MaaS.

The goals and objectives of this project directly address the needs of suburban transit agencies in
California and across the country. This research best serves three of Caltrans’ Goals -Flexibility,
Reliability, and Performance. For Flexibility, the strategic focus is to enable transit as a solution
to congestion; and for Reliability and Performance, the strategic focuses are operation and
reliability improvements.

PATH applied a system engineering approach to the project management, system requirements,
and implementation in the previous project phases. The Concept of Operation for the IDTO system
and detailed system requirements have been defined collaboratively with Tri Delta Transit and
Contra Costa Transportation Authority. We continued to follow the systems engineering approach
during this project phase to update the system developments, the system requirements, the system
designs, and for the project management aspect, and also incorporated the following concepts:

The D-RIDE application developed under this project is built upon on the IDTO framework and
prototype system developed in Phase I & II and the details are described in the following sections.
The system is designed to support a bundle of IDTO applications. These applications support
integrated transit operation and provide travelers with a true “one-stop shop” for gathering
multimodal travel information, making smarter trip planning, interacting with transit operators to
improve successful transfers, informing their needs to transit operators in real-time for innovative
demand responsive transit service, and potentially integrating with ride-sharing first-and-last mile

services to supplement transit service.

The central element of IDTO system developed in this project is comprised of the IDTO Server
that hosts Data Collection and Aggregation, a Travel Choice Tool (TC), a Decision Support Engine
(DS), and Messaging Interfaces (MI). The DC acquires transit information from BART and the
Tri-MyRide dispatch system and provides these data to the TC and DS. The TC tools interact with
travelers to take O/D inputs, calculate feasible travel options, present the options to the traveler,
take traveler’s decision confirmation, and submit specific requests to the IDTO DS tools when this
request involves transit buses. The responsibility of the DS tool is to evaluate the feasible strategies
(i.e., T-CONNECT and D-RIDE) that will accommodate the request from the travelers. Once a
feasible D-RIDE strategy is found, it will be submitted to transit dispatchers and drivers for

13





confirmation and execution. The MI is responsible for managing the interaction with travelers and
operators to provide trip status updates.

The study of a new strategy led to a booking-by-prior-trip approach to enable time-saving. Train-
to-DRT connections are built upon the schedules that enable the connecting shuttles to arrive in
time. In IDTO Phase II+, we further developed the dynamic ridesharing service in designated
stations and involved the engagement of multi-stakeholders including travelers, bus drivers, and
transit agencies. The integration of the IDTO system and transit planning provides an adequate
success rate of connectivity of transit transfer, and improves the overall efficiency and
effectiveness of transit operation. Consequently, these improvements could encourage more

passengers to use transit.
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3 Framework of D-RIDE

3.1 System Structure

The Integrated Dynamics Transit Operation System considers the real-time transit and traffic
condition information with the goal to provide successful connectivity between multiple transit
modes (BART to bus, bus to micro-transit) and between different bus routes of an individual
agency that can plan a trip that best fits the traveler’s needs.

The system consists of four modules inclusive of the frontend and backend for both IDTO and Tri-
MyRide system, whose relations and dependencies are shown in Figure 3-1.

e IDTO Trip planner: provides the travel information of travelers (e.g., trip information,
requests a service for D-RIDE, acquires transit information and status of IDTO service
request), and delivers travelers’ requests to backend and receives real-time trip and service
notifications.

e DRT app: the Tri-MyRide mobile app receives the booking requests for on-demand shuttle
rides and delivers the pick-up information of the upcoming vehicle.

e IDTO Backend: hosts Data Collection and Aggregation, the Travel Choice Tool, the
Decision Support Engine, and the Messaging Interfaces.

e DRT Backend: the existing backend of the DRT service provider; which needs to be
modified to be able to process the new requests sent by a D-RIDE application.

The four modules manage a series of algorithms, interfaces, and demonstration programs which
ensure the effective and efficient operations of the services. Details of the components for each
module are illustrated in Section 4.

IDTO App DRT App VIA backend IDTO backend

& Trip Requests = Trip Requests )
- g Grouping Requests

) e DRT trip Mass Transit

dispatch trip rt-data

Accurate Pickup Info.

Figure 3-1. System Diagram of D-RIDE Application
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3.2 Database Structure and Data Management

We have established an integrated IDTO database running on a backend server which collects,
produces, and maintains transit and traveler data by manipulating a number of tables as shown in
Figure 3-2. The database covers most of the transit agencies with an existing automatic vehicle
location (AVL) system, and has stored the comprehensive data of transit agency operation (e.g.
BART, Tri-Delta Transit, Tri-MyRide) and trip information, including:

e Transit Agencies Data Feed: static stops, routes, trips, schedule and real-time locations
which are fetched from agencies server center.

e Traveler-customized Demand: first & last mile travel demand, real-time multi-modal
connection request, and user account and preferences which are associated with the module
“Trip planner”

e Service Event Status: tracking how a request has been approved or rejected, whether a
demand has been satisfied.

e Driver-Vehicle Interface Activities: DVI device login and logoff time, button press time,
driver ID and driver responses which are associated with the module “Driver-Vehicle

Interface”

IDTO Database \

Transit Agency
server

GTFS
static data

GTFS
real time data

»

Decision
Support engine

Trip
Information

Real time

D . |:| connection
— ‘ request
User

Applications

Traveler
customized
Demand

Service Event
Status

Notification

User account Management

and
preferences

DVI information

m W Driver Qeﬁiﬁle
(] ‘ Interface

Activities
Drivers 5 J
responses

Figure 3-2. IDTO Database Structure and Data Management

Driver Vehicle
Interfaces
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One of the key data sources is the GTFS data feed which includes a static GTFS feed and a
GTFS real-time feed, and their update frequencies are shown in Figure 3-3.

GTFS-rt Data Feed

Trip 30 seconds
IDTO Database
Vehicle 15 seconds
Service 10 minutes

Static GTFS Feed

Schedule On-demand

Figure 3-3. The GTFS data feed

3.3 D-RIDE Workflow

The IDTO system monitors the real-time transit operation (e.g. delays, schedules and transfer
information) and plans a trip that best fits the traveler’s needs. The planned trip could consist of
several segments, with each segment representing a different transportation mode which is transit
or transit-related. Once the traveler has confirmed the planned trip (including a last-mile trip
demand after debarking BART) the system will track the user throughout the planned trip. The
system will keep an update on the status of the traveler and the corresponding trains/buses, and
automatically submit trip requests to the Tri-MyRide app in order to make a seamless connection
between the BART trip and the DRT trip. The traveler will also be informed of updates or status
changes during the entire trip. The D-RIDE operation can also be regarded as a Mobility-as-a-
service application which provide a one-shop transit service by combining and connecting all trip

segments automatically.
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Figure 3-4. Workflow of D-RIDE Operation

The workflow of the IDTO server system consists of the following components that support the
train-to-DRT connection service:

e The mobile appdelivers and receives information related to travelers, trip information, and
real-time event status.

e The database on server: updates and archives all the static and real-time data from
external feed (public GTFS and agency dispatch data) and internal activities (mobile app
requests, event records)

e The application on server provides the application programming interfaces between
mobile app and database to retrieve saved trips, obtain real-time information, as well as
send notifications.
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4 Development of D-RIDE

4.1 Overview of Operations

This project aims to deploy and implement the key functions of the IDTO system including the
Connection Protection service, T-CONNECT, from the previous project phases and the train-to-
DRT service D-RIDE for this project phase. The IDTO system serves as a bridge between
individual travelers and the public mobility suppliers as well as mass transit and micro transit.

From the perspective of transit operation, The D-RIDE intends to facilitate first-mile and last-mile
shared riders by connecting riders from mass transit to DRT trips in real-time. The D-RIDE
application is implemented through dynamic operation supporting tools for real-time on-demand
shuttle operation based on predetermined operation rules. The on-board transit operators are able
to receive real-time operation advice and adjustments via interfaces and management systems
through the IDTO server. The D-RIDE system is implemented in the Tri-MyRide service zone
within the Tri Delta Transit area. The field tests conducted prove the time-saving performance for
both the transit rider and operator.

From the perspective of traveler trip planning, IDTO provides transparent information to travelers
in an on-demand manner, but there are some conditional cases where buses may or may not be
available. A traveler can input the transit trip (bus or BART) she is currently taking (or can
automatically set the current location using GPS on a mobile device), the trip she is planning to
take the transfer, and the transfer points (e.g. bus stops or BART stations). The IDTO server, upon
receiving the request confirmation, will identify the real-time transit and traffic conditions and
make the decisions of whether to trigger the traveler’s requests or not. Once the requests are
triggered, the server will send the information to the transit operator and obtain the response. The
IDTO will update the real-time response from the operators to travelers and display the response
within the mobile interfaces.

During the entire process, the IDTO system will keep updates on the status of the mass transit
vehicles. After the trips are completed, the system automatically archives daily historical logs, trip
information, and bus operation information.

4.2 Scenarios of the operation

The scenario of D-RIDE application can be described as the following use case and shown in
Figure 4-1:

e First, a passenger initiated a transit trip including a transfer from BART to a Tri-MyRide
ride. The trip information, including the origin, destination, and transfer location was
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submitted to the server through the user interface (e.g. mobile app). The trip information
was sent at 4:30 pm, indicating he will exit BART (scheduled at 5:05 pm) and take the Tri-
MyRide shuttle upon its arrival. The walking time between the BART station and the
shuttle stop is 4 minutes.

e The server therefore obtained the trip schedule activities and tracked the BART estimated
time of arrival (ETA). At 4:58 pm, the server engine sent a booking request to the Tri-
MyRide app to request a shuttle ride to pick the passenger up at the BART get-off station
and at 5:09 pm. The Tri-MyRide app verified that a shuttle was available and the ETA was
5:10 pm.

e The passenger exited BART and got to the pick-up stop at 5:09 pm, so the passenger waited
for the pick-up shuttle for 1 minute.

e [f a number of passengers on the same BART vehicle sent their requests through the D-
RIDE application, the DRT shuttle could respond quicker.

Transfer Segm. waiting DRT Trip (3) - Booking

TINPIE iy = o0 = 5 s -9 [Py (A () -Picking Up
@ - Arriving Dest.

Spatial line - —-— = -=:-—-~- N
Get-off Station Pickup Stop Busination

(a) Current approach of booking-upon-arrival

Va -
Prev. Trip ; - Booking

. B DRT T

Timeline o ® i 3 o ® - Picking Up

) - Arriving Dest.

Spatial line _ - >
In Vehicle Pickup Stop Destination

(b) New approach of booking-by-prior-trip

Figure 4-1. Example of D-RIDE Scenario
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The IDTO system will offer faster and better transportation services that attract travelers, reduce
the transit operation costs, and allow public transit to assume a greater role in the overall solution
in reducing transportation congestion, increasing safety, and improving air quality.

4.3 The Backend Server

The IDTO backend server monitors the real-time information of the travelers’ requests, gathers
DRT dispatching data serving the connection point, and triggers bookings of successive DRT trips
using a variety of optimization algorithms as described in the following sections.

4.3.1 Decision Support Engine

The decision support engine contains an ETA-based algorithm to monitor the BART and Tri-
MyRide operation, process travelers’ requests, and provide a book-in-advance decision. The core
function of the decision support engine is to effectively and efficiently decide the Connection
Protection events and manage the notifications.

The booking-by-prior-trip algorithm is the core algorithm in the backend server that checks trigger
conditions and timing to send the DRT booking request. The request time is the time point when
the backend server begins to make trigger decisions of the events. We use the following notation
to denote the passenger’s ETA at the transfer stop:

ETA psg = current time + remaining BART time + transfer walking time
The confirmation of successful booking-in-advance will be returned when:
ETA psg < ETA_drt,

which means the passenger must show up before the pick-up shuttle arrivals. This criterion sets up
a protection mechanism for the DRT operation since the shuttle location can be tracked by the
passenger app while it’s not the case the other way around. When the aforementioned criterion is
not satisfied, the DRT will be at the pick-up location before the passenger shows up, possibly
wasting time. Therefore, the system will reject the first booking request and submit a second
request 2 minutes later. Eventually the last-mile DRT trip will be dispatched to save the train-to-
DRT connection time.

We also considered the conventional way of dispatching where the DRT operation does not
support an in-advance booking method.

4.3.2 Real-time Monitoring of Trip Updates
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The D-RIDE application aims to provide real-time on demand service for connectivity
improvement and travel time saving. To obtain and monitor the real-time transit schedules and
delays, the server first generates static transit operation data and the pre-defined transfer routes
from the static General Transit Feed Specification (GTFS) feed and then continuously fetches the
real-time vehicle locations and trip time updates from the GTFS-rt to monitor the pre-defined trip
pairs as shown in Figure 4-2.

Generate tables for
e static transit operation

0

s N
Generate real-time trip
update table
(TransitETA table)

Static
GTFS L

- »
Monitor the real-time Pre-defined transfer
Real-time ETA for pre-defined routes
GTFS connected trips
p.S A

Figure 4-2. Diagram of real-time monitoring of trip-updates

The IDTO server uses static GTFS feed to generate transit operation tables and uses the real-time
GTFS feeds to monitor transit delays. From the static GTFS feed, the server generates the tables
of selected stops, schedules, and other fix-route based information. From the real-time GTFS feed,
the server generates the TransitETA table which contains the ETA records for all trips under
investigation. Transit agencies typically use GTFS-flex to standardize the DRT service zone and
route data, but Tri-MyRide has not adopted these data feed or their extension yet.

4.3.3 Booking-by-Prior-Trip API

The DRT dispatch vendor VIA offers two booking approaches by calling a simple URL (which
any rider can access using VIA’s app) and receive a VIA proposal with a predefined origin &
destination.

* Approach 1: booking right at the pickup location
baseurl/proposal?referrer=Via&passengers_count=1&destination=<destination address>

*  Approach 2: booking at a remote location (but within the service zone)
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baseurl/proposal?referrer=Via&origin_lat=<origin latitude>&origin _Ing=<origin longitude>
&destination=<destination address>

Beyond the above conventional approaches, the booking-by-prior-trip API should include the
inputs of pick-up location (other than the passenger’s real-time location), the time, and the new
endpoint recommended to serve as an extendable API to allow in-advance and remote booking
requests.

* New Approach:

baseurl/proposal?referrer=Via&origin=<pickup_location>&destination=<destination_address>&p
ickup=<a_later_pickup time>

Note that this API has not been officially implemented in the Via system.
4.4 IDTO Mobile App (Path2Go)

The IDTO mobile app has been developed during the three phases of the IDTO project, and acts
as the first transit app to impact the transit operation beyond the conventional transit information
services (lines, stops, and ETAs). For the D-RIDE function, we designed an interface to an in-app
linkage to invoke the VIA app for booking a successive Tri-MyRide trip. We have designed the
conceptual workflow and interfaces for this function component, but no real app development has

been made.
4.4.1 Mobile App Interface Framework and Components
The applicaiton has three main functions:

e Account: the account function allows passengers to register and set their commuting routes
and stations

e Trip information: the trip information function allows passengers to select a specific route,
origin, destination and transfer station.

e [tinerary: the itinerary information shows the current status of passenger’s route and the
status of D-RIDE.

The mobile app interface for trip information contains the trip origin and the transfer information.
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Figure 4-3. The Mobile App Interface Demo

After obtaining the trip information, the mobile app generates the itinerary for the specific trip and
displays it.

4.4.2 D-RIDE Interface Design

To enable the mass transit to DRT connection, the mobile app provides the spatial and temporal
transit information and real-time schedule information by the following core functions:

e Identify valid transfer stations corresponds to the Transfer Information function. After
the traveler selects the departing transit stop of the incoming trip, the APP will send the
station information through an API and obtain the possible transfer transit stops and the
subsequent trip information arriving at the given transit stop.

e Identify spatial and temporal information is in accordance with Trip Origin function.
When a traveler opens the application, the APP will display a regional map view where the
traveler is located. The app recognizes the latitudes and longitudes of the region, the
traveler’s location, and the current time. Through an Application Programming Interface
(API), the app sends a request with spatial and temporal information to obtain the return of
nearby route, stop, and schedules.
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e Send ride request to DRT app, to encode the spatial and temporal information into the
endpoint parameters, then call the endpoint to send the booking request to the DRT backend.
e Monitoring itinerary and providing real-time updates, for the rest of the mass transit
trip, the app continuously monitor the status of both the ongoing BART and upcoming
DRT. The confirmed DRT booking will be cancelled if the current BART trip experiences
significant delay which is very not likely to happen but should be considered for the service

design.
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S Field Operation Test

5.1 Baseline Data Analysis

To analyze the D-RIDE function, we collected the demand data of Tri-MyRide service via mobile
from 09/2019 to 02/2020. Tri-MyRide is the on-demand micro-transit service provided by Tri
Delta Transit. It has two service areas including Antioch BART and Pittsburg/Bay Point BART,
operating every weekday from 5:00 am to 9:00 pm.

5.1.1 Demand patterns

In total there are 19132 rides during the period using TriMyRide service. The types of the rides
are categorized by From/To Home for Antioch BART (ANTC), From/To Home for Pittsburg/Bay
Point BART (PITT), and From/To other locations. It is noted that rides are concentrated for BART
stations which is 73.46%, as shown in Table 5-1.

Table 5-1. Number of rides with different origins and destinations

ANTC PITT Other
From Home 5166 (21.55%) 3496 (14.58%) 722 (3.01%)
To Home 4606 (19.21%) 4344 (18.12%) 537 (2.24%)
Other 0.00% 0.00% 261 (1.09%)

In addition, the demand is geographically concentrated in residential areas as shown in Figure 5-1,

where the size of the circle indicates the amount of the demand.
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Figure 5-1. Geographical distribution of demand for the two BART station are
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On average there are 3188 rides in a month with the lowest record of 2822 rides and the highest
record of 3476 rides, as shown Figure 5-2. The demand also shows the commuting trend of
travelers where a large number of rides are taken during the morning and evening peak hours as

shown Figure 5-3.

5.1.2

Proportion

Number of Rides in Month
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Figure 5-2. Number of rides in month

Distribution of Rides Taken throughout the Day
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Figure 5-3. Distribution of rides with respect to the time of day
Issues of waiting time

It is noted that travelers need to wait at the location to get picked up by the micro-transit service.
To analyze the waiting time, we focused on the rides from the two BART stations to home which

are matched with the BART schedules.
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As shown in Figure 5-4, travelers’ average in-vehicle time is 11.12 minutes. However, travelers’
waiting time is 10.38 minutes which is 48% of the total travel time. The waiting time is a total time
loss which reduces both the efficiency of the operation and the traveler trip connectivity.

Distribution ef In-Vehicle Time Distribution Waiting Time

Proportion

Figure 5-4. Distribution of in-vehicle time and waiting time

To specify the issues of the waiting time, we concluded the three types of the time loss:

Case 1: Short waiting time: this case refers to the situation where travelers are waiting for less
than 15 minutes for boarding the Tri-MyRide vehicle after taking off from BART, as shown in
Table 5-2. Such waiting time can be saved with the D-RIDE function where travelers can book the
service in advance, (i.e., by taking the micro-transit after the BART) without waiting.

Table 5-2. Example of short waiting time case

Wait  Boarding  Total

service name origin_address Date BART Time Timestamp Time time Time

San Marco-  Pittsburg Bay  2019-

To Home Point BART  09-04 18:29:00 18:33:33  03:13.0 18:36:46 19:14.0

SanMarco-  Pittsburg Bay 2019-

To Home Point BART  09-04 18:29:00 18:34:47  01:59.0 18:36:46 13:01.0

SanMarco-  Pittsburg Bay  2019-

To Home Point BART  09-04 19:06:00 19:06:02  05:04.0 19:11:06 20:17.0

SanMarco-  Pittsburg Bay  2019-

To Home Point BART  09-04 19:06:00 19:07:41  03:25.0 19:11:06  09:03.0

Case 2: Long waiting time and short BART headway: When two batches of travelers get off
two consecutive BART trips, the second batch may have a longer waiting time even though the
headway of the BART is short. This may be because the micro-transit operators lack travelers’
demand information and pick up only the first batch of the travelers. Therefore, the second batch
of travelers has to wait for a long time to board another vehicle. In the example shown in Table
5-3, the BART headway is 4 minutes but the waiting time of the second traveler batch is as high
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as 22 minutes while the waiting time of the first traveler batch is only 3 minutes. With D-RIDE
function of advanced booking, the operators are able to obtain the booking information in advance
and can wait at the station for a few minutes and pick up both travelers.

Table 5-3. Example of long waiting time and short headway

Wait  Boarding  Total

service name  origin_address Date BART Time Timestamp Ti . Ti
ime ime ime

San Marco -  Pittsburg Bay  2019-
To Home Point BART  09-06

San Marco - Pittsburg Bay  2019-
To Home Point BART  09-06

18:06:00 18:07:50  03:03.0 18:10:53 10:27.0

18:10:00 18:12:04 22:53.0 18:34:57 31:26.0

Case 3: Long waiting time and long BART headway: This case refers to a situation when
travelers wait for a long time for the micro-transit service after getting off the BART. This is
partially because of the dispatch time and fleet limitation. As shown in Table 5-4, both travelers
have a long waiting time and the headway of BART is 20 minutes. In this case, providing D-RIDE
service may not have a large effect since the waiting time is caused by the dispatch operation rather
than pick-up arrangements. Therefore, in this section we will focus on the analysis of D-RIDE for
Case 1 and Case 2.

Table 5-4. Example of long waiting time and long headway

Wait  Boarding  Total

service name origin_address Date BART Time Timestamp Ti . Ti
ime ime ime

San Marco -  Pittsburg Bay  2019-
To Home Point BART  10-03
San Marco -  Pittsburg Bay 2019-
To Home Point BART  10-03

16:56:00 16:58:24  17:39.0 17:16:03 24:10.0

17:16:00 17:20:00 29:37.0 17:49:37 36:45.0

5.1.3 Potential Time Saving with D-RIDE

To assess the potential impacts of D-RIDE, we selected the trips from BART to home and matched
them with BART schedules. The percentage of trips in each case is listed in Table 5-5. As
mentioned above, we focus on the time saving in Case 1 and Case 2 which consists of 95.15% and
95.28% trips in Pittsburg/Bay Point (PITT) and Antioch Station (ANTC) respectively. For Case 1,
D-RIDE can save 4.5 and 3.7 minutes waiting time per traveler in PITT and ANTC respectively.
For the second case, it can save 4.3 and 3.5 minutes in PITT and ANTC.
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Table 5-5. Overview of different cases for BART-to-Home trips

Case 1 Case 2 Case 3
Trip Percentage - PITT 80.60% 14.55% 4.85%
Ti i traveler —
ime saving p.er raveler 45 43 W/a
PITT (minutes)
Trip Percentage - ANTC 82.08% 13.20% 4.72%
Time saving per traveler -
3.7 3.5 n/a

ANTC (minutes)

5.2 Test Methodology

The field test aims to the validate and verify the D-RIDE application in real world cases, including

procedures for preparation, backend development, performance monitoring, and data collection
and analyses. Working with Tri Delta Transit and their on-demand shuttle supplier VIA, the PATH
project team conducted a two-stage quasi-simulated field operational test of the D-RIDE

application at the Tri-MyRide Transit serviced zone.

