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Abstract

This master thesis analyses and evaluates the effectiveness of GTFS (General Transit Feed
Specification) Realtime feeds of transit data for planning a multi-modal trip in a public
transportation network. Realtime feeds can be used to enhance the delay prediction. For now,
BCT has established delay prediction using Realtime feeds internally which predicting the
delays up to 60 minutes (‘Broward County Transit’ 2020). In this work, different data sources,
such as GTFS static and GTFS Realtime feeds and OpenStreetMap (OSM) road data, will be
integrated into a Routing Graph within the Open Trip Planner (OTP) framework. This
facilitates multi-modal trip planning in a transit network under consideration of static
timetables information as well as planning of current and future trips to observe transit delays
at the time of planning the trip. Moreover, the quality and completeness of GTFS Realtime feed
information will be analyzed and visualized in total and per vehicle type. In addition, the
accuracy of delay predictions provided as part of GTFS Realtime feed information will be
assessed, visualized for all vehicle types. Finally, the delay data will be compared with and
without outliers showing how the data distribution changed. Two study areas were proposed
for this research, namely the Boston Metropolitan Area (Massachusetts Bay Transportation
Authority MBTA) and Broward County, Florida (Broward County Transit, BCT). MBTA has
been chosen as it has bigger area coverage and several transporting modes (Tram, Subway,
Bus, Rail & Ferry).

Keywords: GTFS Realtime, GTFS static, OTP, OSM, delay prediction, public transit,
transportation network, TripPlanning, MBTA, BCT.
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Introduction

1.1 Motivation

Providing users with transit data updates in Realtime greatly enhances their experience.
Providing up-to-date information about current arrival and departure times allows users to
smoothly plan their trips. As a result, in case of an unfortunate delay, a rider would be relieved
to know that they can stay home a little bit longer. Realtime feeds could also be used to enhance

the delay prediction.

GTFS Realtime is a feed specification that allows public transportation agencies to provide real-
time updates about their fleet. Broward County Transit (BCT) has tested the delay prediction
Realtime feed internally in predicting the delays up to 60 minutes (‘Broward County Transit’
2020).

Such an accomplishment can enhance the public transportation experience for people by

providing more correct timing information about public transport services.

1.2 General Goals

The overall goal of this project is to evaluate the usability of GTFS Realtime data feeds
provided by public transportation service providers for multi-modal trip planning. This work
aims to utilize the open-source trip planning framework Open Trip Planner (OTP) with its
ability to combine different data sources into routing graphs, including GTFS static, as well as
GTFS dynamic data feeds. OTP is an open-source and collaborative mapping platform that
facilitates the integration of GTFS Realtime feeds for planning a public transit trip. The routing
graph forms the basis for multi-modal trip planning (Jariyasunant et al. 2010) that considers the
Realtime delay information for public transport systems. Such an accomplishment can enhance
the public transportation experience for people by providing more correct timing information

about public transport services.



1.3 Detailed description of the research problem

Creating Providing users with current and future expected transit vehicles delays both for
departure and arrival improves their travel experience since it facilitates more accurate planning
of their trips in the case of travel delays. Public transportation agencies that use GTFS Realtime
feed specifications provide their fleet Realtime updates to users and developers. GTFS Realtime
is a GTFS extension, which is an open data format for public transportation schedules and
associated geographic information designed by Google and several public transit application
developers (‘GTFS Realtime Overview | Realtime Transit” 2020). Recently, sharing predicted
delay information of transit vehicles in Realtime through online feeds is a technical means for
several public transit agencies. Incorporating GTFS Realtime could enhance the accuracy of
the transport applications, such as trip planners, and will make these trip planners more reliable
and competitive compared to other ways of transportation. Until now, the effectiveness of
Realtime feeds' is still not well utilized. Earlier studies focusing on simulations and observed
delays in bus networks revealed that using such novel methods for trip planning render only
marginal improvement of route effectiveness compared to trip planning based on static
information methods (Hickman and Wilson 1995). Another study found that the Realtime feeds
are incomplete and predicted delays are erroneous (Steiner et al. 2015), possibly due to the early
stage of implementation of that system, which rendered it unsuitable for Realtime routing

applications and comparison to static trip planning (Steiner 2014).

On the one hand, the Massachusetts Bay Transportation Authority (MBTA) provides has
GTFS Realtime data that provides trip updates, live alerts, vehicle location, and arrival-
prediction data in an industry-standard format as separate files. GTFS Realtime is best for
retrieving data for the entire system at once in relatively small packages but must be spatially
extrapolated using the agency's GTFS data to be meaningful. Their data includes subway, bus,
commuter rail, and ferry (‘MBTA’ 2020).

On the other hand, Broward County Transit (BCT) recently equipped all its buses with
positioning and telemetric units, which allows Realtime tracking of its bus fleet. Based on this,
BCT had a GTFS Realtime feed system developed through a third-party vendor. This system
provides delay prediction for up to 60 minutes. Because the feed is still in the testing phase, it
has not been yet released for public consumption. It is, however, expected to become available

soon.



GTFS Realtime data feeds can be integrated into routing computations within OTP. OTP
can combine different data sources into a routing graph, which builds on time table data and
spatial information about routes and stops from static GTFS data, GTFS Realtime data feeds
for public transit delays, and OSM data extracts that connect the transit with the road network.
The routing graph is then used as the basis for multi-modal trip planning that considers the

Realtime delay information.

These statements lead to the following research objectives:

l. Integration of different data sources (GTFS, OSM) into a routing graph within the
OTP framework

Il. Evaluation of the accuracy of delay prediction through comparison with posterior trip

characteristics for a selected set sample set of trips and different user scenarios

I1l. Exploration of the accuracy of existing arrival and departure prediction methods, e.g.
artificial neural networks on public transport Realtime feeds by comparing these results with
the VehiclePositions feeds from GTFS Realtime data feed.

IV. Potential combination of a public transport Realtime information system and incident
management system for BCT since in that system Realtime data feeds can currently not
remove schedule times for buses that have been suspended e.g. due to mechanical or other

issues

1.4 Research questions

This earlier problem description leads to the following guestions:

o What is the feasible accuracy of the public transport delay prediction when comparing
it with a posteriori trip characteristics (e.g. the observed vehicle positions at a later point
of time) for a selected set sample set of trips (e.g. metro and bus trips for selected lines)
and different user scenarios (e.g. have or not have access to a smartphone during a trip)?

e What is the feasibility of applying existing bus arrival prediction methods, e.g. artificial
neural networks on public transport Realtime feeds? and, if feasible, compare these
results with the accuracy of the presently used GTFS Realtime data feeds.

10



e How can we combine a public transport Realtime information system with an incident
management system (as Realtime data feeds currently do not have the ability to remove
schedule times for buses that have been suspended e.g. due to mechanical or other

issues)?

1.5 Methodological Considerations

Setting up the OTP, the transformation of the GTFS feed, the combination of different data
sources into a routing graph, as well as data extraction of OSM that connect the transit with the
road network is considered. The routing graph is then used as the basis for multi-modal trip
planning under consideration of Realtime delay information next to the evaluation of delay
prediction. Also, the feasibility to apply existing bus arrival prediction methods on MBTA or
BCT Realtime feeds and compare these results with the accuracy of the presently used by
MBTA or BCT GTFS Realtime data feed. So far, most of the local transit companies only
provide static GTFS although, some agencies offer Realtime location display for buses, most
of their data are not downloadable. Only a few bigger cities provide Realtime GTFS data which
comes in the Protocol buffer (Pb) format (‘Developer Guide | Protocol Buffers” 2020) and
always includes trip updates, service alerts, and vehicle positions as separate files. Finally, a
separate accuracy assessment of delay predictions is added for the different transit modes
(metro, bus, etc.). This works better for those large metropolitan areas than in Broward County
which has only bus and train. However, a very important aspect is the availability, consistency,
and completeness of the data provided. Moreover, supplied data should contain a complete table
of timing information without missing time slots and the data should constantly fill over a
sufficient period so prediction output can be as accurate as possible. It is worth mentioning that
several prediction methods can be used such as Artificial Neural Networks ((Chien et al. 2002),
(Lin et al. 2013)), decision support systems (Sun et al. 2016), Combinatorial Optimization
(Kroon et al. 2016), etc.

11



1.6 Workflow

«Specify the working area in which this procedure will be applied.

*Extract data from OpenStreetMap (OSM) to connect the transit with the road
network.

*Integrate different data sources (GTFS, OSM) into a routing graph within the
Set up and Data OpenTripPlanner (OTP) framework.

prepratipon «Import GTFS Static data and Realtime feeds into PostgreSQL database.

)

~

+ Assest the accuracy level of the delay predictions method used be
transportation agency.

Criteria Catalog

J

~

*Monitor the accuracy of delay prediction in comparison with the observed
VehiclePositions feeds.

Evaluation the accuracy and effectiveness of real time information for route
planning of delay prediction through comparison with posterior trip
characteristics for a selected sample set of trips and different user scenarios.

J

Implementation

~

+Analyze data quality and completeness.

«Compare the accuracy of the resultant delay predictions with the presently
VehiclePositions feeds used by MBTA or BCT GTFS Realtime data feeds.

*Provide quantified recommendations based on obtained results.

Evaluation, *Analyze delay data of MBTA's or BCT’s in total and per vehicle's type with
Recommendation and and without outliers.

Reporting /

Figure 1 Workflow
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1.7 Relevance and expected results

Due to the improvement of IT infrastructure, geo-positioning methods, and communication
technology, public transit agencies nowadays have the technical means to share current and
predicted delay information of their transit vehicles in Realtime through online feeds. This
could improve the accuracy of transport applications, such as trip planners, and thus make

public transit more competitive compared to other means of transportation.

The expected results of this research project are:

¢ Integration of different data sources (GTFS, OSM) into a routing graph within the
OTP framework.

« Evaluation of the accuracy of the public transport delay prediction through
comparison with a posteriori trip characteristics (e.g. the observed vehicle positions
at a later point of time) for a selected set sample set of trips (e.g. metro and bus trips
for selected lines) and different user scenarios (e.g. have or not have access to a
smartphone during a trip).

« Exploration of the feasibility to apply existing bus arrival prediction methods, e.g.
artificial neural networks on public transport Realtime feeds and, if feasible, compare
these results with the accuracy of the presently used GTFS Realtime data feeds.

+«» The potential combination of a public transport Realtime information system and
incident management system as Realtime data feeds currently do not have the ability
to remove schedule times for buses that have been suspended e.g. due to mechanical

or other issues.
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2 State of the Art and Literature review

2.1 Public transportation

Oxford Learner's Dictionaries explained the system of buses, trains, etc. provided by the
government or by companies, which people use to travel from one place to another. (‘Oxford

Advanced Learner’s Dictionary’ 2020)

Mass transit, also called mass transportation, or public transportation, the movement of
people within urban areas using group travel technologies such as buses and trains. The
essential feature of mass transportation is that many people are carried in the same vehicle (e.g.,
buses) or the collection of attached vehicles (trains). This makes it possible to move people in
the same travel corridor with greater efficiency, which can lead to lower costs to carry each
person or—because the costs are shared by many people—the opportunity to spend more

money to provide better service or both.

Mass transit systems may be owned by private, profit-making companies or by governments
or quasi-government agencies that may not operate for profit. Whether public or private, many
mass transportation services are subsidized because they cannot cover all their costs from fares
charged to their riders. Such subsidies assure the availability of mass transit, which contributes
to making cities efficient and desirable places in which to live. The importance of mass
transportation in supporting urban life differs among cities, depending largely on the role played

by its chief competitor, the private automobile.

People travel to meet their needs for subsistence (to go to work, to acquire food and essential
services), for personal development (to go to school and cultural facilities), and for
entertainment (to participate in or watch sporting events, to visit friends). The need for travel is
derived because people rarely travel for the sake of travel itself; they travel to meet the primary
needs of daily life. Mobility is an essential feature of urban life, for it defines the ability to
participate in modern society.

Travelers make rational choices of the modes they use, each choosing the one that serves
him or her best, although best may be viewed differently by each traveler. Transportation

services in a city define the alternatives from which travelers must choose, the activities

14



available to them, and the places to which they can go. The transportation available to an
individual is the collective result of government policies, the overall demand for travel in the
region, competition among different modes, and the resources available to each individual to
buy services. Urban transportation services directly affect the character and quality of urban
life, which can differ among individuals who have access to different kinds and amounts of

transportation services. (‘Mass transit’ 2017)
2.1.1 Schedule timetable

A schedule timetable shows the times at which public transportation modes such as railroad
trains, airplanes, buses, etc., arrive and depart (‘Dictionary.com’ 2020). It comes as a printed
or electronic document. This information can help people to get knowledge about arrival and
departure times from different stations to finally plan a trip. The document may consist of
several movements on a particular trip, as well as latencies between trips. Timetables are
available in different representations. The most common format is the Matrix format, where
you can see the stations in the rows, and service times in the columns. Figure 2 shows a
timetable of bus transportation from Vienna, Austria Line 8A Kuniglberg / ORF-Zentrum -

Meidling station, Eichenstrasse.

