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Abstrakt

Celkový nárůst mobility obyvatel v poslední době vyvolal větší poptávku po udržitelné
mobilitě, která je pro budoucí rozvoj měst nezbytná. Vzhledem k narůstajícím konges-
cím ve městech, způsobených vysokým počtem automobilům, je důležité zaměřit se na
městskou hromadnou dopravu, která je vhodnou a udržitelnou alternativou k individuální
automobilové dopravě. Cílem této práce je optimalizovat parametry Metody vyhodnocení
kvality provozu veřejné dopravy, která byla vyvinuta v roce 2017 a může se stát důležitým
nástrojem při zavádění preferenčních opatření a celkovém zkvalitnění provozu MHD. Tato
optimalizace byla provedena na základě vyhodnocení souboru reálných dopravních dat ze
107 mezizastávkových úseků ve 4 různých městech. Nakonec byla implementována optima-
lizovaná Metoda vyhodnocení kvality provozu veřejné dopravy a výsledky byly porovnány
s verzí roku 2017, s cílem, aby se Metoda vyhodnocení kvality provozu veřejné dopravy
opět přiblížila využití v praxi.

Klíčová slova Preference veřejné dopravy, chytré město, kvalita veřejné dopravy, ces-
tovní doba, výkonnost veřejné dopravy
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Abstract

The recent overall increase in the populations mobility has created a greater demand
for sustainable mobility, which is essential for the future development of cities. Given
the increasing congestion in cities caused by the high number of cars, it is important to
focus on public transport, which is a suitable and sustainable alternative to individual car
transport. The aim of this thesis is to optimize the parameters of the Public Transport
Quality of the Service Evaluation Method, which was developed in 2017 and can become an
important tool in the implementation of priority measures and the overall improvement of
public transport operations. This optimization was carried out on based on the evaluation
of a set of real traffic data from 107 inter-stop sections in 4 different cities. In the end,
it was implemented by the optimized Level of Service of Public Transport Operation
Evaluation Method for evaluating the quality of public transport operations and the results
were compared with the 2017 version, with the aim that the Level of Service of Public
Transport Operation Evaluation Method was again closer to being used in practice.

Keywords Public Transport Priority, Smart city, Public Transport Quality, Travel
Time, Service Performance
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Introduction

The overall increase in urban population mobility has recently created a greater demand for
sustainable mobility, which is essential for future urban development. Given the increasing
congestion in cities caused by the high number of cars, it is important to focus on public
transport, which is a suitable and sustainable alternative to individual car transport.
From this point of view, it is necessary to convince residents to use public transport more
than cars in order to avoid traffic congestion. The support and prioritisation of public
transport is a cornerstone of sustainable urban mobility planning (Sustainable Urban
Mobility Plans), where it plays a crucial role, particularly in terms of reducing greenhouse
gas emissions and thus meeting the goals of the European Green Deal. [6] In order to make
public transport competitive with cars, it is required to offer the level of public transport
quality needed in addition to the financial advantage. [7]

There are many indicators that can describe the quality of public transport given the
availability of data collection from real traffic. In 2017 Ing. Vojtěch Novotný, Ph.D. created
The Quality of Public Transport Operation Evaluation Method (QPTOEM). This method
is based on evaluating the reliability of public transport and travel speed - two important
objective indicators of the quality of public transport operations, which can be evaluated
from real traffic data. In this way, it should be possible to identify problematic inter-
stop sections on the road and propose their possible improvements, thereby improving
the quality of public transport and which would lead to more people using this mode of
transportation. Following the development of this method, the PREFOS Research Group
was established at the Czech Technical University in Prague, Faculty of Transportation
Sciences, which deals not only with development and the implementation of this method,
but also with research on the public transport priority in general. Within this research
group, this thesis was also created, which deals with the optimization of the QPTOEM.To
optimize the QPTOEM, more than a hundred inter-stop sections from four different cities
are evaluated, using statistical methods to achieve the best possible result of the thesis,
aiming to modify the QPTOEM to correspond as closely as possible to real traffic.
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Chapter 1
Quality of Public Transport

Operations as an Important Part of
Public Transport Quality

There are many different ways of looking at the quality of public transport and how to
evaluate it. Currently, a very popular view of the quality of public transport and mobility
in general is from a Smart City perspective.The term Smart City refers to a city that
effectively uses modern technology and data collection to manage and operate the city
in a way that creates synergies between different sectors with consideration to energy
consumption and the quality of life of the citizens in that city. For such a city, the
most economical, environmentally friendly, sustainable and space-efficient way is to keep
mobility to a minimum, so the focus is on relocating targets rather than making public
transport more cost-effective. [8] Of course, this is not always possible, which is why
shared transport in all its forms, such as bike-sharing, car-sharing or public transport,
is encouraged. Given the characteristics of a Smart City, public transport that is very
well integrated with other mobility systems such as bike sharing, transfer terminals, etc.
is advantageous, and such synergies are close to integrated regional transport systems,
for example. Travel, where necessary for residents, should be as short as possible, thus
reducing the economic losses caused by ’wasted’ time on transport. [9] The type of vehicles
used is also related to the reduction of energy consumption. A quality public transport
system should use the most efficient (electric) vehicles currently available that do not
pollute the environment either by emissions or noise. [8]

Anyway, from a Smart City perspective, these are rather goals that can be achieved
in the future. Currently, the evaluation of the quality of public transport operations has
many variations and, given the broadness of this topic, there are a number of parameters
that can be evaluated in this regard. First of all, it is important to distinguish whether
the quality of public transport is from the perspective of the passengers or the operator.
From the operator’s point of view, quality public transport is as efficient as possible, but
the least economically demanding, which includes both fuel costs and, for example, staff
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wages, etc. At the same time, quality public transport should generate minimal losses
for the operator so that it is subsidised as minimally as possible. However, due to the
increasing mobility of the population and the large number of private cars, which are very
inefficient, this takes up a lot of space and generally reduces the quality of life in cities,
public transport is nowadays highly promoted. It is therefore necessary that the public
transport service is of high quality, especially from the passengers’ point of view, as this is
what will convince them to choose public transport over the car. Public transport quality
indicators can be divided, for example, into performance and service quality indicators
[10]:

• Quality of service indicators (or “soft” indicators) - this set of indicators is used for
surveying the user opinion about specific aspects of the public transport service and
describing it in a qualitative manner (e.g. satis-faction about punctuality, travel
time, safety, ticket price, comfort, company image, etc.). [10]

• Performance indicators (or “hard” indicators) - this set of indicators describes the
performance of public transport in a quantitative manner (e.g. travel time, reliability
etc.). [10]

Soft indicators or tools are a range of instruments that aim to persuade individuals to
voluntarily change their travel behaviour towards greater sustainability. Soft tools aim to
change behaviour by changing attitudes, perceptions of the objective environment and the
consequences associated with the use of different modes of transport, and by strengthening
the capacity to use public and non-motorised modes of transport. Such tools are used in
a wide range of variations (in the form of mobility plans for employees, school mobility
plans, personal planning services or information campaigns promoting public transport)
and usually accompany infrastructure and pricing instruments.[7]

A number of studies confirm the effect of soft motivational tools. For example, in
Japanese cities, there has been an average 17 % reduction in car trips and a 15 % to
35 % reduction in CO2 emissions. Conversely, public transport use has increased by up
to 50 % [11]. The magnitude of the effect of soft instruments varies according to the
specific type of instrument and for different target groups [12]. Impacts are larger for
groups undergoing life changes and with poorly developed travel habits. In some cities,
however, soft tools have not led to the intended changes [13]. The evidence on the extent
to which these changes are sustained is also mixed, to say the least. While in Kassel
and Nuremberg, Germany, the changes lasted beyond two years after the programme was
implemented, in the English cities of Nottingham and Leeds, changes in travel behaviour
were not sustained. [7]

However, economic indicators and indicators of the quality of public transport have a
much greater influence on the choice of mode of transport, and travel time is closely related
to this, which is influenced by the proximity of transport infrastructure. In particular,
the choice of transport mode depends on the distance of the residence from the nearest
public transport stop [14] and its interval. The length of the public transport interval has
a lower, but nevertheless an order of magnitude comparable effect to the duration of a
public transport journey. This means that the share of public transport in the modal split
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is more affected when the travel time is reduced or increased by one minute than when
the interval of the nearest public transport service is changed by the same length. [7]