The first stage is a simulation test. Since the real DRT operation cannot be interrupted during

testing, the researchers developed a simulated DRT dispatch tool whose structure is presented in

Figure 5-5 . The tool serves as a DRT simulator providing the information of vehicle availabilities

and predicted pick-up times through the IDTO backend rather than a DRT operation backend.

DRT trip request

=)

Figure 5-5. DRT Dispatch Simulator
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The second stage is a field test including the real DRT dispatch responses. For the same reason of
not influencing the real DRT operation, a quasi-simulated test methodology has been adopted and
further designed. The Tri-MyRide app has an ETA inquiry step to provide the DRT availability
information before a real trip request has been submitted, which was leveraged as a pre-booking
request. A number of pre-booking requests were submitted remotely and in advance when the test
travelers were on BART approaching the transfer stops, whose responses has been parsed to obtain
the shuttle ETAs. The data collected are analyzed to obtain the performance of this booking-by-
prior-trip strategy.

5.3 FOT Implementation

To study the connectivity between BART and Tri-MyRide which is inclusive of the Pittsburg/Bay
Point BART Station and the Antioch BART Station, the PATH project team adopted a two-stage

test including the simulation test and the field test. Theirdescriptions and features are outlined in
Table 5-6.

Table 5-6. Timeline and Descriptions of FOT

) 12/01/2021-
Time 03/16/2022 —03/31/2022
12/10/2021
FOT stage Simulation test Field test Performance Evaluation
Using a DRT Integrating with Tri- Data processing and
Approach : ) . . .
dispatch simulator MyRide mobile App evaluation
Dat Simulated trips, Booking requests, valid trips and
ata
simulated eventsand | BART and DRT trip connections, time saving
produced . N
timelines timelines results

5.3.1 Simulation Test

A set of trips were virtually generated in the simulation test. The time duration was from 5am to
8pm each day. The trips were generated every 30 seconds. The dispatching time was calculated
through the Google map Direction API (as below) by assigning the vehicle real-time origin to a
random place within the Tri-MyRide service zone.

https://maps.googleapis.com/maps/api/directions/xml?origin=<origAddrUTF 8> &
destination= <destAddrUTF8>&mode=driving&key=<GOOGLE KEY>

The total 1,800 trips were simulated and were fed to the IDTO system to verify and evaluate the
D-RIDE strategy.
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5.3.2 Field Test

During the field test, we initiated 83 Tri-MyRide booking trips at the Pittsburg/Bay Point (41) and
Antioch (42) BART Stations. Sixty trips are of conventional booking-upon-arrival at the stations,
and 23 trips are the D-RIDE approach: booking-by-prior-trip on BART trips.

Figure 5-6. Real Scene of pick-up stop at BART station (left) and Tri-MyRide vehicle (right)

During the field test, The IDTO system collected and archived a set of data to support the
evaluation of the D-DIRE application, as outlined below:

e Real-time and archived transit data, including those collected by Tri-MyRide dispatching
system and BART.

e Traveler activities through mobile apps collected and archived at IDTO system server.

The data collected in the FOT period was used for the D-RIDE performance analysis as stated in
Table 5-7. Pxxx and Axxx indicate the data collected at Pittsburg (P-station) and Antioch BART

station respectively. The columns heads represent the data as:

e “Pbook”: the in-advance booking time, independent with the BART schedule;
e “Parr”:, the arrival of pick-up DRT shuttle;

e “Pdur”: duration from booking to getting on DRT shuttle, on the BART of last run;
e “PBart”: the BART scheduled arrivals.

Table 5-7. Time Dataset of Field Test Trips

32





Pbook

10:11
10:17
10:39
10:56
11:55
11:59
12:45
13:03
13:30
14:41
15:37
15:47
15:52
15:58
16:05
16:10
16:16
16:20
16:26
16:32
16:40
16:45
16:50
16:55
17:00
17:05
17:10
17:16
17:20
17:25

Parr

10:20
10:26
10:53
11:07
12:04
12:08
13:06
13:22
13:40
14:51
15:45
16:09
16:14
16:19
16:19
16:32
16:33
16:30
16:42
16:57
17:11
17:10
17:07
17:09
17:10
17:24
17:33
17:35
17:38
17:33

Ppick

10:13
10:19
10:46
11:00
11:57
12:01
12:58
13:15
13:32
14:44
15:38

1717

Pdur

00:09
00:09
00:14
00:11
00:09
00:09
00:21
00:19
00:10
00:10
00:08
00:22
00:22
00:21
00:14
00:22
00:17
00:10
00:16
00:25
00:31
00:25
00:17
00:14
00:10
00:19
00:23
00:19
00:18
00:08

PBart

10:05
10:05
10:35
10:50
11:50
11:50
12:35
12:50
13:20
14:35
15:35
15:35
15:50
15:50
16:05
16:05
16:05
16:20
16:20
16:20
16:35
16:35
16:50
16:50
16:50
17:05
17:05
17:05
17:20
17:20

33

Abook

10:13
10:19
10:41
1103
1109
12:37
12:44
13:15
13:20
13:35
15:35
15:45
15:53
15:59
16:05
16:10
16:16
16:20
16:26
16:32
16:40
16:45
16:51
16:55
17:01
17:05
17111
17:16
17:20
17:25

Aarr

Apick
10:25
10:31
10:56
11:15
11:21
12:52
12:57 |/
13:28
13:57
14:03
16:08
16:09
16:10
16:15
16:22
16:25
16:51
16:49
16:50
17:04
17:12
17:10
17:15
17:24
17:24
17:24
17:26
17:31
17:35
17:40

10:14
10:20
10:46
11:06
11:12
12:41

13:16
13:45
13:53
15:55
15:56

Adur

00:12
00:12
00:15
00:12
00:12
00:15
00:13
00:13
00:37
00:28
00:33
00:24
00:17
00:16
00:17
00:15
00:35
00:29
00:24
00:32
00:32
00:25
00:24
00:29
00:23
00:19
00:15
00:15
00:15
00:15

ABart

10:10
10:10
10:40
10:55
11:10
12:38
12:38
13:08
13:08
13:23
15:20
15:35
15:50
15:50
16:05
16:05
16:05
16:05
16:20
16:20
16:35
16:35
16:50
16:50
16:50
17:05
17:05
17:05
17:20
17:20





6 D-RIDE Performance Evaluation

6.1 Framework of Performance Evaluation

The evaluation is conducted using three data sources including the IDTO dataset and the Estimated
Time of Arrival (ETA) Dataset. As shown in Figure 6-1, the measures of the evaluation are from
the perspective of real-time connectivity, the DRT dispatch operation, and the travelers’ OD.

Connectivity

Dataset

Trip ETA

oD data

DRT DRT Waiting Time Travel Time
Availability ETA Saving Saving

Figure 6-1. Framework of Performance Evaluation

In this project, we investigate the performances that are primarily the time saving for last-mile trip
connections and eventually for the entire trips.

6.2 Performance of Simulation Tests

The Tri-MyRide trip times have been investigated by comparing the cases before and after a D-
RIDE strategy has been virtually implemented. The simulation tests show that the passenger
transfer waiting time (for pickup) was saved by an average of 53%, while the number
decreases to 22% for DRT travel time saving. It's also shown that there is no notable difference
between peak hours and off-peak hours, which can possibly be explained by a reduced amount of
traffic in in the investigated area.
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Figure 6-2. average waiting with respect to the time of day

[llustrated by Figure 6-3, the waiting time for pick-up at the shuttle stop of the Antioch BART
station varies from 3-15 minutes if the riders choose to order the shuttle trip after getting off of
their BART trip. In contrast, when the book-by-prior-trip function has been integrated into the
DRT service, most of the cases will result in a waiting-for-pickup time of 1-7 minutes.

Figure 6-3. Waiting-time for a DRT shuttle, without D-RIDE (left) and with D-RIDE (right)
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6.3 Performance of Field Test

From the analysis of the collected operational data of Tri-MyRide, the results show a self-
organization pattern of the DRT operation which aligns with the mass transit schedule to serve the
passengers for the last-mile trip. As shown in Figure 6-4, when the booking time is closer to the
BART arrival, a shorter waiting time is expected. The pattern exposes a mechanism of the DRT
drivers’ behavior of picking up passengers that exit BART on time, which acts as an supportive
evidence to implement the D-RIDE application.

BART to Tri MyRide @ Pittsburg BART BART to Tri MyRide @ Antioch BART
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Figure 6-4. DRT waiting time when align with BART schedule

As shown in Figure 6-5, when the booking-by-prior-trip strategy was applied and tested, the saving
of waiting-for-pickup time was achieved in coordination with the timing of booking.
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Figure 6-5. time saving by comparing w/o D-RIDE (‘0’) and with D-RIDE (‘*”)

The DRT trip booking timing has been categorized into three intervals. If there is a significant
amount of time before a BART’s trip end, (i.e., 12 minutes for Pittsburg and 11 minutes for
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Antioch), the booking is too in-advance to receive an available and reliable DRT response. If the
amount of time is close to the end of a BART trip, there is no additional time-saving benefit when
using the in-advance booking strategy. For the booking time in between, the saved waiting time
are discovered to be 3~6 minutes, which is consistent with the results concluded from the
simulation test. Considering the entire last-mile DRT travel time, this performance of time saving
is significant.
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7 Conclusions and Future Research

7.1 Summary of accomplishments and findings

The IDTO project aims at developing and implementing a full-scale Integrated Dynamic Transit
Operation (IDTO) prototype system that enables T-CONNECT and D-RIDE services. For the
Phase II+ project, the project team has accomplished the following system integration and data
analysis:

e The IDTO server hosts a trip planner, decision support engine, data collection and
management, and acquires information of transit operations to communicate with transit
agencies, operators, and travelers.

e The booking-by-prior-trip API with the DRT service supplier enables D-RIDE instructions
to be communicated directly via communication link between the transit operation center
and the buses. It establishes the communication between the IDTO and the DRT operation
backend.

e The D-RIDE interfaces within the mobile app to enable travelers to input their travel needs
(e.g., plan a trip, request a service for T-CONNECT and D-RIDE, acquire status of DRT

service request), and to receive trip status notifications.

The research team has collected baseline and experimental data in the field test to evaluate the
benefits and impacts of D-RIDE. An analysis on the new dynamic operation system and strategy
is conducted for the evaluation of the system performance with discussions from transit agencies
and stakeholders. The findings are listed below:

e The D-RIDE strategy works for different conditions of BART and DRT services. It can
adapt to the BART schedules and the DRT dispatch capabilities by implementing a
dynamic algorithm taking into consideration both the needs of travelers and operators.

e For a last-mile DRT trip of approximately 10-15 minutes, the simulation tests show that
the D-RIDE strategy can lead to saving an average of 53% waiting (for pickup) time, while
saving an average of 22% DRT travel time.

e In a real DRT operation site, the saved waiting time is 3~6 minutes, which is consistent
with the historic operation data and the simulation test.

The analysis of test results demonstrates that D-RIDE application provides an effective and
efficient service to DRT transit operators and travelers and supports dynamic transit operations by
establishing communications and enhancing real-time operations. The IDTO has accommodated
both the traveler’s trip planning and agencies’ on-demand operations which provide opportunities
to improve the transit service quality and to facilitate better operational decisions. Moreover, the
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integrated dynamic transit operation also proved to have significant benefits for travelers by
reducing travel time and improving connectivity. It therefore has great potential to attract ridership
and reduce operation costs.

7.2 Recommendations and Future Research

The IDTO projects have taken several yearlong efforts to address the inter-modal and inter-agency
connection problems towards seamless trips. Most agencies provide the transit trip service for a
local or regional area, and many resources have been utilized to improve the in-vehicle trip
performances. However, the connection/transfer segments consume an average of 25% of the
entire trip time and the related issues are more traveler specific than the in-vehicle segments. There
is a strong need to conduct studies to address the following problems and limitations:

1. Lack of data tools to describe the connections/transfers between trip legs, especially at the
transfer hubs, while the conventional OpenStreetMap is not adequate for reliable planning;

2. The current GTFS dataset doesn't support trips for inter-agency, inter-modal and inter-
county (regional) activities;

3. The current transit operational data, including GTFS-RT, AVL and APC, do not contain
or reflect the actual transfer demand and activities;

4. The cross-modal transfer data standards are not well-defined, for instance, how to define a
transfer from the perspective of temporal-spatial reachability, how to describe a transfer
from mass transit to paratransit or on-demand micro-transit, and so forth.

Considering these factors, there is a demand to use and extend the GTFS Dataset to standardize
the transfer data feeds. The solution will be to create GTFS extensions for interagency and/or
intermodal trips. The current GTFS is a data specification that allows public transit agencies to
publish their transit data in a format that can be consumed by a wide variety of software
applications. Figure 7-1 presents the limitation of GTFS based planning for a multi-segment trip.
An extended data specification named Connected GTFS could be worked out to provide
interagency and intermodal data at transit hubs to facilitate seamless trip planning and monitoring,
as shown in Figure 7-2.
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Figure 7-1. GTFS data utilization for multi-leg transit trip planning
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Figure 7-2. CGTFS data utilization for interagency transit trip planning
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Introduction

The purpose of this report is to give an overview of the technologies that are currently in
the focus of attention from industry experts, investors, researchers and government. It is
structured as follows. The rest of this section reviews transportation priorities on the
National and California levels. Then, the report describes emerging technologies related
to public transportation and their application. After that, the report summarizes the
results of the survey about their focus and priorities conducted by the authors among
the cities and transit agencies of the San Francisco Bay Area and presents the
conclusion..

National Priorities

As evidence of climate change continues to grow, the United States government has
increased its focus on reducing environmental impact, especially with respect to the
surface transportation system. The current administration has also emphasized the
need to act urgently to ensure the country’s infrastructure is resilient to severe-weather
events caused by climate change. This has led to greater policy focus and increased
federal spending in areas such as electrification, multi-modal transportation, active
transportation (walking and biking), emerging technologies, and rebuilding
infrastructure. Expanding the nation’s workforce, maintaining safety, and social equity
are other major priorities for the current administration.

As shown on their website,! the United States Department of Transportation (USDOT) is
focusing on three major priorities:

e Safety: keeping traveling Americans safe.
e Innovation: engaging with emerging technologies.
e Infrastructure: maintaining the nation's infrastructure.

The first of these priorities has long been a goal of USDOT and its importance is
becoming even clearer with new emerging threats such as COVID-19. The second

1 USDOT. https://www.transportation.gov/priorities
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priority, innovation, is also the focus of this white paper. USDOT views innovation as a
catalyst to creating high-paying jobs and building a modern, sustainable transportation
system. The final priority is seen as a prerequisite to ensuring our country’s
infrastructure is resilient to climate change. Infrastructure spending is also recognized
as a stimulant to the nation's economy.

California State Periorities

California has long been a leader when it comes to protecting the environment, and the
environment has become an even greater priority for the state as evidence of climate
change continues to mount. On September 20, 2019, Governor Newsom issued
Executive Order N-19-19, which proposes a bold climate agenda directing every agency
of state government to redouble their efforts to reduce greenhouse gas (GHG)
emissions and mitigate the impacts of climate change. Specifically, he directed the
California State Transportation Agency (CalSTA) to:

Align the state’s climate goals with transportation spending where feasible;
Reduce VMT by strategically directing discretionary transportation investment in
support of housing production near available jobs and in accordance with the
state’s smart growth principles;

e Reduce congestion through innovative strategies designed to encourage people
to shift from cars to other modes of transportation;

e Fund transportation options that contribute to the overall health of Californians
and reduce GHG emissions, such as transit, walking, and biking;

e Mitigate increases in transportation costs for lower-income Californians.

On September 23, 2020, Governor Newsom went a step further by issuing Executive
Order N-79-20. This order states that by 2035, all new cars and passenger trucks sold
in California must be zero-emission vehicles. Because transportation currently accounts
for more than 50 percent of California’s GHG emissions, this order aggressively moves
the state further away from its reliance on climate change—causing fossil fuels while
creating jobs and spurring economic growth.

Caltrans’ priorities as an organization closely align with the state’s priorities of protecting
the environment and ensuring transportation equity. These priorities are demonstrated
in two major plans that were recently released: Caltrans Strategic Plan and California
Transportation Plan (CTP) 2050.

Caltrans Strategic Plan

In early 2021, Caltrans released the Caltrans 2020-2024 Strategic Plan. The mission,
vision, and goals that are in the plan closely align with California’s transportation
priorities of protecting the environment and ensuring equity for its citizens.





The Caltrans mission is to “provide a safe and reliable transportation network that
serves all people and respects the environment.”

Caltrans’ vision is “a brighter future for all through a world-class transportation network.”
Caltrans has established the following six goals as an organization:

Safety first

Cultivate excellence

Enhance and connect the multimodal transportation network
Strengthen stewardship and drive efficiency

Lead climate action

Advance equity and livability in all communities

Emerging Technologies and Applications

Encouraging Modal Shift

Presently, many initiatives directed at mode shift propose some punishing pricing
schemes or removal of parking at presumed destinations to force people to choose
public transit over their car. However, this approach is unfair: it punishes the
disadvantaged, allows the wealthy to continue current practices and discourages transit
agencies from becoming competitive. We believe that an approach promoting
competition between travel modes is more promising.

Programs informing and incentivizing people to explore transportation modes other than
their own cars, need reliable and up to date information about alternatives. Travelers
should be able to see the benefit of these alternatives in terms of travel time (getting to
destination faster), cost (cheaper), health (sometimes cycling could be considered a
safe and healthy workout in a beautiful weather), or convenience (can sleep, read, listen
to or watch something during the commute). For that, we need:

1. Data about alternative modes in a standard format, such as General Transit Feed
Format (GTFS) specifying public transit schedules. There can be GTFS-RT (real-
time) or GTFS-Flex (on-demand routes) data available. There could be
information about occupancy of parking lots at park-and-ride facilities, and so
forth.

2. Secure data management system that keeps the information up to date, validates
new data and maintains usage statistics.

3. Open Application Programming Interface (API) for making these data available to
trip planner providers.





4. Mobile apps that make it interesting to compare the alternatives. Gamification
can be a powerful tool to incentivise people to change their means of
transportation.

Transit Performance Assessment

Improving public transit starts with assessment of its performance. Presently, most
transit agencies consistently report their schedules through GTFS. That, plus vehicle
location data provided via GTFS-RT, allow to answer the following questions:

On the area, agency and regional level, what percentage of vehicles is on time?
What percentage of vehicles provides regular location updates?
How many vehicles are off course at a given time?
Is there a regular service within, e.g. a quarter of given parcels X, Y, Z? Or, what
service is there within a quarter of a mile from parcels X, Y, Z? And, what is the
service frequency?
5. How regular is the service near given communities? What is the frequency of
service in these areas? Specifically,
a. What is the service reliability?
b. What are the frequencies derived both from schedule and real time, and
what is the deviation between the two?
c. Does this service provide direct connectivity to the most popular
destinations, or are transfers required?
d. What is the reliability of timed transfers between communities of concern
and popular destinations?
6. How many buses are within a given distance of a specified area and what are
their locations at current time? This may be useful for emergency response and
evacuation.

=

Combining automatic vehicle location (AVL) and automatic passenger count (APC) data
produces ridership on individual route segments. With the ridership data, the following
additional questions can be answered:

7. What is the transit ridership on given routes and between specified origins and
destinations?

8. Are buses on given routes too crowded to safely accept passengers?

9. What is the passenger-miles traveled (PMT) on given routes or within given
areas?

10.What is the bus utilization over different time periods?

11.What is the cost of transit route operation relative to trips and PMT?

12.What is the PMT in given areas? What are the most/least utilized routes
starting/ending in these areas?





13.What is the correlation of PMT and VMT on neighboring freeways? This can help
estimate the modal split.

There is a need for a Transit Performance Dashboard, where these questions could be
explored for multiple transit agencies. Presently existing transit dashboards include:

e MBTA On-Track — Massachusetts Bay Transportation Authority’s dashboard for
reliability, ridership, financials and customer satisfaction;?

e Texas Transit Performance Dashboard — covers 27 urban and rural transit
districts;3

e CapMetro Dashboard — Capital Metro, an Austin Public Transit dashboard for
reliability, safety, ridership, financials and customer satisfaction;*

e NYMTA Performance Metrics — New York Metropolitan Transportation Authority
publishes metrics of public transit performance;®

e SFMTA - COVID - San Francisco Municipal Transportation Agency’s data sheet
about transit ridership and revenue during COVID-19;°

e TriMet Dashboard — Tri-County Metropolitan Transportation District of Oregon
dashboard for efficiency, safety, ridership and budget.”

Out of these, only the Texas Transit Performance Dashboard covers multiple agencies.

Traditionally, ridership has been the main performance metric for transit agencies.
Money is at stake in addition to pride: ridership partly determines the amount of federal
funding allocated to each system. The national transit industry scrutinizes passenger
numbers too, celebrating a national uptick and bemoaning a downturn.

But the coronavirus pandemic has shown that ridership is an imperfect measure of
transit’'s importance. With offices shuttered and agencies themselves advising
passengers to avoid all but essential trips, passenger counts collapsed by as much as
90% on rail service in San Francisco. Ridership on buses has slumped as well. And
these numbers are not coming back quickly to pre-COVID levels, as work-from-home
habits forged during the pandemic stand to leave lasting marks on commuting patterns
in major cities.

Few people would argue that transit systems’ societal value has fallen as steeply as
their ridership. On the contrary, the pandemic has reminded us that cities cease to

2 MASSDOT.gov. https://www.mbtabackontrack.com

3 Texas Transit Performance Dashboard. https://www.texastransitdashboard.com

4 Capital Metro Dashboard. https://www.capmetro.org/dashboard

5 New York Metropolitan Transportation Authority Metrics. https://new.mta.info/transparency/metrics

6 San Francisco Municipal Transportation Agency’s data sheet. https://www.sfmta.com/covid-19-
dashboard

7 Tri-County Metropolitan Transportation District of Oregon dashboard. https://trimet.org/about/dashboard
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function if public transportation is unavailable. You might be able to drive to a hospital or
grocery store, but that won’t do you much good if transit-reliant workers can’t get there
to staff it.

There exists a better measure of transit success - reachability. The basic method of
calculating reachability is intuitive: Pick a particular neighborhood, and then determine
the time it would take for a person living there to use transit to reach jobs dispersed
throughout the region (people take many other kinds of trips, but commute data is most
readily available). Transit planners can then aggregate the data to calculate an overall
regional measure of access, or they can create one for a subset of the population (say,
minorities or low-income residents). Agencies are then able to use these calculations
when designing a systemwide service map or when making a narrower decision, like
choosing whether to open a new route or add frequency to an existing one. An agency
can continue to monitor the accessibility of its service, defined as the share of jobs
reachable for a given population within a given trip time, such as 60 minutes door-to-
door.

It is important to note that this reachability analysis can only be performed on a system
(regional) level - not per individual agency.