8A Kiiniglberg/ORF-Zentrum ‘J
és?

g
& ¥ P’ -3 i s
@ o @ # & & 5 v
A &g & o e & & i & & 4 S
P A A N B Ay Ay A A & &
& & i Fad o &+ eqéo e & 45{,’“ it & B
& & @é& &"0?“ & o f & & & & & £ & &
O - - - - - - - - - - - - - 0
o = o = = e o = o " s % Fanczett i Amuien
Zur Hauptverkehrsaeit
Montag-Freitag (Schule) Montag-Freitag (Ferien) Samstag Sonn- und Feiertags
5 324251 § 324251 5 324450 5 324459
6 0009192936 44 5159 6 00091920394959 6 13203550 6 13284358
7 061421293644 5159 7 091929394959 7 05203550 7 13203550
8 06142129394950 8 091929394959 8 05203550 8 05203550
9 091929394959 9 091929394959 9 0520355059 9 05203550
10 0919 28 39 48 58 10 091929 38 49 59 10 091928394959 10 05203550
11 0919293948 50 11 091929304959 11 091929394950 11 05203550
12 091928 3948 58 12 091929 3849 59 12 091928394958 12 05203550
13 0919 28 3948 58 13 091929384959 13 091929394959 13 05203550
14 091929394958 14 091929 384959 14 091929394959 14 05203550
15 091929 3949 58 15 091929384959 15 091929394959 15 05203550
16 0919293949 58 16 091929 384959 16 091929394959 16 05203550
17 0919293949 58 17 091929 384959 17 091929394959 17 05203550
18 0919293948 59 18 091929384959 18 0% 192939 50 18 05203550
19 091928394850 19 091929384959 19 05203550 19 05203550
20 09203550 20 09203550 20 05203550 20 05203550
21 0520284358 21 0520284358 21 0520284358 21 0520284358
22 13284358 22 13284358 22 13284358 22 13284358
23 13284358 23 13284358 23 13284358 23 13284358
Am 24.12. &b ca. 15.00 Uhr Verkehr wie sonntags
: : WienMobil % e arwernen Se B Fanrkarten gahar uneadingt got Fabreasrit
Tickils are no lom aviailable fram you v
Watens Bia B Tiehuts buguem st dur n’llwi’le‘huu- Plaase buy 'mm“’"'"“’w"$°""’ o Wienatil .
Bluy your tickats sasily vis cur WisnMobil app. Auskundt Serviceislefon 017909 100

owire: 23 58 5048 08 A144 Livi 23004_ Anzanngen cterates

Figure 2 Timetable of bus transportation from Vienna Airport (Schwechat) Platform 4 to Bratislava Main Bus Station
(Bratislava AS) (“FEBS Workshop,” 2013).
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Figure 3 shows another representation of the OBB train timetable of a tour from Hermagor,

Austria train station to Villach, Austria train station, and every stop in between.

S odh OBB S4 Hermagor - Villach

OBB | SO-SO | SO-SO | MO-FR | S0-SO | MO-FR | SO-SO | MO-FR | S0-SO | MO-FR | SO-SO | MO-FR | SO-SO | MO-FR | S0-S0 | MD-FR

4602 4806 M1 4916 0818 A% 4% ARt 46 6% 4830

Hermagor | 0542 | 0742 0842 | 0942 | 1042 | 1142 | 1242 | 1342 | 1442 | 1542 | 1642 | 1742 | 1842 | 1342 | 2042
Vellach-Khiinburg 0545 | 0745 | 0845 | 09:45 | 1045 | 1145 | 1245 | 1345 | 1445 | 1545 | 1645 | 17:45 | 1845 | 1945 | 2045
Pressegger See | 05:48 | 07:48 | 0848 | 0948 | 1048 | 1148 | 1248 | 1348 | 1448 | 1548 | 16:48 | 1748 | 1848 | 1948 | 2048
Gbrschach-Forolach | 0553 | 0753 | 0853 | 0953 | 1053 | 1153 | 1253 | 1353 | 1453 | 1553 | 1653 | 1753 | 1853 | 198 | 2053
StStefan-Vorderberg | 0601 | 0801 | 0901 | 1001 | 101 | 1200 | 1301 | 101 | 1501 | 601 | 1700 | 1801 | 1901 | 2001 | 2101
Emmersdort i. G. | 0605 | 0805 | 09:05 | 1005 | 1105 | 1205 | 1305 | 1405 | 1505 | 1605 | 17.05 | 1805 | 1905 = 20:05 | 2105
Nétsch | ot | ogan | omnn | 1om | ven | oazm | oaan | wn | sn | oen |z | e |oen | 2o | 2
Armoldstein 0623 | 0823 | 0923 | 1023 | 1123 | 1223 | 1323 | 1423 | 1523 | 1623 | 1723 | 1823 | 1923 | 2023 | 21:23
Péckau | 0626 | 0826 | 0826 | 1026 | 11:26 | 1226 | 1326 | 1426 | 1526 | 1626 | 1726 | 1826 | 1926 | 2026 | 2126
Neuhaus a.d. Gail 06:29 | 0829 | 0929 | 1029 | 1129 | 1229 | 1329 | 1429 | 1529 | 1629 | 1729 | 1829 | 1929 | 2029 | 2129
Filrnitz | 0633 | 08:33 | 0933 | 1033 | 11:3 | 1233 | 1333 | 1433 | 1533 | 1633 | 1733 | 1833 | 1933 | 033 | 23
Villach Warmbad | 06:37 | 08:37 | 0937 | 1037 | 11:37 | 1237 | 1337 | 1437 | 1537 | 1637 | 1737 | 1837 | 1937 | 2037 | 2137
Villach West | 06:40 | 0840 | 0340 | 10:40 | 1180 | 1240 | 1340 | 1440 | 1540 | 640 | 1740 | 1840 | 1940 | 2040 | 21:40
Villach HBF | 06:44 | 0844 | 0944 | 10:04 | 1140 | 1248 | 1344 | 1404 | 1544 | 1640 | 1704 | 1804 | 1940 | 2084 | 2104

* MO - FR: Werktag auller Samstag

Figure 3 Timetable of a tour from Hermagor to Villach train station and every stop in between (“B&B Sonntagsho,”
2017)

Timetables can have different forms such as printed books, folders, posters, visualized in
homepages, mobile apps, electronic boards in central stations, published as Open Data (OD),
and even sent by Short Message Service (SMS) (Steiner et al. 2015).

2.1.2 Open Data

Open data is data that can be freely used, re-used, and redistributed by anyone - subject only,

at most, to the requirement to attribute and share alike (‘Open Data Handbook’ 2019).

The most important characteristics of Open Data are:

e Availability and Access: the data must be available as a whole and at no more than a
reasonable reproduction cost, preferably by downloading over the internet. The data
must also be available in a convenient and modifiable form.

e Re-use and Redistribution: the data must be provided under terms that allow re-use

and redistribution including the intermixing with other datasets.
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e Universal Participation: everyone must be able to use, re-use, and redistribute - there
should be no discrimination against fields of endeavor or persons or groups. For
example, ‘non-commercial’ restrictions that would prevent ‘commercial’ use, or

restrictions of use for certain purposes (e.g. only in education), are not allowed.

It is so important to be clear about what open means and why this definition is used, there is
a simple definition: interoperability.

Interoperability means the ability of diverse systems and organizations to work together

(inter-operate). In this case, it is the ability to interoperate - or intermix - different datasets.

Interoperability is important because it allows for different components to work together.
This ability to componentize and to ‘plug together’ components is essential to building large,
complex systems. Without interoperability, this becomes near impossible — as evidenced in
the most famous myth of the Tower of Babel where the (in)ability to communicate (to
interoperate) resulted in the complete breakdown of the tower-building effort (‘Open Data
Handbook’ 2019).

Organizations should give access to their internal data in a usable format, which allows both
interested individuals and application programmers to benefit from it. Giving this access
generate better communications between transportation organizations and their customers,
causing improved services and travel experience. The profits of opening up data include better
efficient travel (with an enhanced ability to find optimal routes while on the go), a greater
understanding of investment (serving to possibly promote enhanced funding), and
crowdsourced analysis capabilities (potentially helping detect schedule improvements or errors
in stop locations/names, for instance). The data, which would normally consist of sets as
schedules, routes, budgetary information, ridership numbers, traffic numbers, and road
conditions, should be published in both historical and real-time for both analysis and prediction.
The data must be released similar to its original format, except for security-sensitive data. Open
data includes sharing information for augmented travel, management, and future improvements

(Kaufman 2012). Figure 4 shows the advantages of open data in the transportation context.
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Typical Transportation Data Benefits

Benefit to users Dﬁrz_r:fﬁt:k Chectsnt;ifflfemaps Uses app to re-route
Benefit to c;t[f'f}efns:;uti Sees in-store sign Orders more coffee
businesses Pfor'ﬂ:l e bus with departures while waiting
Improved public Budget : NPT Readers demand
understanding of analyzed by Pub]li:f:sﬁ?d;:gs m increased state
funding professional pap funding
Data specialists Recommend Agency develops
analyze schedule data improved internal &
| schedule data adjustments external data

Figure 4 Transportation Open Data Benefits (Kaufman, 2012)

2.1.2.1  Costs of Opening Data
Open data use existing internal data, hence the costs of generating it are modest.

However, there are costs, such as:
» Converting data to mainstream formats.
» Web service for hosting data.
* Personnel time to update and maintain data as needed.

* Personnel time to liaise with data users.

These costs vary, depending upon the size and scale of the transportation services covered.
It should be noted that these costs are lower than any internal attempt to create applications
internally; as written by the Boston Globe about the Massachusetts Department of
Transportation’s data releases, “This approach is a smart 21%-century alternative to hiring some
consultant who develops inelegant software at exorbitant costs.”(‘MBTA: App judgment’
2020). It should be noted that the costs involved should not prevent openness: for public

transportation agencies, data was developed using public funds and should be accessible for
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public use and analysis. The returns on these investments are manifold, reaching large numbers

of people with modest effort.

The benefits of improved travel outweigh the maintenance costs; organizations must think
holistically about their missions, like providing mobility resources and the tools to use them,
rather than by departmental line budgets, to embrace data openness fully (Kaufman 2012).

2.1.2.2 Open Data in Use

Transportation data is used worldwide for policy analysis and smartphone applications.
Currently, there are 1280 agencies in 674 locations worldwide providing GTFS data
(‘OpenMobilityData - Public transit feeds from around the world’ 2020). Of the half-million
applications in the Apple App Store, many thousands are transit related. Realtime transit data
is available in dozens of locations via the NextBus system, and others via Google’s new
standard in four US cities (Boston, Portland, OR, San Diego, and San Francisco). In a recent
Transit Cooperative Research Program study, of 28 transit agencies surveyed, 13 relied on
third-party applications to disseminate real-time information, but only three agencies relied on
internally-developed applications (Transit Cooperative Research Program et al. 2011). Those
13 agencies have embraced the potential of open data to inform customers through any medium;
they cite the benefits of releasing data as:

* Free development of mobile applications.

* Increased ridership.

* Improved customer service.

* Time saved by agencies in developing customized applications.
* More accurate applications.

* Positive image for agencies (Kaufman 2012).

Also, using the data, developers can create applications for users in foreign languages, for those
with vision disabilities, and highly localized information for particular neighborhoods. Table 1

shows the number of applications and ridership in several U.S. cities in 2012 (Kaufman 2012).
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Table 1 The number of applications and ridership in several U.S. cities (“Transit transparency,” 2012)

City Portland Boston Chicago Washington MNew York
o waas (D U 2
Av. Weekday

ridership 325,400 1,292,000 1,717,200 1,446,400 10,287,600
(2011)

Number of

apps (2011) 44 47 22 11 58
Ratio (app/ 147,000 1/27,000 1/78,000 1/131,000 1/177,000
riders)

Developer ’

relationship strang strong medium weak weak
B“uas'r’:"””g light light medium light heavy
Data releage 2006/2007 2009 2009/2010 2010 2011/2012

Table 2 shows the latest report of the American Public Transportation Association (APTA)

which shows the number of Ridership by Mode and Quarter from 2016 to Present in U.S. cities.

Table 2 Ridership by Mode and Quarter 2016 Present (APTAAdmin, 2020)

Total . Light Demand
Quarter Year | Ridership He(a(l)\%gall Rgil g;rln(rggéi; Tr?(;:)egls k;us Bus (000s) | Response 88%2;
(000s) (000s) (000s)
Q1 2016 | 2,581,519 954,021 129,998 118,443 23,736 1,260,104 52,262 42,956
Q2 2016 2016 | 2,644,957 | 1,000,979 | 139,745 126,086 22,055 1,253,289 53,673 49,130
Q3 2016 | 2,598,388 968,259 140,828 126,937 21,454 1,234,299 52,858 53,752
Q4 2016 | 2,583,028 970,509 137,435 125,573 20,540 1,231,932 52,039 45,000
Q1 2017 | 2,496,395 931,040 133,650 120,348 20,325 1,198,305 51,036 41,690
Q2 2017 2017 | 2,569,443 987,582 137,555 125,486 21,242 1,195,562 52,607 49,409
Q3 2017 | 2,498,636 939,136 138,167 125,717 20,956 1,169,820 52,001 52,840
Q4 2017 | 2,526,237 955,801 132,902 125,522 20,507 1,194,916 51,809 44,780
Q1 2018 | 2,415,212 901,386 126,690 119,895 19,919 1,155,076 50,825 41,421
Q2 2018 2018 | 2,525,653 956,916 133,600 126,224 20,354 1,185,691 53,789 49,079
Q3 2018 | 2,457,352 916,002 134,175 126,603 20,300 1,154,284 52,905 53,084
Q4 2018 | 2,508,574 938,141 132,516 126,360 20,498 1,191,954 53,395 45,710
Q1 2019 | 2,365,284 871,380 123,555 122,422 20,133 1,135,243 51,854 40,697
Q2 2019 2019 | 2,526,794 970,735 127,948 130,688 20,329 1,174,619 54,035 48,441
Q3 2019 | 2,511,387 965,979 127,082 132,147 20,554 1,161,052 54,088 50,484

Note: Ridership numbers are readjusted in each quarter based on the new Fact Book ridership number and data changes and updates

from agencies.

There are two barriers to providing transportation data to the public: firstly, the collection and

maintenance of these data are very difficult and costly, and secondly, it is hard to create a

commercial business out of it because no one will pay for such service (Lyoen et al. 2010).