Utility-based models of travel time also rely on the importance of travel time, par-
ticularly the Random Utility Model, RUM [15]. In addition to mode choice, these types
of models are used to explain individuals’ decisions about whether, when, and where to
travel. An individual compares the utility of an alternative according to the extent to
which that alternative satisfies his or her individual needs or desires. He or she then ranks
the alternatives by utility and chooses the alternative providing the greatest utility. The
random utility model assumes that the choice reflects a rational process of optimizing
the benefits that the individual can achieve. One of the three factors influencing mode
choice in the random utility model is assumed to be the characteristics of the alternatives
from which the individual chooses; in the case of mode choice, this is most often the time
taken to travel by each mode to a given destination and the associated monetary costs.
The reliability or flexibility of the transport mode is also considered, but measuring these
characteristics is often difficult. [16]

In general terms, there are six key areas or requirements that must be met for the
public transport system to be perceived as attractive and of a high quality by the public
transport passenger (Figure 1.1). Of these six areas, travel speed and reliability are
indicators of the quality of service. [1]

Figure 1.1: Diagram of the overview of public transport quality parameters from the
passengers’ point of view. The highlighted parameters are key to the QPTOEM.[1]

4



The passenger expects to be transported between the origin and destination of his/her
journey in a reasonable (acceptable) time at a reasonable (acceptable) speed, which is in
principle more convenient than travelling by car. He also expects to reach his destination
on time, regardless of external circumstances. Here, it should also be taken into account
that even relatively small delays are more perceived in the case of public transport travel,
because, unlike travelling by car, the passenger can easily compare the journey time or
the arrival time to the destination with the timetable - therefore punctuality is very
important. Travel speed and reliability are essentially qualitative parameters of public
transport operations. [1]

If a trip takes significantly longer by transit than by other modes, or if actual trip
time ranges so widely as to be unpredictable, people may choose not to take the transit
and cities will miss out on opportunities to reduce congestion and spur development. Also
reliability affects how passengers perceive waiting times. If the waiting time and travel
time vary significantly, or are routinely much longer than the scheduled time, passengers
build this time into their trips, and transit becomes less useful for them. to eliminate
sources of delay. In this case, this includes delays caused by congestion and stopping at
intersections, but also dwell time at stops, which includes passenger boarding, entering
and exiting the stop, speed of door opening, etc. In the Twin Cities, the transit agency
estimates that the majority of transit runtimes on a major corridor are when transit
vehicles are not moving as can be seen in Figure 1.2. [2]

Figure 1.2: Round trip highly affected by the traffic. [2]
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However, reliability and travel speed are not only important indicators for the choice
of means of transport, but can also significantly influence the economic costs of public
transport for the operator. As can be seen in Figures 1.3 and 1.4, for example, for a
70-minute bus turnaround, 7 buses are needed at a 10-minute interval. If 10 minutes of
travel time is saved, only 6 buses are needed to serve the section, or the interval can be
reduced to 8.5 minutes, making the option of travelling by bus more attractive. From the
operator’s point of view, saving one bus service can mean reduced operating costs as the
purchase price, staff costs etc. play a big part.

Figure 1.3: Changing number of vehicles needed for the area service after saving 10 minutes
of the route. [2]
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Figure 1.4: Graph showing that majority of transit runtimes on a major corridor are when
transit vehicles are not moving. [2]
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Chapter 2
The Quality of Public Transport

Operation Evaluation Method
(QPTOEM) principles and default

version

As mentioned in Chapter 1, the quality of public transport operations is an important
part of the evaluation of the quality of public transport. The shortest possible travel time
of public transport vehicles and their reliability are not only an important aspect for the
choice of travel mode for passengers, but can also lead to a reduction in the cost of public
transport operations for the operator. On the basis of these requirements, in 2017 Ing.
Vojtěch Novotný, Ph.D. defined the QPTOEM.[1]

The method is based on a quantitative evaluation of qualitative parameters of public
transport operations, travel speed and reliability (Figure 1.1) and on the basis of (com-
monly available) data on the operation of individual connections in a given section. The
evaluation is designed for the inter-stop section, as this is usually the smallest section for
which measurable data (tracking of departure and arrival at the stop) is available. Each
inter-stop section is then rated on a scale of 1 “excellent” - 5 “unacceptable”. A data
structure that contains both the arrival and departure time of the service at the stop is
usually more suitable for a more accurate evaluation (the travel time or speed is evaluated
and the effect of the length of stay of the service at the stop is removed). On the contrary,
a data structure providing only the time of departure of the connection from the stop
and working with travel time more relevantly reflects the customer quality sensing (see
Chapter 1). [1]
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2.1. Reliability of public transport operations

2.1 Reliability of public transport operations
A reliable inter-stop section is considered to be one where public transport services achieve
the same journey times throughout the day, regardless of the time of day or changes in
traffic. This can be seen in Figures 2.1 and 2.2, which show plots of two different inter-stop
sections. In Figure 2.1, it is possible to see a segment that is considered to be relatively
reliable because the travel time is the same during the day, but is higher than the schedule
throughout the day.[1]

Figure 2.1: Graph of travel time (hourly average) versus time of day. Model for working
days for the section Spořilov - Teplárna Michle (Prague).[1]

Conversely, Figure 2.2 shows an example of a section where, although the average
hourly travel time is on schedule for some parts of the day, this section cannot be considered
reliable because there is a large variance in travel times throughout the day. Therefore,
it cannot be considered correct to determine the reliability of public transport operations
in relation to the timetable travel times.[1]
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Figure 2.2: Graph of travel time (hourly average) versus time of day. Model for working
days for the Bohdalec - Chodovská (Prague) section.[1]

To determine the level of reliability of a section, a reliability index is defined in the
QPTOEM. Since a reliable section is one where the same travel time is achieved through-
out the day regardless of the time of day, the reliability index is mathematically described
as the standard deviation of the travel times (TT7), as can be seen in the following Equa-
tion 2.1.

i(relA−B) = σT T

s
· 1000 =

√
1
n

∑n
i=1[xT T − E(XT T ]2

s
· 1000 (2.1)

Since the variance in travel times is more likely to be greater for longer sections, this
standard deviation is relativised by the length of the section. The multiplication by 1000
is to make the numbers easy to read and not too small. For the reliability index, it is
therefore known that the higher the reliability index, the worse the quality of public trans-
port operations.[1]

7Travel Time
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2.2 Travel speed in inter-stop sections
The second important parameter of the QPTOEM is travel time, or in the case of the
method, travel speed. This is very easy to measure and well quantifiable, but it is necessary
to determine exactly what the travel speed can be compared to. For this purpose, it is
proposed to find the ideal travel speed, i.e. the highest average travel speed at which a
public transport vehicle can pass a given stopping point without unnecessary delays. How
to determine such a travel speed? It is suggested to use the timetable time, but as already
mentioned, the timetable is artificially set to match the speeds achieved in reality, not
to reflect the best travel time that can be achieved on the section. For this purpose, the
so-called decisive travel speed is used in the QPTOEM. This is verbally defined as “the
highest speed that can be regularly achieved” [1], i.e. it is very close to the ideal speed.

Mathematically, it is described as a ten percent quantile of all travel speeds, as can be
seen in Equation 2.2. This value was determined based on the data available at the time
the method was developed.[1]

V (TTA−B; dec) = 0, 06 · sA−B

Q10(tT T ;A−B) (2.2)

The calculated decisive travel speed is then used in the calculation of the travel speed
index. This is defined as the level reached of the decisive travel speed by the average travel
speed of the section. Mathematically, it is therefore the ratio of the decisive travel speed
to the average travel speed in the section, as shown in Equation 2.3.[1]

i(VT T ;A−B) = V (TTA−B;avg)
V (TTA−B;dec)

(2.3)
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2.3 Level of Service of Quality of public transport
operations

The Reliability Index and the travel speed index are used to determine the final Level of
Service. The overall Level of Service is evaluated on an integer scale of 1 (“excellent”) -
5 (“unacceptable”). This value is obtained by first fuzzifying the two indices, after which
the numeric value of the linguistic variable is assigned. Based on this, the overall Level of
Service is then evaluated using logic rules from the numerical values of the two indices, as
can be seen in the diagram in Figure 2.3.