Mobility Technologies

Mobility as a Service (MaaS)

The concept of Mobility as a Service (MaaS) has forever revolutionized the
transportation industry. It is also changing the role of the transit providers in the mobility
space - their responsibility has expanded to incorporate new and innovative
approaches, integrating multiple modes of transportation and introducing new
technology tools to keep communities moving. Additionally, MaaS changes the way
riders and agencies interact, allowing for passengers to select among ride-sharing, bike-
sharing, public transit services, and private transit services to fully customize their travel
preferences and choose the solution that fits their needs through an integrated network.
Transit agencies share the responsibility to facilitate that evolution.

The American Public Transportation Association (APTA)® recently undertook a study
mission looking into MaaS systems in Europe to gather data and evaluate the readiness
of American transit systems to fully embrace MaaS.° The study emphasized the
importance of a solid, sustainable public transit system as the backbone of the MaaS
concept. According to the study, a clear vision for enhancing mobility, a high quality,

8 American Public Transportation Association. https://www.apta.com

9 APTA Report. Being Mobility-as-a-Service (MaaS) Ready. June 2019. https://www.apta.com/wp-
content/uploads/MaaS_European_Study Mission-Final-Report 10-2019.pdf
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well-integrated public transportation system and mobility partners/contractors who share
the agency’s mission, are all vital components of effective MaaS initiatives.

The study also identified that regulatory policy and lack of governmental support, not
technology, is the key challenge when it comes to MaasS. It is clear that technology is
outpacing policy developments with many options currently available for real-time
mobility apps that integrate a community’s transportation options.

One of the changes expected in the near future includes the regionality of mobility. As
cities grow and begin to overlap, the traditional boundaries of public transportation are
blurred. One can imagine a future where a city or metroplex releases a Request for
Proposals for turnkey mobility solutions for all modes, looking for a partner to handle all
aspects of mobility. Clients will look for the best overall solution for their community’s
complete transportation needs - covering fixed route, paratransit, university and private
shuttle, on-demand, school bus, contact center, rail, fare payment, maintenance
services and more. Additionally, clients will look for a provider who can aggregate all
services together on one platform, through one payment channel, to create seamless
journeys powered by artificial intelligence and data, while also providing additional
revenue streams.

Mobility on Demand (MoD)

Mobility on Demand (MoD) is one of the more popular approaches to modal shift,
improving system flexibility, efficiency and convenience. On-demand options, which
take many forms, are successfully incorporated into both fixed route and paratransit
services, sometimes including the services of Transportation Network Companies
(TNCs) and other third-party providers. Some of our first on-demand transit operations
included late night services at colleges and universities, designed to ensure students
have a safe ride home after traditional transportation services end for the evening. On-
demand services have also been successful as a first-mile last-mile solution to increase
ridership in fixed route operations and have also shown to improve passenger
satisfaction and efficiency at paratransit operations, facilitating the ability to take same-
day trip requests. More recently, on-demand services have expanded again with service
for passengers needing wheelchairs or other mobility devices.

One specific type of on-demand transportation - microtransit - has proven to better
connect various communities and/or zones to increase the use of public transit.
Information technology is a vital component of microtransit operations, and there is no
shortage of passenger apps available for this purpose. Through these apps, or via a
designated phone number, passengers can request trips. Passengers and dispatchers
can see the real-time location of their vehicle, making commutes and trip planning much
easier and convenient on the part of the passenger.





Micro-Mobility

An important component of MaaS that transit agencies must embrace moving
forward are micro-mobility solutions, including non-traditional technology modes
such as scooters and bike sharing. These micro-mobility services can operate as
first-mile, last-mile solutions for public transit systems and, to be successful, must
reflect the mobility preferences of the community. For example, successful micro-
mobility services could include bike sharing in a downtown environment where biking
is popular, or incorporation of transportation in open-air golf carts to fixed route pick
up points in a beach community.

According to the Mobility as a Service Alliance,'® a public-private partnership
dedicated to creating the foundation for a common approach to MaaS, micro-mobility
solutions can help fill in the gaps in public transportation for commuters, making
public transit a more attractive option for many. These solutions can also have
tangible benefits for transit agencies, including reducing parking congestion and
improving ridership on fixed route systems.

In many cities, commuters are able to rent bikes, scooters and other micro-mobility
vehicles on a convenient app. In some cases, customers can use their mobile
phones to locate a vehicle, unlock it, and pay their fee. This level of convenience is
designed to appeal to today’s commuter and offers services available on-demand, at
any time the passenger is ready.

As agencies look to provide more complete mobility management services to the
public, the future will likely mean more subcontracts with micro-mobility providers
like scooter and bike sharing companies, taking accountability for their performance
and adherence with applicable regulations.

Multi-Modal Connectivity and Dynamic Transit

Transit agencies in suburban regions in California and in the United States face
enormous challenges for delivering cost effective transit operations, due to the fact that
traveling populations are distributed in large geographic areas. Operators typically
assign a limited number of buses on the maximum number of routes possible in order to
offer wide geographic coverage. As a result, the headway of each bus route is long and
many passengers need transfers among such routes in order to reach their
destinations. Consequently, travel using transit takes much longer than the driving
alternative. The longer travel time significantly discourages choices to take transit. Rural
and suburban transit agencies need tools to be able to innovate transit operations.

10 Mobility as a Service Alliance.eu. https://maas-alliance.eu
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The conventional transit system was established upon the framework of fixed routes,
fixed schedules and almost fixed ticket prices. To improve the transport service in
order to attract travelers from private driving, transit systems are substantially
required to be flexible and dynamic. The concept of Dynamic Transit Operation can
be interpreted as flexible operations, multi-mode linkages, traveler-centric, and
demand-responsive.

Integrated Dynamic Transit Operation (IDTO) applications are expected to
demonstrate great potentials of improving transit service. The IDTO algorithms and
user apps are developed to allow holding at bus stops to meet with connecting
passengers (Connection Protection or T-CONNECT), to facilitate first-mile and last-
mile shared riders (Dynamic Rideshare or D-RIDE), to provide more accurate and
reliable ETA/ETDs in real-time for entire-trip (RT-ETAD), to offer incentives for
encouraging frequent and accumulative ridership (T-REWARD). Therefore, IDTO
can offer significant reduction of travel time and connectivity improvement for a
greater number of travelers, change travel demand which in turn helps congestion
relief, run a more cost-effective operation, and create positive changes in inter-
organizational cooperation. The implementation of IDTO may potentially change the
way in which transit services are operated in suburban American cities.

Research efforts also aim to significantly improve the reliability of intramodal and
intermodal connections through the integration with MaaS and MoD platforms and
first/last mile mobility solutions. The function of Dynamic Connection has been
designed as an add-on function to any trip planning/navigation application (such as
HaCon, Google Transit, etc.) as long as the trip requires a real-time connection
between successive segments.

Passenger Rail
There are three main benefits of rail transportation:

e Mass transportation. Rail is the only transportation mode capable of moving
a massive number of people reliably at high speed. This unique capability,
which is essential to alleviating a big surge in demand over a short period,
makes rail a critical component of MaaS.

e Energy efficiency. Rail is three times more efficient compared to cars when
it comes to per-capita resource consumption. It helps reduce road congestion
and greenhouse emissions by taking vehicles off the road. The industry has
made strides to adopt more efficient engines, cleaner fuels and electrification
to further reduce the carbon footprint. By choosing cutting edge technologies
such as regenerative braking, which helps to capture power from braking, the
industry continues to drive higher efficiencies.





e Economic growth. Studies show that rail systems generate two to four
dollars equivalent economic growth per every dollar invested. The
construction and extension of rail systems stimulate the local economy and
provide a source of working-class jobs. People can work, study, and seek
entertainment in large urban areas while living in more affordable houses
outside the city, knowing that they can rely on rail transportation day in and
day out.

Economic and cultural factors drive the development of rail networks in each region.
For instance, population density determines the type of service and the scale
required, and policy often influences the direction and pace of innovation. By
studying the characteristics of a country one can understand why rail systems
between countries may not be comparable in volume, modes or passenger
experience. Aging infrastructure and a capital-intensive operation are top challenges
in the rail industry, but particularly in the U.S. a significant car culture, traditional
funding practices and a lack of customer focus have been critical reasons why our
passenger rail system lags compared to other systems worldwide.

Paying for the Ride

COVID-19 triggered transit agencies all over the world to adopt contactless payment
technologies. For example, The Greater Dayton Regional Transit Authority (RTA)"
and app-developer Transit'? cooperated to allow riders purchase reusable
smartcards to tap and ride without needing to buy a ticket, or select a fare before
traveling. The payment platform is being rolled out in partnership with Masabi’3, a
provider of mobile ticketing technology for public transport.'4

Apps from Transit and the regional transit EZfare consortium?® serve 13 transit
agencies across Ohio, Michigan and Kentucky, allowing riders to purchase tickets
through their phone and access real-time trip planning. Other cities like New York,
Washington D.C., Chicago and Los Angeles have also rolled out tap-to-pay
functionality for their transit systems to provide quicker, easier, and safer payment
methods for riders and commuters.'®

" The Greater Dayton Regional Transit Authority.org. https://www.i-riderta.org

2 Transotapp.com. https://transitapp.com

BMasabi.com. https://www.masabi.com

14 Greater Dayton Regional Transit Authority, Masabi and Transit app Launch Account-Based Ticketing
for Tapp Pay on Mobile. Press Release, Feb. 2021. https://www.i-riderta.org/news/greater-dayton-
regional-transit-authority-masabi-and-transit-app-launch-account-based-ticketing-for-tapp-pay-on-mobile
15 EZfare consortium. https://www.ezfare.us

8 Transit payment systems revamped for post-COVID commuters. PaymentsDive. Apr. 2021.
https://www.paymentsdive.com/news/transit-payment-systems-coronavirus-pandemic/598827
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In Moscow, Russia, the contactless initiatives went further. In October 2021,
Moscow subway system launched a Face Pay system - when a rider’s credit card is
charged as a result of facial recognition upon their entering the subway.!”

Safety

Safety management in California cities generally follows the Vision Zero (VZ)'®
paradigm implemented via Complete Streets program. VZ is a strategy to eliminate all
traffic fatalities and severe injuries, while increasing safe, healthy, equitable mobility for
all. VZ recognizes that people will sometimes make mistakes, so the road system and
related policies should be designed to ensure those inevitable mistakes do not result in
severe injuries or fatalities. This means that system designers and policymakers are
expected to improve the roadway environment, policies (such as speed management),
and other related systems to lessen the severity of crashes. First implemented in
Sweden in the 1990s, Vision Zero became popular across Europe, and now it’s gaining
momentum in major American cities. Presently, 13 California cities committed to VZ
goals - Alameda, Berkeley, Fremont, Los Angeles, La Mesa, Monterey, Sacramento,
San Diego, San Francisco, San Jose, San Luis Obispo, Santa Barbara and Watsonville.

VVZ approach implies road diet - it reduces vehicular speed and throughput, but we do
not know how and where congestion problems are shifted from streets where VZ is
implemented. Moreover, sometimes VZ results are directly opposite of what was
promised.'® Thus, there is a strong need for a well-defined and understandable criteria
of VZ proposal evaluation and before/after assessment. Not just streets and
intersections with VZ modifications, but the whole surrounding street network must
be analyzed in terms of changing traffic patterns, risks and throughput capacity.

Next, we talk about some technologies that could be employed to improve safety. These
include risk analysis tools, connected vehicles and infrastructure that can signal about
possible danger, driver monitoring and data sharing about work zones.

Depth Analysis

In the previous section about safety assessment, we talked about analysis at scale
involving hundreds of roads and intersections - the so-called breadth analysis. Contrary
to that, depth analysis zooms into a particular location - a junction or a road segment -
and studies its road geometry, admissible maneuvers, observed traffic modes and their

7 The Guardian. Privacy fears as Moscow metro rolls out facial recognition pay system. Oct. 2021.
https://www.theguardian.com/world/2021/oct/15/privacy-fears-moscow-metro-rolls-out-facial-recognition-
pay-system

18 Vision Zero Network: https://visionzeronetwork.org

19 Rebuilding From the Failures of Vision Zero: https://www.planetizen.com/news/2021/05/113209-
rebuilding-failures-vision-zero
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flow/frequency. Companies, such as Street Simplified?® and Derg?', conduct video
surveillance for a given amount of time (typically, 24 hours) at requested locations and
employ computer vision techniques for object classification and tracking. The
subsequent processing of resulting trajectories enables identification of conflicts and
potential crashes (i.e., near misses).

One Berkeley Deep Drive (BDD) project?? developed a toolchain for automatic
generation of hazardous scenarios that arise because of shortage of information (e.g.,
occlusions) and incorrect interpretation of the other object’s actions. Some of these risky
scenarios can be avoided by employing connected vehicles and infrastructure.

Connected Vehicles and Infrastructure

In complex environments, such as intersections, challenges arise from complicated
vehicle trajectories; occasional absence of lane markings to guide vehicles; split phases
that prevent determining who has the right of way; invisible vehicle approaches; illegal
movements; simultaneous interactions among pedestrians, bicycles and vehicles.
Intelligent intersection improves awareness of drivers, bicyclists and pedestrians when
they maneuver through the junction.?? Intelligent intersection technology has four critical
components: (1) sensing; (2) interpretation of sensor measurements; (3) anyone-to-
infrastructure (X21) connectivity, extending the concept of vehicle-to-infrastructure (V2I)
connectivity; and (4) signal phase prioritization. It has the potential to remove spatial
and temporal uncertainties that lead drivers, cyclists and pedestrians to wrong decisions
resulting in accidents.

This research is directly related to AV safety. It was recently shown that even with
perfect onboard sensing AVs without connectivity cannot be safe.?*

Safety of Rail Crossings

Safety at highway-rail crossings is an issue that affects many travelers using various
modes in various locations, from unsignalized crossings in rural locations to signalized
crossings in dense urban areas where both light and heavy transit rail are operated in
the same right-of-way as vehicular traffic.

20 Street Simplified: https://www.streetsimplified.com

21 Derq: https://derg.com

22 \/araiya, P., Seisha, S. Generation and Mitigation of Hazardous Scenarios at Traffic Intersections.
https://deepdrive.berkeley.edu/project/generation-and-mitigation-hazardous-scenarios-traffic-intersections
23 Varaiya, P. Which Intersections Need 12V and When? https://deepdrive.berkeley.edu/project/which-
intersections-need-i2v-and-when

24 Shetty, A., Yu, M., Kurzhanskiy, A., Grembek, o., Tavafoghi, H., Varaiya, P. Safety challenges for
autonomous vehicles in the absence of connectivity.

Transportation Research. July 2021. https://doi.org/10.1016/j.trc.2021.103133
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In 2018, more than half of public at-grade crossings had automatic warning systems
(flashing lights and/or gates) but very few private at-grade crossings did. Still, more than
60% of collisions occurred at crossings with automatic warning systems. A study on
driver behavior using cameras installed in cars found that 46% of the time, drivers were
likely engaged in secondary tasks and 35% of the time, drivers failed to look either left
or right on approach to passive grade crossings. In general, 94% of train-vehicle
collisions could be attributed to driver behavior or poor judgment. An advanced warning
system that provides another source of information to travelers, perhaps an in-vehicle
notification to immediately and directly alert the driver, could help further improve safety.
This could also be a valuable data source for automated vehicle systems.

While rail intersection safety applications have been recently demonstrated in operation,
they have rarely included connected vehicle technology. There are also limitations on
the ability to expand existing systems due to the lack of data sharing agreements and
other coordination with private railroad companies.

Due to the difficulty of coordinating with the railroad industry, it is unlikely that connected
rail crossing safety applications will be based on direct vehicle-to-train communication.
The most feasible solution would be to extend the intelligent intersection and X2I
concept to include rail crossings. Thus, the communication between vehicles and trains
would occur through the infrastructure.

Parking and Curb Management

Urban congestion is largely a result of parking shortage. Drivers arrive at their
destination and then start circling around blocks in search of street parking - this adds to
VMT, emissions, delay, and safety risks, as drivers searching for parking are distracted.
Another big problem facing cities is double parking by delivery vehicles and
Transportation Network Companies (TNCs) such as Uber and Lyft. Trying to solve
these problems, cities embark on experiments that lead to a transformation in urban
curb management. Curb space is increasingly becoming a dynamic interface between
people and vehicles, bikeways, bus lanes, street vendors (e.g., food trucks), and
paratransit picking up and dropping off passengers with disabilities.

How cities manage this public asset and resource for local economies is a timely
problem, whose solution relies on first understanding the emerging usage patterns over
time and space. Currently, there is no systematic method for identifying these patterns
and there is great untapped potential for doing so with emerging machine learning
technologies and nontraditional data sources, such as dashboard cameras mounted on
shuttle buses, parking enforcement and other vehicles that routinely travel a geographic
area of interest. When combined with stationary cameras, these provide an excellent





data source covering broad ranges of time and space. Recent advances in deep
learning provide an opportunity to learn usage patterns from such data.

Smart Parking

Smart parking is a technological approach to improve the parking process and the cars’
positioning in a city with a shortage of space. Its main purpose is to spare time for
drivers who want to leave their cars close to their destinations. It effectively reduces the
number of vehicles in the streets, which in turn improves the environment.

Any smart parking initiative implies the use of additional smart devices starting from a
regular smartphone to special sensors and cameras in the parking areas. Also, Al takes
its place among smart parking solutions. In other words, smart parking is a highly
diverse branch using the latest tech advancements. Smart parking technologies include:

e |oT smart parking sensors. The sensor is positioned in a parking space,
underground. Before the work starts, the sensor should be properly calibrated.
The vehicle located in a parking space changes the earth’s magnetic field, and
the sensor tracks this change. The occupation status is then sent to the cloud.

Users can track the sensors’ signals in real-time from a PC or smartphone. First
and foremost, drivers see all parking areas around them along with free spots
they can take - it looks like an interactive map. The interface of such a tool is
usually simple and user-friendly. Quick navigation is essential when driving: no
extra taps on the smartphone screen - only minimalistic and understandable
navigation symbols (big icons, vivid arrows, etc.). Smart cities parking usually
involves third-party integrations. For instance, an app developed for a certain
company should be easily integrated with the devices of the city’s authorities.

e The counter system is another smart device that detects when a car appears in
the parking lot and when it leaves. This data is then processed by the loT device,
and it can identify free parking spots at any given moment. The data from the
counters is stored in the cloud, so parking managers can use it later for analysis
and demand predictions.

e Control systems have several features that make them more complex than
sensors or counter systems. A control system detects if someone breaks parking
rules, then it registers the violation and stores the evidence (a photo or a video),
plus, it can issue a ticket and inform the violator. This way, smart parking
solutions exclude the human component and contribute a lot to reducing the
city’s expenses and increasing safety as they often have to work tirelessly 24/7.





e Parking lifts are aimed to optimize parking spaces by increasing the capacity of
the parking lot. Lifts help optimize even the tiniest spaces by exploiting vertical
space, allowing the placement of up to three cars on the same parking spot.

e Parking robots serve as valets that take your car and place it with maximum
efficiency. Robotic car parking is complex and involves several components. It
works similarly to Al robots but involves lifts, shelves, and other similar tools. In
other words, this is a robotic system that simplifies and organizes the parking
process.

These solutions require significant capital spending. The return on investment should
come from parking fees. To maximize it, flexible pricing can be used:

e The pollution level. High pollution is an enormous challenge for lots of big cities,
so authorities opt for modern technologies to encourage people to drive “greener”
cars. Pollution-based fees is another way smart parking technology helps us to
take care of the planet. The system checks the car’s year and engine, then
calculates parking fees based on this information. As a result, the owners of
hybrid and diesel vehicles pay a 20% lower price, while for electric cars it is
completely free. This should encourage citizens to drive eco-friendly cars in the
city area.

e The car’s length. Do you prefer bigger cars? You should be ready to pay more for
their parking. This is a democratic way to support the owners of smaller cars,
whose vehicles take less space. In other words, you pay not only for the time but
also for the space occupied. And, of course, smaller cars are another eco-friendly
option.

e The driver’s citizenship. If you live in this city, you pay taxes for its maintenance,
including parking facilities, so citizens do not have to pay the same parking fees
as tourists. Governors can create “residential parking” areas throughout the city
to support taxpayers and help them in a constant battle for a parking spot with
tourists.

Curb Management

In Las Vegas, Cox Communications?® has entered a pilot partnership with the city to
introduce its Cox2M curb management system to help manage downtown congestion.
Curbside kiosks collect video data, making vehicle type and license plate information to

25 Cox Communications. https://www.cox.com
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kick off a countdown clock alerting drivers when they’ve spent too much time on a
curb.?8

Another project in Aspen, Colorado, established “smart zones” where delivery drivers
use an app to book small delivery reservations. The technology, provided by Coord,?’
has made for a smoother orchestration of goods coming into the city’s small downtown.
In Aspen, 11 popular loading zones were converted to the new smart zones, which the
city charges $2 per hour to use. Nearly 120 delivery drivers have signed up to use the
zones. The move has ostensibly reduced congestion and double-parking.2?

Other cities like Columbus, Ohio and Omaha, Nebraska, have also embarked upon curb
management initiatives that use technology.

Equity

Transportation equity means accessible and affordable transportation for everyone in
the community resulting in fair distribution of transportation resources, benefits, costs,
programs and services based upon differences in income, ability and other factors
affecting transportation choice and impact. In that respect, public transportation and
mobility services for elderly and disabled are the pillars of equity. Public transportation
was discussed in the previous section. We can add that the reachability and
accessibility analysis, described in the section Transit Performance Assessment, should
be combined with the Census data on income, number of cars per household, housing
cost, education, unemployment, and the land use data characterizing job-rich areas. In
this section we will focus on mobility options for the elderly and disabled.

Possible Future of Paratransit

Private companies that are managing health care are finding that the lack of access to
transportation is costing them big money; therefore, they are looking for ways to
improve this situation. Some are even investing substantial funding into coordinated
transportation partnerships because the cost of fulfilling an evening trip to take a patient
home from the hospital is a fraction of the cost of an additional night’s stay. Additionally,
the cost of missed appointments alone is in the billions of dollars, again prompting
health care organizations to take more than a passing interest in how medically related
transportation services are provided. They are beginning to seek out public transit as a

26 City of Las Vegas Launches Smart Curbside Management Corridor with Cox. Nevada Business, Mar.
2021. https://www.nevadabusiness.com/2021/03/city-of-las-vegas-launches-smart-curbside-
management-corridor-with-cox

27 Coord.com. Curb management for fast-changing cities. https://www.coord.com

28 Coord.com. Smart Zones Deliver: Full Aspen Case Study. Coord Blog, Mar. 2021.
https://www.coord.com/blog/aspen-smart-zone-case-study
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partner to remedy this situation, and slowly but surely, we are beginning to see
integration of paratransit with non-emergency medical transportation (NEMT) resources.

In Richmond, Virginia, the Greater Richmond Transit Company (GRTC)?® has
established one such arrangement in which a private-sector broker, RoundTrip,3° was
hired to integrate health care related transportation with ADA3' paratransit. RoundTrip
enables transportation for medical appointments to be arranged through third parties,
which include health care organizations. RoundTrip in turn distributes the ensuing trips
to various fleets which are inclusive of vehicles owned by the transit agency and others
that are not. These are the seeds of coordination being planted, and the future of
paratransit beckons us to continue in this direction to include referrals to services that
are operated separately from the transit agency altogether. Meanwhile, GRTC built a
highly successful bus rapid transit service, Pulse,®? which has achieved national
recognition for generating ridership increases as other agencies struggle to retain
ridership.