Most transit information is currently locked into proprietary formats and systems and cannot be
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easily shared, viewed, updated, or co-mingled without permission from the vendor and expert
data analysis. This limits the ability of transit agencies and others to provide information
resources, such as trip planning tools, that support the use of transit or other alternatives
(Hillsman and Barbeau 2011).

Nevertheless, to make aware of communication between different transport systems, standards
have become more and more important. (Soares and Martins 2013) described transport systems
as: “Distributed systems with very complex information requirements. So, the full
interoperability of these systems can only be achieved through the existence and
implementation of adequate standards, properly conceived by experts, tested, and understood
by practitioners. A strong standard for transportation data is important for the safe and efficient
operation of the systems. In the last decades, several international projects and international
standardization bodies have gathered efforts to develop a set of basic standards and procedures
to ensure the interoperability of public transport, enabling the effective sharing of information
between the different transport systems."

2.1.3 Public transportation standards

Error! Reference source not found. describes common data standards and file formats

used by transportation agencies for different purposes.
Table 3 Table 3 Common data standards and file formats used by transportation agencies for different purposes

Champion Whereit’'s Applicable Examples More
used data sets information*
Data Standards
Worldwide Schedule data  Train line https://developers.co
schedule| ogle.com /transit/gtfs

L
Google Select US&  Real-time “Train https://developers.go
European data arrivingin 3  ogle.com/transit/gtfs
cities min” -realtime/
European European Real-time “Train http://bustime.mta.i

Committee  cities data arrivingin 3 nfo/wiki/Developers/
for min” SIRIIntro

UK Gov UK Buses Bus schedules  Bus route http://www.dft.gov.u

&data schedule k/transxchange/
European European Traffiedata& Delays on http://www.datex2.e

Commission Cities Management Routeg4 u/content/datex-
background

File Formats
Worldwide Data tables Historic on-  http://www.ehow.co
time data m/how_5091077_us

e-csv-files html
Textual http://en.wikipedia.o
information  rg/wiki/Text file

Worldwide

Text

Many Worldwide Geographic Subway http://en.wikipedia.o
mapping station rg/wiki/GIS_file_for

entrances mats
Google Worldwide Google Maps ~ GIS road https://developers.go
& Earth outlines ogle.com/kml/docum
entation/
Many Worldwide Large data Traffic http: //www.w3school
sets numbers s.com/xml/xml what
is.asp
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Note that files in the formats above are used both within the data standards (for example, a
GTFS data set is a series of specific TXT files) and on their own (to convey text or information
separately, like budgetary information in a CSV file). It’s essential to choose a file format that
is both easily convertible within your transportation agency and useful to the majority of readers
and data developers (that includes converting Microsoft Excel spreadsheets to CSV, and Word
documents to TXT (Kaufman 2012).

2.14 Usage of GTFS in public transit

The General Transit Feed Specification, or GTFS, has become the most popular world-wide
data format to describe fixed-route transit services. Many transit agencies have created and
published GTFS data with the primary purpose being integration with Google Maps. However,
GTFS data can power many other different types of transit and multimodal software
applications, including multimodal trip planning, timetable creation, mobile apps, visualization,
accessibility, analysis tools for planning, real-time information, and interactive voice response
(IVR) (Antrim and Barbeau 2013).

2.1.4.1  Overview of GTFS

GTEFS represents a fixed-route schedule, route, and bus stop data in a series of comma-delimited
text files compressed into a ZIP file. Figure 5 shows the contents of a GTFS ZIP file from the
Boston Metropolitan Area (Massachusetts Bay Transportation Authority MBTA) and the
contents of the stops.txt file within it which contains information about the name, ID, and

location of every stop.

META_GTFS

iew  Help
stop_id,stop_code, stop_name, stop_desc,platform_code,platform ~
a4l 1, washington st opp Ruggles st,,,,42.330957,-71.082754,,,h
10,10, Theo Glynn way @ Newmarket sq,,,,42.330555,-71.068787,
10000,10000,Tremont St opp Temple P1,,,,42.355692,-71.062911
10003,10003,ATbany St opp Randall st,,,,42.331591,-71.076237
(F101110005,10005,ATbany St opp E Concord St,,,,42.335017,-71.0712
10006,10006,ATbany St opp E Newton St,,,,42.335814,-71.07013!
y any St opp wareham St,,,,42.338372 -71.06(
10008,10008,Albany st opp Randolph st,,,,42.339915, 7% 06425

10013,10013,Albany st @ E Dedham St,,,,42 337556, =71, 067875
10014 ,10014 A1bany St opp Boston Medical,,,,42. 334342 -71. 07
10015,10015 ,Harrison Ave @ E Newton St,,,,42.337402, 71 0721
10016,10016,Tradecenter 128, ,,,42.499312,.71.162566, , ,https:,
10031,10031,E 1st st @ P st,,,,42.338307,-71.027132, ,,https:,
110032,10032,E 1st St opp O st,,,,42. 338274 -71. 029203 ,http:
— 10033,10033,E 1st St @ O St,,,,42.338176,-71.029444, , https:,
| I o1, 101 Massachusetts Ave @ Sidney St,,,,4Z 362988, 71 09948
I 10100,10100,ATbany St @ Randall st,,,.42.331675,-71.076347,
0101,10101,Me1nea cass Blvd @ Harrison Ave,,,,42.332066, 71
ize ~[102,102,Massachusetts Ave @ Prospect St,,,,42.365291,-71.103
Name Size Packed Type Modified CRC32 ~[1026,1026,Chestnut Hill Ave @ Veronica Smith ctr,,,,42.34769

. %ggg,%gg;,chestnut Hj}} Ave g Eng]ewood]AKe,,,,42.3;7%§ééi21
420197 Chestnut Hill Ave @ Commonwealth Ave

ood OEE Bkt 1030,1030, Chestnut Hill Ave @ Strathmore Rd, ,,,42.340260,-71

= Bwinidogiiviee 1031,1031,Chestnut Hill Ave @ chiswick Rd,,,,42.341096,-71.1'

1472018 Ta.  SDOBDEDT 1032,1032,chestnut Hill Ave opp wiltshire rd,,,,42. 343065 -7

14018 T, a8200227 1033,1033,chestnut Hill Ave @ Wallingford Rd,,,,42.344607,-7

73, s30728BE 1034,1034,chestnut Hill Ave @ Union St,,,,42.346123,-71,1529
01973, 3FADBSES 1035,1035,Market St @ wWashington st,,,,42.349261, 71 153309
T3 1EeTITEl 1036,1036,Market st @ sparhawk st,,,,42.351738, s71a J
T e .[1038,1038  Market st @ Gardena st,,,,42.354227,-71. 150236 i
= 10391039 Market St @ N Beacon St....42.355569.-71.149366...1v
< 5

Total 117,383,167 bykes in 23 files

Figure 5 A GTFS dataset from MBTA transit agency consists of several text files within a ZIP file
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The routes.txt file contains information about the transit agency’s routes, both calendar.txt, and

calendar_dates.txt files contain schedule information. Information about the order of visitation

of bus stops for a particular route according to a particular schedule is provided in the trips.txt

and stop_times.txt files. Spatial representation of a route alignment to be accurately drawn on

a map is included in the shapes.txt file (Antrim and Barbeau 2013).

2.14.2

Overview of Current GTFS Components

GTFS is used for the static exchange of schedule data and public transport stops. Each version

of schedule data is sent as a set of CSV tables, encapsulated as a zip file. Table 4 shows the
CSV tables which make up the GTFS.

Table 4 Google Transit Feed Specification tables (Kizoom and Miller, 2008)

Google File Contents CEN Transmodel Concept
agency.txt Required | Information about the transit agency. OPERATOR, AUTHORITY
stops.txt Required | Information about individual locations where vehicles pick up SCHEDULED STOP, POINT,
or drop off passengers. STOP PLACE (IFOPT), TARIFF ZONE
routes.txt Required | Information about a transit organization's routes. A route is a LINE
group of trips that are displayed to the rider as a single service.
trips.txt Required | Information about scheduled service &long a particular route. VEHICLE JOURNEY

Trips consist of two or more stops that are made at regularly
scheduled intervals.

stop_times.txt

Required

Lists the times that a vehicle arrives at and departs from
individual stops for each trip along a route.

Call, PASSING TIME, STOP POINT IN
JOURNEY, PATTERN (SERVICE
PATTERN), (ROUTE LINK - distance)

calendar.txt

Required

Defines service categories. Each category indicates the days
that service starts and ends as well as the days that service is
available.

DAY TYPE
PERIOD, DAY OF WEEK

calendar_dates.txt

Optional

Lists exceptions for the service categories defined in the
calendar.txt file.

OPERATING DAY

fare_attributes.txt

Optional

Defines fare information for a transit organization's routes.

FARE ELEMENT PRICE

fare_rules.txt

Optional

defines the rules for applying fare information for a transit
organization's

FARE ELEMENT, DISTANCE MATRIX

shapes.txt

Optional

Provides rules for drawing lines on a map to represent a transit
organization's routes.

ROUTE, ROUTE LINK / PROJECTION

frequencies.txt

Optional

Provides the headway (time between trips) for routes with a
variable frequency of service.

(Frequency)

transfers

Optional

Provides additional rules for making connections between
routes.

CONNECTION LINK, SERVICE JOURNEY

INTERCHANGE, SERVICE JOURNEY
PATTERN INTERCHANGE, DEFAULT
INTERCHANGE
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2.1.4.3 Applications Based on GTFS

Different types of applications based on GTFS are accessible when an agency creates a GTFS
feed and share it with the public.

Following is an overview of these different types of applications:

e Trip planning and maps: applications that assist a transit customer in planning a trip
from one location to another using public transportation.

e Ridesharing: applications that assist people in connecting with potential ridesharing
matches.

e Timetable creation: create a printed list of the agency’s schedule in a timetable format.

e Mobile applications: applications for mobile devices that provide transit information.

e Data visualization: applications that provide graphic visualizations of transit routes,
stops, and schedule data.

e Accessibility: applications that assist transit riders with disabilities in using public
transportation.

e Planning analysis: applications that assist transit professionals in assessing the current
or planned transit network.

e Interactive Voice Response (IVR): applications that provide transit information over the
phone via an automated speech recognition system.

e Real-time transit information: applications that use GTFS data along with a real-time
information source to provide estimated arrival information to transit riders (Antrim and
Barbeau 2013).

2.1.5 GTFS-Realtime

“GTFS-Realtime is a feed specification that allows public transportation agencies to provide
realtime updates about their fleet to application developers. It is an extension to GTFS (General
Transit Feed Specification), an open data format for public transportation schedules and
associated geographic information. GTFS-Realtime was designed around ease of
implementation, good GTFS interoperability, and a focus on passenger information” (‘GTFS

Realtime Overview | Realtime Transit’ 2020).
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The initial Live Transit Updates partner agencies, several transit developers, and Google
designed the specification through a partnership. The specification is published under
the Apache 2.0 License (‘GTFS Realtime Overview | Realtime Transit’ 2020).

The following types of information are currently supported by the specification:
Trip updates (delays, cancellations, changed routes):
"Bus X is delayed by 5 minutes"

Trip updates stand for fluctuations in the timetable. These updates provide a predicted arrival
or departure for stops along the route. Trip updates can also support more complex scenarios

where trips are canceled, added to the schedule, or even re-routed.

Service alerts (stop moved, unforeseen events affecting a station, route, or the entire

network)
"Station Y is closed due to construction"

Service alerts stand for higher-level problems with a particular entity and are generally in the

form of a textual description of the disruption.
They could be problems with:

o Stations

e Lines

e The whole network

e efc.

A service alert usually consists of some text which describes the problem, which also allows
for URLs for more information as well as more structured information to help to understand

who will be affected by this service alert.
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VehiclePositions (information about the vehicles including location and congestion level)
"This bus is at position X at time Y"

VehiclePositions stands for a few basic pieces of information about a particular vehicle on the

network.

Most important are the latitude and longitude the vehicle is at, but data on current speed and

odometer readings from the vehicle can also be used.

A feed may, although not required to, combine entities of different types. Feeds are
frequently updated and served via HTTP. The file is in a regular binary format, so it can be
hosted and served by any type of web server (other transfer protocols might be used as well).
Alternatively, a response to a valid HTTP GET request, web application servers could also be
used to return the feed. There are no constraints on how frequently nor on the exact method of

how the feed should be updated or retrieved.

Because GTFS Realtime allows presenting the actual status of an agency’s fleet, the feed needs
to be updated regularly - preferably whenever new data comes in from an agency’s Automatic

Vehicle Location system.
2.1.5.1 Data format
The GTFS Realtime data exchange format is based on Protocol Buffers.

Protocol Buffers (Protobuf) are Google's language-neutral, platform-neutral, extensible
mechanism for serializing structured data — think XML, but smaller, faster, and simpler. The

data structure is defined in a gtfs-Realtime .proto file, which is then used to generate source

code to easily read and write structured data from and to a variety of data streams, using a
variety of languages such as Java, C++, or Python.
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https://developers.google.com/transit/gtfs-realtime/gtfs-realtime.proto

Figure 6 shows how is Protocol Buffers used to share data across languages.

Automated
generation of '\Encode/decode
code P _

Serialized Data

.proto file

(can be interpreted by

Human readable any language)

Figure 6 how is Protocol Buffers used to share data across languages (Masina 2019, p.101)

Figure 7 shows the Protocol Buffer compiler and how it auto-generates code to exchange binary

GTFS-Realtime messages.

App Developer Transit Agency

Code to extract transit TripUpdates.pb Code to compress
info from binary transit info to binary

Protocol Buffer
compiler

gtfs-realtime.proto

Figure 7 The Protocol Buffer compiler auto-generates code to exchange binary GTFS-Realtime messages
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2.1.5.2 Data structure

The hierarchy of elements and their type definitions are specified in the gtfs-Realtime
.proto file.