Figure 2.3: Diagram of the procedure for evaluating the overall Level of Service from the
travel speed and reliability indices.[1]

Based on the qualitative evaluation of the reliability and travel speed indices, the
overall value of the level of service of the inter-stop section is then calculated. This
evaluation is performed using fuzzy sets and a series of logical rules. In simplified terms,
this is determined by the larger percentage of membership in the sum of the two indices.
Thus, if the reliability index was 75 % related to the value “low” and 25 % related to
the value “unacceptable”, and the travel speed index was 50 % related to the value “low”
and also 50 % related to the value “unacceptable”, the overall Level of Service will decide
between the values “unacceptable” and “low”. This will be determined by the sum of the
percentages, i.e. an overall 125 % value of “low” and a 75 % value of “unacceptable”
means that the overall Level of Service will have a value of “low”.[1]

For each index, a membership function was created for the qualitative evaluation
of public transport quality. This function assigns to a given index value a measure of
membership to a particular qualitative evaluation. The membership graphs can be seen
in Figures 2.4 and 2.5. For example, a reliability index value of 1.35 would correspond to
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a 75 % “low” and 25 % “unacceptable” value according to the membership function, as
can be seen in Figure 2.4.

Figure 2.4: Linguistic membership function to determine the Level of Service for the
reliability index. [1]

Similarly, a travel speed index value of 0.55 corresponds 50 % to the value “unaccept-
able” and 50 % to the value “low” (Figure 2.5).

Figure 2.5: A linguistic membership function for determining the Level of Service for a
travel speed index.[1]
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2.3. Level of Service of Quality of public transport operations

The Level of Service are divided into 5 categories: excellent, good, insufficient, low
and unacceptable. For clarity, each of these categories also has a numerical value from 1
to 5, where 1 corresponds to “excellent” and 5 to “unacceptable”.

This rating was chosen for clarity and readability for the general public and also
corresponds in part to the already used rating of traffic volume and road passability for
car drivers. At the same time, the overall value of both aspects, reliability and travel speed,
is included in this single figure. In addition, by extracting the necessary data accurately
from mass transit vehicle traffic data, an automated Level of Service evaluation can also
be achieved.[1]
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Chapter 3
Pilot testing and ciritical analysis of

the QPTOEM

In 2017, the method was defined on the basis of only a small amount of data and usually
using only expert estimates. An important aspect of the optimization is the use of a larger
and more variable data sample than when the QPTOEM was defined in 2017. This data
from a total of 107 inter-stop sections and 4 different cities was first evaluated with the
2017 version of the QPTOEM. For this purpose, an evaluation sheet was created in the
Power BI software. These results were plotted and linear trends were evaluated for each
of the indicators (Level of Service for Reliability Index, travel speed index and Overall
Level of Service). These trends were used not only to identify specific problems, but also,
after optimization, to verify whether the QPTOEM now met the requirements and how
it affected the results. A summary of the case studies can be seen in Table 3.1.

Table 3.1: A summary of the case studies.

City Location Number of inter-stop sections
Brno Česká - Zelný trh 4
Brno Gajdošova - Tomkovo nám. 7
Brno Mendlovo nám. - Konečného nám. 7
Brno Soukenická - Vsetínská 6

Budapest Déli pályaudvar 2
Budapest Erszébet híd 4
Budapest Kéleti pályaudvar 2
Prague Karlovarská 3
Prague Libuš 6
Prague Opatovská 10
Prague Pod Jezerkou - Chodovská 6
Prague Spořilov - Želivského 12
Pilsen Line 16 (Doubravka - Sídliště Bory) 38
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The pilot study was carried out after data from real public transport operations became
available. This study was mainly important to validate the parameters of the QPTOEM.
A total of 107 inter-stop sections of bus or tram networks were selected from 4 different
cities. Data processing was also a challenging task as each city had a different source and
format of raw data that needed to be preprocessed before being used in the QPTOEM
evaluation.

3.1 Data processing - QPTOEM version 2017
In the optimization, the 2017 version was first evaluated for all inter-stop sections for
accurate identification of the problem areas of the QPTOEM. The results of the 2017
evaluation also served as the basis for the subsequent optimization and were important
for the final comparison of the optimized new version of the QPTOEM.

There was a different source data format for each city. This data had to be initially
edited into a uniform format, which was then used as a source for the evaluation of
individual inter-stop sections. The key information is the departure/arrival time from/to
the stop. Other information is the starting and ending stops, the line number or service
number to identify the correct data. Python was mainly used to modify the data into the
appropriate format to provide the required information. Subsequently, obviously erroneous
data, such as negative, too short or unusually long journey times, had to be filtered out.
This was all done manually and by expert estimation thanks to local knowledge of the
sections. Possible outliers (e.g. 12 minutes long travel time in a given section) were
verified according to outliers and closures and possibly also filtered out if they were faulty
measurements. For easier evaluation, detailed analysis and presentation of the results of
the 2017 version of the QPTOEM, Power BI software was used to create a an evaluation
sheet for each inter-stop section. With the Power BI software, the evaluation could be semi-
automated and made more effective; for each inter-stop section it was only necessary to
slightly modify the input data. Whole process of data processing can be seen in Figure 3.1.

Figure 3.1: Initial data processing scheme.

For each inter-stop section an evaluation sheet is created, which has 4 pages. The
first two pages contain the basic information about the section and the basic evaluation,
therefore they are called the Basic Evaluation Sheet. The third and fourth pages contain
a detailed description and evaluation of the section, the so-called Advanced Evaluation
Sheet.
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3.1. Data processing - QPTOEM version 2017

Basic Evaluation Sheet

On the first page of the evaluation sheet (Figure 3.2) it is possible to find basic data
and parameters about the given inter-stop section. This information includes the name
of the case study, the section ID (A is for one direction and B is the opposite direction)
and the outlying stops. Under this heading is the length of the segment, the start and
end date of the measurement, the number of measurements (number of connections that
have passed through the segment in total), what percentage of the inter-stop segment
the vehicle is travelling on a dedicated lane, the data source or provider, and the data
structure (departure-to-departure or departure-to-arrival). The next row shows the basic
results of the QPTOEM implementation such as Level of Service, the values of the two
indices (reliability index and travel speed index), the decisive travel time and speed, and
the delay distribution, which is calculated against the timetable and divided into intervals
according to the length of the delay.

Figure 3.2: Screenshot of the information about the Spořilov - Teplárna Michle inter-stop
section from the Basic Evaluation Sheet.

On the first page it is also possible to find a more detailed analysis using the travel
time model of working days. Only weekday data is used for this model, as weekend data is
of a different nature. Two graphs are produced for this model, as can be seen in Figure 3.3.
The first graph shows the average travel times of public transport vehicles in hourly slices.
On the x-axis is the hour of the day and on the y-axis is the travel time. The second graph
shows the percentage comparison of these average hourly slices with the decision travel
time, that is, by what percentage is the average travel time in a given hourly slice higher
or lower than the decisive travel time. Below these graphs, you can find the average travel
time, the travel speed, and the percentage comparison of the average travel time to the
decisive travel time for the full day, the worst hourly slice, and the best hourly slice.
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Figure 3.3: Screenshot of travel time model of working days for the Spořilov - Teplárna
Michle inter-stop section in the Basic Evaluation Sheet.

The second page of the Basic Evaluation Sheet contains only notes that explain and
describe in detail the variables used in the evaluation as seen in Figure 3.4.

Figure 3.4: Screenshot of the second page of the Basic Evaluation Sheet.
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Advanced Evaluation Sheet

There are a total of three tables on the first page of the Advanced Evaluation Sheet.
The first one is a daily summary where you can see for each day of the measurement the
number of connections, the average travel time, the variance and standard deviation of
the travel time and the average travel speed. In addition, all statistical variables have
variable underlining, with darkest red being the worst results and white being the best
results. Next to this daily summary table, you can see ring charts of the delay distribution
for all days, weekdays only and weekends only. These are only values of delays against the
timetable not against the decisive travel time. The daily summary table and ring charts
are seen in the Figure 3.5.

Figure 3.5: Screenshot of a daily summary table and delay distribution charts for the
Spořilov - Teplárna Michle inter-stop section in Prague.