Mobility on Demand (MoD) for Disabled Riders

MoD with wheelchair-accessible vehicles (WAVs) not only increases mobility options for
individuals with disabilities, but also allows for better overall service delivery by freeing
up resources and increasing productivity.

The expertise of transit providers assists clients in identifying areas that can benefit
from microtransit services, design parameters of service delivery, choose appropriate
technology tools, and develop successful marketing of new initiatives to increase public
awareness.

In one successful example in Redding, California, First Transit®® and Far Northern
Regional Center (FNRC),3* a nonprofit organization, worked together to improve access
to jobs for individuals with disabilities. In 2018, First Transit began providing an on-
demand program, Redi-Ride, for FNRC clients needing transportation to and from work
or employment-related functions. As job opportunities increased for the community, the
need for safe and reliable on-demand transportation quickly arose. The program now
provides 600 rides per month, opening up opportunities for FNRC clients that did not
previously exist.

29 Greater Richmond Transit Company.com. http:/ridegrtc.com
30 RoundTrip.com. https://roundtriphealth.com

31 Americans with Disabilities Act: https://www.ada.gov

32 GRTC Pulse: http://ridegrtc.com/brt

33 FirstTransit.com. https://www.firsttransit.com

34 FarNorthRegionalCenter.com. https://www.farnorthernrc.org
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Digital Companion for Disabled Riders

Spatial mismatch is the mismatch between where low-income households reside and
suitable job opportunities. Disabled people who can and want to work are dramatically
affected by the spatial mismatch. Generally of lower income, these people have to
compromise on choosing where to work or find an appropriate, and sustainable for
them, means of transportation. For most of them, public transit, and occasionally
paratransit, is the only way to get to and from work. The main pain points of the disabled
travelers include the inability to get a door-to-door ride, long waiting and travel times,
risk of ending up stranded away from home due to changing services or lack of after-
hours service, and COVID-19 related safety concerns due to rising crime and rioting.

One way to help is to provide an app that would serve as a personalized digital
companion to disabled travelers providing information about mobility options in trip
planning, given travelers’ circumstances. The goal is to build a working prototype
system that would help generate a travel plan for a disabled person using available
mobility options that include transit and paratransit but is not limited to those. In addition
to the prototype, we will produce a concept design for the product that will describe how
travelers and mobility services are added to the system and a path to deployment.

The core technology will be building a Knowledge Graph (KG) of disabled travelers with
their needs, restrictions, preferences and points of interest (POls); and mobility services
including transit, paratransit and private companies such as Uber WAV with their
schedules, coverage areas, cost, etc. As the KG grows, new relationships between
existing entities may be discovered. A knowledge update engine will be a distinguishing
feature of the system. A review-like function will be the core feature of the KG built on
the semi-automatic collection of feedback, reviews and surveys. This will update user
preferences. The information contained in the KG will be accessible through an API by a
functional prototype user interface (Ul).

Transportation Accessibility and Adoption of Shared Automated Vehicles
(SAV) by Disabled Travelers

Automated vehicles (AVs) are one of the most significant technological advances to
happen to our transportation systems - they are expected to save lives and provide
enhanced mobility for all people. AV technologies also allow the emergence of novel
business models such as shared automated vehicles (SAVs), which could provide more
accessible on-demand mobility services and play a vital role in sustainable
transportation. In particular, SAVs could be an attractive means to provide
transportation access for those who cannot drive or face significant barriers to driving,
including the elderly and people with disabilities.

Individuals with disabilities are a unique but sizable demographic in the United States.
According to the 2018 disability status report, nearly 13% of the population has a
disability. Unfortunately, many people with disabilities have limited transportation
opportunities and adverse transportation experiences. We know that AVs have the





potential to transform personal mobility. Whether disabled travelers can benefit from this
transformation depends on to what extent the accessibility is taken into consideration in
the development and planning process of the deployment.

Research is needed to understand the transportation accessibility for people with
disabilities, their future adoption of SAVs, and the potential change to their
transportation mode choices. There is a knowledge gap in the literature that prevents us
from understanding the specific transportation needs, preferences, and accessibility
issues for these disadvantaged groups who could benefit from AV technologies'
deployment. Therefore, to better understand this population's transportation needs and
unique challenges, firstly, we need to carry out a thorough analysis of disabled travelers’
transportation experience (particularly while using public transit and ride-hailing
services). Research on user acceptance and interest in SAVs by the disabled
population is also limited, so it is unknown what the key determinants would be for them
to use SAVs. Therefore, we also need to investigate the technology acceptance of
SAVs and what factors (e.g., safety, compatibility, trust, accessibility, and ease-to-use)
will contribute to the intentions of using SAVs by disabled travelers.

Priorities of Cities and Transit Agencies - Survey

On numerous occasions during our conversations with representatives of various transit
agencies we heard the notion that they were not lacking innovative ideas, and that when
possible, were trying those out in pilot projects. Rarely, however, the implementation
went beyond pilots - all due to the shortage of mainly operational budgets. This
indicated the need for subsidies and a systematic view on things - namely, which
projects could benefit multiple participating entities, as opposed just one particular
agency.

To better understand the alignment of interest between cities and transit agencies, we
conducted a survey about their priorities. The survey was targeted at three different
groups of entities in the San Francisco Bay Area: 1) large cities; 2) small cities; and 3)
transit agencies.

Each group was presented with a list of topic areas subdivided into individual topics. In
each area the respondents had to choose 2 priority topics. And then, they selected the
top 5 out of all chosen priority topics.

Next, we present the survey results. Topics in bold are the ones by the responders as
their priorities. And those making it to the top 5 by the responders are indicated in blue.
Essentially, in the lists below, bold font indicates interest in the topic, and blue color -
readiness to dedicate resources.





The topics for large cities, including San Francisco, San Jose, Oakland and Concord,
were specified and selected as follows:

e Congestion management

0O O 0O O O O O O

Traffic monitoring and pattern analysis

Identifying major bottlenecks

Intersection modification to improve efficiency

Signal timing optimization

Installation and maintenance of signal priority systems
Managing queue spillbacks at on-ramps

Reducing traffic on certain streets

Area tolls

e Safety management

O

O O O O

Vision Zero site selection and design

Vision Zero implementation

Vision Zero project assessment

Identifying hazardous hotspots

Intersection improvement through technology - smart signals,
connected infrastructure

e Public transportation

O

0O O 0O O O O O O O

Improving transit accessibility - ensuring that certain parts of the city are
properly serviced

Bus Rapid Transit / Transit Signal Priority

Exclusive bus lanes / Bus on shoulder

Public health & transit - social distancing, sanitizing, etc.
Creating/ maintaining/ improving park & ride facilities
Change/ increase/ reduce stop locations

Mobility hub

Transit connection protection

Dynamic personal micro-transit or personal rapid transit
Demand responsive transit

e Street parking and curbside management

O

O O O O

Monitoring curbside usage - pattern inference and violation hotspot
identification

Curb painting

Technology for curb reservation and enforcement

Double parking detection and elimination

Smart parking technologies





O

Identifying transportation network companies (TNCs) - Uber, Lyft, etc. -
pick-up and drop-off locations

e Emergency preparedness

O

e Other

0O O O O O O

Flood preparedness - identifying risk areas, sewage system
improvement

Planning for power outage

Inventory registry

Evacuation planning

Maintenance and repair of roads

Reducing violent crime

Reducing vandalism

Improving sanitary conditions

Waste management

Street cleaning

Maintenance of parks and recreation areas

The topics for small cities, including Brentwood, Campbell, Livermore, Orinda, Pleasant
Hill, Pleasanton, San Leandro, San mateo, San Pablo, Union City and Walnut Creek,
were specified and selected as follows:

e Congestion management

o O O O O O

Intersection modification to improve efficiency

Signal timing optimization

Installation and maintenance of signal priority systems
Managing queue spillbacks at on-ramps

Reducing traffic on certain streets

Reducing traffic through the city

e Safety management

O

o O O O

Vision Zero site selection and design

Vision Zero implementation

Vision Zero project assessment

Identifying hazardous hotspots

Intersection improvement through technology - smart signals,
connected infrastructure

e Public transportation

O

Improving transit accessibility - ensuring that certain parts of the city
are properly serviced





O O 0O O O O O O

Bus Rapid Transit / Transit Signal Priority

Public health & transit - social distancing, sanitizing, etc.
Creating/ maintaining/ improving park & ride facilities
Changel/ increase/ reduce stop locations

Mobility hub

Transit connection protection

Dynamic personal micro-transit or personal rapid transit
Demand responsive transit

e Street parking and curbside management

o O O O O O

Monitoring curbside usage - pattern inference and obstacle detection
Curb painting

Technology for curb reservation and enforcement

Double parking detection and elimination

Smart parking technologies

Identifying transportation network companies (TNCs) - Uber, Lyft, etc. -
pick-up and drop-off locations

e Emergency preparedness

O

e Other

o O O O O O

Flood preparedness - identifying risk areas, sewage system
improvement

Planning for power outage

Inventory registry

Evacuation planning

Maintenance and repair of roads

Reducing violent crime

Reducing vandalism

Improving sanitary conditions

Waste management

Street cleaning

Maintenance of parks and recreation areas

The topics for transit agencies, including AC Transit, County Connection, SFMT, Solano
Transportation Authority, Tri-Delta and VTA, were specified and selected as follows:

e Operations efficiency

O

O
O
O

Optimize (reduce) number of stops
Deal with blocked lanes and bus stops
Transit signal priority

Dedicated bus lanes





o

Speed-up vehicle boarding - level boarding, lower vehicle floors
Connection protection

Coordination with TNCs (Uber, Lyft, etc.) and micro-mobility
providers

Coordination with other transit agencies

e Operations safety

o

o O O O

Improving transit stop safety

Improving safety at critical junctions - e.g., during intersection crossing
Improving safety of vulnerable road users (VRU)

Monitoring driver behavior - drowsiness detection

Advanced driver assistance systems - collision warning, VRU
detection, V2X technology

e Fare collection

o
o
o

New payment methods
New fare collection methods
New ways of fare calculation

e Equity and environmental impact

o
o

o O O O O

Improving paratransit operation

Improving efficiency of eligibility check for special services, such as
paratransit

Transportation service(s) for disadvantaged populations - e.g.,
elderly and disabled

Improving transportation accessibility for communities of concern -
door-to-door solutions, coordination with TNCs and micromobility
providers

Flex routes

Monitoring emissions

Plan and build charging infrastructure

Parking pricing based on vehicle emissions type

Area tolls based on vehicle emissions type

e Data collection and analysis

o

0O O O O O O

Making sure all vehicles report AVL

GTFS reporting

GTFS-RT (real time) reporting

Improving performance measurement and tracking
Improving APC collection

Improving APC quality

Reporting APC in real time





o Improving inventory management
o Monitoring equipment health

e Other
o Zero emission vehicles
o Charging/hydrogen infrastructure
o Planning to use transit fleet in evacuations
o Public health - e.g., COVID-inspired measures
o Vehicle automation - e.g., driverless technology
Being transportation authorities in addition to just transit providers, SFMTA and VTA
indicated several other topics they were focusing on:

e Demand management and methods of estimating the induced demand - induced
by various factors, such as Vision Zero, pandemic, changes in transit operation.

e Improving safety of pedestrians and bicyclists in the context of overall
encouragement of active transportation.

e Adding high quality transit to historically marginalized communities and
expanding our fare programs better serve those in need. As part of this activity,
riders’ and drivers’ safety in the context of their exposure to violent crime is being
addressed.

e Parking management is also in the focus of these two agencies.

Conclusion

Both cities and transit agencies have common interests where they could work together.
Specifically, this concerns congestion management, safety of vulnerable road users,
transit reachability and infrastructure for clean air vehicles. The synergies are
summarized below.

Congestion Management

Transit providers desire travel time reliability, so they can maintain their schedules.
Therefore, they would love to get rid of congestion, which makes travel time less
predictable. Cities are also interested in removing or reducing congestion. Therefore,
they need to know the locations of bottlenecks and their causes, but they cannot afford
ubiquitous detection or CCTV cameras to monitor traffic and parking situations. Transit
buses equipped with dash cameras can provide regular monitoring of city streets along
transit routes. This kind of data would help with identifying parking violations, double
parking hotspots, dedicated bus lane violations, as well as causes of some bottlenecks.





Safety

Intersections present a very demanding environment for all the parties involved.
Challenges arise from complex vehicle trajectories; occasional absence of lane
markings to guide vehicles; split phases that prevent determining who has the right of
way; invisible vehicle approaches; illegal movements; simultaneous interactions among
pedestrians, bicycles and vehicles. The safety of vulnerable road users (VRU) can be
improved by investing into connected sensing infrastructure at intersections where it
makes most sense. On bus routes the deployment of such an infrastructure should go
hand-in-hand with BRT and signal priority.

Transit Reachability

To ensure the sustainability of the transportation system in terms of congestion,
environmental impact and equity, one of Caltrans’ priorities is to encourage travel mode
shift — from private cars to public transit. This can be achieved once public transit
presents a competitive alternative to private vehicles in terms of accessibility (should be
close by, easy to use and affordable) and reachability — that is, the desired destination
should be reachable within reasonable time from the moment one wants to start their
journey.

Transit agencies do not address this problem. Their main performance metric is
ridership. Based on this metric, they optimize their routes and schedules. Many of them
also consider accessibility an important factor. Reachability, however, cannot even be
assessed by an individual agency. It requires an approach on the level of a regional
transit system. Reachability should be an important factor in determining locations for
mobility hubs.

Charging and Hydrogen Infrastructure

Current charging and hydrogen infrastructure in California is not sufficient for the
projected growth of clean-air transportation, and it needs significant expansion. 2. The
Administration’s Justice40 Initiative directs at least 40% of the overall benefits of
Infrastructure Investment and Jobs Act (IIJA) investments flowing to disadvantaged
communities. To ensure an equitable deployment of clean-air infrastructure, the
corresponding portion of new chargers must serve disadvantaged communities. It would
be wise for transit agencies and cities to coordinate the build-out of the charging
infrastructure based on the assessment of which communities would benefit most from
this expansion.
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Executive Summary

This report describes the results of monitoring three transit providers in the San Francisco Bay Area —
Alameda-Contra Costa Transit District (AC Transit), Valley Transportation Authority (VTA), and Tri
Delta Transit — during the first year of the COVID-19 pandemic (starting in March 2020 through March
2021). While we had initially hoped to report on the role of transit in the recovery phase this was not
possible due to the continuing nature of the pandemic. Therefore this report is limited to how these
agencies’ operations were affected and their efforts to safely maintain some level of service.

In this report, we first introduce the monitored transit agencies. Second, we describe the agencies’
response to COVID-19 based on our interviews with staff. Third, we discuss the geography and
demographics of the areas serviced by the three agencies.

As in other regions across the nation, the COVID-19 lockdown declared by the Bay Area counties on
March 16, 2020, resulted in severe losses in mass transit ridership. AC Transit and VTA ridership had
fallen close to 90 percent by early April 2020, while Tri Delta Transit had suffered a ridership loss of
almost 80 percent. All three providers initially stopped collecting fares to provide financial relief to
riders. Then, throughout the remainder of 2020 and early 2021, ridership slowly climbed to less than 50
percent for AC Transit and VTA, and up to around 60 percent for Tri Delta Transit. The pace of this
recovery was not steady as local ridership declines occurred during protests in June 2020, during fare
reinstatements in autumn 2020, and during the second COVID wave in winter 2020-21.

People who stayed loyal to public transit came mostly from low-income areas with a high percentage of
poor Latino, Black and Asian populations and undocumented immigrants. These people typically did
not own a vehicle, but had to go to work because they were essential workers or simply could not afford
staying jobless. In addition, AC Transit and VTA reported that during fare-free service periods,
numerous unhoused individuals used their buses as shelters.

Agencies’ response to the pandemic consisted of three parts: 1) maintaining the health and safety of
their employees; 2) minimizing COVID risk for their riders by keeping buses clean and enabling social
distancing through capping the number of passengers on buses; and 3) reducing service. By fall 2020,
all three agencies started providing hand sanitizers and masks to passengers as well as cleaning their
buses more than once a day. AC Transit and VTA cancelled or modified certain routes in addition to
reducing bus service frequency. Tri Delta Transit reduced their bus frequency to tailor their schedules
to those of BART. AC Transit adjusted its service on a monthly basis; VTA week by week; and Tri Delta
Transit quarterly.

All three agencies reported a pass-up problem when bus drivers passed stops with waiting passengers
because their buses were already full. This happened on certain routes during particular times of day
due to reduced service. AC Transit and Tri Delta solved this problem in real time by dispatching extra
buses as needed on routes with reported pass-ups. VTA revised its schedule weekly in response to
reported pass-ups.
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During the pandemic some transit agencies considered adopting flex routes. All three agencies are
skeptical about the concept, but AC Transit was the only one to have experimented with it prior to the
pandemic. However, according to AC Transit, flex routing had proved to be ineffective, and was not
employed during the pandemic.

Despite the dramatic ridership loss, public transit proved to be an indispensable means of
transportation for those who had to get to work or needed to access essential services but could not
afford private alternatives. Thus, public transit served as a necessary buttress for the economy in a
critical time. Even under normal conditions public transit cannot be supported from farebox revenues
alone. Now, with ridership still well below normal, transit service is even more heavily dependent on
public subsidies to remain a viable alternative as the recovery moves forward. To provide any
significant source of revenue, ridership will need to grow much faster than is currently happening. At
the present time, it is unclear what impact the delta and omicron variants will have on what is still a
weak transit recovery.

T A flex route allows for deviations without creating excessive delays for other riders on the bus.

Bus Operations of Three San Francisco Bay Area Transit Agencies during the First Year of the COVID-19 Pandemic

2





Introduction

COVID-19 and the associated local- and state-level restrictions, have radically changed people’s
behavior and affected public transit. At the start of the pandemic. most commuters abandoned public
transit entirely. Many began working from home; some began driving to avoid contact with others; while
others lost their jobs (Abouk and Heydari 2021). Those who have remained loyal to public transit during
the pandemic have primarily been frontline workers (e.g., nurses, grocery store clerks, warehouse
workers) who could not work from home or commute by car (Hu and Chen 2021).

Several studies have investigated the impact of COVID-19 on public transit. A study from Wilbur et al.
(2020) found that ridership dropped by 66.9 percent at its peak in Nashville, but by July 1, 2020
ridership had stabilized at a 48.4 percent reduction compared to 2019 baselines. The authors also
found that the most significant decline occurred during morning and evening commute times, and that
high-income areas of Nashville saw a decrease in ridership of more than 19 percent compared to low-
income areas. Another study conducted by Fissinger (2020) in Chicago also found that higher levels of
ridership were maintained in lower-income parts of the city. On top of that, while there was more
ridership percentage growth in the high-income areas between the early stages of the pandemic and
the summer, when looking at losses compared to pre-pandemic levels, ridership in low-income areas
still remained much closer to pre-pandemic levels than high-income areas. These findings are
supported by other studies (Bliss, Lin, and Patino, M. 2020; Brough, Freedman, and Phillips 2020; Sy et
al. 2020), which found that lower-income, less-educated, and non-white workforces experienced the
least amount of change in transit usage.

A study by Ahangari et al. (2020) created a model to evaluate the factors affecting ridership during the
early pandemic in ten cities, concluding that poverty and education levels, citizenship, vehicle
ownership and employment status were the major influencing factors. Not surprisingly, communities
with lower poverty and higher education levels, predominantly U.S. citizenship, higher vehicle
ownership and lower unemployment saw higher reductions in bus ridership.

Another study, which examined 113 transit systems across the U.S. found that the average ridership
reduction was about 73 percent (Liu, Miller, and Scheff 2020). However, there were clear geographic
differences, with cities in the Deep South and Midwest presenting a smaller decline in public transit
demand, while high tech locations, such as the San Francisco Bay Area, and university cities, such as
Ithaca, Ann Arbor, and Madison, generally experiencing a larger decline in public transit demand. The
study showed that greater decreases in transit demand were associated with a higher percentage of
people in non-physical occupations. Additionally, higher percentages of older people and African
Americans in communities contributed to higher levels of continued transit use during the onset of the
pandemic (Liu, Miller, and Scheff 2020).

But how have transit providers reacted to the new conditions brought about by the pandemic? This
report describes the results of monitoring three transit providers in the San Francisco Bay Area — AC
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Transit, VTA and Tri Delta Transit — during the first year of the COVID-19 pandemic, starting in March
2020 through March 2021. While we had initially hoped to report on the role of transit in the recovery
phase this was not possible due to the continuing nature of the pandemic. Therefore this report is
limited to how these agencies’ operations were affected and their efforts to safely maintain some level
of service given the slow pace of reopening. Table 1 summarizes common original expectations at the
start of the pandemic and what actually happened.

Table 1. Expectations and Reality.

Early Expectations

Actual Events

Removal of COVID-19 restrictions by June
2020.

Removal of restrictions happened partially; theaters,
concert halls and churches remained closed.

Reopening of small businesses during the
summer and early fall 2020.

Small business reopening happened to a rather
limited extent; some small businesses, such as hair
salons, reopened briefly, but then closed again in
anticipation of the second COVID wave.

School and university students return to
classes in the fall.

Schools and universities decided to stay in online
mode.

Organizations resume business as usual
during fall 2020, and by the end of the year
society returns to its pre-COVID normal.

Some non-essential workers returned back to their
offices following safety guidelines that prevented
crowding. But at the end of 2020, a new lockdown
was imposed due to the second COVID wave.

As the economy and society returns to the
pre-COVID mode, city streets and highways
start experiencing higher than usual
vehicular and bicycle demand at the
expense of public transit ridership due to
“coronaphobia.”

This did not happen; transit ridership remained low;
vehicular traffic in fall 2020 returned almost to pre-
COVID levels, but did not exceed them.

Plethora of opportunities for bus transit
agencies to try out on-demand dynamic
services to attract more travelers.

Transit agencies dismissed the whole idea of on-
demand dynamic routes as nonviable.

The rest of the report is organized as follows: First, we introduce the monitored transit agencies; second,
we describe the agencies’ response to COVID-19 based on our interviews with their staff; and third, we
discuss the geography and demographics of the areas serviced by the three agencies.
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Profiles of Monitored Transit Agencies

We monitored three San Francisco Bay Area transit agencies: two large — AC Transit and VTA; and
one small — Tri Delta Transit. These three agencies are different in size, structure and, to a large extent,
types of travelers they serve.

AC Transit (Alameda-Contra Costa Transit District) is a large Oakland-based public transit agency
governed by a directly-elected board and serves the western portions of Alameda and Contra Costa
counties, which include many colleges and universities. It operates as a special district under California
law, and is not a part of or under the control of Alameda or Contra Costa counties or any local
jurisdictions. It serves a diverse population in terms of income, employment status, race and
citizenship. Its area of operation is divided into five wards and encompasses the following cities and
unincorporated areas:

Ward 1 — Berkeley, Albany, Richmond, San Pablo, El Cerrito, Kensington, El Sobrante and East
Richmond Heights;

Ward 2 — Southern part of Berkeley, Emeryville, Oakland and Piedmont;
Ward 3 — Alameda, Southern part of Oakland, San Leandro;

Ward 4 — Hayward, Southeastern part of San Leandro, Ashland, Castro Valley, Cherryland,
Fairview and San Lorenzo; and

Ward 5 — Western part of Hayward, Newark and Fremont.