This text file is used to generate the necessary libraries of programming language. These
libraries provide the classes and functions needed for generating valid GTFS Realtime feeds.
The libraries make feed creation easier and also ensure that only valid feeds are produced
(‘GTFS Realtime Overview | Realtime Transit’ 2020).

2.2 OpenTripPlanner

OpenTripPlanner (OTP) is an open-source multi-modal trip planner, which runs on Linux,
Mac, Windows, or potentially any platform with a Java virtual machine. OTP is released under
the LGPL license. The code is under active development with a variety of deployments around
the world. It is a family of open-source software projects that provide passenger information
and transportation network analysis services. The core server-side Java component finds
itineraries combining transit, pedestrian, bicycle, and car segments through networks built from
widely available, open standard OpenStreetMap and GTFS data. This service can be accessed
directly via its web API or using a range of Javascript client libraries, including modern reactive
modular components targeting mobile platforms.

Launched in 2009, the project has attracted a thriving community of users and developers,
receiving support from public agencies, startups, and transportation consultancies alike. OTP
powers regional and national journey planning services around the world, as well as several

popular multi-city mobile applications (‘OpenTripPlanner’ 2020).

OTP consists of three main components of the framework: "Graph Building", "Routing
Engine” and "Web Interface” (Figure 8). The "Graph Building” generates an object called
"Graph.obj", which is the routing graph. The settings for that process like data source paths and
restrictions are included in a configurations file. This graph is used by the "Routing Engine" to
calculate a route after a request from the "Web Interface”. The route, the map and additional
information like route instructions will be visualized in the "Web Interface™ when the route is

computed as described in (Weyrer et al. 2013).
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Architecture

7N
-~

OSM

)
= | mobile Key components:
* OSM data for street routing

GTFS feeds for public transport info
Build phase = graph.obj
Rest API

e N

=) | specialty

clients
Graph.obj

Figure 8 Architecture of the OpenTripPlanner (South Tyrol Free Software Conference 2019a).

2.2.1 Graph structure

In Open Trip Planner, directed graphs are representing all the street and transport networks.
A small extract of an OTP graph for New York, containing both street and public transit
information (Figure 9). In the OTP ("master branch™) version, the model has shifted from a
pattern-based graph into an edge-based graph (Figure 10). Based on the directed graph, the
street segments consist of two edges, each edge indicates one direction. This specifies all travel
modes on one street (e.g. pedestrians in both directions, cars in one-way streets). Each transit
stop is linked to a street vertex and has at least one node that is connected to a transit trip. If
several platforms exist, or if the station entrances are far away from each other, multiple nodes
could be connected to a single transit stop. In such a case, the street edge of the transit trip will
be split. The transit trips are represented by the Board, Alight, Dwell, and Hop edges. When
different trips have the same sequence of stops, these trips can be grouped to time-dependent
PatternBoard, PatternAlight, PatternDwell, and Pattern Hop edges. These edges' weight
functions vary according to the time at which they are traversed. For example, a PatternBoard
edge will search for the next departure time for its associated trip pattern and vary its weight
accordingly. Figure 9 illustrates two different subway services with two different trip patterns
to pass through the same stops, but they branched out elsewhere in the city (‘GraphStructure’
2015).
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2.2.2 Graph creation using shapefile or OSM

The graph builder configuration file describes what data and settings are used to build the graph.

2.2.2.1 Data sources
Many data sources are used by the trip planner: GTFS for transit data, OpenStreetMap or
shapefiles for street data, and the National Elevation Dataset for elevation data. Each data

source has its configuration options (‘GraphBuilder’ 2014).

2.2.2.2 Street segments
Streets are divided into segments. A segment is a part of a street between two consecutive
intersections or between the intersection and dead end. Consecutive street segments that share
attributes can be stored together as one "way" for OSM, which is not a problem. In Opposition,
a street segment may be broken at an overpass even if there is no intersection in shapefiles,
which requires special handling to ensure that, even when two streets meet at the same point,

they don't intersect when one passes over the other(‘GraphBuilder’ 2014).

2.2.2.3 Permissions
Defines types of users who can traverse through a given street segment. For example, to
make certain street segments traversable by bikes only in one direction, an attribute can be used.
Alternatively, to make certain segments (e.g., highways) inaccessible to pedestrians, a street
type attribute could be wused. Street traversal permissions are defined in

org.opentripplanner.routing.edgetype.StreetTraversalPermission (Javadoc) and are:

« NONE

e ALL

o« PEDESTRIAN
« BICYCLE

e PEDESTRIAN_AND BICYCLE
e PEDESTRIAN_AND_CAR

e BICYCLE_AND_CAR

e CAR (‘GraphBuilder’ 2014)
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2.3 Related work in Quality Assessment of Open Realtime Data for

Public Transportation in the Netherlands

In a previous study done using Realtime feeds with access introduced by OVapi (accessible at
http://gtfs.ovapi.nl/) for buses from different transit agencies in the Netherlands at the end of

January 2014, using the Realtime format (Steiner et al. 2015). The data quality of Realtime
public transit data provided as GTFS-Realtime feeds for the Netherlands was analyzed. Since
OVapi covers a large geographic area and delivers data in GTFS-Realtime feed format, (Steiner
et al. 2015) focused on the data quality evaluation of the OVapi real-time information and
analyzed data completeness and temporal accuracy of the Realtime feeds. OTP was also used
to illustrate the effect of GTFS-Realtime information on selected computed bus routes. Trip
computations were also published as a Web service to be called within other applications
through the API. However, it was not yet possible to download the Realtime information of the
entire network at a given time, which was necessary for building customized routing
applications. Thus, in Europe at that time only OVapi provided Open Access to GTFS-Realtime
data, whereas it was already provided by several US transit agencies, such as BART (Oakland,
CA), TriMet (Oregon, WA), or MARTA BUS (Atlanta, GA).

Results showed that the data quality was not satisfactory up to May 2014, and trip delay
data and a large percentage of vehicle positions were missing, which was necessary for reliable
Realtime trip planning applications. Analyzing user benefits of Realtime information for trip
planning was one of the goals, but in addition to data scarcity, this was impossible due to OTP
data handling. For instance, some problems like returning sub-optimal routes were caused for
scenario 5 during the integration of VehiclePositions data into the OTP. Furthermore, the
assessment of usability for smartphone users with repeated computations along the trip
(scenarios 3 and 4) required a modification of the OTP code (Steiner et al. 2015).
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3 Methodology

3.1 Setting up the OTP

OpenTripPlanner is written in Java and distributed as a single runnable JAR file. These JARs

are deployed to the Maven Central repository and available in the OTP directory at Maven

Central in several versions (Figure 11). OSMCONVERT can be used to convert and process

OpenStreetMap files. It masters fewer functions than the commonly-used Osmosis: for

example, there is no way to access a database with OSMCONVERT. (‘Osmconvert -

OpenStreetMap Wiki’ 2020)

org/opentripplanner/otp

-metadata.xml
-metadata.xml.mds
n-metadata.xml.shal

2017-23-13 @9:24
2017-23-15 16:45
2817-88-17 16:51
2818-28-93 11:20
2819-87-38 BE:29 -

2819-27-32 @8:31 453
2819-87-38 25:31 32
2819-87-32 B8:31 48

Figure 11 OTP directory at Maven Center (‘Basic Tutorial - OpenTripPlanner’ 2020)

Different types of data are building a multimodal graph in OTP (Figure 12), afterwards the

desired route is calculated using this data besides the route parameters of the user.

Architecture
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Key components:

® OSM data for street routing

® GTFS feeds for public transport info
® Build phase > graph.obj

® RestAPI

Figure 12 OTP Data Flow Model (South Tyrol Free Software Conference 2019b)
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The following figure (Figure 13) illustrates a trip in the OTP interface.
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Figure 13 OTP Instance running in Broward 2020
If the public transport agency provides raw timetables instead of a standardized GTFS feed, the

timetables should be converted into the GTFS. OSM will be used for the creation of the

multimodal graph. Afterward, the integration of a user round trip option into OTP.

3.2 Transit Data

The availability of transit data in the GTFS format should be considered. In case this
information is not available in the desired format, this data should be prepared using available
schedule information.

As mentioned before, each GTFS feed consists of a set of unique CSV-text files (Figure 14)
and compressed in a ZIP package. All these required files must have exactly the column
headings described previously to provide the information in a standardized way, the same way
as a traditional database.
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Figure 14: General Transit Feed Specification (GTFS) relations (“Introduction to tidytransit’ 2019)

The following figure (Figure 15) demonstrates the General Transit Feed Specification (GTFS)

tables relations.

-
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calendar

service_id
monday
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start_date
end_date
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date
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routes trips
agency route_id — route_id
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agency_phone route_url shape_id
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parent_station

Figure 15 General Transit Feed Specification (GTFS) table relations (‘MARTA Developer Resources’ 2019)
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3.3 Realtime Data Impacts Evaluation

Public transportation systems' real-time data and their impact on the trip planning system user
will be analyzed. This will be done using the OpenTripPlanner (OTP) software as it is capable

of all further measures and analysis.
3.3.1 Realtime types and structure

As described before GTFS-Realtime specification has three different feed types that are
published as protocol buffers. Protocol buffers are a flexible, efficient, automated mechanism
for serializing structured data. The information is encoded into a binary format, which makes it
easy to read and write information in different programming languages (‘Developer Guide |
Protocol Buffers’ 2020).

3.3.2 Evaluation of Realtime information

Collected feeds should be decoded and stored in a central spatial database. The original
GTFS feed should be imported to the central spatial database as well. To create a modified
GTFS feed that includes collected timestamps the recorded real-time positions could be used.
Again, OTP can handle both the original and modified GTFS feed, with and without
TripUpdates delay information, for analyzing differences in route times. Moreover, to obtain
variations, the predicted and observed delays could be compared. Following five different

scenarios are defined, to show differences in traveling times of different passenger types.
3.3.3 Definition and concept of scenarios
Five scenarios of a single passenger who wants to move from point A to point B were defined
for trip planning and traveling simulation for this research:

1. Print trip on paper, without consideration of trip updates:

In this scenario, it is assumed that the user will have a printed route and will follow exactly
the written instructions since he is not aware of the area. A user trip will not include any trip
updates. According to this, delay information will not be considered in the computation. So, if
the user missed the planned bus, s\he must wait for the following one that departs at the same

route described on the plan.
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2. Print trip on paper, with consideration of trip updates:

This scenario follows the same behavior as the first one, except the trip updates are
considered in the initial calculation. Therefore, during the route calculation stage, future delay

estimates are integrated, which could have an impact on the traveling time.
3. Asmartphone without Realtime route computation:

It is assumed that the passenger uses a smartphone for the initial route calculation in the third
scenario. The user follows the route displayed on the screen until s\he misses one bus because
of unexpected delays. In this situation, the passenger uses the smartphone to calculate a route
from the current position to the destination. This procedure is done every time until the target
IS reached.

4. Smartphone with Realtime route computation:

In this situation, a "real-time simulation™ of the fastest route is supposed to be calculated. As
a navigation system of a car continuously considers traffic jams, accidents, and other conditions
to visualize the fastest route, it is assumed to follow the instance using TripUpdates. The
concept is to constantly calculate the fastest route and inform the user in case of a newly
calculated route, where s\he must change buses. As the trip planner would calculate a walking
route to the next stop while the bus is on tour, the continuous re-calculation is supposed to be
performed at each stop. This process is done until the passenger reaches the desired place.

5. Optimal route calculation using modified GTFS feed:

This scenario represents the "optimal™ route that could be used by the passenger. The routing
graph has timetable information from the modified GTFS feed and is only true for routes that
are in the past. As the modified GTFS feed includes the observed arrival and departure times
which were collected during the real-time data collection phase, the calculated route in this

scenario is supposed to be the "optimal” one the passenger could have taken.

All these scenarios have the same route request look. Differences between scenarios are in
the used routing graph, the use of TripUpdates, and if requests will be renewed recursively in
case of a missed bus. The request is sent to the port of the local running OTP instance and
contains the optional parameters such as route mode, optimization criteria, and maximal
walking distance. Besides, the origin and destination coordinates will be attached alongside the
date and desired time.
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3.4 Study area and geodata

For this research, one of the following two suggested study areas will be considered: Boston

Metropolitan Area and Broward County, Florida. Both provide GTFS feeds.

34.1 Boston Metropolitan Area (Massachusetts Bay Transportation Authority
MBTA)

The Massachusetts Bay Transportation Authority, more commonly known as the T, is one
of the oldest public transit systems in the United States. It's also the largest transit system in
Massachusetts. As a division of the Massachusetts Department of Transportation (MassDOT),
the MBTA provides subway, bus, Commuter Rail, ferry, and paratransit service to eastern
Massachusetts and parts of Rhode Island (‘MBTA” 2020).

34.1.1 Transit Systems
e Subway Lines

The Red, Orange, Blue, and Green subway lines provide fast, easy connections to and from
Boston and surrounding cities, including Cambridge, Newton, Revere, and Quincy, as Figure 16

shows.
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o Bus Routes

The MBTA operates 171 bus routes and 4 rapid transit routes in the Greater Boston area, with connections

to the subway and commuter rail (Figure 17).

[@ FREQUENCIES FOR BUS ROUTES, RAPID TRANSIT LINES AND FERRY ROUTES

ROUTE INDEX Schedules subject to change

Schedules for all bus routes and Rapid Transit lines are
available at Downtown Crossing and Park Street
stations, and in the State Transportation Building,

1st fioor lobby, 10 Park Plaza, Baston.

Schedules for nearby routes are also available at many
municipal buiklings and libraries, and from MBTA
customer service agents.

