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1 Introduction

Passenger behavior analysis may be carried out from a different perspective, depending on the
final goals and the available data. In this report we only cover some of the available options, focusing
on those of them that are relevant for achieving the goals of INNOAIR project.

Main Urban Authority
Sofia Municipality

B ] Sofia Urban
On-demand public transportation Mobility
platform /ODPTP/ Center

INNOAIR

On-Demand Cultural shift of
Congestion

Green Public charging in Sofia citizens towards

Transportation public transport

Figure 4. General project overview and goals

In accordance with Figure 1, we only select those elements of passenger behavior that have justified
and proven relevance with:

e Public transportation and the potential of establishing a green on-demand transportation
system.

e Congestion and load on the city road infrastructure.

e Air pollution and emissions in different urban areas.

e Attitude toward public transportation.

All these are items have direct impact on the quality of service (QoS) of the public transportation
system and are also in line with INNOAIR core objectives, as described in the project summary:

Sofia Municipality struggles with poor air quality for years now-Greenpeace, states Sofia had the
highest levels of PM2.5 in Europe in 2018 and placed the city 21st among all large cities in the world.
Although Sofia takes various measures to improve air quality (monitoring stations, chimney filters,
green tickets, e-scooters, shared e-vehicles) results achieved are not satisfactory mainly because of the
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high use of private cars — traffic jams block the city every day and contribute the most to bad air quality.
Sofia needs to make its public transport more appealing and convenient in order to decrease private
cars and traffic congestion significantly. Moreover, with the rapid expansion in the past 10 years public
transportation struggles to satisfy the needs of all new districts and office buildings. INNOAIR foresee
to pilot for the very first time in Europe the concept of “On-demand green public transport” which will
entirely shift the way public transport works. Instead of driving on pre-defined routes the new e-buses
will create route map based on citizen demand submitted via mobile application. The app will leverage
machine learning and advanced data analytics to create the most efficient path for each ride, collecting
as much passengers as possible. By doing so, we will introduce the biggest revolution of public transport
in the city. The greatest “win-win” is that Sofia will have less traffic, better air quality and contribution
to tackle climate change globally.

1.1 General definitions

For the purpose of this report we shall use the following generic definition of passenger behavior
(PB):

“A passenger behavior is the way that passenger think, feel, reason, make judgement and select
different products and services, directly related to their travel.”

As a result of this definition, multiple areas of interest can be defined, that are all relevant to the
passenger behavior study — legal, psychological, logistical to name a few. It is not possible to cover all
of them in a single report, therefore we shall only include those of them that are measurable and can
be used for modelling and improving the quality of offered services. Those aspects of passenger
behavior, that have not been included in the study have been linked to other studies, as shown in the
appendix of this document.

Table 1 provides a summary of different passenger behavior points of view, typical data availability
and relevance to the project. Relevance of all entries have been rated on a scale from 5 (most relevant)
to 1 (least relevant).

Think Unstructured data inputs oo
Feel Semi- and unstructured inputs (YY)
Reason and judge Intermediate results and indirect indicators. (XYY
Select products Structured data with available time series. Y Y YY)
Select services Structured data with available time series. (XYY Y

Table 1. Elements on passenger behavior relevant for the study

Due to the fact that structured inputs can be used in a very large number of models, we prefer to rely
on numeric information available from historical databases and time series for transportation location
(GPS information), ticket sales (ticketing information as well as preferred type of tickets).

INNOAIR ©
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2 Existing solutions review

Because of its great importance for general city development, public transportation has studied in
a huge number of projects and papers. It is beyond the scope of this report to present all of them in
details, yet it is still possible to group them into several categories.

Studies addressing city transportation and Such studies reflect on potential of using new
passenger behavior from technological point of | means of transportation or on-demand
view. transport while stressing on the technologies

available for its implementation. Like for
example autonomous vebhicles ( [1]), use of
dedicated smart devices ( [2]) or new recogni-
tion methods ( [3]).