In addition, the district’s bus lines serve parts of other East Bay communities, including Milpitas, Pinole,
and Union City. The district also operates transbay routes across San Francisco Bay to San Francisco
and selected areas in San Mateo and Santa Clara counties. AC Transit serves many colleges and
universities including the University of California, Berkeley; Stanford University; California State
University, East Bay; Chabot College; Holy Names University; Peralta Colleges (Laney College,
College of Alameda, Berkeley City College, and Merritt College), Contra Costa College; Ohlone
College; Northwestern Polytechnic University; and Mills College.. Much of its ridership is concentrated
on a few heavily trafficked local routes connecting colleges and shopping malls with regional train
services, primarily BART (Bay Area Rapid Transit), ACE (Altamont Corridor Express), and Amtrak.

The Santa Clara Valley Transportation Authority (VTA) is another a large transit agency
headquartered in San Jose and governed by a board appointed from Santa Clara County city council
members and county supervisors. The agency responsible for public transit services, congestion
management, specific highway improvement projects, and countywide transportation planning.
Operating three light rail lines and 50 bus lines, it serves the core city of San Jose (where VTA is based
and headquartered), with service to other municipalities. Most of VTA’s ridership are employed in the
technology, healthcare, government, education and construction/utilities sectors.
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Operating three light rail lines serving Campbell, Milpitas, Mountain View, San Jose, Santa Clara and
Sunnyvale and fifty bus lines, with service to the municipalities of Campbell, Cupertino, Gilroy, Los
Altos, Los Altos Hills, Los Gatos, Milpitas, Monte Sereno, Morgan Hill, Mountain View, Palo Alto, Santa
Clara, Saratoga and Sunnyvale. Only Express bus service is provided to nearby Fremont where it
connects with BART. VTA partners with Highway 17 Express to provide service to Santa Cruz and
partners with Dumbarton Express to provide transbay service between Union City and Stanford
University. Many VTA bus routes connect to its light rail service, and Caltrain stations. In addition, VTA
operates a special service for Levi’'s Stadium events, school trip services, and free shuttle routes
connecting to ACE commuter rail services. VTA’s longest and most-used bus route is the 22, which
connects VTA'’s Eastridge Transit Center in East San Jose with the Caltrain station in Palo Alto, which
serves as a transfer point for SamTrans buses from San Mateo County.. (VTA 2020).

Tri Delta Transit is a small suburban agency with just over 60 buses operating on 15 routes on weekdays
and on five routes on weekends, providing bus service for the eastern area of Contra Costa County. Its
bus routes connect to BART at the Pittsburg/Bay Point and Concord stations. They also connect with
County Connection, WestCAT and Delta Breeze bus services at shared bus stops, as well as with Amtrak.
A large portion of the Tri Delta ridership are blue-collar workers.

Tri Delta a joint powers agency of the governments of Pittsburg, Antioch, Oakley, Brentwood, and
Contra Costa County It is governed by a board appointed from city and county representatives.
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How Bay Area Transit Agencies Responded
to COVID-19

With the COVID-19 lockdown declared by Bay Area counties on March 16, 2020, AC Transit and VTA
ridership fell almost 90 percent by early April 2029-0, and Tri Delta Transit suffered almost an 80
percent ridership loss. The subsequent recovery has been slow, and a year later ridership was still well
below pre-COVID levels.

For reference, Figure 1 presents a timeline of ridership, spending, COVID spread and vehicle traffic on
Bay Area bridges and events from March 2020 to March 2021 compared with the same data from a
year before. Here we have ridership data by agency represented by the number of trips per day — these
data come from the automatic passenger counts (APC) provided by the agencies; estimated weekly
spending and the number of registered COVID cases in the operation areas of the three agencies
provided by Replica Trends for 2019-2021; and traffic volumes on three bridges — Bay Bridge, San
Mateo Bridge and Benicia-Martinez Bridge — coming from PeMS. Where applicable, data for the pre-
COVID year are displayed using dashed lines.

Here we observe a steady growth of transit ridership after the initial decline in late March of 2020. June
2020 protests, autumn fare reinstatements by transit agencies and winter 2020-21 second wave of
COVID turned out to be local events not affecting the ridership growth trend. The growth rate, however,
remained rather slow. In comparison, the recovery of spending and vehicular traffic at major bridges of
the Bay Area was going much faster. By March 2021, traffic at San Mateo and Benicia-Martinez
Bridges practically returned to the pre-COVID levels.
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Figure 1. Timeline of ridership, spending, COVID cases, vehicle traffic on Bay Area bridges and events
from March 2020 to March 2021 compared with the same data from a year before.
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This section presents the findings from interviews with staff from the three transit agencies (AC Transit,
VTA, and Tri-Delta Transit). In the period from March to June 2020, agencies reviewed their ongoing
and planned projects. Those projects not directly helping to address the COVID-19 situation were put
on hold.

Commonly Identified Priorities

In response to COVID, the agencies formed a common task force that identified the priorities, which the
agencies accepted and proceeded with their implementation:

1. Preventing the spread of coronavirus among agencies’ employees. Regular COVID tests for
employees and the installation of contactless thermometers to prevent employees with fever from
entering crowded areas were discussed.

2. Protecting bus drivers from infected passengers. To achieve this, rear-door boarding was
suggested as well as installation of plastic shields separating the driver from passengers.

3. Keeping passengers safe through the following means:
a. Reducing the passenger capacity limit to 12 for single-car buses — to enable 6-feet social
distancing. Masks for passengers became mandatory by the end of summer.
b. Keeping buses clean through frequent disinfection. The discussion was centered around hiring
more janitorial services and exploring the use of ultraviolet lamps.
c. Implementation of contactless payments. While this remains on the agenda all the agencies
went into the fare-free mode in the second half of March 2020.

4. Keeping up the funding and maintaining the workforce. Neither of the three agencies downsized
their workforce, although services were reduced considerably.

After the initial shock, the transit agencies found their new equilibria concerning service, fleet
management, performance evaluation and paratransit service. The agencies’ changes in operations are
described next.

COVID-19 Service Adjustments

AC Transit canceled all transbay, school-bus and flex (otherwise known as dynamic) routes,? and
adopted a weekend schedule for weekdays. In general, all the processes for route adjustments
remained the same as before COVID: they are made four times a year — in December, March, June,
and August — while minor schedule adjustments, small route changes, and bus stop fixes are
addressed on a monthly basis. As mentioned above, the AC Transit bus network is divided into five
wards, and service is managed by ward.

2 A flex route allows for deviations without creating excessive delays for other riders on the bus.
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In contrast to AC Transit, VTA is managed as one single unit. Pre-COVID, annual service changes
were scheduled at the beginning of each year. At the start of the pandemic, service was adjusted on a
weekly basis. Notably, all school-bus, express and rapid routes were suspended. Light rail service was
also initially canceled, but reinstated in April 2020. Some routes were shortened; for example, areas
around Santa Clara University and San José State University did not need service as these schools
went into lockdown. The Sunday schedule was used as the basis for daily operations. Weekday
additions to this base included routes going to hospitals.

Tri Delta Transit did not change the structure of its routes. Changes were limited to reducing weekday
schedules (intervals between buses became twice as long as before COVID) and replacing Saturday
and Sunday schedules with just one Sunday schedule. Following its mission of connecting people to

BART, Tri Delta Transit tailored its schedules to changes in those of BART.

All three agencies stopped fare collection beginning in April 2020. VTA resumed fare collection and
front-door boarding on August 1, AC Transit on October 19 of 2020, and Tri Delta in January 2021. VTA
went back into fare-free and rear-door boarding mode on February 8, 2021, a month after new COVID
cases peaked in Santa Clara County. This was done as part of a measure to reduce COVID spread
between VTA employees. Fare collection was resumed in April 2021.

All three agencies admitted that available funding defined their service adjustments. They all are funded
with a mix of federal, state, and local government subsidies, as well as passenger fares. Passenger
fares were not a decisive factor during COVID even though AC Transit and VTA were losing over a
million dollars per week in uncollected fares as they were provided with additional funding by the
Metropolitan Transportation Commission from the federal Coronavirus Aid, Relief, and Economic
Security (CARES) Act.

Fleet management

AC Transit uses different kinds of buses for different services — local, transbay, express, and school.
Only local and express buses continued running during COVID. About 75 percent of these buses are
equipped with automatic passenger counters (APC) that are used to assess ridership. Within a given
service, the agency rotates its fleet to maximize ridership coverage in its service area. About 80 percent
of the fleet was in service under COVID bringing the APC coverage rate up to 95 percent.

About 85 percent of VTA buses and all its trains are equipped with APC. Its fleet rotation before COVID
was based on maximizing the APC coverage rate and the requirement of having long (double-car)
buses on certain routes with high ridership. Given a 56 percent service reduction under COVID, all
buses were equipped with APC, so rotation was governed only by the bus size requirement.

Tri Delta Transit buses are also equipped with APC. Except for two routes where electric buses
operate, elsewhere the fleet is assigned randomly. The two routes with electric buses are determined
by the Low Carbon Emissions Funding Program to connect certain communities of concern to BART.
About 70 percent of the Tri Delta fleet was active during COVID.
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Neither of the three agencies to date processes APC data in real time. Passenger counts are
downloaded from buses at the end of the day as they return to the garage. Then, it takes 3-5 days for
data to be processed, cleaned and entered into each agency’s system.

Performance Metrics and Their Effect on Service Adjustment

When a bus is full, and no one wants to exit, a bus driver will typically keep going without stopping for
passengers waiting at a stop. This situation is called a “pass-up” and is reported by the bus driver.
Since the breakout of COVID-19, all the three agencies have experienced pass-ups due to reduced
number of buses. The number of pass-ups has become an additional performance metric for AC
Transit and VTA.

The main performance metrics for AC Transit are: being on time and ridership numbers on most routes.
Ironically, being on time during COVID often meant that bus drivers had to stop mid-route and wait to
avoid arriving too early at their destination, because the streets were too empty. Route productivity is
estimated based on the number of boardings per revenue hour. The guiding principle for service
adjustment is to keep up or improve high-productivity routes (generally, these are trunk routes running
along maijor arterials), and reduce, modify or cancel underperforming routes (generally, these are
peripheral routes). These metrics are examined on a monthly basis and decisions are made about
service adjustments. It is not always easy to cancel an underperforming route. AC Transit constituents
often pressure the Board to keep up certain routes, even when there are very few passengers.

As mentioned, prior to the pandemic, AC Transit operated two flex routes. The route that these flex
routes replaced carried on average 8-10 passengers per revenue hour and the flex routes’ ridership
was only 3-4 passengers per revenue hour, which was considered too low. These flex routes were
canceled during COVID and are unlikely to be resumed.

Once a week, AC Transit evaluates the number and location of pass-ups. For routes experiencing
frequent pass-ups, standby buses are assigned as needed to pick up those passengers left unserved.
These standby buses are managed from the Operations Control Center, which provides a real time
response.

VTA uses boardings per hour as a primary performance metric for route adjustment. During the study
year, the number of pass-ups were used to adjust the schedule in addition to the boardings per hour. In
general, VTA concentrated on trunk routes and tried to maintain high-frequency service there, whereas
peripheral routes with low ridership were being canceled. Ridership performance Is not a sole criterion
for route modification though. For example, in Morgan Hill a low-performing single route, was not
cancelled so as to keep the community connected. Metrics such as equity do not play an explicit role in
VTA decisions about their service, however.

Tri Delta Transit monitored ridership (boardings per revenue hour) and on time performance. However,
these metrics were not used as triggers for service adjustments. Routes were set and did not change
very often. Schedules could be modified, but those modifications were dictated by BART schedule
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changes. Pass-ups generally occurred only on selected routes during certain hours of the day, at which
time s, the agency was ready to dispatch extra buses as needed.

VTA and Tri Delta Transit did not consider switching to flex routes given their ridership patterns and
operational structure, believing flex routes would not add value.

All three agencies expressed a desire to have APC data available in real time for the purpose of
reporting bus overcrowding to end users through trip planners, such as a transit app. Presently, when
this information is displayed in a trip planner, it comes from a ridership estimation based on historical
passenger counts.

Protests and riots that took place in early June 2020 had a negative impact on AC Transit ridership and
operation in the Oakland area (Ward 2). Detours were established in downtown Oakland. A large
number of pass-ups were recorded because buses would not stop when it was not considered safe.
Ridership during the first half of June dropped across the board, but especially on the Oakland-San
Leandro route. VTA observed a mild drop in ridership during the period of protests, but this did not
affect its operation. Tri Delta Transit operations were not disrupted by protests either.

Paratransit

In pre-COVID days the demand for paratransit services was higher than the agencies were able to
provide, and it was handled on the first-come-first-serve basis. During the COVID period the demand
was dramatically reduced.

AC Transit partners with BART to provide paratransit service. AC Transit’s East Bay Paratransit is the
largest operation in the San Francisco Bay Area. It is demand-based and is operated through
contracted services. Normally they run 2500 trips per day, which during COVID dropped to 450 trips per
day. Since it is a contracted service, the reduction did not directly affect AC Transit operations.

VTA acknowledged that paratransit service suffered during COVID due to low demand, however it did
not indicate that there were any service disruptions or workforce downsizing.

Tri Delta Transit started as a paratransit provider, only later becoming a general-purpose transit
agency. During COVID, paratransit demand went down, but on par with the rest of the service so no
special measures were required.
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Analysis of Changes in Ridership

In our study, we looked at the geography and demographics of transit users during COVID. Figure 2
displays changes in the distribution of transit use from April 2019, a year before COVID, to April 2020,
when the whole Bay Area was in lockdown, to March 2021, our last month of observation. These maps
show the areas with significant transit ridership where transit trips originate or terminate, not the full
geographic coverage of the three transit agencies. The unit of analysis is a census tract.
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Figure 2. Areas with most active AC Transit, VTA and Tri Delta Transit ridership in April 2019, April
2020 and March 2021. Color intensity corresponds to the intensity of transit usage.
As the San Francisco Bay Area went into lockdown, transit activity ceased near university campuses
(UC Berkeley, Stanford, San José State University, Santa Clara University, California State University
East Bay, etc.), community colleges and high schools; and went down considerably near medical
centers (Highland Hospital, Santa Clara Medical Center, Alta Bates and Kaiser Permanente campuses)
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and shopping malls. Transit activity practically stopped in wealthy neighborhoods, such as Kensington.
All this is evident from the two maps — for April 2020 and March 2021 — in Figure 2.

It is interesting to note that low-income areas of Oakland and Richmond with similar socioeconomic and
demographic characteristics used to have high transit ridership in 2019, before the pandemic. During
COVID, however, transit activity in Richmond dropped almost to zero, while it remained relatively high
in Oakland. Our interpretation of this phenomenon is that Oakland, as opposed to Richmond, is a
sanctuary city (Vaughan, J.M. and Griffith, 2021). As such, it hosts large number of undocumented
immigrants who cannot not rely on unemployment benefits but need to work to make their living. Public
transit is their means of getting to work.

In addition to basic changes in ridership, we looked at the following parameters for each of the three
agencies’ service areas: housing (ownership vs. renting); property value and the cost of rent; household
income; unemployment and poverty rates; and race, to determine how these factors might be
associated with those changes. We also looked at crime, but did not identify any particular relationship
between various types of crimes and transit ridership during the observation period.

In the AC Transit and VTA regions, the areas with the most active transit usage are those where over
75 percent of the population rent their homes. In the suburban region of Tri Delta Transit, the ratio of
renters to owners is roughly 50/50. This is explained by the fact that median house value where Tri
Delta Transit operates is 50 percent less than in the AC Transit region and 65 percent less than in the
VTA region. However, even Tri Delta areas with cheaper houses and larger renter populations have
more transit users than those where homeowners dominate.

For all three agencies, ridership is in reverse proportion to household income. The lower the income,
the higher the ridership, has been a ubiquitous rule during the pandemic. Indeed, during this time,
transit has been mostly used by people who have to go to work, but have no other means to get there
other than public transit. These are typically essential workers and/or undocumented immigrants who
cannot not afford losing their jobs. In the AC Transit and Tri Delta regions, these were predominantly
Latino and Black riders. In the VTA region they were mostly Latino and Asian riders. These same
groups of people also rely on transit to go grocery shopping and to carry on other daily activities. To
infer the dependency between the socioeconomic level of the population and its usage of public transit,
we selected five variables:

1. Average number of transit trips per square mile per weekday initiated or ended in a given
census tract during the monitoring period;

Median rent;

Median household income;

Poverty rate; and

Unemployment rate.

Al S A

Values for variables 2-5 were obtained by census tract from the American Community Survey (ACS) for
2019. Table 2 provides information about the five variables for the three geographic areas served by
AC Transit, VTA and Tri Delta Transit. The results are presented as averages over the census tracts
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covered by each transit agency and weighted by the tract’s population. Here, transit ridership numbers
are obtained in March 2021, and all other variables come from ACS 2019.

Table 2. Sociodemographic and travel characteristics of areas served by the three agencies.

VTA
AC Transit Tri Delta
Average Number of Trips / Sq. Mile 646 159 135
Average Median Rent $1,872 $ 2,343 $1,773
Average Median Household Income $ 110,346 $ 143,386 $ 83,617
Average Poverty Rate 11.41% 7.61% 12.96%
Average Unemployment Rate 5.07% 4.23% 8.35%

Since each census tract within the area of operation of our three agencies was represented by the five
variables (features) listed above, we performed a cluster analysis on the set of feature vectors. The
optimal number of clusters for this dataset is 3. As shown in Figure 3, the resulting three clusters —
specified by colors red, blue and green — have distinct characteristics (see the star plot): Census tracts
with the highest unemployment and poverty rates and the lowest housing rent and household income
have also the highest transit ridership and form the red cluster (24.5% of the population); tracts where
the values of all parameters fall in the middle form the blue cluster (47.8% of the population); and tracts
with the lowest transit ridership also have the lowest unemployment and poverty rates and the highest
housing rent and household income and constitute the green cluster (27.7% of the population).

Before COVID, in 2019, this pattern was less pronounced. For example, many commuters were using
transit for convenience, to avoid driving in heavy traffic and parking issues. This was especially true for
those who worked in San Francisco, while living in the East Bay. Similarly, in Santa Clara County there
were a large number of white-collar commuters, especially near light rail and regional train stations.

Other categories of transit users before COVID included elderly people, students, and university
employees and visitors. Elderly people who no longer drive themselves, generally view public transit as
means of independence. They use it to run errands , or to return home from appointments. Students
generally do not own cars and rely on public transit. Some university employees, especially those
commuting from afar, also use public transit. Hence, there is usually high transit ridership around
university campuses. All these categories, commuters, elderly riders, students and university affiliates,
stopped using public transit during COVID almost completely.
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Figure 3. Cluster analysis of census tracts based on five parameters. (A) geographic coverage, (B)
parameter characterization and (C) population breakdown. Here, Unemployment, Poverty, Income
and Rent data are from 2019 ACS, and transit ridership comes from March 2021.

AC Transit and VTA reported that in the period of fare-free service (April-October for AC Transit, April-
July for VTA) their buses were used by homeless people as temporary shelters. According to AC
Transit, at that time homeless people constituted almost 15 percent of their ridership. This means that a
notable portion of these agencies’ ridership did not contribute to the state economic recovery during the
fare-free periods. Even though Tri Delta Transit had the longest fare-free period (April-January) among
the three agencies, it did not experience its buses being used as shelters for the homeless.

Our monitoring went through March 2021. Although some public transit recovery was evident, it was
still very slow. AC Transit and VTA ridership was still below 50 percent and Tri-Delta Transit ridership
was around 60 percent of their pre-COVID levels. Activity increased mostly around regional train
stations, shopping malls and medical facilities. California lifted COVID restrictions in mid-June of 2021,
and many universities and colleges opened their classrooms in the fall. In the fall of 2021, AC Transit
ridership reached 64%, VTA — 52%, and Tri-Delta — 71% of their pre-pandemic levels.
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Conclusion

During the year particularly hard hit by the COVID-19 pandemic, from March 2020 through March 2021,
we monitored two large and one small transit agency in the Bay Area. As the lockdown was imposed,
white-collar commuters, students and older adults stopped using public transit. Initially, ridership fell by
90 percent, and then for a year slowly climbed up to less than 50 percent for AC Transit and VTA, and
up to around 60 percent for Tri Delta Transit. The pace of the recovery was not steady. Local ridership
declines occurred during protests in June 2020, during fare reinstatements, and during the second
COVID wave in winter 2020-21.

The findings can be summarized as follows:

e Public transit is an enabler of economic recovery. Even in the absence of revenue, when fare
collection was suspended, it proved to be an indispensable means of transportation for categories
of people that could not afford private alternatives and that had to get to work, providing essential
services for the rest of us.

e In an urban area public transit is most effective on fixed routes where the service frequency that
prevents overcrowding should be maintained.

e To facilitate the implementation of the previous two statements, transit agencies should receive
sufficient public funding to avoid dependence on fare-related revenue.

e Transit ridership recovery could go faster than it did provided that the potential riders were
convinced in its safety, and it could offer a competitive alternative to private cars in terms of travel
time reliability. This could be partially achieved by increasing the frequency of service.

e Expanding on the previous statement, an important measure of a public transit system should be
reachability — that is, the desired destination should be reachable within reasonable time from the
moment one wants to start their journey. Transit agencies generally do not address this problem.
Their main performance metric is ridership. Based on this metric, they optimize their routes and
schedules. Many of them also consider accessibility an important factor. Reachability, however,
cannot even be assessed by an individual agency. It requires an approach on the level of a regional
transit system.

e A considerable ridership portion has not recovered by the fall of 2021, because people continue
working remotely.

e Transit recovery is underway, but as of early 2022, it goes very slowly, and the impacts of the latest
omicron variant are yet to be fully known.
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Executive Summary

Integrated Dynamic Transit Operation (IDTO) applications demonstrate great potential for
improving transit service. The IDTO algorithms and user applications are developed to allow
holding at bus stops to meet with connecting passengers (Connection Protection or TCP). IDTO
can potentially reduce travel time and improve connectivity for a greater number of travelers. By
changing travel demand, it can also help congestion relief, create a more cost-effective operation
and create positive changes in inter-organizational cooperation. The implementation of IDTO
may potentially change the way in which transit services are operated in suburban American

cities.

The California Department of Transportation (Caltrans), California Partners for Advanced
Transportation Technology (PATH), Tri Delta Transit (TDT), Contra Costa Transportation
Authority (CCTA), and Alameda-Contra Costa Transit (AC Transit) have been investigating the
benefits of IDTO since 2016. This study included case studies of IDTO applications in typical
suburban transit operations for the route network of AC Transit. This research is an extension of a
project that was recently sponsored by Caltrans. The overall goal of this proposed study is to
revolutionize suburban transit operations through the deployment of IDTO.