The second table is the average travel time table, where one can see the average
travel times in each hourly slice, of each working day. Like the characteristics in the
previous table, they are again underlined, making it easy to identify outliers and gaps in
the measurements. The last table is the hourly summaries, where the average travel time
and average travel speed for each hourly slice for all days are expressed. Finally, on this
page there are also delay diagrams for all days, weekdays and weekends separately. An
example of a table of average travel times and a table of hourly summaries for the Spořilov
- Teplárna Michle inter-stop section in Prague can be seen in Figure 3.6.
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3.1. Data processing - QPTOEM version 2017

Figure 3.6: Screenshot of a table of average travel times for the Spořilov - Teplárna Michle
inter-stop section in Prague.

On the last page you can find graphs of average travel times for hourly slices for each
day of the week separately (Figure 3.7). This makes it possible to see any differences in
weekend or weekday traffic.

Figure 3.7: Screenshot of the second page of Advanced Evaluation Sheet with graphs of
hourly slices for the Spořilov - Teplárna Michle inter-stop section in Prague.
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3.2 Inter-stop sections evaluation - the QPTOEM version
2017

For the optimization of the QPTOEM, inter- stop sections from the cities of Prague,
Pilsen, Brno and Budpaest were selected based on good data availability, sufficient extent
of the transport network and also good local knowledge. This made it possible to select
inter-stop sections where the quality of public transport operations is already subjectively
known (frequent delays of connections or, on the contrary, very good transit) and thus to
select equally excellent sections, unacceptable and average ones. An overview of the case
studies can be seen in the table in the begining of this chapter in Table 3.1.

3.2.1 Brno

Brno is the second largest city in the Czech Republic, but with a population of 379,466
it is still far behind the capital Prague. [17] The backbone public transport network here
consists of tram lines and is supplemented by buses. The diagram of public transport
in Brno can be seen in Figure 3.8. 4 case studies were examined here, namely Česká -
Zelný trh, Gajdošova - Tomkovo náměstí, Mendlovo náměstí - Konečného náměstí and
Soukenická - Vsetínská. In total, there are 24 inter-stop sections.
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Figure 3.8: Diagram of public transport lines in Brno.[3]

Česká - Zelný trh case study

The Česká - Zelný trh case study has only 4 inter-stop sections with a total length of about
600 metres (Figure 3.9). However, an interesting feature of this section is that between
the stops Česká, Náměstí Svobody and Zelný trh a pedestrian zone passes through, so
it is possible to detect the influence of pedestrians on the operation of public transport
vehicles.
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Figure 3.9: Diagram of the route with marked stops plotted on the map for the Česká -
Zelný trh case study in Brno.

Gajdošova - Tomkovo náměstí case study

The Gajdošova - Tomkovo náměstí case study has 6 inter-stop sections with a total length
of over 2000 metres(Figure 3.10). The stops along the route are Gajdošova, Stará osada,
Židenice, kasárna and Tomkovo náměstí. This section is very busy with car traffic and
there are no dedicated lanes, therefore there is a lot of interaction between public transport
vehicles and cars.
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Figure 3.10: Diagram of the route with marked stops plotted on the map for the Gajdošova
- Tomkovo náměstí case study in Brno.

Mendlovo náměstí - Konečného náměstí case study

Mendlovo náměstí - Konečného náměstí case study has 7 inter-stop sections with stops
at Konečného náměstí, Čápkova, Úvoz, Tvrdého and Mendlovo náměstí as can be seen in
Figure 3.11. The total length of the section is approximately 1900 metres. For a significant
length of several inter-stop sections, there is a dedicated lane for public transport vehicles.

24



3.2. Inter-stop sections evaluation - the QPTOEM version 2017

Figure 3.11: Diagram of the route with marked stops plotted on the map for the Mendlovo
náměstí - Konečného náměstí case study in Brno.

Soukenická - Vsetínská case study

Soukenická - Vsetínská case study also has a total of 6 inter-stop sections with a length of
1200 metres. A diagram with marked stops can be seen in Figure 3.12. All stops on the
route (Soukenická, Křídlovická, Vojtova and Vsetínská) and the inter-stop sections are on
a dedicated lane for public transport vehicles.

25



3.2. Inter-stop sections evaluation - the QPTOEM version 2017

Figure 3.12: Diagram of the route with marked stops plotted on the map for the Soukenická
- Vsetínská case study in Brno.

Data source and format in Brno

In Brno, the data is not used directly for this purpose by the transport company (Dopravní
podnik města Brna, a.s.). Therefore, raw data with all information sent to the system from
public transport vehicles was provided directly from the transport company. Therefore,
the data had to be filtered and processed using Python due to their large volume. The
arrival and departure from the stop is signalled by a command to open and close the doors
(the data after this filtering can be seen in Figure 3.13), then the data was filtered based
on the information of the starting and following stop. After this filtering, the data was
ready for analysis using QPTOEM in the departure-arrival format.
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Figure 3.13: Screenshot of data provided in Brno. Important is the column “zastavka -
otevr./uzavr. dvere”, which indicates the opening and closing of the door at the stop,
according to which Brno calculates the time of arrival and departure to the stop.

Results of the evaluation in Brno

In the table in Figure 3.14 can be seen the results of the 2017 QPTOEM evaluation for
Brno. The resulting Level of Service is highlighted according to the resulting value, green
is for the best values and red is for the worst.
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Figure 3.14: Table of results of evaluation of the 2017 version of the QPTOEM in Brno.

3.2.2 Budapest

Budapest was chosen because it is a foreign city and compared to other foreign cities
there is a good knowledge of the local situation and the availability of public transport
bus operation data. A total of 8 inter-stop sections in 3 different locations have been
selected. The location Blaha Lujza tér - Keleti Pályaudvar was chosen because of frequent
congestion but buses are routed on a dedicated lane for almost the whole inter-stop section.
A diagram can be seen in Figure 3.15.
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Figure 3.15: Diagram of the route with marked stops plotted on the map for the Blaha
Lujza tér - Keleti Pályaudvar location in Budapest.

The location over the Erszébet híd bridge was chosen again because of the dedicated
lane. The Ferenciek tér, Március 15. tér and Döbrentei tér stops are located here and a
diagram of this site can be seen in Figure 3.16.
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Figure 3.16: Diagram of the route with marked stops plotted on the map for the Erszébet
híd location in Budapest.

The last location (Figure 3.17) from Déli pályaudvar station to Széll Kálmán tér was
chosen precisely because of the large amount of congestion and at the same time the
minimal movement of public transport buses on the dedicated lane.
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Figure 3.17: Diagram of the route with marked stops plotted on the map for the Déli
pályaudvar - Széll Kálmán tér location in Budapest.

Data source and format in Budapest

In Budapest, the data is not provided directly by the transport company (BKK FUTÁR
- Centre for Budapest Transport), but is publicly available via an API8 server. From this
server it was possible to download line by line information with arrival and departure
information from the stops, the ID of the stop and the order of the stop on the route. A
sample of this data is shown in Figure 3.18. According to these parameters, the data was
also filtered and processed to be used for analysis using QPTOEM.

8Application Programming Interface
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Figure 3.18: Screenshot of data provided in Budapest.

Results of the evaluation in Budapest

The results of the 2017 QPTOEM evaluation for Budapest can be seen in Figure 3.19.
The resulting Level of Service is higlighted according to the resulting value, green is for
the best values and red is for the worst.

Figure 3.19: Table of results of evaluation of the 2017 version of the QPTOEM in Bu-
dapest.
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3.2.3 Prague

Prague is the capital of the Czech Republic. With a population of 1,280,299, it is also
the largest city and the only one with more than 1 million inhabitants in the Czech
Republic.[18] This also corresponds to the high mobility of the population and the largest
transport network. The backbone of the public transport network is the 3 metro lines,
which is complemented by a dense tram and bus network. Currently, only 1 trolleybus line
is in operation. A diagram of the metro and tram lines can be seen in Figure 3.20. The
size of Prague is also related to the high density of individual car traffic and the frequent
interaction between public transport vehicles and cars.

Figure 3.20: Metro and tram lines scheme in the public transport network in Prague.[4]
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For the pilot study 5 areas were selected in Prague, namely the case studies Pod
Jezerkou - Chodovská, Spořilov - Želivského, Karlovarská, Libuš and Opatovská. The
case study Krymská - Náměstí Míru was also selected to test the data provided by buses
and trams. In total, there are 40 inter-stop sections on the Prague public transport
network.