Studies addressing optimization of public These studies address potential inefficiencies in
transportation from algorithmic point of view. the way public transportation is planned (as in
[4]), (re)scheduled (as in [5]) and implemented (
[6]).

Studies addressing the economic impact and These research papers focus on the economic

funding of services related to public effects of public transportation and how

transportation. changes would affect them (as in [7], [8], [9]).

Studies addressing the marketing effects of Some of the marketing-oriented research

using and promoting public transportation papers suggest interesting approaches toward

services. measuring sustainability (as for example in
[10]), while others are focused on evaluation
[11]).

Table 2. Relevant passenger behavior studies

Solutions that emphasize on use of a particular technology are interesting, but they are also too
restrictive, since it is not always possible to introduce the same solution. The reasons behind lack of
technology support may be due to budget restrictions or lack of well-trained personnel. Considering
that some solutions may also require a lengthy (and very expensive) process of certification, we have
decided to exclude from our report potential options that may be valuable but would require
introducing a completely new technology or devices need to analyze passenger behavior. Thus, our
paper covers only approaches that could be successfully implemented with the existing technology
and available resources of Municipality of Sofia.

Algorithms for optimization are crucial for providing public transportation services that are
economically viable and satisfy citizen requirements. At the same time, a lot of the existing
mathematical models are developed to handle specific cases and deliver efficient and fast solution,
provided that some restrictive assumptions are present. In pursuit of a balance between efficiency and
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flexibility we prefer to give preference to solutions that can be applied in a broad context, compared
to those that are highly specialized.

Economic impact is crucial and must be considered if we really want to suggest a viable and sustainable
solution. When introducing a new type of on-demand transportation however, there is no historical
data to compare immediate results with, as there is little chance to just wait long enough and gather
such information. Therefore, our attention is focused mainly on measuring the immediate effects,
especially those that can be reliably quantified. In order to provide comparable and free-of-context
information on the expected results we also try to keep indicators measuring economic effects
separate from those that measure physical changes. For example, savings in time may have different
value in terms of money, when calculated against average salaries or cost levels across cities. If one
has only the final amount of money saved by introducing a new transport or optimizing an existing
schedule, this may be misleading and hard to compare — first because of differences in costs/salaries
and second, due to the time span of a particular event. To avoid further complication and the necessity
to justify discounting of cash flows in time, we recommend to use complementary metrics — both
physical and economic effects, even when they actually represent the same results.

2.1 Main factors for success

Review of the existing solutions allows us to identify the key factors that could help in building a
sustainable and economically reasonable public transportation system. While there are many ways to
introduce such solutions, they would all depend at some extent to a common set of requirements. We
believe that these factors are in effect regardless of what technology is used and also regardless of the
funding model for the public transportation system.

2.1.1 Traceability of passengers

Information and communication technologies are already used to automate different processes in
public transportation. For example, AVL (Automated Vehicle Location units can be combined with
ticketing systems to give more information on load and utilization of different segments of the
transportation system over different periods of the day. Such input could help in building a better use-
oriented scheduling and advanced fee systems.

However, as stated in [12], to be able to get the most of such systems it is necessary to extend the
analysis of collected information. No matter how detailed the inputs are, if their processing is limited
to simply calculating aggregated values (like for example means or deviations), the benefits will remain
limited. To achieve a better segmentation and true understanding of public transportation needs, it is
necessary to process in more intelligent way collected data and constantly monitor the changes in the
results.

To achieve traceability of passengers we have to define the fine balance between collecting data that
can at the same time:

e Comply with regulations about privacy and data protection — e.g., does not violate the GDPR
rules.

e Is easy to collect and does not require excessive costs for collecting and storing.

e Allows to identify groups of public transportation users that are of interest for the analysis.

INNOAIR ©
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Although it may seem like it is not easy to comply with all these requirements, it is often the case that
public transportation monitoring authorities and municipalities already have a lot of the necessary
details. However, they are also often spread around and kept in different IT systems. As a result, the
process of gaining traceability of passengers is actually the one of integrating different systems holding
necessary data pieces.