PATH developed a test plan that specified major aspects of the field operational tests, including
procedures for launching IDTO, performance monitoring, system management, data collection and
analyses, and user activity tracking. Working with AC Transit, PATH investigated the system map
and historic data to determine areas where transit delays were most frequent. They screened the
connected routes and connection stops having significant connection protection needs and
developed terminal mounting and/or application installation plans for buses.

This project is the Phase 11+ of the IDTO system research which focuses on the development and
evaluation of the R-TCP for the east bay service area served by AC Transit. The R-TCP function
enables the district-wide optimization for dynamic bus departure with an improved algorithm
taking into factors transfer traveler needs, all-passenger delays, and dispatching limitations/
requirements. Beyond the single-site connection protection, the R-TCP has been carried out to be
more realistic and deployable for an agency serving a regional area. During the two-month quasi-
experimental test, 2,137 scheduled transfer trip pairs and 29,918 real trips have been investigated
to demonstrate the benefit of notable time saving for both the travelers and the transit operators.
The main study finding is that the transfer failure rates can be mitigated by 45%~60% when the
R-TCP strategy is implemented in real-time transit operations.
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1 Introduction

1.1 Overview of this Report

This project aims to develop and evaluate the Regional Transit Connection Protection (R-TCP)
component of the Integrated Dynamic Transit Operation (IDTO) system to ensure delivery of
significant and sustainable improvements to suburban transit services including transferring, ride-
sharing and time-saving commutes.

The IDTO system and its supportive applications, investigated in this project, are built upon the
IDTO framework and prototype systems developed during the previous phase. These systems
include the IDTO server, the Mobile App, and the Driver-Vehicle Interfaces (DVI). The IDTO
server hosts the decision support tool, data collection and database, and messaging interfaces. The
Mobile App enables interaction with travelers to obtain trip demand information and requests,
while the DVI facilitates communication between transit operators, dispatch centers, and traveler
requests.

The R-TCP application is the transfer protection for a regional area beyond the single-site TCP
(also denoted as T-CONNECT in the previous project phases) previously developed and studied.
To formulate R-TCP as a network optimization problem, we’ve upgraded beyond the T-
CONNECT algorithm developed in previous project phases with the following specific

considerations:

1. Task dependencies: The tasks in transit operation are the routes and trips that need to be
covered on a large scale along the BART corridor. The dependencies between tasks can be
represented by the sequence of stops on each route and the timing requirements for each trip.

2. Objective function: The objective function is to minimize the total travel time when delays of
connected trips take place, trading off between avoiding additional transfer time and extending
the trip leg time.

3. Mathematical model: A linear programming model has been used to adjust particular stop
departure time in real-time, subject to various constraints such as overall on-schedule
performance, the impact on downstream connections, and other dispatch requirement.

4. Robustness: The algorithm is made more robust by incorporating uncertainty in demand and
traffic conditions reflected in real-time operational data, such as by introducing time
distribution instead of fixed timelines, and by using scenario-based optimization.

With the integrated functions and features, the R-TCP application has been investigated and tested
at the East Bay Area served by AC Transit in this phase of the project. Under the sponsorship of
Caltrans, the PATH project team and AC Transit have devoted efforts to investigate the benefits





of R-TCP. The combination of innovative real-time data capture and data management
methodologies has proven to improve dynamic transit applications, expand the horizon for public
transit management, and facilitate better operational and planning decisions.

1.2 Project Objectives
The project has the following objectives:

1. Identify and analyze the current state of regional transit connections: This objective involves
evaluating the existing regional transit network, including available connection types, service
levels, and any gaps or barriers.

2. Assess the demand for regional transit connections: This objective involves analyzing the
travel patterns and needs of regional transit users, including the demand for multi-segment
trips, the impact of current schedule alignment on traveler behavior, and issues related to
transfer activities.

3. Evaluate the effectiveness of the proposed application: This objective involves monitoring and
assessing the impact of the implemented dynamic operation strategy, including travel time
savings, changes in travel behavior, and any negative outcomes.

4. Recommend an implementation plan for the entire district: This objective involves creating a
proposal for implementing the application, identifying project opportunities such as federal or
state pilot studies or deployment-oriented programs.

Overall, the study objectives of this project aim to improve regional transit connectivity and
accessibility, enhance regional mobility, and promote sustainable transportation options.

1.3 Organization of the Report

This report is organized as follows: Chapter 2 describes background information on the studied
area and outlines the project's scope. Chapter 3 documents the framework and upgraded
development of the R-TCP system, including the system structure, the database structure, and the
overall workflow. Chapter 4 focuses on the experimental tests of R-TCP, summarizing the test
methodology, results, and performance evaluation from the perspectives of transit operators and
travelers. Chapter 5 concludes the project and provides recommendations for future research and

implementations.





2 Background

2.1 Project Location

Alameda-Contra Costa Transit District (AC Transit) is the fourth-largest public transit system in
California and the largest bus-only public transit system in the United States, operating 128 bus lines with
an active fleet of 633 buses. ACT provides connections with 16 other public and private transit systems,
including 23 Bay Area Rapid Transit (BART) stations. AC Transit’s service area of 364 square miles is
home to a very diverse population; approximately 75% of the population are people of color and a large
number of residents speak languages other than English. A large number of AC Transit’s riders are also
low-income and transit-dependent, relying on AC Transit’s bus service as their main mode of
transportation. AC Transit service lines connect with multiple transit agencies, including Bay Area Rapid
Transit (BART), Contra Costa County Transit (CCCTA), West Contra Costa County Transit Authority
(WestCAT), Golden Gate Transit. The collaboration in operation among transit systems to provide
travelers with fast transfer and seamless travel experience has always been a priority gap area to be
addressed by San Francisco Bay Area Transit agencies.

A large number of residents are transit dependent as indicated by how 43% of riders do not have access
to a working vehicle in their household and 90% of weekday riders walk to the bus. AC Transit riders also
rely on bus service to connect to BART stations and other regional transit services. Many of the transit
agencies that AC Transit provides connections to also serves a wide range of disadvantaged communities.

2.2 Transit Connectivity of AC Transit and BART

AC Transit provides a robust network of bus routes that connect to Bay Area Rapid Transit (BART)
stations throughout the East Bay. These bus routes allow commuters to easily access BART stations from
neighborhoods and areas that may not be directly serviced by BART trains. AC Transit buses connect to
BART stations such as Richmond, El Cerrito Del Norte, Ashby, Downtown Berkeley, MacArthur,
Fruitvale, and Coliseum/Oakland Airport. These buses run on regular schedules and provide efficient and
affordable transportation options for commuters. In addition, AC Transit offers various bus services,
including local, rapid, and transbay buses, which cater to different needs and preferences of riders. Overall,
the network of AC Transit bus routes connecting to BART provides convenient and accessible
transportation options for commuters in the East Bay.
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Figure 2-1. System Map of BART, ACT and their connections

From the system map of BART and AC Transit, a regional connectivity pattern has been embedded in the
bus route network, which requires advanced optimization beyond single-site transfer both for the purpose

of schedule planning and real-time connection protection.

2.3 Evolution of the IDTO System

The PATH team is devoted to the developments of the Integrated Dynamic Transit Operations (IDTO)
system for three phases. The IDTO system aims to enable enhanced connectivity, reduce travel time and
improve transit operations by providing transit connection protection, dynamic dispatch and dynamic ride-

sharing applications.

The PATH project team started the investigation of dynamic transit operation system in 2015 and
developed the prototype of the IDTO from 2015 to 2018 in the IDTO Phase I project. The first phase
proposed the architecture and system designs of the IDTO system including a dynamic operation server,
a mobile interface and a dispatch center interface. As shown in Figure 2-2 of the IDTO II Final Report,
the IDTO system allows the travelers and dispatch centers to communicate through the dynamic operation
server, thereby providing real-time information and operation status. In Phase I, the IDTO used an
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Interface located at the Tri Delta Transit operation center that enables transit operation staff to receive
requests from the IDTO Server and to communicate with bus drivers through a radio communication
channel advising drivers to implement TCP operations.

The first phase has conducted several case studies to evaluate how Connection Protection can provide
benefits for transit operations. For instance, at Tri Delta Transit’s Hillcrest Park & Ride bus station, by
adjusting the schedule time of the connecting bus routes to meet the main bus route 300, the waiting time
for transfer passengers can be significantly reduced. The study shows that a large number of schedules
can be adjusted, resulting in a considerable benefit for all passengers.

During Phase II, from 2018 to 2020, the PATH team developed a fully functional IDTO system that
significantly improved suburban transit services. The project's overall goal was to revolutionize suburban
transit operations through the deployment of IDTO. While Phase I focused on the concepts and prototypes
of the IDTO systems, Phase II concentrated on full-scale implementation and field operation tests.

During Phase II+ from 2020 to 2022, the PATH team in parallel added the D-RIDE function to the
established system. D-RIDE utilizes real-time transit data to enable a booking-by-prior-trip strategy for
the connection between mass transit and last-mile on-demand shuttles. The benefits of reducing travel
time caused by the overlap of BART trip time and DRT dispatch time have been evaluated and verified.

Together with the accomplishment documented in this report, these phases established a framework for
adaptive, dynamic, on-demand responsive, and traveler-centric transit operations. The results
demonstrated that future deployments could be achieved in a promising and reliable manner.

2.4 Concept and Goal of R-TCP

The proposed technology of this R-TCP project would ensure successful transfers between transit modes
(e.g., bus to rail), different bus routes and among multiple transit agencies. R-TCP monitors transit
operation in real-time to determine if the scheduled connection can be made. If an arriving transit vehicle
is estimated to likely miss its connection, the R-TCP analyzes the network operating conditions to
determine whether a TCP request will be granted and the wait time for the departing vehicle adjusted. The
R-TCP automatically makes requests for bus drivers to hold the departure in order to protect the
connection. The R-TCP is built upon real-time transit operation data and passenger counts to balance the
wait time for the transferring passengers along with the delay incurred by the passengers.

The R-TCP will work with existing transit management systems to update the status of the trains and buses
and communicate with the bus drivers. The travelers are informed of the status of the connections through
customer-facing transit apps. The project will utilize non-proprietary (open source) real-time arrival data
from AC Transit and BART through cloud interface for TCP request generation and will interact with
transit operators through the Clever Device transit management system.
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Previous studies conducted in California have found that passengers prefer short and predictable wait
times in a safe environment. The implementation of TCP is expected to produce several outcomes. First,
it would reduce unpredictable transit trip times for passengers. The reduced wait time at transfer
stops/stations contribute to the time savings as much as 20 minutes per trip for passengers involving
transfers. The trip time saving will make transit more attractive to travelers, which can directly translate
to increased ridership. Commutes would become safer due to shorter wait times at transit stops/stations,
especially at night. The shorter wait times would reduce the vulnerability and exposure to crimes for all
riders. Aside from improved safety, riders would also have experience more seamless mobility due to the
ease of making transit connections. Transit operations would become more efficient due to the TCP’s role
in enabling effective coordination among transit routes and transit agencies.

The goals of R-TCP (for IDTO Phase II+) study are:

1) To create seamless trips between BART and ACT bus lines, showcasing the potential of an optimized
IDTO system to enhance suburban transit operations with innovative and efficient operation strategies.

2) To enhance the IDTO system by piloting the R-TCP application and conducting simulation analyses
and experimental tests in the East Bay serviced region.

3) To assess the benefits of deploying R-TCP at a regional scale, such as along a train line or highway
corridor, in terms of improving service quality and enhancing the transit network.

The goals and objectives of this project directly address the needs of suburban transit agencies in
California and across the country. The R-TCP application developed under this project is built upon on
the IDTO framework and prototype system developed in Phase I & II and the details are described in the
following sections. The system is designed to support a bundle of IDTO applications, which supports
integrated transit operation and at the same time provide travelers a true “one-stop shop” for gathering
multimodal travel information, making smarter trip planning, interacting with transit operators to improve
successful transfers, informing their needs to transit operators in real-time for innovative demand
responsive transit service, and potentially integrating with ride-sharing first and last mile service to
supplement transit service.
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3 Development of R-TCP

The IDTO System takes into consideration the real-time transit and traffic condition information and aims
to provide successful connectivity between multiple transit modes (BART to bus, bus to micro-transit)
and between different bus routes of an individual agency. The system backend developed in the previous
project phases has established a platform to enable various dynamic operation functions, including T-
CONNECT and D-RIDE, upon which the R-TCP application in this project has been developed using a
similar approach but is compatible with a larger-scope route network. Therefore, this section records only
the different and improved work on the basis of previous phases.

3.1 System Structure

The system consists of four modules inclusive of the frontend and backend for both IDTO and AC Transit
dispatch system, whose relations and dependencies are shown in Figure 3-1 (b).

e App-based Trip planner: provides the travel information of travelers (e.g., trip information,
request a service for TCP, acquire transit information and status of IDTO service request), delivers
travelers’ requests to the backend and receives real-time trip and service notifications.

e Server Backend: hosts the components of the data collection and aggregation, the travel choice
tool, the decision support engine, and the messaging interfaces. As the kernel part, the R-TCP
application engine has been upgraded in the backend.

e ACT Dispatch Backend: the existing backend of the operational d service provider which needs
to be modified or upgraded to be able to process and deliver new requests sent by a R-TCP
application.

e Driver Interface: the terminal and its message display that informs the driver both on the vehicle
and at the stop where a request needs to be addressed. The design of the driver interface is flexible
to accommodate the specific requirements of the on-board terminal that the agency employs.

A set of algorithms, interfaces, and demonstration programs are managed by the four modules to guarantee
the smooth and proficient functioning of the services. The subsequent sections present an overview of the
components specific to each module.
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Figure 3-1. System Diagram of R-TCP Application

3.2 R-TCP workflow

The IDTO system monitors the real-time transit operation (e.g. delays, schedules and transfer information)
of an ongoing trip that includes a transfer from a BART line to an AC Transit bus route. Once the traveler
has confirmed the planned trip including a multi-segment trip demand after getting off from BART, the
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system will track the user throughout the planned trip. The system will keep an update on the status of the
traveler and the corresponding trains/buses, and automatically submit trip requests to the app in order to
make a seamless connection between the BART segment and the bus segment. The R-TCP operation can
also be regarded as a component of Mobility-as-a-service application which provides a one-shop transit
service by combining and connecting all trip segments automatically.

From-Routg A
| single-route
connection
protection
To-Route (for Merged Holding Fina] Qperation
dynamic operate) Strategy Decision
single-route
connection
protection
Alternative
From-Route B )
to-route options

Figure 3-2. Workflow of R-TCP Operation

From a workflow perspective, the components of the upgraded system remain the same as the previous
IDTO server system, consisting of a trip planner app, a backend database, a TCP engine, and a message
delivery interface to support the service application. However, to achieve the R-TCP strategy, the TCP
engine is the focus of the upgrade, where the algorithm now integrates multiple transfer-from and transfer-
to route data, taking into account travelers' adaptive choices for multi-leg transit rides. This upgrade is
particularly important for large route networks such as AC Transit.

3.3 Database Structure and Data Management

We have established an integrated IDTO database running on a backend server which collects, produces
and maintains transit and traveler data by manipulating a number of SQL tables. The database covers most
of the transit agencies with an existing GTFS data backend, and has stored the comprehensive data of
transit agency operation (e.g., BART, AC Transit) and trip information, including:

e Transit Agencies Data Feed: static stops, routes, trips, schedule and real-time locations which
are fetched from published GTFS feed.

e Traveler-customized Demand: first & last mile travel demand, real-time multi-modal connection
request, user account and preferences which are associated with the module “Trip planner”

e Service Event Status: tracking how a request has been approved or rejected, whether a demand
has been satisfied.

e Driver-Vehicle Interface Activities: DVI device login and logoff time, button press time, driver
id and driver responses which is associated with the module “Driver-Vehicle Interface”.
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3.4 The Backend R-TCP Engine

The backend server of the IDTO system simultaneously monitors two types of TCP for trip pairs: those
requested by individual travelers and pre-defined events. The IDTO backend server constantly monitors
real-time information on traveler requests, collects multiple requests into events, and triggers TCP events
using various optimization algorithms described in the following subsections.

3.4.1 Real-time Monitoring of Multi-Trip Updates

The objective of the R-TCP application is to enhance connectivity and save travel time by providing real-
time on-demand service. To achieve this, the server generates static transit operation data and pre-defined
transfer routes from the static General Transit Feed Specification (GTFS) feed. Additionally, it
continuously retrieves real-time updates on vehicle locations and trip times from the GTFS-rt. This enables

the application to monitor multiple trip pairs that have been pre-defined, as illustrated in Figure 3-3.
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GTFS pairs 1 | Predefined route pairs

—
%, J :

Figure 3-3. Diagram of real-time monitoring of multi-trip updates

Following the same approach of TCP, the R-TCP application uses static GTFS feed to generate transit
operation tables and uses real-time GTFS feeds for monitoring transit delays. However, the R-TCP data
consider the combination of multi-to-one transfer trips and one-to-multi transfer trips which impact the
implementation of TCP decision algorithms.

3.4.2 Decision Support Engine

The decision support engine contains an ETA-based algorithm to monitor the BART and ACT bus
operation, process travelers’ requests and provide TCP request decisions. The core function of the decision
support engine is to effectively and efficiently decide the connection protection events and manage the
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notifications. The R-TCP decision algorithm is the core algorithm in the backend server to check trigger
conditions at the trigger time to trigger the connection protection.

The trigger time is the time point when the backend server begins to make trigger decisions for the events.
The trigger time is between * — 5 and #$'% + 1s&'#)$ — 7 which comes @t the trigger time, the trigger
condition is set that the estimated time of arrival at the outbound trip is greater than the outbound trip
STA but less than the outbound trip STA plus an extra holding time, such that

< gt osgang <ot

where the left-hand inequality indicates the delay of inbound trip causes transfer failure and will need the
connection protection service, and the right-hand inequality indicates the latest request holding time that
is constrained by an upper bound ,~=-. The upper bound is set to 5 minutes based on the agency’s policy and
also the following total travel time minimization problem:

min =3+(+)+3 3 +02+3 3 212+3 B+ — =
+

+e1’ +€1 2€34 +€1 2€35 +€1 2€44

+33>+1+3+—272+3 3+ — 2=

+€1 2€44 +€1 +€1 2€4q,
s.t.
3+<
le1
where
:bus routes

s:the bus route associated with connection protection events
6 :the inbound transit routes that have transfers to the outbound transit stationsand ¢ =sU s U7
5 :the transit routes that arrive before the scheduled departure time of the routes in s

6 :the transit routes that arrive between the schedule departure time and the actual departure time with
connection protection on the routes in s

7 :the transit routes that arrive later than the actual departure time with connection protection on the
routes in s.

:All feasible transfer transit stops

":All transit stops of the routes in s
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+ :Number of on-boarding passengers of the routes in s at transit stop
+ :Travel time from transit stop to the next transit stop of the routes in s
+2 :Travel time for transit route before the stop
+2 :Number of alighting passengers from transit route at the stop
+ :Schedule departure time of the routes in s for the current trip at stop
+ :Schedule departure time of the routes in s for the next trip at stop
+2 :Arrive time of transit at stop
:A given value to constrain the requested holding time
+ :Decision variable of requested holding time at stop for the routes in s

The optimization problem aims to minimize the total travel time of all passengers in the route associated
with TCP events. The first and the second terms are the in-vehicle travel time and waiting time of on-
boarding passengers in the routes with TCP events for the entire trip. The third term is the in-vehicle travel
time of the transfer passengers. The last three terms are the waiting time for the transfer passengers,
including a) the waiting time of transfer passengers who can be carried in the current trip before the
scheduled departure time; b) the waiting time of transfer passengers who can be carried in the current trip
between the scheduled departure time and the actual departure time with TCP; c) the waiting time of
transfer passengers who cannot be carried in the current trip with the TCP.

3.5 Application Interfaces
3.5.1 Driver Interface API

The most basic requirement for the on-board devices is that they need to have some form of
communication ability and allow (add-on) development of message receiving and display. Here is the
breakdown of the functional requirements:

- The TCP “hold message” pushed by (or polled from) the IDTO server shall be distributed to the
right vehicle which is serving the transfer trip to be protected.

- The TCP “hold message” shall be displayed on an on-board terminal at a designated time, such
as several minutes before the bus’s scheduled departure.

- The drivers shall have the ability to notice and view the “hold message” without distractions
from driving.

- The drivers shall have an interface to respond to the request, like pressing buttons or tapping on a
touch screen.

18





- The “hold message” shall disappear or be hidden upon a predefined condition, such as when the
vehicle leaves the transfer stop or after X minutes of display, regardless of the driver’s
acceptance, rejection or no response.

- The DVI (TCH) system shall log the requests and drivers’ responses with a time stamp for post-
test analysis.

Receiving hold requests:

- Option 1: Have the on-board device run a server so the IDTO engine can make a HTTP/HTTPS
request indicating a hold request.

- Option 2: Have the on-board device periodically make a HTTP/HTTPS request to the IDTO
engine to check for holding requests.

- Option 3:Leverage the existing message distributing channel if the device has one, just call the
API to deliver a text message to a specific vehicle. (This is confirmed to be available by one
other vendor)

Responding to requests (Optional):

- Have the on board device make a HTTP/HTTPS request to the IDTO engine to indicate if the
driver has received the request and decided to hold the bus.

Note that this API has not been officially implemented in the TCH system which AC Transit.
3.5.2 MOD Trip Planner

The IDTO backend server offers a set of endpoints for communicating with external systems, among
which the trip planner is on the demand end that feeds individual trip information to the R-TCP engine.
The interface endpoints are grouped into the following groups: User, GTFS, Administrative, Push
Notifications, Matching, and Connection-Protection, see the detail in the separated document of “PATH
Transit Go BACKEND DOCUMENTATION: Revision 0.2.1”. All end-points must be prepended with
https://backend.idto.us:3335 to create the complete URL for making requests.

The endpoint of setting up a one-time connection protection request initiated by a MaaS trip planner are
defined by the following description.

Synopsis: POST ~/cpintegration/cprequest/
The endpoint parameters contain the transfer information that is monitored for
possible connection protection.

Precondition: Accept: application/json

q = string
Postcondition: ~ Content-Type: application/json
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Status code: 200 OK
404 Not Found
500 Internal Server Error

{
"this_route_agency" : <5TR>
operators API),
"this_trip_id" : <5TR>
"next_route_agency" : <5TR>
operators API),
"next_trip_id" ;. <8TR>
"transfer_from_stop" : <STR>
"transfer_to_stop" : <BTR>
"transfer_time" . <INT>
"start_date" ¢ <8TR>
"booking_id" : <5TR>
"aso" : <8TR>
"num_riders” 1 <INT>
"ord_id" : <5TR>
}

(the two

(trip_id
(the two

(trip_id
(stop_id
(stop_id
(walking

character ID corresponding to this_apgency

found in this_agency’s GTFS dataset),
character ID corresponding to next_agency

found in next_agency’s GTFS dataset),
found in this_agency’s GTFS dataset),
found in next_agency’s GTFS dataset),
time between stops in mins, defaults to 3

(strf time, %Y-¥Ym-%d, should be date transfer from

not the date the transfer from trip reaches the transfer from stopl,
"end_date" : <8TR> (strf time, %Y-¥m-Jd, should be date transfer from

not the date the transfer from trip reaches the transfer from stop),
(optinnal, remains undefined if not provided),
{opticnal, remains undefined if not prouided),
(optional, defaults to 1 if not provided)
(provided to partner)

from 511’s

from 511’8

if not provide
trip starts,

trip starts,
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4 Operational Test and Performance Evaluation

4.1 Connectivity Statistics

Transit agencies typically design their transit networks with transfer capability in mind, often using
transfer hubs or other facilities to facilitate transfers between different lines and areas. These facilities
may include dedicated transfer stations, timed transfers, or other features designed to minimize transfer
times and improve overall usability. Transit agencies may also use technology such as real-time arrival
information and digital signage to make it easier for riders to navigate between different transit lines and
areas.