Visit mbta.com for up-o-date inforrmation, schedules,
maps, histarical facls, and more
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Figure 17 FREQUENCIES FOR BUS ROUTES, RAPID TRANSIT LINES, AND FERRY ROUTES (‘MBTA’ 2020)

e Commuter Rail Lines

The Commuter Rail connects eastern Massachusetts with transit hubs in Boston, including subway, bus,

and Amtrak services.

o Ferry Routes

Boston’s commuter ferry service connects the inner and outer harbor with transport hubs in Boston at the

Charlestown Navy Yard and Logan Airport.

e The RIDE

The RIDE is the MBTA’s door-to-door paratransit service for customers who cannot easily use or access

the T, whether they live in the Boston area or are visiting from out of town.
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3412 MBTA GTFS Feeds

Both GTFS static and GTFS-Realtime specification feeds are available to be downloaded (Figure 18).

|
v@l File Edit Format View Help
- —— — —— S agency_id,agency_name,agency_url,agency_timezone,agency_lang
v & B Users > mhmoo > Deskiop » Thess » META GTFS Gl 1 VETA.http://waw.mbta.com,America/New_York ,EN,617-222-3200
. Dat: ifi Fyp j

1/ 1 File Edit Format View Help

PRI T v e ramceryvice_id,monday,tuesday,wednesday,thursday, friday, saturday ~
BUS419-10-wdy-02,1,1,1,1,1,0,0,20191107,20191220
BUS419-11-5a-02,0,0,0,0,0,1,0,20191109,20191221

nnnNn nnn 1

PB File bLcA10_ 19 _cu 02 2A10111A 24101117

=

File Edit Format View Help
service_id,service_description,service_schedule_name,service »

OneDrive BUS419-10-wWdy-02 ,Weekday schedule,weekday,Weekday,1
BUS419-11-sa-02,Saturday schedule,Saturday,Saturday,l

B This PC BUS419-12-5u-02.sundav schedule.Sundav.Sundav.l

r 3D Objects j
4 items item selected 14.4 MB File Edit Format View Help
— e level_id,level_index,level_name,level_elevation "

Home Share View Compressed Folder Tools

L] level_-4_alewife_platform,-4.0000000,Alewife platform,
File Commands Tools Favorites Options Help level - 3_rEd_E‘I atform y -3.0000000 y Red Line E‘I atforms y

L = = —  EE = =

ﬁ B m M g:q ‘\ @ @ EI '-._‘ 7] stops - Notepad _ O %

Add  ExtractTo  Test  View  Delete  Find  Wizard  Info | VirusScan Comment — SFX File Edit Format View Help

+ [ META_GTFSazip - ZIP archive, unpacked size 117,383,167 bytes ~Jstop_id, stop_code, stop_name,stop_desc,platform_code,platform_~

- = - 1,1,washington st opp Ruggles st,,,,42.330957,-71.082754,, ,ht

Name size Packed Type Modified CRG32 “110,10,Theo Glynn way @ Newmarket sq,,,,42.330555,-71,068787,,
=] tevels.bct 3,207 775 Text Document 11/14/2019 7:3...  DSFES3TC 10000,10000,Tremont St opp Temple P1,,,,42.355692,-71.062911,
=l lines.txt 10,006 3,102 Text Document /1472019 7:3... 42A60C02 10003,10003,Albany St opp Randall st,,,,42.331591,-71.076237,
=] linked_datasets.t... 228 126 Text Document 11/14/2019 7:3..  3016A28E 10005,10005,A1 bany St opp E Concord St,,,,42.335017,-71.07128
[El multi_route_trip... 193,481 22,025 Text Document 1171472019 7:3...  TCOOESDD 10006,10006, Al ban¥ St opp E Newton St,,,, 42.335814,-71.070135
5] pathways.ct 1,257,400 127,506 Text Document 11/14/20197:3...  DCDOTICE 10007,10007,540 Albany St opp Wareham st,,,,42.338372,-71.06€
[l route_patterns.tet 84,325 18,388 Text Document 11/14/2019 7:3...  ETBE1FS0 10008 s 10008 s Al bany st opp Randol ph st,,,, 42.339915 , -71.06435€
] routesxt 30,924 5,055 Text Document 11/14/201973...  OFAFEFFT 10009,10009,High St @ puck Lane,,,,42.214986,-70.915924,, ,htt
[E] shapes.et 12578729 2365951 Text Document 11/14/2019 7:3...  E53BGED2 1001,1001,Newton St @ Arlington Rd,,,,42.307661,-71.169522,,,
=l stop_times.txt 93,191,408 11,699,731 Text Document 11/14/2019 7:3...  BOBTD9B4 10010,10010, Southampton St @ Newmarket st yee.42.330944,-71.06
|5 stops.txt 1,418,225 271,447 Text Document 11/14/2019 7:3..  937CBA4D ¥|10011,10011,ATbany st @ Randolph st,,,,42.340162,-71.064227,,
&S89 Selected 1,418,225 bytes in 1 file Total 117,383,167 bytes in 23 files 10012,10012,Albany st @ wareham st,,,,42.338361,-71.066667,,,

Figure 18 GTFS dataset from MBTA transit agency consists of several text files within a ZIP file and GTFS-Realtime files

3.4.2 Broward County, Florida (Broward County Transit, BCT).

Broward County Transit (also known as BCT) is the public transit authority in Broward
County, Florida. It is the second-largest transit system in Florida after Miami-Dade Transit. It
currently operates the only public bus system in Broward County. Besides serving Broward
County, it also serves portions of Palm Beach County and Miami-Dade County, where it
overlaps its service with Miami-Dade Transit and Palm Tran (Figure 19). Broward Realtime
comes in a different format (TXT, JSON & XML), which need to be encoded and converted to
Protobuf format to be used.
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Figure 19 an overview of BCT's service area (‘Broward County Transit’ 2020)
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4 Implementation

4.1 Static Data Preparation

The static data was collected then imported into the PostgreSQL database to be used with
the Realtime data for the analysis.

4.1.1 Static Data Collection

Boston Metropolitan Area (MBTA) GTFS-Static data were downloaded to be combined
with the Realtime data on Wednesday, June 24, 2020, for the period from June 16, 2020, to
August 29, 2020, Summer 2020.

4.1.2 Static Data Importing

After downloading the digital timetable of the whole transit network as a GTFS feed, tables
were created in the PostgreSQL database with the same names in the static zip file (Figure 20)
to import the data to these tables to be used in the analysis, taking into account the type of each
column of these tables and adding geom column into tables such as Stops (Figure 21) to be

visualized in the map (Figure 22).

Browser & = T |Qdencies € > ex # Quickaccess B
[ agency
- . === = [ Desktop
> [§FTs Configurations == = B Download =] calendar
ownlcads .
> [l FTS Dictionaries Ql~ |=] calendar_attributes
> AaFTS Parsers ¢ > — & Documents =] calendar_dates
Scratch P i
> [5FTS Templates = Pictures =] checkpoints
» [ Foreign Tables 1 s hdd_8tb_int (D) |Z| directions
» {Z}Functions 2 J, Music E facflftfes .
> [ Materialized Views RT download ] facilities_properties
P |Z] facilities_properties_definitions
» {{"}Procedures RT download ] feed i
eed_InTo
> 1.3Sequences i s
- @ OneDrive - Personal 1= levels
v [ Tables (36) 5] tines
» Fagency @ OneDrive - University [ linked_datasets
» [ bus_vehiclepositions 3 This PC ] multi_route trips
» [ calendar
- J 3D Objects =l pathways
rwirire i
= ke
- Data Output € > | Decuments ] routes
» [ location_types — |Z] shapes
> [ pickup_dropoff_types stop_id ¥ Downloads = stop_times
> Hroute_types 150 4 ;?27 b Music |Z] stops
» Eroutes &= Pictures |Z] transfers
7 151 2567 X
* Eroutes_shape_geoms B Videos |Z] trips
— 152 2567
» [Eshape_geoms iy scd_Tth_win (C3)
> Fshapes 153 2 . hdd_8tb_int (D:)
> [ spatial_ref_sys 154 2567

ms arnuns Mad.ufled

Figure 20 Static data in the PostgreSQL Database tables and zip file tables
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[FICEEATE TABLE s=stops |
stop_id text,
stop_codes CeXt,
stop_name text DEFAULT NULL,
stop_desc text DEFAULT NULL,
platform code text DEFAULT NULL,
platform name text DEFAULT NOLL,
stop_lat double precision,
stop_lon double precision,
zone_id text,
stop_address text DEFAULT NOLL,
stop_url text,
level id text DEFAULT NULL,
location type integer,
parent station text DEFAULT NULL,
wheelchair boarding smallint,
manicipalicy text DEFAULT NULL,
on_strest text DEFAULT NULL,
at_street text DEFAULT NULL,
vehicle type int DEFAULT NULL,
stop geom geometry("'FOINT', Y.
CONSTRAINT stops_pkey PRIMARY FEY (stop_id)
=)

Figure 21 Creating GTFS Static Data tables in PostgreSQL

Stops distribution through Boston

Stops distribution

- stops e, 0 e 100 km

Figure 22 Stops distribution through Boston
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4.2 MBTA Realtime Transit Data Completeness & Accuracy Evaluation

Evaluating Real-time transit information completeness & Accuracy to be used in trip

planning is the major part of this research. As currently, many transit agencies are providing

Real-time data, MBTA agency is what this research deals with as the first case. This GTFS

Real-time data is accessible manually or via programming interfaces. Python (3.5) is used as

the main programming language for this work. IDLE and PyCharm were the development

platforms used to extract, manage, and import the data into the PostgreSQL database.

4.2.1 Realtime Data Collection

Realtime data was collected for a certain time which is a whole day starting from 5:59
am till 8:25 pm on Wednesday, June 24, 2020. As both, the TripUpdates and the

VehiclePositions files are updated continuously every 10 seconds on any agency website, these

files were also downloaded for this day every 10 seconds using the IDLE development platform.

Two pieces of Python code were written to guarantee these files were downloaded locally

continuously during this period specified, one for TripUpdates and the second for

VehiclePositions (Figure 23).

>
& (s A0~
& E
File Edit Formst Run Options Window Help
=T oWy ) pew e TR | File Edit Shell Debug Options Window Help Home  sShare  View

(]
ort sched, time
N Pychon 3.5.0 (v3.5.0:374£501£4567, Sep | &« - > ThisPC > Desktop > RT download > TUdownload v|©| | search TUdownload
t requests P
t pandas 13 2015, O&:t?:Sj) [MSC v.19%00 64 bit . . ~
S — (34D€4)] on win32 I This PC. Name Date modified Type Size
om datetime import datetime Iype "copyrighth, "credits® or "licens . .
e()" for more information. J 3D Objects ] TripUpdates0.pb 6/24, PB File 504 KB
now = datetime.now() e . > B Deskiop [7] TripUpdatesl.pb PB File 591 KB
current_time = now.strfime ("sH:3M:357) = RESTARI: Ci\Usersim.abusalim\Desktcp ) [ TripUpdates2.pb PB File 593K8
i Current Time = . \RT download\TUdownload\TUdownload.py |:] Documents
print("Current Time =", current_time) _ P-oimload [7] TripUpdates3.pb PB File 633K8
e ieca. ownloads ) .
5 = sched.scheduler (time.time, time.sleep) g“”e“; T”l'e - 05:58:30 & | TripUpdates.pb PE File 633KB
e e usic [7] TripUpdatess.pb PE File 833 K8
. urrent Time = 05:58: !
=f download rt(sc) : Current Time = 08:00:01 & Pictures L] TripUpdatess.pb PB File 630KB
Current Time = 06:00:12 B Videos [7] TripUpdates7.pb PB File 631KB
realtime/TripUpdates.pb’ EJ”E“ ;?"E - 2:22;; ‘& SSD_S00GB_Win, [ TripUpdatesg.pb PB File 630K
urrent Time = H H - - - N ™
cor w in range (5041 Current Time = 06:00:43 = HDD_STE_int (D: L] TripUpdates9.pb PB File 636 KB
© = requests.get(url, allow redirects=Tru=) ggrrent ;:-m'e - 2:2?;: = groups (Wad.ufl J TripUpdates10.pb PB File 638 KB
open(( ses'+ ser(m) +'.pb'), 'wh').write| UTTERE TIRE 7 BRI 100 - [7] TripUpdates11.pb PB File 536KB
time.sleep (10) SEEERt Tine = 0601 ¥ Network TripUpdates12.pb PB Fil 635 KB
Ln: 5024]Col: 2 L] TripUpdates12.pl ile
a | v A Trinllndatac1 nh DR Fila R2WR M
Ln: 2[Col: 0] 5,042 items .
& de & *Python 3.5.0 Shell* - ] x RO-
File Edit Format Run Options Window Help File Edit Shell Debug Options Window Help “ Home  Share  View )
* scned, time ~[Current Time = 34 alif .
Current Time = « © 4 | > RTdownload » VPdownload v|®| | Search VPdownload r
Current Time = ~
Current Time = A Name Date mod Type Size ~
vt aacevime Current Time = v o Quick access |1 VehiclePositions5028.pb 6/24/2020 PB File 38KB
E-‘”e“ ?“e - Desktop [ VehiclePositions3029.pb PB File 39K8
now = datetime.now() urrent Time = - . . y s
now.stritime ("LH:3M:IL5") Current Time = || Documents || VehiclePositions5030.pb PB File /KB
Time =%, curzent_time) Current Time = 3 Downloads [7] VehiclePositions5031.pb PB File 38KB
Current Iime = pictures [] VehiclePositions3032.pb PB File 9KB
= i i Current Time = =
s = sched.scheduler(time.time, time,slsep) .
i Current Time — sttt JVEhf(IEPDsftmnsSDB.ph PBFile :: KB
Current Time = [7] VehiclePositionsS034.pb PB File 38K8
Current Time = current [] VehiclePositions5035.ph PB File 39KB
altime/VeniclePositiond Current Time = elerost !
altine/VenicleFositions SrEeRn RS 7 4 Deskiop [7] VehiclePositions5036.pb PB File 38KB
or ® in range(5041): Curzent Time = graphs [7] VehiclePositionsS037.pb PB File 3BKE
T = requests.get(url, allow redirects=Tzus) Current T?ffe = manchester [ ] VehiclePositions5038.pb PB File 38KB
open(('VehiclePositions'+ SEr(x) +'.pb'), 'Wh') .y Sjii:z ;E: - [7] VehiclePositions5039.pb PB File 3BKB
ime.sl 10 - = 20:25: R
time.sleep (10) Cerrent Time = 20:25:50 @ OneDrive - Univer [ VehiclePositions3040.pb PB File KB
> 8 z‘j « I This PC v [ vpdownload M Python File 1KB v

Ln: 5048]Cok 59| 5.042items 1 item selected 787 bytes

Figure 23 Python codes that used to download the TripUpdates and the VehiclePositions files
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4.2.1 Realtime Data Transformation

Alongside GTFS-Static data, GTFS-Realtime data need to be stored in the database to use
joined data from both of them in the analysis. The PostgreSQL database supports queries and
changes, along with the linkage among tables using their unique identifiers. One of the most
important benefits of importing all the feeds into a database is the computation speed as no

CSV-files browser has the same ability or can join several tables.