Pod Jezerkou - Chodovská case study

This case study contains a total of 6 sections in both directions between the stops Pod
Jezerkou, Michelská, Plynárna Michle and Chodovská. The total length is approximately
1,600 metres and on a large part of the route public transport buses travel in a dedicated
lane. A diagram of the route plotted on the map can be seen in Figure 3.21.

Figure 3.21: Diagram of the route with marked stops plotted on the map for the Pod
Jezerkou - Chodovská case study in Prague.
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Spořilov - Želivského case study

case study Spořilov - Želivského is the largest case study in Prague. It includes a total
of 12 sections between the stops Spořilov, Teplárna Michle, Chodovská, Bohdalec, Slavia,
Bělocerkevská, Želivského. This section is very variable, there are both short and very long
inter-stop sections, at the same time there are sections with frequent delays and sections
with almost trouble-free operation of public transport connections. The total length of
the section is almost 4500 metres and its route is shown on the map in Figure 3.22.

Figure 3.22: Diagram of the route with marked stops (orange) plotted on the map for the
Spořilov - Želivského case study in Prague.
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Karlovarská case study

Case study Karlovarská has only 3 inter-stop sections, only in one direction, with a total
length of almost 2000 metres. On the route there are the stops Staré náměstí, Jiviny,
Ruzyňský hřbitov and Bílá hora, which are highlighted in Figure 3.23. There are no
dedicated lanes for public transport on this section, and a large part of the route runs
along the congested Karlovarská road. The worse quality of public transport can be
presumed here.

Figure 3.23: Diagram of the route with marked stops plotted on the map for the
Karlovarská case study in Prague.
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Libuš case study

In the Libuš area, a total of 6 sections are being evaluated with a length of approximately
1,200 metres. The stops along the route are U Zvoničky, Libuš, U Libušské sokolovny and
Sídliště Písnice (Figure 3.24). Public transport buses do not drive in a dedicated lane
along the entire route and the entire route is located on an important road for the area.

Figure 3.24: Diagram of the route with marked stops plotted on the map for the Libuš
case study in Prague.
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Opatovská case study

Case study Opatovská contains 10 inter-stop sections in both directions with the stops
Opatov, Ke Kateřinkám, Metodějova, Háje, Horčičkova and Jižní město, the total length
is approximately 3,000 m (Figure 3.25). In this case, the route of public transport buses
is partly led in a dedicated lane in each inter-stop section, so the impact of this priority
measure can be well studied.

Figure 3.25: Diagram of the route with marked stops plotted on the map for the Opatovská
case study in Prague.

Krymská - Náměstí Míru case study

Case study Krymská - Náměstí Míru was evaluated only for the purpose of comparing the
functionality of data from bus and tram lines, it has no greater importance in the pilot
study.
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Data source and format in Prague

In March 2020, ROPID9 joined private carriers in providing information on the live lo-
cations of their buses. This information is available to all Prague Integrated Transport
passengers in the IDOS and PID10 Lítačka applications. In autumn 2020, a new web ap-
plication mapa.pid.cz was launched to display the current position and information about
PID buses and trams. In connection with the launch of the Prague application the data
was also linked and made available (only bus-related data for now) to other applications
and developers. Timetables and location information from PID buses are provided and
published by ROPID to the Prague data platform Golemio, which is being developed by
and operated by Operátor ICT.[19]

The data provided for Prague study is very clear and easy to process. They are
provided in departure - departure format. In addition to the necessary information such
as departure time from the stops, date and line number, there is also the calculated travel
time and its comparison with the timetable. A sample of the data for the inter-stop
section Bohdalec - Chodovská can be seen in Figure 3.26. The data shows a large amount
of information, from the left (Figure 3.26) - the date, line, connection, circulation, the
start of the section (initial stop), the time according to the timetable at the initial stop
(when the connection should have arrived there), the actual time at the initial stop (when
the connection actually arrived there), the difference between these two times, the end of
the section (final stop), the scheduled time at the final stop (when the service should have
arrived there), the actual time at the end stop (when the service actually arrived there),
again the difference of these two times, then the scheduled travel time, the actual travel
time, the deviation of these times and the percentage deviation.

Figure 3.26: Screenshot of data provided in Prague for the inter-stop section Bohdalec -
Chodovská.

9Regional Organiser of Prague Integrated Transport (Regionální organizátor pražské integrované do-
pravy)

10Prague Integrated Transport (Pražská integrovaná doprava)
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Results of the evaluation in Prague

The results of the 2017 QPTOEM evaluation for Prague can be seen in Figure 3.27. The
resulting Level of Service is higlighted according to the resulting value, green is for the
best values and red is for the worst.

Figure 3.27: Table of results of evaluation of the 2017 version of the QPTOEM in Prague.
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3.2.4 Pilsen

Pilsen is one of the largest cities in the Czech Republic, with a total of 168,733 inhabitants.[20]
The transport network in Pilsen is not very large, the backbone network consists of tram
lines supplemented by buses and trolleybuses (Figure 3.28). However, Pilsen has been try-
ing to modernise and develop its public transport network for a long time, which is why
a number of priority measures have been implemented. The line 16 corridor is currently
under development, and there is an interest in monitoring the quality of public transport
on this line. It is why the entire route of this trolleybus line has been selected for case
study in Pilsen.

Figure 3.28: Diagram of public transport lines in Pilsen.[5]
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Case study trolleybus line 16

Line 16 is the backbone trolleybus line of Pilsen public transport. It connects large
residential areas with the city centre, public transport interchanges, medical facilities,
offices, employers and commercial areas. It is the busiest trolleybus line in Pilsen. It has
a total of 21 stops on its route and contains 38 intermediate stop sections, with a total
length of over 8,000 metres. A diagram of the line can be seen in Figure 3.29.

Figure 3.29: Diagram of the route with marked stops plotted on the map for the trolleybus
line 16 in Pilsen.

Data source and format in Pilsen

Pilsen public transport company (Plzeňské městské dopravní podniky, a.s.) have their
own private software for obtaining RealTime data from public transport vehicles. This
data is not provided publicly, but for the purpose of this thesis data was provided directly
by Pilsen public transport company. Pilsen public transport company already uses the
QPTOEM to monitor the operation of their vehicles, but in a slightly modified version that
better captures the nature of the Pilsen transport network, for example using a different
determination of the decisive travel time.

Because they process the data themselves, the data is again clear and only the most
important information is provided. The data is provided in a departure-arrival format, so
the travel time is not affected by the vehicle standing at the bus stop. An example of the
data can be seen in Figure 3.30.
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Figure 3.30: Screenshot of data provided in Pilsen for the line 16.

The data provides a large amount of information, from the left it is the identification
number, the vehicle identification number, the time spent at the stop (this is 0 seconds,
because the system does not evaluate it), the start time (the time when he left the stop),
the end time (the time when he arrived at the next stops) and total travel time. Each
data set is for a specific inter-stop section and line.
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Results of the evaluation in Pilsen

The results of the 2017 QPTOEM evaluation for Pilsen can be seen in Figure 3.31. The
resulting Level of Service is underlined according to the resulting value, green is for the
best values and red is for the worst.

Figure 3.31: Table of results of evaluation of the 2017 version of the QPTOEM in Pilsen.
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3.2.5 Level of Service evaluation results - QPTOEM version 2017

After evaluating the results of the QPTOEM, the reliability index and travel speed index
values were further converted to Level of Service values for each index so that these values
could be compared to each other and also compared to the overall Level of Service value.
These values were further sorted by distance and based on this, plotted in the graph in
Figure 3.32.

Figure 3.32: Graph showing the results of the evaluation of the overall Level of Service,
Level of Service travel speed index and Level of Service reliability index of the 2017 version
of the QPTOEM.

The graph shows the results of the evaluation of the inter-stop sections of the 2017
version of the QPTOEM, ordered by the length of the inter-stop section from shortest to
longest. The length of the inter-stop section is shown on the x-axis and the y-axis is the
Level of Service value, the maximum of this value corresponds to the maximum of the
Level of Service, i.e. 5. The yellow dashed line shows the Level of Service values of the
travel speed index, the blue dashed line shows the Level of Service values of the reliability
index, and the orange line shows the total Level of Service values. The solid lines show
the linear trends of each variable. This graph will be relevant for further analysis of the
QPTOEM.
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3.3 Critical analysis of the 2017 version of the QPTOEM
The first part of the critical analysis of the QPTOEM consisted in studying the processes
and procedures used and then identifying possible weaknesses. The aim is to make the
QPTOEM more relevant to the actual data, universally applicable and intuitively evalu-
able.