One challenge with transit transfer capability is ensuring that transfers are seamless and easy for riders to
navigate. This can require coordination between multiple transit agencies or service providers, as well as
careful planning and design of transfer facilities and services. Additionally, transit agencies may need to
consider issues such as accessibility, safety, and security when designing transfer facilities, to ensure that
all riders are able to access and use them effectively.

In this project, the concept of Connectivity is described by the attributes of

e Connected Stops and Routes
e Transferable Trips

e cmpirical transfer time

As the basis of connectivity analysis, all BART Stations that have the possible to transfer to ACT Bus
Routes are listed in Appendix A.

4.1.1 Connected Stops and Routes

The Connected Stops and Routes are found based on the spatial relations of a BART station and a bus
stop, i.e., the two transfer stops are within walkable distance. For BART-to-bus transfers, there is always
a transit hub near a BART station that has a number of bus lines passing, making it easier to locate the
connected stop and the corresponding bus route. Additional screening criteria have been considered
including that, 1) the bus stop cannot be the last stop of a route, otherwise there is no way to transfer; ii)
the direction of the bus route cannot be opposite to the BART trip direction, otherwise the transfer only
theoretically stands.
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Table 4-1. Connected Stops and Routes in the ACT Area

BART UCTY WARM RICH DELN PLZA DBRK 12TH 12TH LAKE FTVL SANL
Station
ACT Route | 232.D0 239.D0 70.D1 7.D0 72.D1 67.D1 19.D1 18.D0 18.D1 54.D0 34.D0
(ttransfgr (Stop: 4667) | (Stop: 5606) | (Stop: 5560) | (Stop: 6230) | (Stop: 872) (Stop: 5251) | (Stop:2030) | (Stop:2476) | (Stop:2309) | (Stop:2145) | (Stop:4367)
stop_i
- 232.D1 239.D1 71.D1 72.D1 72M.D1 7.D1 20.D1 S51A.DO 62.D0 39.D1 34.D1
(Stop: 4667) | (Stop: 5606) | (Stop: 5561) | (Stop: 6231) | (Stop: 872) (Stop: 5251) | (Stop: 2030) | (Stop: 2476) | (Stop:2309) | (Stop:2837) | (Stop: 4367)
99.D0 215.D1 74.D1 72M.D1 71.D1 88.D0 40.D0 6.D0 88.D1 0.D0 35.D0
(Stop: 4667) | (Stop: 5607) | (Stop: 5562) | (Stop: 6231) | (Stop: 873) (Stop: 5866) | (Stop: 6098) | (Stop: 2476) | (Stop: 3316) | (Stop: 2838) | (Stop: 4367)
99.D1 217.D1 76.D0 72R.D1 79.D0 51B.D1 88.D1 18.D1 96.D0 14.D0 35.D1
(Stop: 4667) | (Stop: 5607) | (Stop: 5562) | (Stop: 6232) | (Stop: 874) (Stop: 6090) | (Stop: 2036) | (Stop: 2477) | (Stop: 3316) | (Stop: 2839) | (Stop: 4367)
97.D1 215.D0 76.D0 76.D0 72.D0 79.D1 14.D0 72.D1 62.D1 62.D0 28.D0
(Stop: 4669) | (Stop: 5889) | (Stop: 5562) | (Stop: 862) (Stop: 875) (Stop: 6090) | (Stop: 2068) | (Stop: 2477) | (Stop: 3317) | (Stop: 2840) | (Stop: 4368)
216.D0 217.D0 72M.D1 76.D0 72M.DO 18.D1 14.D1 72M.D1 88.D1 20.D1 10.DO
(Stop: 4670) | (Stop: 5889) | (Stop: 5563) | (Stop: 862) (Stop: 875) (Stop: 6106) | (Stop: 2069) | (Stop: 2477) | (Stop: 3317) | (Stop: 2841) | (Stop: 4370)
200.D0 72M.DO 72R.DO 79.D1 18.D0 12.D0 72R.D1 96.D0 21.D1 1T.D1
(Stop: 4671) (Stop: 5564) | (Stop: 866) (Stop: 882) (Stop: 649) (Stop: 2475) | (Stop: 2477) | (Stop: 3317) | (Stop: 2841) | (Stop: 6164)
74.D0 72.D0 51B.DO 72.D0 33.D1 96.D1 54.D1
MCAR (Stop: 5565) | (Stop: 867) (Stop: 649) (Stop: 2475) | (Stop: 6096) | (Stop: 3317) | (Stop: 2842)
57.D1 76.D1 72M.DO 6.D0 72M.DO 1T.D1 19.D0
(Stop: 2172) | (Stop: 5565) | (Stop: 867) (Stop: 649) (Stop: 2475) | (Stop: 6173) (Stop: 2843)
57.D0 71.D0 79.D0 72R.DO 1T.DO 20.D0
(Stop: 2176) | (Stop: 5566) ASHB (Stop: 649) (Stop: 2475) | (Stop: 6174) (Stop: 2843)
18.D0 12.D0 96.D0 33.D0 21.D0
MLPT (Stop: 3614) SHAY (Stop: 549) (Stop: 2475) | (Stop: 6187) (Stop: 2843)
217.D1 57.D0 99.D1 12.D1 6.D1 51A.D1
(Stop: 6047) | (Stop: 3688) | (Stop: 1753) | (Stop: 550) (Stop: 6295) (Stop: 2844)
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4.1.2 Transferrable Trips

Each Connected Stop and Route in the system has multiple trips that run successively throughout the day.
Among these, trips that have a moderate transfer time between the BART from-arrival and the bus to-
departure schedules are considered Transferrable Trips. Similar to the previous section, these trips are
conditionally selected by meeting either of the two criteria: 1) the headway to the next trip run is greater

than 25 minutes, or ii) it is the last run of the entire day.
The comprehensive list of Transferrable Trips is covered in Appendix B.

4.1.3 Issues of Transfer Time

It is noted that travelers need to wait at the transfer location to ride on the outbound bus. The transfer time
is expected to be the schedule alignments between the inbound BART route (from-route) and the outbound
bus line (to-route), which will be added to the entire transit travel time. Normally the transfer time is set
to be large enough to allow variable walking time from from-stop to to-stop, while it cannot be too big to

result in a long waiting at the to-stop.
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Figure 4-1. Distribution of BART-to-bus transfer time among the route network

When the transfer-from vehicle delay occurred, the transfer time would be extended until the arrival of
the next run of the transfer-to line. As shown in Figure 4-2 (a), the average delays are around four minutes,
and there are no notable differences in delays throughout the day, except for a slightly longer delay of 1
minute during 8-9 pm, which is after the afternoon peak hours. The averages of those major delays causing
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transfer failures range from 10 to 16 minutes, and there is also a higher likelihood of experiencing transfer
failures at 8-9 pm as indicated in Figure 4-2 (b).
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Figure 4-2. Transfer-from Trip Delay Statistics along the day

4.1.4 Potential Time Saving

To assess the potential impacts of R-TCP, we use the following metrics in this section and throughout the
report:

e The percentage of trips that may experience failed transfer because of from-trip delay (¢ransfer at
risk),

e The percentage of trip transfers that can be protected among the above transfers at risk, denoted as
protectable rate hereafter;

e The saved additional waiting time for the next bus versus the required holding minutes.

An example site has been investigated as a pilot for assessing the potential TCP benefits as below. Figure
4-3 and the following interpretations illustrate the mechanism and effectiveness of the TCP strategy.
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Figure 4-3. Historical BART Delays and their Effects on Transfers

Investigation Duration: 01/26/22 - 02/04/22, weekdays

Valid Trip Runs: 238 runs for 7 days
34 transfer trips per day are under monitoring. First trip: 6:07a; Last trip: 11:12p

Delay Range in the figure:
‘ " - minor delay, successful transfer
- medium delay, possible transfer fail but can be protected by implementing CP
Events marked by ‘O’
‘ ' - big delay, the passengers on the delayed BART cannot catch the planned bus
Events marked by ‘X’

Potential Benefit by Implementing TCP:
27 out of 238 (11.3%) transfer trips have significant (BART) delays that may cause failed

transfer;

9 out of 27 (33%) transfer trips can be protected by a responded bus holding within 5 minutes;

2 more trips in the evening (10:00-11:00 pm) could be protected if we permit an up to 6 mins
holding strategy.

An average of 94-minute transfer waiting time per day could be saved by allowing a total 5.5-
minute bus holding per day.
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4.2 FOT Implementation

To study the connectivity between BART and AC Transit Bus inclusive of all connected BART stations,
the PATH project team adopted a three-stage test including the historic data test (described in the previous
section), the quasi-experimental test and the field operation test (FOT) test whose methodologies are
outlined in Table 4-2 .

Table 4-2. Methodologies for Different Test Types

Components of Test Historic Data Test Quasi-Experimental Test | Field Operational Test
Route Static Data Yes Yes Yes

Trip Realtime Data Partially Yes Yes

Algorithm Run Off-line Real-time Real-time

Passenger Demand No No No

Driver in-the-loop No Simulated Yes

4.2.1 Quasi-Experimental Test

A quasi-experimental test was conducted to assess the performance of the connection protection
application in a large-scale transit network such as the AC transit service area. Real transit trip data and
derived transfer patterns were aggregated, while a real-time engine ran in the background throughout the
testing period. The only missing component in the workflow was driver participation, yet the results of
the proposed new operation application were still convincing. The test was carried out over a period of 63

days and involved:

e 15 connected sites

e 109 transfer routes

e 2137 scheduled transfer trip pairs
e 29918 real trips

The data collected during the one-month test was fed into the IDTO system in real-time to assess and
evaluate the R-TCP strategy. The setup was monitored and post-analyzed to draw conclusions about the

system's effectiveness.
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Table 4-3. TCP Rates @ BART Hayward Station to ACT Line 56

Schedule 05:45| 06:45 | 07:45| 08:45 | 09:45| 10:45 | 11:45| 12:45| 13:45| 14:45| 15:45| 16:45 | 17:45| 18:45| 19:45| Avg.
13- Transfer 0.138
min | fail rate 0.07| 0.07| 0.14| 0.21| 0.14| 0.21| 0.07| 0.21| 0.21| 0.14| 0.21| 0.07| 0.07| 0.07| 0.14| —
Group | Protectable 52%
rate 0% 0%| 100%| 67%| 100%| 67% 0%| 33%| 33%| 50%| 33%| 100% 0%| 100%| 50% °
7-min | Transfer 0314
Group | fail rate 0.36| 0.21| 0.36| 0.29| 0.29| 0.14| 0.43| 0.21| 0.21| 0.21| 0.43| 0.36| 0.50| 0.36| 0.36|
Protectable 78%
rate 100%| 67%| 60%|100%| 75%| 100%| 50%| 100%| 67%| 33%| 100%| 100%| 43%| 60%| 80% °
Orange-HAYW X 56-1595
25 I connected
N missed
[ protected
20
CP:52%
(0]
£
'_
515
2]
C
o
! 900060606060606060000
©
% 0% 0% 100%67% 100%67% 0% 33% 33% 50% 33% 100%0% 100%50%
o
210+
O
n
5 100%67% 60% 100%75% 100%50% 100%67% 33% 100%100%43% 60% 80% CP:74%
0 1 1 1 1 1 1 1 1 1 |
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Figure 4-4. TCP Rates @ BART Hayward Station to ACT Line 56

The overall protectable rates of the 13-min and 7-min transfer gap trips are 52% and 74% respectively,
which can be interpreted as the schedule aligned transfers are more likely to be guaranteed when the TCP
strategy is implemented.
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Table 4-4. TCP Rates @ BART 12™ St Station to ACT Line 19

Schedule 06:48| 07:48| 08:48| 09:48| 10:45 | 11:45| 12:45| 13:45 | 14:45| 15:45 | 16:45 | 17:45| 18:45|19:45 | 20:45| AVE.
>10- | Transfer 0.005
min | fail rate 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 0.07|

Group | Protected 0,

rate - - - - - - - - - - - - - - 0% 0%
<10- | Transfer 0.357
min | fail rate 0.29| 0.29| 0.29| 0.29| 0.29| 0.36| 0.50| 0.36| 0.36| 0.29| 0.43| 0.43| 0.43| 043 ’

Group | Protectable 37.1%
rate 50%| 50%| 50%| 50%| 25%| 40%| 14%| 20%| 40%| 50%| 33%| 50%| 33%| 33% - ek
Orange-12TH X 19-2030
25 - I connected
I missed
[ protected
20 -
OOOO CP:0%
)
£ o7
. OOOOOOOHOOM
e ®
[0}
e - - - - - - - - - -
= 0%
-
Q<
3
2 SO0
<
)
(7p]
50% 50% 50% 50%
5 25% 40% 14% 20% 40% 50% 33% 50% 33% 33% CP:37%
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4 6 8 10 12 14 16 18 20 22 24

HouobthBaday

Figure 4-5. TCP rate @ BART 12™ St Station to ACT Line 19

While the 10min+ transfers are not likely to encounter delay-caused failure versus around one-third of the
10min- transfers face the risk, the overall protectable rates of the 10min+ and 10min- transfer gap trips
are 0% and 37% respectively. Figure 4-6 provides the results of another site (Fruitvale) with a more
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complex transfer pattern. The overall protectable rates for the 10min+ and 10min- transfer gap trips are
48% and 76% respectively.
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Figure 4-6. TCP rate (@ BART Fruitvale Station to ACT Line 21

Including the above three examples, the full set of results for all investigated connected stops and routes

are recorded in Appendix C.

To summarize the overall R-TCP benefits, Figure 4-7 illustrates the findings:

1. Transfer failure rates vary against the transfer interval time almost monotonously;
2. Transfer failure rates could be mitigated by approximately 45%~60% when the R-TCP strategy is
implemented in real-time dynamic transit operations;
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3. The protectable rates (also denoted as TCP Probabilities) have very little relevance with the scheduled
transfer interval time, which is in opposition to the results of the previously illustrated example sites.
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Figure 4-7. Transfer Fail Reduction by Implementing Connection Protection

4.2.2 Field Test
The plan for the Field Operation Test was recorded in the Caltrans-ACT MOU as:
PATH will work with AC Transit to determine the implementation approach, including:

- The required actions of passengers, dispatchers, drivers in the service flow

- The on-board terminal used for popping up Driver-Vehicle-Interface messages containing bus holding
requests

- The format of operation data collection, storing, and logging

PATH will launch the IDTO operation through viable outreach means allowable by the Committee for
Protection of Human Subjects to continuously solicit travelers to participate in the FOT throughout the
test period. Throughout the FOT period, participants will be contacted for surveys via e-mail or the

internet.

However, after having experienced significant delay because of the COVID pandemic and the
collaborative resource constraint of AC Transit, the real FOT has not been carried out in the AC Transit

service area.
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While an FOT is an ideal method for evaluating dynamic transit operation, the quasi-experimental test we
have completed can still be a valuable substitute. Although the quasi-experimental test didn’t embody
drivers’ intervention to the same extent as an FOT, the workflow is almost the same and can still provide
accurate evaluation for the effectiveness of the dynamic transit operation. The test is designed to control
for real situations and confounding variables such as the undesirable human factor design for drivers and
passengers. Furthermore, the quasi-experimental test is more feasible and flexible in terms of time and
resources, making it a practical alternative when a real operation cannot be interrupted. From the
perspective of data analysis, the quasi-experimental test still yields valuable information and the results
have minor bias from what an FOT can provide.
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5 Conclusions and Future Research

5.1

Summary of accomplishments and findings

The multi-phase IDTO project aims at developing and implementing a full-scale Integrated Dynamic
Transit Operation (IDTO) prototype system that enables T-CONNECT and D-RIDE services. During the
Phase II+ project, the project team accomplished the R-TCP study in the East Bay Area by conducting

system development and experimental tests.

The IDTO server, which hosts data collection and management tools, a decision support engine,
and application interfaces, has been significantly enhanced to better respond to network-wide trip
delays and travelers' transfer demands.

The IDTO engine has been expanded to cover a larger regional area, taking into account the transit
network, route connectivity, and optional transfer activities. To achieve this, the algorithm for
protecting single-site connections has been generalized into a network optimization problem. This
updated algorithm incorporates a more realistic transfer choice model, which reflects actual
traveler behavior in various scenarios.

The IDTO interfaces have been developed to be compatible with a MaaS trip planner and several
different dispatch backends, allowing for effective message-delivery to buses and drivers. The
transit agency's input and recommendations have been incorporated into the design of the

workflow and interfaces.

The research team has collected baseline and experimental data in the designed tests to evaluate the

benefits and impacts of R-TCP. The findings are listed below:

The R-TCP strategy works for different conditions of BART and bus services. It can adapt to the

BART schedules and the bus dispatch capabilities by implementing a dynamic operation algorithm

taking into consideration overall on-time performance, downstream connections, and alternative

trip choices.

The ACT schedule has already established a system that aligns with the BART schedules, however,
there are some routes that have a long headway more than 30 minutes, thus an adaptive dispatch
mechanism is demanded to increase the connection success rate.

Upon the transfer timeline patterns, the scheduled transfers have been categorized into two groups:

the transfer interval that is greater than and less than 10 minutes (denoted as 10min+ and 10min-).

While the 10min+ group has a transfer failure rate ranging from 0 to 0.35, in contrast, the 10min-

group has a higher failure rate ranging from 0.08 to 0.57.

Irrespective of the hour of day and transfer interval, the implementation of R-TCP can significantly

reduce transfer failure trips by 45% to 60%.
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5.2 Recommendations and Future Research

The IDTO projects have taken multi-year efforts to address the inter-modal and inter-agency connection
problems towards seamless trips. Most agencies provide the transit trip service for a local or regional area,
and many resources have been utilized to improve the in-vehicle trip performances. However, the
connection/transfer segments consume an average of 25% of the entire trip time, and the related issues are
more traveler specific than the in-vehicle segments.

The concept and applications of Integrated Dynamic Transit Operation can be extended to providing a
dynamic planning service which makes intra-agency and inter-agency connectivity assessments and
recommendations based on the schedule plans. It can also be extended to demand estimations of transfer
from-to pairs from different sources including planning surveys, historic activity data and real-time trip
planners. IDTO's capabilities can be upgraded to include network optimization. This would involve
cross-jurisdictional operations, as well as the generation of connection protection policies/thresholds
based on tradeoffs between traveler needs, passenger delays, and dispatching requirements.

A further recommendation is to streamline the implementation of dynamic transit operation based on the
research findings. The proposed R-TCP strategy for enhancing multi-modal transfers is well-suited for the
Bay Area, which is served by 27 distinct transit agencies. Seamless transfers are a crucial concern for both
transit providers and commuters, particularly in light of the region's population growth and air quality
concerns. If R-TCP can be tested and successfully executed in the Bay Area, it could encourage more
locals to use public transportation for longer trips without worrying about reaching their destination on
time. Additionally, in combination with the Clipper regional payment system, the R-TCP could foster
greater cohesion among all transit agencies by establishing more complementary service schedules.
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Appendix A BART Stations connected with AC Transit Bus Lines

- Union City (ID: UCTY)

- Fremont (ID: FRMT)

- Warm Springs / South Fremont (ID: WARM)
- Milpitas (ID: MLPT)

- Berryessa / North San Jose (ID: BERY)

- Richmond (ID: RICH)

- El Cerrito Del Norte (ID: DELN)

- El Cerrito Plaza (ID: PLZA)

- North Berkeley (ID: NBRK)

- Downtown Berkeley (ID: DBRK)

- Ashby (ID: ASHB)

- MacArthur (ID: MCAR)

- 19th Street Oakland (ID: 19TH)

- 12th Street / Oakland City Center (ID: 12TH)
- Lake Merritt (ID: LAKE)

- Fruitvale (ID: FTVL)

- Coliseum (ID: COLS)

- San Leandro (ID: SANL)

- Bay Fair (ID: BAYF)

- Hayward (ID: HAYW)

- South Hayward (ID: SHAY)
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Appendix B Transferable Trips

The Transferable Trips have been defined as the connected route schedules having a reasonable linkage
time that is from the arrival of a BART trip to the departure of an outbound bus trip, specified by the key
attributes of {‘from stop id’, ‘to stop id’, ‘to route name’, ‘from trip STA’, ‘to trip STD’}. The Transferrable
Trips covering the entire ACT service network in the format of transfer from-to trip pairs for are listed in
the following table.