TripUpdates and the VehiclePositions files were decoded to be readable as objects using the
Python programming environment. As the compressed Realtime information is stored in the
protocol buffer file, the way to process it is to use classes that store the data in the memory,
then protoc.exe, which is a compiler from Google, use the description of GTFS-Realtime .proto
importing GTFS _Realtime _pb2 library from google.transit to create classes for the
programming language used. These classes include techniques that support the encoding of data
into binary files (Masina 2019). These binary files are used to import the objects into the
PostgreSQL database which contains the PostGIS extension which is used in spatial queries.
All this process of encoding has been done after creating all table’s columns and specifying
their types to import the data into these columns of the table in the PostgreSQL database within
one Python script.

The Realtime tables have the following schemas:

e VehiclePositions table structure in the PostgreSQL database:

Table 5 VehiclePositions table structure in the PostgreSQL database

Column Type Description
trip_id TEXT Trip Unique Identifier
start_time TEXT Trip Start Time
start_date TEXT Trip Start Date
route id TEXT Route Unique Identifier
direction _id INTEGER Direction Unique Identifier
vehicle id TEXT Vehicle Unique Identifier
vehicle_label TEXT Vehicle Label
timestamp INTEGER E:EP%%T)ir][Er?]te\)/Vhwh the vehicle's position was measured.
MeasureTime TEXT The moment at which the vehicle's position was measured
stop_sequence INTEGER The stop sequence index of the current stop
stop_id TEXT Identifies the current stop
current_status TEXT The exact status of the vehicle concerning the current stop
latitude FLOAT Vehicle latitude
longitude FLOAT Vehicle longitude
pos_geom GEOMETRY(POINT,4326) | Position of the vehicle using latitude & longitude
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e TripUpdates table structure in the PostgreSQL database:

Table 6 TripUpdates table structure in the PostgreSQL database

Column Type Description
Trip_Id TEXT Trip Unique Identifier
Start_Time TEXT Trip Start Time
Start_Date TEXT Trip Start Date
Route_Id TEXT Route Unique ldentifier
Direction_Id INTEGER Direction Unique Identifier
Vehicle_Id TEXT Vehicle Unique Identifier
Vehicle_Label TEXT Vehicle Label
Timestamp INTEGER Lheeagcr)é?j(-ergna; \(/)\g?)i(c?iﬂg)Vehicle's Position Was
Measuretime TEXT The moment at Which the Vehicle's Position Was
Measured
Stop_Sequence INTEGER The Stop Sequence Index of The Current Stop
Stop_Id TEXT Shows the Current Stop
Arrival_Time INTEGER Trip Arrival Time
Arrival_Uncertainty INTEGER Trip Arrival Uncertainty
Arrival_Delay INTEGER Arrival Delay (In Seconds)
Departure_Time INTEGER Trip Departure Time
Departure_Uncertainty INTEGER Trip Arrival Uncertainty
Departure_Delay INTEGER Departure Delay (In Seconds)
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4.2.2 Realtime Data Importing

The step after the data encoding into a readable form is importing the data into the tables
that were created in the PostgreSQL database using the same Python script used before for
encoding. Having these tables allows an accurate evaluation of the time and location of each
vehicle and gives useful information for creating modified GTFS feed tables that contain
accurate information about departure and arrival times of each trip. The following table shows
the TripUpdates table after importing it into the PostgreSQL database (Table 7).

Table 7 TripUpdates table after importing it into the PostgreSQL database

[E)Admin Filev Objectv Toolsv Helpv

Browser S B Y Q| Dashhoard Properties SQL Statistics Dependencies Dependents B public.tripsupd EH public tripsupdate/ Transit/postgres@PostgreSQL 12 x
> [Fcasts - -
g BBy @B Qv @y B @ v | Y |v| Nimt v BP»|v | HE v Ele|L
> @Catalogs
» IC; Event Triggers pubhcmpwpdmenmnsrtlpongs@l‘oslgesm12
> BExtensions Query Editor  Query History

> = Foreign Data Wrappers

> ELanguages

v ¥schemas (1)

v & public

> & Collations
> & Domains
> [FTs configurations
> [RFTS Dictionaries
> AaFTS Parsers
> [/FTS Templates
> [ Foreign Tables
> {E}Functions
> [ Materialized Views

s () Procedures Data Output  Explain  Messages Notifications

> 1.2Sequences tipid  starttime . startdate _ rouleld  diectonid _ vehicledd  vehicleJabel - timestamp measuretime stop_sequence  _ stop.id arrival_ti
X 4 text text text text integer text text integer time without time zone integer text integer
~ [FTables (4)
— 1 45033250 071500 20200624 5 1y0658 1592994398 06:26:38 19920
» [ spatial_ref_sys
» Etripsup 2 45033250 071500 20200624 s 1y0658 1592994398 06:26:38 20 19201
> Etripsupdate 3 45033250  07:15:00 20200624 5 1'y0658 1592994398 06:26:38 21922
> Evehiclepositions 4 45033250 07:15:00 20200624 57 1y0658 1592994398 06:26:38 22924
> {3 rigger Functions 5 45033250 07:15:00 20200624 57 1y0658 1592994398 06:26:38 23925
> Oypes 6 45033250 07:15:00 20200624 5 1'y0658 1592994398 06:26:38 24926
> [EIViews
45033250  07:15:00 20200624 5 1y0658 1592994398 06:26:38 25927
> =postgis_30_sample
> = pastgres 8 45033250 07:15:00 20200624 5 1y0658 v Successfully run. Total query runtime: 4 min 10 secs. 74274244 rows affected.
# , e A Showall | X

4.2.1 Realtime Data Filtering

In the data filtering phase, the goal is to filter out each trip collected information. Firstly, all
duplicates records were dropped from both TripUpdates and VehiclePositions tables which
minimized their sizes. The current status indicates the vehicle status if it is “stopped at” or “in
transit to” a certain stop. When a vehicle has the status “stopped at” a specific stop the time
range during being at this stop is used the modification of the original GTFS feed. The first
timestamp is used as the observed arrival time and the last one is used as departure time. For
example, the original GTFS feed stop times have an arrival and departure time at “08:00:00” at
stop number 2, whilst the observed arrival time from the VehiclePositions table was at
“07:57:14” and the observed departure time was at “07:59:44” Eastern Time (GMT-4), which
means that this vehicle arrived 3 minutes and departed about 15 seconds before the time

scheduled.
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Table 8 Extract of a trip from VehiclePositions table

Table 8 shows an extract of a trip from the VehiclePositions feeds table. Each row represents

information about a specific timestamp where the VehiclePositions feed has been collected.

trip_id stop_id ;t-np_sequenca. currenl_status“ measuretima... latitude N longitude B
A text text integer text text double precision double precision
1 CR-Weekd.. TFGreen Ai. 22 07:55:47 41.71686935424805 -71.4460220336914
2 CR-Weekd.. TF Green Ai.. 22 07:47:14 41.59144973754883  -71.48600006103516
3 CR-Weekd.. TF Green Ai... 22 07:54:14 41.70140838623047  -71.45159912109375
4 CR-Weekd.. TF Green Ai.. 22 07:47:43 41.5968017578125 -71.48329162597656
5 CR-Weekd.. TF Green Ai.. 22 07:55:14 41.71118927001953 -71.44808197021484
n CR-Weekd.. TF Green Ai.. 21 07:57:14 41.72766876220703 -71.4420394897461
CR-Weekd.. TF Green Ai.. 21 07:59:44 41.7277717390332 -71.44203948974561
8 CR-Weekd.. TF Green Ai... 22 07:52:43 41.68436813354492  -71.45069885253906
9 CR-Weekd.. TF Green Ai.. 22 07:53:14 41.69137954711914  -71.45406341552734
10 CR-Weekd.. TF Green Ai.. 22 07:53:43 41.69607162475586 -71.45355987548828
m CR-Weekd.. TF Green Ai.. 22 07:54:44 41.70621871948242 -71.4498291015625
12 CR-Weekd.. TF GreenAi.. 22 07:56:13 41.721519470214844 -71.44432067871094
13 CR-Weekd.. TF Green Ai.. 22 07:50:13 41.639278411865234  -71.46180725097656

Table 9 reveals an extract of the same trip from the stop times table. Each row represents

information about a specific stop.

Table 9 Extract of a trip from Stop_times table

trip_id P stop_id P stup_.sequenca _arrival_time & geparmra_time P
4 [PK]text text [PK] integer interval interval
1 CR-Weekday.. Wickford J... 1 07:4500 07:45:00
BEN croveekcay. TFGreenai 2 08:00:00 08:00:00
3 CR-Weekday.. Providence 3 081500 08:25.00
4 CR-Weekday.. South Attle . 4 08:34:00 08:34:00
3  CR-Weekday.. Attleboro 3 084400 08:44:00
6 CR-Weekday.. Mansfield 6 085400 08:54:00
7 CR-Weekday.. Sharon 7 09:03:.00 09:03:00
8 CR-Weekday.. Canton Jun... 8 097000 09:10:00
9 CR-Weekday.. Route 128 9 091500 09:15:00
10  CR-Weekday.. Hyde Park 10 09:20:00 09:20:00
11 CR-Weekday.. Ruggles 11 09:29:00 09:29:00
12 CR-Weekday.. Back Bay 12 09:33.00 09:33.00
13 CR-Weekday.. South Stati.. 13 09:39:00 09:39:00

The observed arrival and departure times are used to modify the original GTFS feed to be
used in routes calculation. This means that the stop times table from the original feed will be
modified using the information from the VehiclePositions table so a modified stop times table
will be exported from the database, then this table is exported into a stop_times.txt which

replace the original one in the zip file to have modified Static GTFS feed.
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5 Results

In this chapter, a deep look into the collected data has been made by applying data analysis
and visualization techniques to detect the effectiveness and accuracy of the data.

The whole process of Realtime data collection for this research has been done on June 24th,
2020, from 5:59 A.M. until 8:25 P.M. . VehiclePositions and TripUpdates feeds were collected
every 10 seconds during the data collection period. Thus, high collection frequency has been
done to guarantee the desired accuracy in the estimation of arrival and departure times and to
have all trip updates. The GTFS Static feed along with the OSM file of Boston city was
downloaded for the same period. The following sections include a detailed description of the

collected information and analysis.

During the analysis of the collected data, five main analysis steps were performed.
Descriptive Analysis of the data which is generating insightful statistics of trips, stops, and
routes. Besides, calculating the percentage of VehiclePositions and TripUpdates was the first
step. The second step is showing the distribution of the VehiclePositions and TripUpdates feeds
on the studied region. The third step is to perform comparisons of the trips and stops between
the Static and Realtime data per vehicle’s type to clarify the percentage of stops that have
updates in the Realtime feeds. Next, the arrival and departure delay has been analyzed for the
stops and trips in total and then was broken down for each vehicle’s type. Finally, a comparison
was performed between the delay data with and without outliers to show the delay

measurements were affected by outliers (Figure 24).
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5.1 Descriptive statistics of all collected data

The GTFS Static feed of Boston that was collected covers 241 routes used for 100797 trips
and 9873 stops. Also, about 311051 shapes and more than 2.5 million different stop times for
the arrival and departure time information at each stop for all trips. Likewise, during 14 hours
of data collection, about 74 million TripUpdates entries and 1.6 million VehiclePositions were
collected. The total trips involved in TripUpdates entries are 12017, while there was 11307
participating in the VehiclePositions feed, which is about 11% of all available trips in the stop
times table. The descriptive statistics in the following table provides information about the

complete amount of collected data (Table 10).

Table 10 Descriptive statistics of the collected data

Entries Routes Stops Trips
Total Percentage | Total Percentage | Total Percentage
Stop_times 2528128 | 241 100% 7892 100% 100797 100%
VehiclePositions | 1629524 | 161 67% 6736 85% 11307 11%
TripUpdates 74274244 | 157 65% 6830 87% 12017 12%

5.1.1 Descriptive statistics of the collected data according to vehicle type

On the other hand, the collected data were classified per different vehicle types as shown in
the following table. When the current status = 1, that means the vehicle is currently at one of
the stops along its trip, and its arrival and departure times could be calculated using the
measured time and timestamp, otherwise, exact information about the timing of arrival or
departure of the vehicle cannot be measured. Lastly, Ferry has no Realtime feeds at all (Table
11).