As there was not enough data available when the QPTOEM was established, the focus
should be on evaluating variables that were initially determined by expert estimation, as
they are directly dependent on the input data, and also on variables whose meaning was
more difficult to understand when studying the QPTOEM. Specifically, these are in 4
areas:

• inaccurate evaluation of the decisive travel time:
It is a problem here because the decisive travel speed was suggested by expert esti-
mation based on a small amount of data. Other statistical options for determining
the critical travel time should be explored, these may be, for example, focusing on
night services when traffic is low, or other percentile values.

• inaccurate prescription of linguistic membership functions:
The prescriptions of the linguistic membership functions, as well as the decisive
travel speed, were determined on the basis of expert estimation. However, this
expert estimate was based on data in only one traffic network. The values of these
membership functions may be different for different sizes/types of traffic networks
with different local conditions, so this possibility needs to be verified on different
networks.

• using both time and speed in the calculations:
The method now uses not only a time but also speed for calculation. This is because
the speed makes it possible to compare two different lengths, since the length factor
is included in the speed. However, for better and easier data handling, it would be
advisable to use only time data that are directly detectable, without further partial
calculations, which reduces the probability of error in the index calculations. The
comparison of speeds can be done separately after the calculation of the indices.

• non-intuitive qualitative evaluation of indices
The method now goes against each other in assigning a qualitative evaluation to each
index, that is, for one index it goes in the direction of “the smaller the value, the
better” and for the other index it is the opposite “the higher the value, the better”.
To make the results more intuitive to work with and more readable, it would be
useful to explore the possibility of unifying these recalculations. The possibility
of reversing the fraction when calculating the travel speed (time) index and then
redefining the membership function for this index is suggested.
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Only the time should be taken into account, since in the case of all calculations in the
QPTOEM it is equivalent to the speed and is directly obtainable from urban data. The
inversion of the fraction for the travel speed (time) index is due to the same comparison
with the reliability index, i.e. the “bigger the worse” representation.

The second part of the critical analysis was based directly on the pilot study evaluation
graph in Figure 3.33. For the validation of the QPTOEM, uniformly inter-stop sections
that are known from practice to be problematic and problem-free were selected. Based on
this, two assumptions can be made in the evaluation of the QPTOEM:

• all trends should be parallel to the X-axis

• the overall Level of Service trend should be around 2.5

Figure 3.33: Graph showing the results of the evaluation of the overall Level of Service,
Level of Service travel speed index and Level of Service reliability index of the 2017 version
of the QPTOEM.

However, this graph shows that only the travel speed index satisfies the assumption of
parallelism with the X-axis. The overall Level of Service has an improving character with
the length of the inter-stop section, which should not be the case given that the inter-stop
sections selected were uniformly problem and non-problem inter-stop section. However,
the same trend (parallel to the trend of the overall Level of Service) characterizes the
reliability index. This could indicate another 3 problematic areas:

• too much influence of the reliability index on the overall Level of Service
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• possibly inaccuracy in the calculation of the reliability index

• bad influence of short inter-stop sections

Those 3 problematic areas together with the 4 problematic areas found while studying
the QPTOEM are giving togehter 7 key areas which should be focused on during the
optimization process.
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Chapter 4
Calibration of the QPTOEM

according to the findings of the 2017
version evaluation and critical

analysis

The 7 key findings from the critical analysis were further combined into 4 more specific
areas that covered these findings and were further optimized:

• decisive travel time/speed (in 2017 there was insufficient data for an optimal deter-
mination, redetermination needed)

• the reliability index (too high influence on the overall Level of Service, influence of
the length of the inter-stop section, optimization needed)

• the calculation using both travel time and speed (simplification without using travel
speed, which is equivalent to travel time)

• linguistic membership functions (in 2017 there was insufficient data for an optimal
determination, optimization needed)

This calibration should result in a new optimised version of the method. Based on
the findings of the critical analysis, it was determined to start by using only travel time
and not travel speed for all calculations, as travel time is directly obtainable from the
data, for travel speed this has to be further calculated (urban public transport positioning
systems do not directly provide travel speed information), as well as the travel speed
index was renamed to travel time index. First, the evaluation of the decisive travel time
had to be modified because it affects the travel time index and also the overall Level of
Service. Subsequently, the reliability index (RI) was adjusted and the effect of the length
of the inter-stop section was studied. Then, the travel time index (TTI) was modified to
make its evaluation more intuitive and unified with the reliability index. After adjusting
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both indices, the linguistic membership functions were optimized and calibrated. The
whole optimization and calibration procedure is illustrated in Figure 4.1. Mathematical
optimizations and calibrations were consulted with the laboratory LAMbDA (Laboratory
of Applied Mathematics in Transportation and Logistics).

Figure 4.1: Diagram of optimization and calibration procedure of the QPTOEM.

4.1 Redetermination of decisive travel time/speed
First of all, it was necessary to start with the redetermination decisive travel time, because
its value has an impact on the value of the travel time index and consequently on the
resulting Level of Service value. The problem with decisive travel time/speed is, that in
2017 there was insufficient data for an optimal determination. In the current version of
the QPTOEM, as defined, the value of the decisive time is determined as a ten percentile
of all travel times (Equation 4.1).

V (TTA−B; dec) = 0, 06 · sA−B

Q10(tT T ;A−B) (4.1)

In Pilsen, where the QPTOEM is already being tested in a slightly modified version,
they have determined that the decisive travel time will be calculated as the average of
the travel times travelled during the night hours. This would also be a general option,
but even the operation of public transport vehicles during night hours does not guarantee
the best possible travel time without measurement failures or various other abnormalities
(e.g. a change in weather can significantly affect travel time even during night hours).

The first value used for testing was the average of the 2.5% percentile of each day.
The 2.5 % value is based on statistical values because 5 % is the average error in the
measurement data set. However, it was necessary to divide this value from both two
sides (both large and small extremes), so both the bottom and top will have an error of
2.5 %. In addition, although we calculate the average value from several travel times, the
measurement errors are eliminated. Still, most of these low travel time values are achieved
by public transport vehicles during night hours. The new critical travel time was therefore
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determined according to Equation 4.2, where “n” is the number of measuring days.

t(TTA−B; dec) = 1
n

n∑
i=1

Q2.5(tday;A−B) (4.2)

This calculation method was applied to all inter-stop sections and processed using Python.
Firstly, it was only compared to the original values of the critical travel time, as can be
seen in Figure 4.2. In this case, the new value of the critical travel time was overall less
than the original value, which was expected due to the use of a lower percentile value.

Figure 4.2: Graph comparing the old and new values of the decisive travel time (DTT).
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To verify that this method of calculating the decisive travel time is effective, the travel
speed index, the Level of Service of the travel speed index and the overall Level of Service
were then recalculated. Finally, these results were plotted in a graph (Figure 4.3) which,
shows the dependence of the Level of Service value on the length of the inter-stop section.
The Level of Service value is calculated here for the new travel speed index value, the
original reliability index value, and the total value. A linear trend has also been formed
for each of these parameters. Compared to the original graph, a horizontal flattening of
the overall Level of Service can be seen here, thus a reduction in the effect of the reliability
index. This was one of the aims to be achieved, for this reason this method of evaluating
the decisive travel time was adopted as a new evaluation option for the QPTOEM.

Figure 4.3: Graph comparing linear trends of new travel speed index (TSI), reliability
index (RI) and new Level of Service (LOS) values
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4.2 Optimization of the reliability index
Based on the evaluation of the 2017 version of the QPTOEM findings, it was possible
that short inter-stop sections have a negative effect on the Level of Service value and, in
general, that the reliability index has a high effect on the overall Level of Service value.
Due to the character of the calculation of the reliability index, there is a possibility that the
relativisation to the distance of the inter-stop section in the calculation of the reliability
index is incorrectly set up, where this recalculation is now only done by dividing by the
length of the section. To analyse the exact reliability index problem, it was also plotted
on a graph (Figure 4.4).

Figure 4.4: Graph comparing linear trends of reliability index parameters.