Table 3 shows major sources of information as well as the inputs that could be used to retrieve them.

Routes and location of public transportation Dynamic information with high frequency

vehicles (often in the range of few seconds — 10 to 30)
from GPS systems of the respective AVL
devices.

Planned schedules and frequency of different Information that is relatively constant and could

types of public transport. Location of stops and | be found in the respective schedules and

links between different types of transport. municipality decisions/local legislation.

Preprocessed inputs which indicate the Depending on the feature set of the software

discrepancies between planned (scheduled) system controlling ALVs such information may

locations (resp. arrivals and departures) and already be available, or may be easily calculated

actual times. from the GPS inputs.

Ticketing and fare information Summary of ticketing and fare information is

typically available from the fare system
database. Due to the fact that there are various
tariffs (as shown on Figure 2) it is advised that
classification of passenger behavior is done
using broader categories (like for example
Regular or Personalized tarrifs).

Passenger location and movement information | Such information cannot be obtained due to
violation of GDPR and privacy protection.
However mobile networks can give anonymized
and aggregated information on movement of
mobile devices to match against utilization of
public transport network.

Table 3. Data types, sources, and availability

To avoid violation of privacy regulations, all the information used should be anonymized and only
aggregated (already preprocessed) output should be made available to users of the traceability
analysis.
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PRICES OF THE TRANSPORTATION DOCUMENTS USED IN PUBLIC
TRANSPORT ON THE TERITORY ON SOFIA MUNICIPALITY

TYPE OF TRANSPORTATION DOCUMENT | PRICE [BGN/

CARDS

Signle trip travel card for ground transport; single trip travel card for ground
transport, sold by the driver; single trip travel card for ground transport, issued by
vending machine; single trip travel card for metro, issued on cash-desk or by 1.60
vending machine

at the entrances of the metro

Card with vouchers for ten single trips for one passenger for ground transport;

electronic card, loaded with ten single trips for ground transport; electronic card, 12.00

issued for ten single frips for metro

Single trip ravel card sold by the inspecior on the regularity of passengers 30.00

PASSES ON A REGULAR TARIFF Personalized | Mon-personalized

Daily pass - for all lines 4.00

Daily pass - for all lines - “Green card” 1.00

Night card 2.00

Daily pass — for all lines - “White card” free of charge

Electronic Sofia Card = three days pass - all lines, giving entitlement to discounts in 20.00

tourist and commercial sites :

Three days pass - for all lings (electronic) 10.00

Monthly pass — for one line ground fransport 23.00 28.00

Monthly pass = for metro 35.00 42.00

Monthly pass — metro “plus” - for metro and for one line ground transport 43.00 -

Monthly pass — for all lines 50.00 60.00

Three months pass — for all lines 130.00 156.00

Six months pass  for all lines 255.00 306.00

Annual 112 months! - for all lines 365.00 600.00

Month s for

PASSES ON A PREFERENTIAL TARIFF - PERSONALISED Monthly passforalll one e fround
fransport or meiro)

People receiving pension under the conditions of Chapter V1 from the Social 26,00 11.00

Security Code, who have reached the age under Article 68, p.1-3 from the Code ' '

University Students 21.50 9.00

PhD students 35.00 16.00

Students

Student card 20.00 9.00

Student/s/ card/s/ monthly pass for all lines, bought together with one manthly pass 10.00

for all lines, personalized, on regular tanff for a parentlegaliguardian )

Students under art. 29, para 1, point 9 of the Ordinance 5.00 -

Students under art, 29, point 19 of the Ordinance 20.00 9.00

Rescuers from the Mountain Rescue and Control Service (MRCS) 21.00 -

Family members Mhusband, wifel of workers and employees of the public transport 26.00

People with disabilities with reduced working capacity:

from 50% to 70,99% 20.00

from 71% to 90% 6.00

over 90% without the right to assistance 6.00

aver 90% with the right fo assistance and using aftendants 8.00

over 90% with the right to assistance, but not using attendant/s 6.00

People with disabiliies under 18 years-of-age with 50% and above 50% type and 6.00

degree of disability '