Table 11 Descriptive statistics of the collected data according to vehicle type

VehiclePositions
Code vehicle_type Stops | VehiclePositions | current status ='1' TripsUpdate
Tram, Streetcar, Light rail 70237 16215 2249820
0 Unique 149 119 118 118
Subway, Metro 51289 13004 1436158
1 Unique 114 109 106 108
Rail 46317 16101 317724
2 Unique 176 155 152 166
Bus 1256589 88 70262818
3 Unique 7487 6336 84 6419
4 Ferry 6 0 0 0
SUM 7932 1424432 45408 74266520
Unique 7932 6719 460 6811
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Total collected data vs Stops (in Percentage)
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Figure 25 Total collected data vs Stops (in Percentage)

From the previous graph (Figure 25) it is clear that the information about Buses arrivals and
departures are missing (0.19% of the total collected data) because the (current status = 1) is not
provided in the VehiclePositions feeds for almost all the stops which lead to this error.
Therefore, the Bus is dropped from the next analysis, and other methods should be performed
to have an estimation of this missing information from VehiclePositions feeds. The following
chart ( Figure 26) shows how much data has the (current status = 1) out of all VVehiclePositions
feeds categorized by vehicle type, which reveals the Bus data issues. On one hand, only 88 out
of 1,256,589 Bus’s VehiclePositions have the (current status = 1), which is barely (0.01%). On
the other hand, all other vehicles have around (25%) of VehiclePositions have the (current

status = 1).

VehiclePositions count when Current_Status = 1 out of all VehiclePositions
in Percentage
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u vehiclepositions m vehiclepositions current_status ='1'

Figure 26 VehiclePositions count when Current Status = 1 out of all VehiclePositions in Percentage
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5.2 VehiclePositions feeds and TripUpdates feeds’ Stops distribution in Boston.

As a heatmap visualizes "hotspots” of the distribution of features on the map i.e. dense areas,

it was used to show stops in Boston that are affected by Realtime updates. Each stop has a fixed

number of trips running through it, the following will be shown how often every stop was

mentioned in these feeds.

The following maps (Figure 27 & Figure 28) are illustrations of the distribution of the stops

included in VehiclePositions and TripUpdates feeds through Boston city. It is noticeable that

the central area of Boston has most of the feeds.

e VehiclePositions feed distribution per stop.

VehiclePositions feeds distribution per stop

VehiclePositions feeds distribution

VehiclePositions feeds
o 1-197
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o 393 -589

589 - 785
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Figure 27 VehiclePositions feeds distribution per stop
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e TripUpdates feeds distribution per stop.

TripUpdates feeds distribution per stop
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Figure 28 TripUpdates feeds distribution per stop

5.3 Static and real-time information Comparison

In this section, different comparisons of stops and trips were made between static and real-
time information to give more details about the data.

e Stops included in the VehiclePositions feeds and TripUpdates feeds.

When comparing stops that were included in VehiclePositions feeds with stops included in
TripUpdates feeds, 96 stops were mentioned in the TripUpdates feeds and there was no
information at all about them in the VehiclePositions feeds. 12 stops of these were Rail stops
while the rest were Bus stops. On the other hand, only 2 stops are having VehiclePositions feeds
without any information in the TripUpdates feeds (Table 12).
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Table 12 Comparison of stops included in the VehiclePositions and TripUpdates feeds

Vehicle Type TripUpdates VehiclePositions
Tram, Streetcar, Light rail - 1
Subway, Metro - 1
Rail 12 -
Bus 84 -
Total 96 2

e Trips included in the VehiclePositions feeds and TripUpdates feeds.

For the trips’ updates, 75 trips are having VehiclePositions feeds without any information in
the TripUpdates feeds. Only 2 trips are using Subway and Metro while the rest are using the

bus. In comparison, there were 984 trips included in the TripUpdates feeds only without any
VehiclePositions updates (Table 13).

Table 13 Comparison of trips included in the VehiclePositions and TripUpdates feeds

Vehicle Type TripUpdates VehiclePositions
Tram, Streetcar, Light rail 281 -
Subway, Metro 83 2
Rail 3 -
Bus 617 73
Total 984 75
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e Stops included in the VehiclePositions feeds and Stop_times.

Stop_times table has 1206 stops which are not indicated in the VehiclePositions feeds. In
contrast, 31 stops have VehiclePositions updates, but they are not in the Stop_times table. These
stops are divided into 24 Rail stops, 6 Subway & Metro stop, and 1 Tram, Streetcar, or Light

rail stops.
e Trips included in the VehiclePositions feeds and Stop_times.

Although the total amount of trips in the Stop_times table is 100797 trips and 11307 in the
VehiclePositions feeds which means the difference between them is 89490 trips, that is not the
case here. There are 91240 trips in the Stop_times table not in the VehiclePositions feeds.
Surprisingly, 994 trips have VehiclePositions updates, but they are not in the Stop_times table.
When these trips were investigated, they seemed like added trips during the day as all these
trips have either “ADDED-* before the trip name for the Tram, Streetcar, Light rail, Subway
and Metro trips, for example (ADDED-1580448294), or the “OL” at the end of the bus trips for
instance (45043214-0OL1).

e Stops included in the TripUpdates feeds with Stop_times.

Stop_times table has 1113 stops that are not shown in the TripUpdates feeds. In contrast, 32
stops have TripUpdates updates, but they are not mentioned in the Stop_times table. These stops
are divided into 25 Rail stops, 6 Subway & Metro stop, and 1 Tram, Streetcar, or Light rail
stops. These stops that are included in the TripUpdates are the same stops that were mentioned

in the VehiclePositions feeds.
e Trips included in the TripUpdates feeds with Stop_times.

While the total amount of trips in the Stop_times table is 100797 trips and 12017 in the
TripUpdates feeds which means the difference between them is 88780 trips, there are 90517
trips in the Stop_times table not in the TripUpdates feeds. Additionally, strangely, 981 trips
have TripUpdates updates, without information in the Stop_times table. When these trips were
examined, they appeared the same trips in the VehiclePositions feeds, with some kind of names
having either “ADDED-* before the trip name for the Tram, Streetcar, Light rail, Subway, and
Metro trips, for example (ADDED-1580448294), or the “OL” at the end of the bus trips for
instance (45043214-0OL1).
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5.4 Delay analysis

In this stage, the delay information was calculated for all data per stop and per trip. To do
so, the difference between observed times and schedules times (static data) was computed.
Massive outliers were detected during that. Firstly, delay analysis was performed in total. Then,

the data were classified per vehicle type for stops and trips.
5.4.1 Total Delay Analysis

Delays for all arrival and departure times were analyzed using a box plot to show the distribution
of the delays. Box plot can outline the outliers, the max, the median, and the min of the data
which gives a clear picture of the data. Following are box plots of the arrival and departure

delays showing similar delay distribution (Figure 29 & Figure 30).

Table 14 shows a comparison of the information collected from these box plots. It shows,
both arrival and departure delays have the same maximum delay with 8874 seconds, and almost
the same minimum with only a 30-second difference. For the first and third quartiles, the
difference between arrival and departure delays less than 12 seconds, which means they are
similar. This means that 50% of the delays are between -3 and +1.5 minutes, which is far from
the minimum and the maximum delays leading to huge outliers. Finally, the mean and the

median for arrival and departure delays are less than 11-second different.

Al Vehicles Departure Delay with Outliers
All Vehicles Arrival Delay with Outliers

' ' T T T T 2000 0 2000 4000 6000 8000
2000 0 2000 4000 6000 8000

Delay in Seconds

Delay in Seconds

Figure 29 All vehicles arrival delay with outliers Figure 30 All vehicles departure delay with outliers
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Table 14 Comparison of box plots information of arrival and departure delay

All Venhicles

Arrival Departure
Min. -3100 -3070
1st Qu. -198 -196
Median -30 -16
Mean -20.28 -10.56
3rd Qu. 77 88
Max. 8874 8874

5.4.2 Stops Delay Analysis

Delay average was calculated for all stops during the day, then these stops were classified

according to the vehicle’s number which goes through these stops to observe the relationship

between them. The following graphs demonstrate average vs median delays per stop for arrival

and departure times. These graphs in general indicate that vehicles tend to arrive and depart

early before the time scheduled from stops that have less than 80 vehicles went through. In

contrast, when the stop has more than 80 vehicles went through, these vehicles arrived and

departed late after their schedule. Additionally, stops that have similar average and median have

similar delays in general and vice versa (Figure 31). Figure 32 shows up positive and negative

delay distribution of the arrival and departure.

400

300

200

100

-100

-200

Delay in Seconds

-300

-400

-500

-600

STOPS AVG VS MEDIAN DELAY

Poly. (stp_arr_dely_avg)

E==stp_arr_dely_avg

stp_arr_dely_median

Stops Usage Count

Figure 31 all stops delay average vs median
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Figure 32 Positive and Negative Delay Distribution Per Stop

5.4.3 Tram, Streetcar & Light rail Stops Delay Analysis

Starting with Tram, Streetcar & Light rail, graphs show the same trends as all stops. Stops
that have less than 70 vehicles went through are more likely to have vehicles arrive and leave
before schedule wile stops with more than 70 vehicles have delayed (Figure 33).
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Figure 33 Tram, Streetcar & Light rail stops average delay
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5.4.4 Subway & Metro Stops Delay Analysis

Subway & Metro have the highest vehicle number per stop. The following graphs indicate
the same delay trends as before. Stops with less than 80 vehicles have vehicles arrived earlier
than scheduled, whereas stops with more than 80 vehicles have delayed vehicles (Figure 34).
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Figure 34 Subway & Metro stops average delay

5.4.5 Rail Stops Delay Analysis

Rail stops that are used for intercity or long-distance travel have a different trend. On
average all these Rails stops have earlier arrival and departure times than scheduled times
(Figure 35).
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Figure 35 Rails stops average delay
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5.4.6 Trips Delay Analysis

In this part, the delay information average was calculated for each trip. Then, these trips

were categorized per vehicle type showing delays trend in general for each type.
5.4.7 Tram, Streetcar & Light rail Trips Delay Analysis

Trips that used Tram, Streetcar & Light rail were delayed at three periods of the day, the
beginning of the day around 6:00 am, the middle of the day around noon, and at the end of the
working day around 7:00 pm. These periods are more likely related to the working hours,

beginning and end of work times, and the break in the middle of the day (Figure 36).

TRAM, STREETCAR & LIGHT RAIL TRIPS AVG DELAY
ANALYSIS

DELAY INSECONDS

TIME —— Delay AVG Trend

Figure 36 Tram, Streetcar & Light Rail Trips Delay Average

5.4.8 Subway & Metro Trips Delay Analysis

For Subway & Metro Trips, most of the delays for both arrival and departure times are at
the beginning of the day, then the delays are distributed on all the day with less delay around
7:00 pm (Figure 37).
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Figure 37 Subway & Metro Trips Arrival Delay Average

5.4.9 Rail Trips Delay Analysis

Most of the Rail trips are having delays between 200 and -200 seconds (Figure 38).
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Figure 38 Rail Trips arrival delay average
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5.5 Delay Data Comparison

As the delay data has a lot of outliers, further analysis has been made to compare these delays
with and without outliers. These outliers are 10% of the total delay data. Next box plots and
tables show a comparison of arrival and departure delays with and without outliers. Removing
outliers from the data changed its distribution (-200 to 50 seconds). These box plots indicate
that more than 75% of the trips have been arrived and departed earlier than their schedule
(Figure 39 to Figure 42).

All Vehicles Arrival Delay with Outliers All vehicles Arrival Delay without Outliers
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Figure 39 All vehicles arrival delay with outliers Figure 40 All vehicles arrival delay without outliers
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Figure 41 All vehicles departure delay with outliers Figure 42 All vehicles departure delay without outliers
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The next four pox plots (Figure 43 to Figure 46) are showing the same data categorized
according to vehicle type. It is noticeable, that Tram, Streetcar, Light rail & Subway, Metro

have been arrived and left earlier than their schedule. Tram, Streetcar, Light rail trips delay is

distributed more than Subway, Metro, and Rails trips delay.
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Figure 43 Arrival delay with outliers per vehicle type
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Figure 45 Departure delay with outliers per vehicle type
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Figure 46 Departure delay without outliers per vehicle type
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The following tables (Table 15 & Table 16) give detailed information about previous box
plots (Figure 39 to Figure 46). In general arrival and departure, delays are almost typical before

removing the outliers. And the same case after removing the outliers.