This graph shows the travel time standard deviation values, the reliability index values
and the Level of Service reliability index values as a function of the length of the inter-stop
segment. What is important in this graph is not the comparison and differences between
the values of each parameter, but their trends. After displaying the linear trends, the
graph shows that the Level of Service of the reliability index improves with the length
of the inter-stop segment the standard deviation of the travel times deteriorates, which
was expected, but interestingly the trend of the reliability index value is horizontal, which
indicates that it is not the calculation of the reliability index that is wrong, but the
linguistic membership function is.
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4.3 Change from travel speed index to travel time index
Since the purpose of the method is not only the identification of bottlenecks in the network,
but also its clarity and comprehensibility for non-experts, the QPTOEM of calculating the
travel speed index was modified before the final optimization of the linguistic membership
functions. In the first place, the original travel speed index should be calculated only
from travel times, since the index value will be the same when calculated from the two
variables, due to the mathematical relationship of conversion between time and speed,
but we already know the travel time directly from the data and do not need to convert
it further to speed. Therefore, the travel speed index has been anchored as the TRAVEL
TIME INDEX (TTI). However, the travel speed can still be used as a universal tool when
comparing individual sections with each other, as the speed already has the distance of
the section embedded in it.

For better clarity, it is also suggested that the two indices work on the principle that
the smaller the index value, the better the qualitative evaluation. For the reliability index
this is true, in addition, due to the mathematical prescription already determined, the
application to the travel time index. Thus, the principle of calculating the travel time
index has been reversed and is now as a ratio of the critical travel time to the average
travel time, the change in calculation is indicated in Equation 4.3.

i(VT T ;A−B) = V (TTA−B;avg)
V (TTA−B;dec)

=> i(TTA−B) = TTA−B;dec

TTA−B;avg
(4.3)

However, this change in calculation results in high index values and after applying the
mathematical formula for the linguistic affiliation function, the Level of Service index of
travel time grows to values over 10 in some cases. This can cause the travel time index to
be overweighted in the case of the calculation of the overall Level of Service of the inter-
stop section, since the overall Level of Service is calculated as the average of the Level of
Service values for the two indices (Equation 4.4) and the worst case qualitative evaluation
of “unacceptable” corresponds to a value of 5. Therefore, a maximum mathematical Level
of Service value of 5 has been embedded for the two indices to avoid too much influence
from either index. Thus, once the calculated mathematical value is higher than 5, only
the value 5 is counted for the calculation of the overall Level of Service (for the overall
Level of Service it is sufficient that the state is “unacceptable”, there is no need to know
how much “unacceptable” it is).

LOS = iLOS(TTA−B) + iLOS(relA−B)
2 (4.4)
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4.4 Optimization of both linguistic membership functions
Problem with both linguistic memebership functions was caused by insufficient data for
an optimal determination in 2017. First of all, the values of the membership functions of
the two indices were compared. The difference between them is that the index linguistic
membership function for the travel speed index has evenly distributed intervals for each
index value, and at the same time there are no horizontal parts, where for the longer
interval of the index value there is a 100 % membership to one qualitative evaluation
other than “unacceptable” or “excellent” as can be seen in the Figure 4.5.

Figure 4.5: Linguistic membership function to determine the Level of Service for the
reliability index. [1]

This assumption was verified by creating a mathematical rewrite for the membership
function for the travel speed index. Given that for the reliability index, unlike the travel
speed index, the smaller the value the better, the transcript was created in the form of
Equation 4.5.

RILOS = RI − a

b
+ 1 (4.5)

The variable a indicates the beginning of a change in the affiliation values, or the value
of the reliability index, which is no longer 100 % “excellent” and is starting to approach
“good”. The value b indicates the width of the interval over which the membership value
of a given qualitative evaluation increases linearly from 0 % to 100 %, or vice versa. This
formula was then applied to the reliability index values with random values of a and b.
Since the exact Level of Service values were not necessary to compare, the trend that the
values were important. After applying this formula, the trend appeared to be horizontal,
indicating a proper adjustment of the membership function.
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After the optimization of both indices, the values of the membership functions still had
to be optimized, since these values no longer corresponded to the real operating conditions.
For the final optimization, a graph similar to Figure 4.3 was used. This graph shows the
Level of Service values for the two indices and the overall Level of Service and the trends of
these values that are most important for the result. The final optimization is based on the
assumption that all inter-stop sections are evenly distributed, so there are approximately
the same number of good inter-stop sections as bad ones. Thus, the trend value of the
overall Level of Service should be around 2.5. Similarly, the trend for both indices should
be as horizontal as possible. To achieve this goal, the values of the parameters a and b in
the linguistic membership function prescriptions for the two indices were adjusted. The
resulting graph after optimization can be seen in Figure 4.6.

Figure 4.6: Graph of comparison of Level of Service values after calibration (TTI - travel
time index, RI - reliability index, LOS - level of service).

After calibrating the linguistic membership functions, the resulting mathematical pre-
scription for the linguistic membership functions was according to Equations 4.6 and 4.7.

RILOS = RI − 0
1, 5 + 1 (4.6)

TTILOS = TTI − 0, 97
0, 22 + 1 (4.7)

For the reliability index, the origin of the intervals finally came out directly at the
reliability index value of 0 and the width of the intervals was 1.5. For the travel time
index the best optimized value for parameter a came out to be 0.97 and for parameter b
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0.22. The resulting plots of the linguistic membership functions are shown in Figure 4.7
and Figure 4.8.

Figure 4.7: New linguistic membership function to determine the Level of Service for the
reliability index.

Figure 4.8: New linguistic membership function to determine the Level of Service for the
travel time index.
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Due to the simplicity and versatility of this optimization, it can then be used for each
transport network separately. Since the character of the traffic is different for each city
and its transport network, it is possible to calibrate the values of the membership func-
tions individually directly to the nature of the respective public transport network when
implementing the method in this way. In the end, this calibration could be automated
later by derivations and no longer needs to be done manually using an Excel spreadsheet.

4.5 QPTOEM 2023: new version and comparison with the
2017 version

As already mentioned, the new version of the method should be individually calibratable
for each urban public transport network based on historical data. This calibration is
done by expertly estimating the two parameters a and b in the prescription function,
which converts the reliability index and travel time index values into linguistic Level of
Service values. For the inter-stop sections used for calibration, the function prescription
was calculated according to Equations 4.8 and 4.9.

RILOS = RI − 0
1, 5 + 1 (4.8)

TTILOS = TTI − 0, 97
0, 22 + 1 (4.9)

The basis for calibration to a specific network is to monitor the linear trends of both
indices and the overall Level of Service. In this particular case, all trends should be
horizontal and, in addition, the values of the overall Level of Service should be around
2.5, since the inter-stop sections for this purpose were selected systematically to have the
same number of problem and non-problem inter-stop sections.

A comparison of the results of the 2017 QPTOEM and the 2023 QPTOEM can be
seen in the tables in Figures 4.9 - 4.12.The grey shaded cells are the results for the original
2017 version and the white shaded cells are for the new 2023 version. In the last column is
the change in the overall Level of Service value (old version - new version of the method),
“+1” means an improvement of 1 and “-1” means a deterioration of 1.
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The results from the tables in Figures 4.9 - 4.12 can also be seen in the graph in
Figure 4.13. There, the values and linear trends of both the new and old total Level of
Service are shown. It also shows the value and linear trend of the reliability index, which
remains the same for both versions. It can be seen from this display that the new Level
of Service values (version 2023) correspond better with the reliability index values (they
have the same trend direction).

Figure 4.13: Graph of results of comparison evaluation of the 2017 version and the 2023
version of the QPTOEM in Pilsen.

In general, all the objectives of this sub-optimization were met and solved for a more
effective use of the method in practice, as can be seen in Table 4.1. However, there is still
a great amount of potential room for improvement of the method.
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Table 4.1: Results of the optimization.

Problematic area Fixed Solution

The decisive travel time D Redetermined by different statististical
method

The reliability index D Problematic was the linguistic mem-
bership function

The calculation using both travel
time and speed D Travel speed index changed to travel

time index

Linguistic membership functions D New method - optimized linguistic
functions unique for traffic network

4.6 Possible future directions of QPTOEM development
The QPTOEM 2023 version is different from the original 2017 version in terms of calcu-
lation, in particular in the determination of the critical travel speed and the travel time
index. A significant innovation is the individual calibration of the linguistic membership
functions according to a given traffic network. This calibration is based on the trends of
the Level of Service of reliability index, the Level of Service of travel time index and the
overall Level of Service. The values of these variables are plotted against the length of
the segment, and the values of the reliability index are plotted in the same way to see the
effect of distance on the network. The aim of the calibration is then to parallel the trend
of the reliability index and the trends of the individual Level of Service variables.