Foster parent under art. 29, para 1, point 10 of the Ordinance 6.00

People over 68 years-of-age 8.00

Electronic smart card (Media) - 2.00 BGN

Figure 5. Prices of transportation documents used in public transport of Sofia
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2.1.2 Identification of goals/needs for use of the public
transportation

Traceability of passengers alone is not sufficient to select the best policies and deploy them to
improve public transportation. As there are multiple ways to optimize the public transportation
services, it is very important to define appropriate goals and translate them into optimization criteria.
Establishing on-demand transport, as one of the major targets for INNOAIR, needs to fit inside the
existing public transportation framework. To guarantee this, goals must be in line with general
regulations for the public transportation in Sofia, as well as to be measurable.

Metrics and goals presented in Table 4 are defined to be S.M.A.R.T. —e.g. they are specific, measurable,
achievable, relevant and time-bound ([13]).

Adaptive schedule that considers congestion Time between consecutive trips (in
and expected load (including traffic and number | hours/minutes) for different weekdays,
of passengers). weekends, and official holidays.

Delays and advances, compared to established
schedules.

Load and number of tickets validated for a
specific period.

Adaptive bus lanes, that consider passenger Load and number of tickets validated for a
point of entry and destination. specific period.

Time series of people entering or leaving a
specific area.

Fixed lanes optimization and bus stop location Top destinations based on passenger location
optimization and movement over time (generalized and not
individual data).

Top origin-destination pairs based on selectable
scale (station, lane, residential area, city-level).

Traffic lights and special rules for public Delays and advances, compared to established
transportation vehicles schedules over time.

Time to stay on every stop and the number of
people entering/leaving the vehicle.

Traffic light cyclogram data.

Table 4. Important goals and metrics used to identify needs for public transportation

INNOAIR ©
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Traffic data and bus location is available from the tracking systems that vehicles have and use to signal their
location (as shown on Figure 3). A typical application of GPS data is to check that all scheduled courses have been
completed in time and without missing bus stops. While this information is very important, it does not reflect
any patterns in passenger behavior. Figure 4 shows how an usual report looks like and indicates that the

information contained in it is purely technical.
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Figure 6. Capture of current location system
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Figure 7. Information on scheduled compared to actual courses
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2.1.3 Measuring the impact of changes

Measuring changes in accessibility in specific areas can be useful for local planning or for promoting
project-based coordination between different public agencies. Transportation projects, by themselves,
cannot create denser, mixed-use, and active neighborhoods, but they can be catalysts for
redevelopment and create conditions for improved economic development.

Due to the stochastic nature of process, the impacts on individual passengers vary, however
in an aggregated way passenger mainly experience the following three effects:

1) Impacts on duration of travel time components, being in-vehicle time and waiting time, which
lead to arriving early or late.

2) Impacts on passenger perception of the public transport mode depending on the variability of
travel time components, being departure time, arrival time, in-vehicle time and waiting time,
which lead to uncertainty of the actual travel time.

3) Impact on the probability of finding a seat and of crowding, affecting the level of comfort of
the journey.

Reliability is important for operators and passengers alike. For operators, unreliable services cause
difficulties in timetabling and resource planning. Also, unreliable services are typically more unevenly
loaded, causing issues of passenger overloading and possible breaching of loading licenses.

For passengers, unreliable services cause adjustments in an individual’s desired trip making behavior
to account for the possibility of a service not operating ‘as normal’. Variable departure times force the
traveler to arrive earlier at the service and create uncertainty and anxiety about whether the service
has arrived. Variable arrival times cause travelers to arrive at their destination late and force them to
take an earlier service. In-vehicle time variability causes the traveler to experience uncertainty and
anxiety about how long they will have to spend in the service.

Valuations of reliability can be estimated using revealed and stated preference data.