Table 15 Comparison of arrival delay data with and without outliers

Arrival

with outliers
Min -3100 Min -3100 Min -876 Min -422
1st Qu. -198 1st Qu. -316 1st Qu -205 1st Qu. -26
Median -30 Median =22 Median -64 Median 32
Mean -20.28 Mean 48.06 Mean -78.26 Mean 81.77
3rd Qu. 77 3rd Qu. 360 3rd Qu 37 3rd Qu 116
Max 8874 Max 2420 Max 1529 Max 8874

without outliers
v0 v1
Min -610 Min -610 Min -610 Min -422
1st Qu. -195 1st Qu. -313 1st Qu. -201 1st Qu. -28
Median -40 Median -101 Median -64 Median 275
Mean -65.95 Mean -108.1 Mean -81.72 Mean 49.3
3rd Qu. 52 3rd Qu. 51.5 3rd Qu. 34.75 3rd Qu. 104
Max 489 Max 489 Max 488 Max 488
Table 16 Comparison of departure delay data with and without outliers

Departure

with outliers
Min -3070 Min -3070 Min -876 Min -373
1st Qu. -196 1st Qu. -315 1st Qu. -203 1st Qu. 24
Median -16 Median 21 Median -62 Median 69
Mean -10.56 Mean 51.75 Mean -76.72 Mean 133.4
3rd Qu. 88 3rd Qu. 365 3rd Qu. 38.25 3rd Qu. 161
Max 8874 Max 2420 Max 1529 Max 8874

without outliers
v v1

Min -622 Min -622 Min -620 Min -373
1st Qu. -194 1st Qu. 2311 1st Qu. -201 1st Qu. 23
Median -26 Median -95 Median -62 Median 64
Mean -56.98 Mean -101 Mean -80.86 Mean 95.12
3rd Qu. 64 3rd Qu. 57.75 3rd Qu. 36 3rd Qu. 142
Max 514 Max 514 Max 506 Max 511
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6 Summary

6.1 Discussion

Evaluating real-time transit information completeness & Accuracy to be used in trip planning
is a major part of this research. As currently, many transit agencies are providing real-time data,
Boston Metropolitan Area (MBTA), and Broward County were suggested as study areas.
MBTA was chosen since it is bigger and has various transport modes from a single transit
company (Tram, Subway, Rail, Bus & Ferry), whilst Broward County has only bus and train.
Also, MBTA can be handled easier since its GTFS Realtime data is available as a protocol
buffer in contrast with Broward. The whole process of real-time data collection for this research
has been done on June 24th, 2020, from 5:59 A.M. until 8:25 P.M. The GTFS Static feed along
with the OSM file of Boston city, were downloaded for the same period. The GTFS Static Data
is updated every three months on the agency’s website and can be downloaded as a zip file
contains several text files. To import the GTFS Static data into the PostgreSQL database, several
tables were made within the PostgreSQL database. These tables have the same names and
column’s data type of the text files in Static data zip file, so the Static data can be imported to
these tables. Several attempts to import the Realtime data directly from the transit agency into
the PostgreSQL database failed, as the Realtime data needs to be decoded first to extract
information from it. This process needs more than 10 seconds per file which leads to losing files
in between. Therefore, all VehiclePositions and TripUpdates feeds were downloaded for the
whole period. Realtime Data (VehiclePositions and TripUpdates feed) was collected using a
python script every 10 seconds during the data collection period. Thus, high collection
frequency has been done to guarantee the desired accuracy in the calculation of observed arrival
and departure times and to have all trip updates. After downloading these feeds, another obstacle
was encountered while transforming VehiclePositions and TripUpdates feeds from binary into
tabular data that can be used by the PostgreSQL database, as python (2.7) was the official
version that can be used for decoding the data but it is not supported anymore. It required several
tests on different python versions to finally find the only capable version, python (3.5), which
could be used to decode the data. Therefore, python (3.5) was used for the entire process from
connecting to the PostgreSQL database, creating the VehiclePositions and TripUpdates tables,
specifying all table’s columns types, encoding these feeds to extract all needed information, and
finally importing this data into their exact tables’ columns in the PostgreSQL database. This

last process of real-time data transformation was the most time-consuming part of this project,
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as the information about it was either outdated or unavailable. PostgreSQL database was used
to store all the data as it supports table queries and changes, along with the linkage among tables
using their unique identifiers. One of the most important benefits of importing all the feeds into
a database is the computation speed, as no CSV-files browser has the same ability or can join
several tables. Following the data importing phase was the Realtime Data Filtering phase, in
which all duplicates records were dropped from both TripUpdates and VehiclePositions tables
since each file has duplicated records from previous and next files. The column current status
from the VehiclePositions table was used to indicate the vehicle status, if it is “stopped at” or
“In transit to” a certain stop. When a vehicle has the status “stopped at” a specific stop the time
range during being at this stop is used for calculating the observed arrival and departure times.
The first timestamp was used as the observed arrival time and the last one as departure time.
The observed arrival and departure times were then used to modify the original GTFS feed to
be used in routes calculation. During the analysis of the collected data, five main analysis steps
were performed. Starting with Descriptive Analysis of the data which is generating insightful
statistics about trips, stops, and routes, also calculating the percentage of VehiclePositions and
TripUpdates. There was VehiclePositions feed for 11% of trips, 85% of stops, and 67% of routes
in the timetable (stop times table). In contrast, 12% of trips, 87% of stops, and 65% of routes
had TripUpdates feeds. That means still most of the trips have no Realtime updates. Bus
information of observed arrival and departure times is missing because the (current status = 1)
is not provided in the VehiclePositions feeds for almost all the stops (0.19% of the total
collected data) which leads to this error. On one hand, only 88 out of 1,256,589 Bus’s
VehiclePositions have the (current status = 1), which is barely (0.01%). On the other hand, all
other vehicles have around (25%) of VehiclePositions have the (current status = 1).
Consequently, the Bus is dropped from the next analysis. The second step was showing the
distribution of the VehiclePositions and TripUpdates feeds on the studied region, which
exposed that most of the feeds were focusing on the center of Boston city. The third step was
performing comparisons of the trips and stops between the Static and Realtime data per
vehicle’s type to clarify the percentage of stops that have updates in the Realtime feeds.
Surprisingly, 994 trips have VehiclePositions updates, but they are not in the Stop_times table.
When these trips were investigated, they seemed like added trips during the day as all these
trips have either “ADDED-* before the trip name for the Tram, Streetcar, Light rail, Subway
and Metro trips, for example (ADDED-1580448294), or the “OL” at the end of the bus trips for
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instance (45043214-0OL1). Next, the arrival and departure delay has been analyzed for the stops
and trips in total and then was broken down for each vehicle’s type. Arrival and departure delays
showed similar delay distribution. Half of the delays data is between -3 and +1.5 minutes, which
is far from the minimum and the maximum delays leading to huge outliers. Vehicles, in general,
tend to arrive and depart early before the time scheduled from stops that have less than 80
vehicles went through. In contrast, when the stop has more than 80 vehicles went through, these
vehicles arrived and departed late after their schedule. Tram, Streetcar & Light rail stops that
have less than 70 vehicles went through are more likely to have vehicles arrive and leave before
schedule while stops with more than 70 vehicles have delayed vehicles. Subway & Metro stops
with less than 80 vehicles have vehicles arrived earlier than scheduled, whereas stops with more
than 80 vehicles have delayed vehicles. Rails stops have earlier arrival and departure times than
scheduled times. Delay information average was calculated for each trip. Then, these trips were
categorized per vehicle type. Trips that used Tram, Streetcar & Light rail were delayed at three
periods of the day, the beginning of the day around 6:00 am, the middle of the day around noon,
and at the end of the working day around 7:00 pm. These periods are more likely related to the
working hours, beginning and end of work times, and the break in the middle of the day. Most
of the Rail trips are having delays between 200 and -200 seconds. Finally, a comparison was
performed between the delay data with and without outliers to show the delay measurements
were affected by outliers. As the delay data has a lot of outliers, further analysis has been made
to compare these delays with and without outliers. These outliers are 10% of the total delay
data. Removing outliers from the data changed its distribution to be limited between -200 and

50 seconds.

6.2 Conclusion

Analyzing the accuracy and effectiveness of GTFS transit feeds was the main goal of this
research. GTFS has Static and Realtime transit feeds. GTFS Static data is the timetable of
scheduled trips, while GTFS Realtime feeds are divided into VVehiclePositions and TripUpdates.
VehiclePositions feeds consist of the current positions of each vehicle as well as information
about the trip it is currently on, and the stop it is going to. While, TripUpdates feeds have
predictions about future delays, which are used by passengers for trip planning. Currently, many

transit agencies are providing real-time data. Boston Metropolitan Area (MBTA) and Broward

68



County were suggested as study areas. MBTA was chosen since it covers a bigger area and has
various transport modes from a single transit company (Tram, Subway, Rail, Bus & Ferry),

whilst Broward County has only bus and train.

The whole process of Realtime data collection for this research has been done on June 24th,
2020, from 5:59 A.M. until 8:25 P.M. The GTFS Static feed along with the OSM file of Boston
city, were downloaded for the same period. Importing the Realtime data directly from the transit
agency into the PostgreSQL database failed, as the Realtime data needs to be decoded first to
extract information from it, and this process needs more than 10 seconds per file which leads to
losing files in between since VehiclePositions and TripUpdates are updated every 10 seconds.
Therefore, all VehiclePositions and TripUpdates feeds were downloaded every 10 seconds
during the data collection period. Thus, high collection frequency has been done to guarantee
the desired accuracy in the calculation of observed arrival and departure times and to have all

trip updates. The only capable python version which could be used to decode the data is (3.5).

To evaluate the quality and effectiveness of Realtime data, both Static and Realtime feeds
are stored in a local database. PostgreSQL database was used to store all the data as it supports
table queries and changes, along with the linkage among tables using their unique identifiers.
One of the most important benefits of importing all the feeds into a database is the computation
speed, as no CSV-files browser has the same ability or can join several tables. After the Data
Importing phase was the Realtime Data Filtering phase, in which all duplicates records were
dropped from both TripUpdates and VehiclePositions tables since each file in these feeds has
duplicated records from previous and next files. The column current status from the
VehiclePositions table was used to indicate the vehicle status, if it is “stopped at” or “in transit
to” a certain stop. When a vehicle has the status “stopped at” a specific stop the time range
during being at this stop is used for calculating the observed arrival and departure times. The

first timestamp was used as the observed arrival time and the last one as departure time.

During the analysis of the collected data, five main analysis steps were performed. Starting
with Descriptive Analysis of the data which is generating insightful statistics about trips, stops,
and routes, also calculating the percentage of VehiclePositions and TripUpdates. There was
VehiclePositions feed for 11% of trips, 85% of stops, and 67% of routes in the timetable (stop
times table). In contrast, 12% of trips, 87% of stops, and 65% of routes had TripUpdates feeds.

That means still most of the trips have no Realtime updates which make using the Realtime data
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for trip planning still not possible. Also, Bus information of observed arrival and departure
times is missing, as the (current status = 1) is not provided in the VehiclePositions feeds for
almost all the stops (0.19% of the total collected data) which lead to this error. On one hand,
only 88 out of 1,256,589 Bus’s VehiclePositions have the (current status = 1), which is barely
(0.01%). On the other hand, all other vehicles have around (25%) of VehiclePositions have the
(current status = 1). Consequently, the Bus which has 94% of the data has been dropped from
the analysis and made the trip planning using the Realtime feeds impossible. The second step
was showing the distribution of the VehiclePositions and TripUpdates feeds on the studied
region, which exposed that most of the feeds were focusing on the center of Boston city. The
third step was performing comparisons of the trips and stops between the Static and Realtime
data per vehicle’s type to clarify the percentage of stops that have updates in the Realtime feeds.
Surprisingly, 994 trips have VehiclePositions updates, but they are not in the Stop_times table.
When these trips were investigated, they seemed like added trips during the day as all these
trips have either “ADDED-* before the trip name for the Tram, Streetcar, Light rail, Subway
and Metro trips, for example (ADDED-1580448294), or the “OL” at the end of the bus trips for
instance (45043214-0OL1). Next, the arrival and departure delay has been analyzed for the stops
and trips in total and then was broken down for each vehicle’s type. Arrival and departure delays
showed similar delay distribution. Half of the delays data is between -3 and +1.5 minutes, which
is far from the minimum and the maximum delays leading to huge outliers. Vehicles, in general,
tend to arrive and depart early before the time scheduled from stops that have less than 80
vehicles went through. In contrast, when the stop has more than 80 vehicles went through, these
vehicles arrived and departed late after their schedule. Stops that have less than 70 vehicles
went through are more likely to have vehicles arrive and leave before the schedule while stops
with more than 70 vehicles have delayed vehicles. Subway & Metro stops with less than 80
vehicles have vehicles arrived earlier than scheduled, whereas stops with more than 80 vehicles
have delayed vehicles. Rails stops have earlier arrival and departure times than scheduled times.
Delay information average was calculated for each trip. Then, these trips were categorized per
vehicle type. Trips that used Tram, Streetcar & Light rail were delayed at three periods of the
day, the beginning of the day around 6:00 am, the middle of the day around noon, and at the
end of the working day around 7:00 pm. These periods are more likely related to the working
hours, beginning and end of work times, and the break in the middle of the day. Most of the

Rail trips are having delays between 200 and -200 seconds. Finally, a comparison was
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performed between the delay data with and without outliers to show the delay measurements
were affected by outliers. As the delay data has a lot of outliers, further analysis has been made
to compare these delays with and without outliers. These outliers are 10% of the total delay
data. Removing outliers from the data changed its distribution to be limited between -200 and

50 seconds.

To conclude, GTFS Realtime feeds still in a development phase and cannot be used for trip
planning in this stage as most of the trips do not have Realtime feeds (89%). Additionally, on
trips that have Realtime updates either there is missing information of stops during these trips
or the feeds cannot be used according to missing critical information (Bus case). As the delay
data has a lot of outliers, further analysis has been made to compare these delays with and
without outliers. These outliers are 10% of the total delay data. Removing outliers from the data
changed its distribution to be limited between -200 and 50 seconds. It is noticeable, that Tram,
Streetcar, Light rail (v 0) & Subway, Metro (v1) have been arrived and left earlier than their
schedule in general. Whilst, Tram, Streetcar, Light rail trips delay is distributed more than

Subway, Metro, and Rails (v2) trips delay.

6.3 Future work

Although GTFS Static and Realtime feeds need expensive infrastructure, they are
published by many agencies around the world nowadays. GTFS Realtime feeds would offer a
great opportunity for developers to create trip planning and tourism applications if it was
established correctly. The collected Realtime data shows quality issues and missing critical
information, where vehicles are not following the correct stop sequence, not having the
observed arrival and departure time, or having them away from the stop location. Many trips
are having Realtime data without any Static data to be compared with. Even though GTFS
Realtime feeds are still having these issues, it is developing and could be more accurate and
complete in the future. VehiclePositions feeds could be used to monitor the transportation flow
and develop the entire transportation system, the timetable, and even the infrastructure using
the densest areas used by vehicles. GTFS Realtime feeds also could be used for delay analysis
and environmental pollution control. In the end, it is a great open way to offer Realtime

information which needs more development to be useful.
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