However, during the process of determining the new version of the QPTOEM, other
development opportunities were discovered that need to be explored before being put into
practice, such as:

• outliers identification in the data and data filtering

• determining in hourly slices

• switching to real-time mode when evaluating the QPTOEM and monitoring long-
term trends
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4.6.1 Outlier identification and data filtering

When evaluating the 2017 version of the method, there were occasional deviations in the
evaluation sheets in the monitored data that had to be subsequently removed because
they had a negative impact on the resulting Level of Service value and were outliers, not
regular delays on the link. For example, in Prague in the Spořilov - Želivského case study
there was an important football match near this area at the time of measurement. For
this reason, there were exceptionally large delays on bus routes, as can be seen in the table
in Figure 4.14. This observation led to the possibility of using automatic data filtering to
identify these outliers.

Figure 4.14: Part of the results of filtering outliers from measured data.

For this purpose, a filtering the QPTOEM in the form of a band was created, whereby
it is evaluated how far some values are outside this band and the values to be filtered are
determined accordingly. So the prerequisite for this QPTOEM is to set the center of the
strip and the width of the strip. If the percentage of values that exceed the value of this
band exceeds a certain threshold, this is a regular occurrence, hence the values must be
retained for the resulting Level of Service to be valid. If the percentage is low, the values
can be deleted and these are outliers.
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4.6. Possible future directions of QPTOEM development

To set the bandwidth and values, the standard deviation value was first used. In this
case, any multiple of the standard deviation would determine the width of the interval
from the mean travel time of the entire measurement. In this interval, the values of the
hourly slices would be used for simplicity. However, when testing any multiple of the
standard deviation from the mean, the percentage did not match reality, or for travel
times of inter-stop sections where some sections should be deleted, the percentage bound
did not match. Therefore, this option was dropped as the multiplication of the standard
deviation is too individual for each inter-stop section. So the next step was to set the
distance from the mean as a multiple of the mean and determine the boundary based on
that. In this case, the boundary was very close, however, for some of the inter-stop sections
it still did not fit, so finally it was determined to evaluate the percentage of data not from
the hourly slices, but from the total data. In this case, the boundary was already very
close and after several attempts to set the correct value of the strip width and rechecking
with real data, this boundary was estimated to be 1.5 %, with a strip distance of 1.5
times the average travel time value of all measured values for that inter-stop section. This
means that for each inter-stop section separately the average travel time of all values was
calculated, which could be for example 80 seconds. This value was then multiplied by
1.5 times, so in this case 120 seconds, and this value was added and subtracted from the
average. This produced a range of values for the calculation of outliers which in this case
would be from -40 seconds to 200 seconds, the negative lower bound in this case does
not matter. Thus, after the evaluation, it would show how many travel times in a given
inter-stop section exceeded 200 seconds and what percentage of the total data. Part of
the resulting table just for the final values from the testing can be seen in Figure 4.15.

Figure 4.15: Part of the results of filtering outliers from measured data.
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4.6. Possible future directions of QPTOEM development

In the resulting filtering, this would then mean that all sections that have more than
1.5 % of data outside the filter band are regular outages and do not need to be filtered
as they are regular events on the section. All those below 1.5 % need to be deleted
as they are outliers that could have a negative impact on the resulting Level of Service
value. However, these values were only tested for the Prague case studies, as it has the
largest number of sections. These values are also likely to be unique for each data set
from a different city and different length of measurement. Therefore, these possibilities
for filtering and eliminating outliers need to be further researched.

4.6.2 Hourly slices and real time solution options

Since the method is now only able to perform a historical evaluation for an overall mon-
itoring period, it offers the possibility of evaluating at a lower time interval, for example
in hourly slices, in order to monitor the changes in Level of Service values during the day.
However, it does not make sense in the current calculation to calculate a reliability index
in this respect, as one hour is too short an interval for such an evaluation. Therefore, for
the time being only the travel time index has been used in the evaluation, in which due to
calibration the results are poor. The results of the attempt to evaluate the hourly slices
can be seen in Figure 4.16. This evaluation was based only on data from Pilsen. In the
table, the rows show the individual inter-stop sections and the columns show the results
for each hour of the day. The specific Level of Service values are underlined by value, with
the best (1) and worst (5) inter-stop sections in white and red accordingly.
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4.6. Possible future directions of QPTOEM development

Figure 4.16: The results of the attempt to evaluate the hourly slices.

Although the results in absolute numbers are worse for the individual inter-stop sec-
tions, which does not correspond to the real situation in the inter-stop sections, it is still
possible to identify the individual traffic peaks of the day. In this respect, for further
development, it will be necessary to optimize both index values and to think about the
exact interpretation of the results of the hourly sections.

The issue of hourly slices is also related to the collection of continuous real-time data.
The aim of the method is to make the best possible use of it in practice, and real-time
monitoring is part of this. However, this will still require optimizing the data collection
and the initial data processing, as well as taking into account other statistical pitfalls that
may arise. In the case of long-term data collection and evaluation, it is then possible to
identify trends in the quality of public transport operations and thus prevent a major
traffic collapse in public transport (it is then possible to focus on a section, for example,
at the stage when the Level of Service is 3, not only when it is regularly 5).
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Conclusion

Public transport is an essential part of meeting the Green Deal and sustainable transport
goals. For this reason, people need to be encouraged more to use public transport services
as a substitute for individual car journeys. The key to competitive public transport is its
quality, and in particular the quality of public transport operations, which has a major
influence on mode choice. For this reason, in 2017, a method to evaluate the quality of
public transport operations was proposed by Ing. Vojtěch Novotný, Ph.D.

The QPTOEM evaluates the quality of public transport operations based on two im-
portant indicators for both passengers and service providers - travel speed and travel
reliability. Each of these indices describes indicator. The values of both indices are then
converted into qualitative values from 1 to 5 (1 - ’excellent’, 5 - ’unacceptable’). Using
logic rules, they are then evaluated on the overall quality of public transport operations,
again on a scale of 1 to 5 called the Level of Service.

However, the calculations in the method were evaluated on a small amount of data,
so the calculations needed to be verified and calibrated on a larger amount of data, which
was the subject of this thesis. Data from 4 cities from 107 inter-stop sections were used
and the 2017 version was subjected to critical analysis. Based on this critical analysis,
potential problem areas that could affect the incorrect evaluation of Level of Service were
evaluated:

• decisive travel time/speed (in 2017 there was insufficient data for an optimal deter-
mination, redetermination needed)

• the reliability index (too high influence on the overall Level of Service, influence of
the length of the inter-stop section, optimization needed)

• the calculation using both travel time and speed (simplification without using travel
speed, which is equivalent to travel time)

• linguistic membership functions (in 2017 there was insufficient data for an optimal
determination, optimization needed)
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These areas were analysed in detail and optimised using statistical methods to make
the method more relevant to reality and more applicable in practice. The result is an
optimized method (the QPTOEM version 2023) that is more applicable to real traffic as
it is individually calibrated for each traffic network, which was the main purpose of this
thesis. The final overview and solution of the problems can be seen in Table 4.2.

Table 4.2: Results of the optimization.

Problematic area Solution Need for further
development

The decisive travel time Redetermined by different statis-
tistical method

Try more statistical
methods

The reliability index Problematic was the linguistic
membership function -

The calculation using both
travel time and speed

Travel speed index changed to
travel time index -

Linguistic membership
functions

New method - optimized linguistic
functions unique for traffic network

Test on more traffic
networks

However, there is still room for further calibration and shifting of the QPTOEM in
different areas, such as identifying outliers in the data or converting the method to real-
time mode to evaluate the data and track different trends in the quality of public transport
in the inter-stop sections.
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Appendix A
List of acronyms

API Application Programming Interface
DTT Decisive Travel Time
LOS Level of Service
PID Prague Integrated Transport (Pražská integrovaná doprava)
QPTOEM Quality of Public Transport Operation Evaluation Method
RI Reliability Index
ROPID Regional Organiser of Prague Integrated Transport (Regionální organizátor

pražské integrované dopravy)
TT Travel Time
TTI Travel Time Index
TSI Travel Speed Index
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