Transfer
Stop

To route
(with
Direction)

Transfer from STA- to STD

Note

HAYW

56

05:32-05:45; 05:38-05:45; 06:32-06:45; 06:38-06:45; 07:32-07:45; 07:38-07:45;
08:32-08:45; 08:38-08:45; 09:32-09:45; 09:38-09:45; 10:32-10:45; 10:38-10:45;
11:32-11:45; 11:38-11:45; 12:32-12:45; 12:38-12:45; 13:32-13:45; 13:38-13:45;
14:32-14:45; 14:38-14:45; 15:32-15:45; 15:38-15:45; 16:32-16:45; 16:38-16:45;
17:32-17:45; 17:38-17:45; 18:32-18:45; 18:38-18:45; 19:32-19:45; 19:38-19:45;

HAYW

34 DI

06:02-06:20; 06:08-06:20; 07:02-07:20; 07:08-07:20; 08:02-08:20; 08:08-08:20;
09:02-09:20; 09:08-09:20; 11:02-11:20; 11:08-11:20; 12:02-12:20; 12:08-12:20;
13:02-13:20; 13:08-13:20; 14:02-14:20; 14:08-14:20; 15:02-15:20; 15:08-15:20;
16:02-16:20; 16:08-16:20; 17:02-17:20; 17:08-17:20; 18:02-18:20; 18:08-18:20;
19:02-19:20; 19:08-19:20; 20:01-20:20; 20:08-20:20; 21:06-21:20; 22:06-22:20;

12TH

19 DI

06:30-06:48; 06:39-06:48; 07:30-07:48; 07:39-07:48; 08:30-08:48; 08:39-08:48;
09:30-09:48; 09:39-09:48; 10:30-10:45; 10:39-10:45; 11:30-11:45; 11:39-11:45;
12:30-12:45; 12:39-12:45; 13:30-13:45; 13:39-13:45; 14:30-14:45; 14:39-14:45;
15:30-15:45; 15:39-15:45; 16:30-16:45; 16:39-16:45; 17:30-17:45; 17:39-17:45;
18:30-18:45; 18:39-18:45; 19:30-19:45; 19:39-19:45; 20:31-20:45;

12TH

20 DI

05:24-05:37; 05:30-05:37; 05:54-06:07; 06:00-06:07; 06:15-06:32; 06:24-06:32;
06:45-07:02; 06:54-07:02; 07:15-07:29; 07:24-07:29; 07:39-07:52; 07:45-07:52;
08:09-08:26; 08:15-08:26; 08:39-08:56; 08:45-08:56; 09:09-09:26; 09:15-09:26;
09:39-09:53; 09:45-09:53; 10:09-10:23; 10:15-10:23; 10:39-10:53; 10:45-10:53;
11:09-11:21; 11:15-11:21; 11:39-11:50; 11:45-11:50; 12:09-12:20; 12:15-12:20;
12:30-12:45; 12:39-12:45; 13:00-13:15; 13:09-13:15; 13:30-13:45; 13:39-13:45;
13:54-14:13; 14:00-14:13; 14:24-14:43; 14:30-14:43; 14:54-15:13; 15:00-15:13;
15:24-15:43; 15:30-15:43; 15:54-16:13; 16:00-16:13; 16:24-16:43; 16:30-16:43;
16:54-17:12; 17:00-17:12; 17:30-17:44; 17:39-17:44; 17:54-18:13; 18:00-18:13;
18:30-18:46; 18:39-18:46; 19:00-19:16; 19:09-19:16; 19:30-19:46; 19:39-19:46;
20:00-20:16; 20:09-20:16; 20:31-20:49; 20:41-20:49; 20:44-20:49; 21:11-21:19;
21:14-21:19; 21:41-21:49; 21:44-21:49; 22:11-22:19;

12TH

88 DI

22:45-23:04,

12TH

14 DO

07:09-07:23; 07:15-07:23; 22:41-22:57; 22:45-22:57,

12TH

14 DI

22:11-22:30; 22:15-22:30;

12TH

12_D0

07:15-07:29; 07:54-08:11; 08:00-08:11; 09:24-09:37; 09:30-09:37; 12:09-12:21;
12:15-12:21; 14:24-14:42; 14:30-14:42; 15:24-15:43; 15:30-15:43; 19:15-19:33;
19:24-19:33; 19:45-20:03; 19:54-20:03; 20:14-20:33; 20:24-20:33; 20:44-21:03;
20:56-21:03; 21:14-21:33; 21:44-22:03; 22:15-22:33; 22:41-22:57; 22:45-22:57,
23:11-23:27; 23:15-23:27; 23:41-23:57; 23:45-23:57; 24:11-24:27; 24:15-24:27,
24:41-24:57,
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12TH

72M DI

05:24-05:39; 05:30-05:39; 05:54-06:09; 06:00-06:09; 06:24-06:38; 06:30-06:38;
06:54-07:05; 07:24-07:38; 07:30-07:38; 07:54-08:09; 08:00-08:09; 08:24-08:38;
08:30-08:38; 08:54-09:05; 09:15-09:34; 09:24-09:34; 10:24-10:39; 10:30-10:39;
10:54-11:09; 11:00-11:09; 11:24-11:40; 11:30-11:40; 11:54-12:09; 12:00-12:09;
12:24-12:40; 12:30-12:40; 13:45-14:02; 13:54-14:02; 14:24-14:37; 14:30-14:37,
14:45-15:03; 14:54-15:03; 15:15-15:33; 15:24-15:33; 15:54-16:05; 16:24-16:35;
17:24-17:40; 17:30-17:40; 17:54-18:10; 18:00-18:10; 18:24-18:41; 18:30-18:41,
18:54-19:09; 19:00-19:09; 19:24-19:39; 19:30-19:39; 20:00-20:14; 20:41-20:54;
20:44-20:54; 22:41-22:54; 22:45-22:54;

12TH

96_DO

06:09-06:24; 06:15-06:24; 06:39-06:54; 06:45-06:54; 07:09-07:24; 07:15-07:24;
07:39-07:55; 07:45-07:55; 08:09-08:25; 08:15-08:25; 08:39-08:55; 08:45-08:55;
09:09-09:26; 09:15-09:26; 09:39-09:56; 09:45-09:56; 10:09-10:26; 10:15-10:26;
10:39-10:56; 10:45-10:56; 11:09-11:26; 11:15-11:26; 11:39-11:56; 11:45-11:56;
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18:40-18:51; 18:40-18:51; 19:10-19:19; 19:10-19:19; 19:40-19:47; 19:40-19:47,

20:10-20:17; 20:41-20:50; 21:13-21:30; 21:56-22:10; 21:58-22:10; 22:28-22:46; '

FTVL

05:17-05:30; 05:22-05:30; 05:47-06:00; 05:52-06:00; 06:17-06:30; 06:22-06:30;
07:17-07:30; 07:22-07:30; 07:47-08:00; 07:52-08:00; 08:17-08:30; 08:22-08:30;
08:47-09:00; 08:52-09:00; 09:17-09:30; 09:22-09:30; 09:47-10:00; 09:52-10:00;
10:17-10:30; 10:22-10:30; 10:47-11:00; 10:52-11:00; 11:17-11:30; 11:22-11:30;
11:47-12:00; 11:52-12:00; 12:17-12:30; 12:22-12:30; 12:47-13:00; 12:52-13:00;
13:17-13:30; 13:22-13:30; 13:47-14:00; 13:52-14:00; 14:17-14:30; 14:22-14:30;
14:47-15:00; 14:52-15:00; 15:17-15:30; 15:22-15:30; 15:47-16:00; 15:52-16:00;
16:17-16:30; 16:22-16:30; 16:47-17:00; 16:52-17:00; 17:17-17:30; 17:22-17:30;
17:47-18:00; 17:52-18:00; 18:17-18:30; 18:22-18:30; 18:47-19:00; 18:52-19:00;
19:17-19:30; 19:22-19:30; 19:47-20:00; 19:52-20:00; 20:17-20:30; 20:21-20:30;
20:48-21:00; 20:51-21:00;

FTVL

20 DI

05:17-05:36; 05:22-05:36; 05:47-06:06; 05:52-06:06; 06:17-06:36; 06:22-06:36;
06:47-07:04; 06:52-07:04; 07:17-07:34; 07:22-07:34; 07:47-08:01; 07:52-08:01;
08:17-08:33; 08:22-08:33; 09:17-09:33; 09:22-09:33; 09:47-10:03; 09:52-10:03;
10:17-10:34; 10:22-10:34; 10:47-11:04; 10:52-11:04; 11:47-12:02; 11:52-12:02;
12:17-12:31; 12:22-12:31; 12:47-13:01; 12:52-13:01; 13:17-13:29; 13:22-13:29;
14:17-14:29; 14:22-14:29; 14:47-14:59; 14:52-14:59; 15:17-15:29; 15:22-15:29;
15:47-15:59; 15:52-15:59; 16:47-16:59; 16:52-16:59; 17:17-17:29; 17:22-17:29;
17:47-17:58; 17:52-17:58; 18:07-18:26; 18:17-18:26; 19:07-19:22; 19:37-19:52;
20:07-20:22; 21:04-21:19; 21:34-21:49; 22:04-22:19; 23:04-23:19; 24:04-24:19;

FTVL

20 DO

05:17-05:35; 05:22-05:35; 05:47-06:05; 05:52-06:05; 06:22-06:37; 06:32-06:37;
06:52-07:07; 07:02-07:07; 07:22-07:39; 07:32-07:39; 07:52-08:09; 08:02-08:09;
08:22-08:39; 08:32-08:39; 08:52-09:09; 09:02-09:09; 09:52-10:09; 10:02-10:09;
10:22-10:39; 10:32-10:39; 10:52-11:09; 11:02-11:09; 11:22-11:39; 11:32-11:39;
12:22-12:41; 12:32-12:41; 12:52-13:11; 13:02-13:11; 13:22-13:41; 13:32-13:41;
13:52-14:11; 14:02-14:11; 15:02-15:13; 15:07-15:13; 15:32-15:43; 15:37-15:43;
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16:02-16:13; 16:07-16:13; 16:22-16:41; 16:32-16:41; 17:22-17:41; 17:32-17:41,
17:52-18:11; 18:02-18:11; 18:22-18:40; 18:32-18:40; 18:52-19:08; 19:02-19:08;
19:47-20:00; 19:52-20:00; 20:17-20:28; 20:21-20:28; 20:48-20:58; 20:51-20:58;

FTVL

21 DO

05:32-05:50; 05:37-05:50; 06:07-06:22; 06:17-06:22; 06:37-06:52; 06:47-06:52;
07:07-07:22; 07:17-07:22; 07:37-07:54; 07:47-07:54; 08:07-08:24; 08:17-08:24,
08:37-08:54; 08:47-08:54; 09:07-09:24; 09:17-09:24; 09:37-09:54; 09:47-09:54,
10:07-10:24; 10:17-10:24; 10:37-10:54; 10:47-10:54; 11:07-11:24; 11:17-11:24;
11:37-11:56; 11:47-11:56; 12:07-12:26; 12:17-12:26; 12:37-12:56; 12:47-12:56,
13:07-13:26; 13:17-13:26; 13:37-13:56; 13:47-13:56; 14:07-14:26; 14:17-14:26;
14:47-14:58; 14:52-14:58; 15:17-15:28; 15:22-15:28; 15:47-15:58; 15:52-15:58,;
16:07-16:26; 16:17-16:26; 16:37-16:56; 16:47-16:56; 17:07-17:26; 17:17-17:26;
17:37-17:56; 17:47-17:56; 18:07-18:26; 18:17-18:26; 18:37-18:53; 18:47-18:53;
19:02-19:20; 19:07-19:20; 19:32-19:45; 19:37-19:45; 20:02-20:13; 20:07-20:13;
20:34-20:43; 20:38-20:43; 21:04-21:13; 21:21-21:39; 21:34-21:39; 21:51-22:09;
22:04-22:09;

SANL

34 DO

06:09-06:19; 06:14-06:19; 07:09-07:21; 07:14-07:21; 08:09-08:20; 08:14-08:20;
10:09-10:20; 10:14-10:20; 11:09-11:23; 11:14-11:23; 12:09-12:22; 12:14-12:22;
13:09-13:22; 13:14-13:22; 15:09-15:22; 15:14-15:22; 16:09-16:22; 16:14-16:22;
17:09-17:21; 17:14-17:21; 18:09-18:21; 18:14-18:21; 19:09-19:21; 19:14-19:21;
20:09-20:20; 20:14-20:20;

SANL

34 DI

06:39-06:55; 06:44-06:55; 07:39-07:55; 07:44-07:55; 08:39-08:58; 08:44-08:58;
09:39-09:58; 09:44-09:58; 11:44-12:00; 11:54-12:00; 12:44-13:00; 12:54-13:00;
13:44-14:02; 13:54-14:02; 14:44-15:02; 14:54-15:02; 15:54-16:07; 15:59-16:07;
16:44-17:03; 16:54-17:03; 17:44-18:03; 17:54-18:03; 18:44-19:00; 18:54-19:00;
19:44-20:00; 19:54-20:00; 20:41-21:00; 20:46-21:00;

SANL

35 DO

07:29-07:48; 07:39-07:48; 08:29-08:48; 08:39-08:48; 09:29-09:48; 09:39-09:48;
10:29-10:48; 10:39-10:48; 12:39-12:49; 12:44-12:49; 13:39-13:49; 13:44-13:49;
14:39-14:49; 14:44-14:49; 15:39-15:49; 15:44-15:49; 16:39-16:49; 16:44-16:49;
17:39-17:49; 17:44-17:49; 18:29-18:47; 18:39-18:47; 19:29-19:47; 19:39-19:47,
20:29-20:47; 20:41-20:47; 21:29-21:47; 22:30-22:47,

SANL

35 DI

06:09-06:26; 06:14-06:26; 07:09-07:27; 07:14-07:27; 09:09-09:28; 09:14-09:28;
10:09-10:28; 10:14-10:28; 11:09-11:28; 11:14-11:28; 12:14-12:30; 12:24-12:30;
14:09-14:22; 14:14-14:22; 15:09-15:22; 15:14-15:22; 16:09-16:27; 16:14-16:27,;
17:14-17:32; 17:24-17:32; 18:14-18:32; 18:24-18:32; 19:14-19:32; 19:24-19:32;
20:14-20:31; 20:26-20:31;

UCTY

232 DO

"08:23-08:37; 09:23-09:37; 10:23-10:37; 11:23-11:37; 12:23-12:37; 13:23-13:38;
13:32-13:38; 14:23-14:38; 14:32-14:38; 15:23-15:38; 15:32-15:38; 16:23-16:40;
16:32-16:40; 17:23-17:40; 17:32-17:40; 18:23-18:38; 18:32-18:38; 19:23-19:38;
19:32-19:38; 20:24-20:38; 20:31-20:38; "

UCTY

232 DI

"07:02-07:20; 07:08-07:20; 08:02-08:21; 08:08-08:21; 09:02-09:21; 09:08-09:21;
10:02-10:21; 10:08-10:21; 11:02-11:21; 11:08-11:21; 12:02-12:21; 12:08-12:21;
13:02-13:21; 13:08-13:21; 14:02-14:21; 14:08-14:21; 15:02-15:21; 15:08-15:21;
16:02-16:21; 16:08-16:21; 17:02-17:21; 17:08-17:21; 18:02-18:21; 18:08-18:21;
19:02-19:20; 19:08-19:20; "

WARM

215 DO

"06:27-06:41; 06:28-06:41; 07:27-07:41; 07:28-07:41; 08:27-08:41; 08:28-08:41;
09:27-09:41; 09:28-09:41; 10:27-10:43; 10:28-10:43; 11:27-11:43; 11:28-11:43;
12:27-12:43; 12:28-12:43; 13:27-13:43; 13:28-13:43; 14:27-14:43; 14:28-14:43;
15:27-15:43; 15:28-15:43; 16:27-16:43; 16:28-16:43; 17:42-17:48; 18:42-18:48,
19:42-19:48; 20:29-20:48; 20:42-20:48; "

WARM

215 DI

"07:12-07:31; 07:13-07:31; 08:12-08:31; 08:13-08:31; 09:12-09:31; 09:13-09:31;
10:12-10:31; 10:13-10:31; 11:12-11:31; 11:13-11:31; 12:12-12:31; 12:13-12:31;
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13:12-13:31; 13:13-13:31; 14:12-14:31; 14:13-14:31; 15:13-15:32; 16:13-16:32;
17:13-17:32; 18:13-18:32; 19:13-19:32; 20:13-20:30; 20:13-20:30; 21:14-21:30; "

WARM

217 DO

"06:27-06:40; 06:28-06:40; 06:57-07:10; 06:58-07:10; 07:27-07:40; 07:28-07:40;
07:57-08:10; 07:58-08:10; 08:27-08:39; 08:28-08:39; 08:57-09:07; 08:58-09:07;
09:27-09:37; 09:28-09:37; 09:57-10:07; 09:58-10:07; 10:27-10:39; 10:28-10:39;
10:57-11:09; 10:58-11:09; 11:27-11:39; 11:28-11:39; 11:57-12:09; 11:58-12:09;
12:27-12:39; 12:28-12:39; 12:57-13:09; 12:58-13:09; 13:27-13:39; 13:28-13:39;
13:57-14:09; 13:58-14:09; 14:27-14:39; 14:28-14:39; 14:57-15:10; 14:58-15:10;
15:27-15:40; 15:28-15:40; 15:57-16:10; 15:58-16:10; 16:27-16:40; 16:28-16:40;
16:57-17:10; 16:58-17:10; 17:27-17:40; 17:28-17:40; 17:57-18:10; 17:58-18:10;
18:27-18:40; 18:28-18:40; 18:57-19:10; 18:58-19:10; 19:27-19:40; 19:28-19:40;
19:58-20:10; 19:59-20:10; 20:28-20:40; 20:29-20:40; 20:57-21:05; 20:59-21:05;
21:27-21:35; 21:29-21:35; 21:57-22:05; 21:59-22:05; "

WARM

217 DI

"07:27-07:43; 07:28-07:43; 07:57-08:13; 07:58-08:13; 08:27-08:43; 08:28-08:43;
08:57-09:15; 08:58-09:15; 09:27-09:45; 09:28-09:45; 09:57-10:15; 09:58-10:15;
10:27-10:45; 10:28-10:45; 10:57-11:15; 10:58-11:15; 11:27-11:45; 11:28-11:45;
11:57-12:15; 11:58-12:15; 12:27-12:45; 12:28-12:45; 12:57-13:15; 12:58-13:15;
13:27-13:45; 13:28-13:45; 13:57-14:15; 13:58-14:15; 14:27-14:45; 14:28-14:45;
14:57-15:15; 14:58-15:15; 15:27-15:45; 15:28-15:45; 15:57-16:15; 15:58-16:15;
16:27-16:46; 16:28-16:46; 16:57-17:14; 16:58-17:14; 17:27-17:44; 17:28-17:44;
17:57-18:14; 17:58-18:14; 18:27-18:44; 18:28-18:44; 18:57-19:14; 18:58-19:14;
19:27-19:44; 19:28-19:44; 19:58-20:14; 19:59-20:14; 20:28-20:44; 20:29-20:44;
20:57-21:13; 20:59-21:13; 21:27-21:40; 21:29-21:40; 21:57-22:10; 21:59-22:10; "

MLPT

217 DI

"07:04-07:20; 07:06-07:20; 07:34-07:50; 07:36-07:50; 08:04-08:20; 08:06-08:20;
08:34-08:50; 08:36-08:50; 09:04-09:20; 09:06-09:20; 09:34-09:50; 09:36-09:50;
10:04-10:20; 10:06-10:20; 10:34-10:50; 10:36-10:50; 11:04-11:20; 11:06-11:20;
11:34-11:50; 11:36-11:50; 12:04-12:20; 12:06-12:20; 12:34-12:50; 12:36-12:50;
13:04-13:20; 13:06-13:20; 13:34-13:50; 13:36-13:50; 14:04-14:20; 14:06-14:20;
14:34-14:50; 14:36-14:50; 15:04-15:20; 15:06-15:20; 15:34-15:50; 15:36-15:50;
16:04-16:20; 16:06-16:20; 16:34-16:50; 16:36-16:50; 17:04-17:20; 17:06-17:20;
17:34-17:50; 17:36-17:50; 18:04-18:20; 18:06-18:20; 18:34-18:50; 18:36-18:50;
19:04-19:20; 19:06-19:20; 19:33-19:50; 19:36-19:50; 20:05-20:20; 20:06-20:20;
20:36-20:50; 21:05-21:20; 21:35-21:50; "

FRMT
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Appendix C  Transfer Failure Reduction with R-TCP

The rows of the table represent various Connected Stops and Routes. The percentages of transfer
failure rate are provided for each transfer route, both with and without implementing R-TCP,
across two groups. These rates are calculated by dividing the number of failed transfers caused by
transfer-from vehicle delays by the total number of transfer trips. If there are no trips under a
particular group, the symbol "-" is used to indicate this.

BART Station | Bus line-Direction- Interval > 10min Group Interval <= 10min Group
Stop ID no R-TCP with R-TCP | no R-TCP with R-TCP
'12TH' '12-0-2475' 10% 6% 37% 18%
'12TH' '14-0-2068' 19% 12% 7% 0%
'12TH' '14-1-2069' 0% 0% - -
'12TH' '18-1-6295' 0% 0% - -
'12TH' '19-1-2030' 0% 0% 36% 22%
'12TH' '1T-0-6174' 0% 0% - -
'12TH' '20-1-2030' 10% 5% 29% 16%
'12TH' '33-0-6187' 14% 7% 26% 2%
'12TH' '72-1-247T' 0% 0% - -
'12TH' '"12M-1-247T 18% 10% 13% 6%
'12TH' '"72R-1-2477' - - 50% 14%
'12TH' '88-1-2036' 0% 0% - -
'12TH' '96-0-2475' 16% 10% 8% 2%
'ASHB' '12-0-531" 13% 6% 38% 20%
'ASHB' '12-1-532' 18% 8% 26% 14%
'BAYF' '35-1-6094' 9% 2% 35% 7%
'DBRK' '7-1-5251" 7% 2% 39% 26%
'DBRK' '79-0-649' 15% 9% 24% 5%
'DBRK' '79-1-6090' 11% 5% 44% 26%
'DBRK' '88-0-5866' 0% 0% - -
'DELN' '7-6230' 16% 9% - -
'DELN' '"72M-6231" 14% 7% 18% 11%
'DELN' '"72M-867' 13% 9% 13% 4%
'DELN' '76-862' 19% 12% 9% 3%
'FRMT' '215-0-1031" 14% 4% 28% 5%
'FRMT' '217-0-5601" 5% 2% 30% 17%
'FRMT' '232-1-5217' 19% 6% 29% 9%
'FTVL' '20-0-2843' 6% 2% 33% 17%
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'FTVL' '20-1-2841' 12% 6% 22% 7%
'FTVL' '21-0-2843' 4% 2% 34% 18%
'FTVL' '21-1-2841' 13% 7% 24% 6%
'FTVL' '62-0-2840' - - 21% 21%
'FTVL' '0-0-2838' 21% 14% 20% 4%
'HAYW' '34-1-1594' 11% 3% - -
'HAYW' '56-0-1595' 15% 7% 32% 8%
'LAKE' '18-1-2309' 5% 2% - -
'LAKE' '62-0-2309' 11% 6% - -
'LAKE' '62-1-3317" 19% 12% 14% 11%
'LAKE' '88-1-3317" 7% 0% - -
'LAKE' '96-0-3317' 12% 7% 32% 23%
'LAKE' '96-1-3317' 8% 3% 29% 15%
'MLPT' '217-1-6047' 13% 4% - -
'PLZA' '"72M-0-875' 12% 7% 26% 12%
'PLZA' '"72M-1-872' 13% 8% 31% 17%
'PLZA' '79-0-874' - - 25% 14%
'RICH' '70-1-5560' 21% 11% - -
'‘RICH' '"71-0-5566' 34% 21% 44% 23%
'‘RICH' '"71-1-5561' - - 40% 28%
'‘RICH' "72M-0-5564' 32% 20% 45% 22%
'RICH' '"72M-1-5563' 28% 16% 45% 28%
'‘RICH' "74-0-5565' 23% 14% 38% 25%
'‘RICH' '74-1-5562' 24% 13% 57% 39%
'‘RICH' '"76-0-5562' 25% 13% - -
'RICH' '76-1-5565' 36% 7% 39% 27%
'SANL' '34-0-4367' 20% 10% 22% 5%
'SANL' '34-1-4367' 3% 0% 32% 15%
'SANL' '35-0-4367' 10% 5% 32% 13%
'SANL' '35-1-4367' 9% 2% 28% 15%
'UCTY' '232-0-4667' 13% 3% 35% 12%
'UCTY' '232-1-4667' 9% 4% - -
'WARM' '215-0-5889' 12% 2% 39% 13%
'WARM' '215-1-5607' 3% 1% - -
'WARM' '217-0-5889' 18% 5% 23% 9%
'WARM' '217-1-5607' 7% 2% - -
Average 12.8% 6.2% 30.0% 14.0%
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