However, most valuations are undertaken using stated preference techniques, where a survey asks
respondents about hypothetical situations.

2.1.4 Putting it all together as KPIs or useful metrics

The first and most obvious performance area for public transport relates to the portion of travelers
using the services. Although it is not a direct measure of the quality of a public transport system it is a
definite indicator of its popularity or in some cases the patron’s dependency on it for essential travel.

Performance measures/indicators are used in both performance measurement and benchmarking.
The performance measures are normally a quantitative measure or index that numerically expresses a
specific activity. In the context of this study, reference is made to key performance indicators (KPls),
as the aim is not to measure a complete set of performance measures, but rather focus on some key
ones that will provide a sufficient understanding of relative comparison in the process. The challenge
in defining KPIs is to select the appropriate ones that will give a sufficient understanding of overall
performance. The KPIs should also be practical in terms of data availability and understandable to the
audience. Useful KPIs can normally be associated with the S.M.A.R.T principle:

e Specific — A KPl must cover concisely one aspect of the activity.
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e Measurable — KPIs must be quantifiable as subjective measures, e.g., a rating scale, could lead

to distorted comparisons.

e Achievable — Available data and common items normally measured must be used for KPls. It
would not be useful to develop sophisticated KPIs for which data are unobtainable.

e Relevant — The KPI must be relevant to the activity being considered.

e Sometimes a different KPl is used to indicate or estimate a different activity. For example, one
can use fuel consumption as a surrogate of CO2 emission if no actual emission data exist an
Timebound — KPIs of similar timeframes need to be used to be an effective comparison tool
for benchmarking.

The measures used are related to the factors affecting access, safety, efficiency, and affordability to
public transportation system:

1) Comfort and safety - overall experience; safety; security; walking infrastructure; public
transport infrastructure; operational performance; impact of traffic on walkability.

2) Service demand - daily trips.

3) Connecting destinations - access to public transport stops; access to jobs and services.

4) Support and encouragement — information, affordability; incentives.
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3 New solutions

In addition to existing methods for modelling passenger behavior we have developed also
customized algorithms to study the public transportation. With regard to passenger behavior we have
created a method for analysis of bus delays, that relies on jump diffusion stochastic processes. The
benefit of this approach is that it makes it easier to cope with accidents and extraordinary situations
that trigger a large delays and disruption in the established schedules.

3.1 Modelling bus delays

Bus delays have huge impact on passenger behavior and perception about the quality of service.
They can trigger a different action — from changing the type of transportation to giving up completely
on use of public transportation services. Therefore, it is crucial to be able to study them, handle them
appropriately and last, but not least — reflect those delays in future schedules, lane planning and
information/notification systems.

There are different approaches in studying bus delay times, as shown in Table 5. For a demonstration
of how suggested approach works, we have selected the simplest option — use of absolute values in
time units. This allows for a rather compact mathematical model and use of available calibration
methods.

Use of absolute values in time units and their
changes over time.

Simple and easy to use and explain approach.
Could be too much “theoretical” as typically
passengers do not react immediately on any
delay, but only when it surpasses a specific
value/barrier.

Crossing a barrier and triggering a specific
customer action (like for example change of
mean of transportation).

This approach is able to better explain actual
reactions of passengers but requires more
complex models and is harder to explain as
barriers/limit values may differ and change over
time.

Crossing a specific barrier and triggering a
significant economic impact.

Since economic impacts need to be really
significant, this approach is better suited for
modelling behavior of aggregated groups,
rather than individuals. It relies on the same
barrier analysis as the previous item.

Table 5. Approaches for analyzing bus delays
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As with many other cases, it is often necessary to make a choice between an easy to explain model
with use of minor simplifying assumptions versus a much more complex one which can handle the
problem with less restrictions. In this report we assume that passengers would react on any delay,
regardless how large it is. However, their reaction will be disproportionally large when the delays are
unexpectedly large. For example — a delay of 1-3 minutes may not cause a significant change in
passenger behavior in general, but if suddenly the delay exceeds 20 minutes it is expected that
passengers will choose a different transport and change their trip plans significantly.

3.1.1 Jump diffusion processes

Jump diffusion processes can be very valuable in modelling delays as specified in Table 6. As traffic
jams, road accidents and passenger flow can vary from day to day, it is not unusual to have delays that
cannot be predicted since they are caused by some random/unexpected events.

Additive jumps Additive jumps are applicable to modelling
delays throughout the entire route.

Multiplicative jumps Multiplicative jumps can be used model the
impact of construction works and road
incidents on road networks.

Table 6. Basic use cases of jump diffusion processes in bus delay modelling

Sometimes jumps in the delays can be compensated or at least partially compensated by buffers in the
schedule. There are situations in which this is not possible, as for example would be a situation with
major accident that results in closing an important boulevard. It is therefore necessary to be able to
model and monitor spikes in the delays in all possible cases — regardless of the fact if they accumulate
or are one-time phenomena.

th = “(Vt' t)dt + O-(Vt, t)th + dPt
(1)
dP. = J(Vi, t, z¢)d Ny,
where

z;, for additive jumps (2)
z;Vy , for multiplicative jumps

JVut,z) = {

Equation (1) shows all components used in the model, where V; is the delay time, a(V;, t)dW;
represents the random changes in the delay time, while dP; is responsible from the jumps. Depending
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on J(V4,t,z:), this model can handle both additive and multiplicative jumps, this making it very
suitable for the purpose of bus delay analysis.

To estimate all parameters needed for equations (1) and (2) we use data that is already
available from the AVL and information systems tracking public transportation. A summary of the
inputs is provided in Table 7. It should be noted that all the information included in the table is already
available as it is a set of pretty standard indicators. Such inputs are often monitored by authorities as
a raw metric on the quality of service provided by the public transportation system. This means that
there are virtually no extra costs associated with gathering the information needed to conduct such an

analysis.

Time delays in time units (minutes, seconds) Delays in accordance to predefined schedule for
public transportation.

Accumulated delays through single course of Accumulation of delays (and potential

the bus on a specific lane. compensation of delays) throughout courses of
public transportation vehicles.

Breakdowns and incidents Breakdowns and incident rates (frequency over
a defined period — typically one month).

Table 7. Inputs used to model bus delays

Figure 5 shows the results of calibration of jump diffusion process, with the use of MLE ( [14], [15]),
over sample data of bus delays. The left panel presents the raw data, while the right one has both raw
inputs and forecasted output in red color.
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Figure 8.Actual and modelled values of sample data from bus delays
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Initial tests of the model, using actual data indicate that it should be able to improve handling of special
situations and reacting to accidents when in real use. There are several areas where it may be
especially valuable:

e In identifying areas where jumps are more likely to appear. The quantification of jumps
provided by this method can also be used to justify spending more resources and time on
trying to address issues in these particular areas.

e In identifying areas where delays vary (based on estimates of the standard deviation). This
would help in trying to assess and address the core reasons that lead to variability in the
reliability of public transportation schedules.

e In optimizing existing schedules in a way that creates larger buffers whenever necessary and
introduces extra capacity to compensate for large unexpected delays.

It is also possible to apply the model with several different goals in mind — for example schedule
optimization and support for better resource allocation. It should be noted though, that this model is
not well suited for tracking down individual passenger behavior as it focuses on transportation delays
that are the same for all users, regardless of their individual characteristics and requirements.

3.1.2 Summary and conclusions

Initial tests of the bus delay modelling have shown that outputs can support public transportation
planning. In brief we can outline the following major benefits from the suggested model:

1) Jump diffusion processes can be used to model delays that are caused by a various number of
reasons.

2) They can be used as part of the techniques used to optimize transportation schedules and
analyze customer satisfaction from public transportation system.

3) Average jump sizes and jump thresholds can be used to measure the throughput of the
transportation system and analyze different scenarios.

4) Use of jump diffusion processes can improve traffic simulation and predict emergency cases
strategies in transportation.
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