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Abstract. Public transport is like a living organism that is constantly changing along with the city and the needs of its
residents. Based on the changes in the city, its infrastructure or the habits of its residents, the public transport system
must also change. One of the main tools for understanding the public transport in urban areas is passenger origin-
destination (OD) matrices. OD matrices are compiled based on mass population surveys, during which the city is di-
vided into zones, and the collected data is used to create travel patterns. Such studies implementation is expensive and
repeated infrequently - usually every few or even ten years. Currently, on-board computers collect a significant amount
of data about daily citizens’ trips, but the main problem is that this data is not enough to create an O-D matrix, because
only boarding data is recorded. The second largest city in Lithuania was chosen for the study due to the abundance of
data collected. The aim of this study is to develop a methodology based only on boarding data, allowing to reflect the
passenger origin-destination matrix. Two methods were later tested during the study: the first, matching sequential en-
tries based on that the same anonymised card identifier, and the second, the time that the passenger gets off at the stop

where they get back on. The results of these methods are analyzed and evaluated at the stop and zone level.

Keywords: public transport, origin-destination matrix, passengers” habits, public transport modelling.

1. Introduction

Public transport systems can be viewed as dynamic or-
ganisms that continuously evolve together with the city
and the mobility needs of its residents. As urban struc-
ture, infrastructure, and travel behavior change, public
transport systems must adapt accordingly. Therefore,
continuous monitoring and evaluation are essential to
support timely decisions regarding route configuration,
service frequency, and vehicle allocation.

One of the key analytical tools for understanding pas-
senger mobility patterns is the origin-destination (OD)
matrix. OD matrices describe the spatial distribution of
trips by identifying trip origins and destinations, thereby
enabling assessment of travel demand between urban ar-
eas and supporting network planning and optimization.
Accurate estimation of OD matrices is a fundamental
prerequisite for efficient and reliable public transport
planning, as it allows forecasting passenger flows and
adjusting service supply accordingly.

Traditionally, OD matrices are constructed using
household travel surveys, in which cities are divided
into zones and collected data are used to develop travel
demand models. Although such surveys provide valuable

insights, they are expensive and typically conducted at
long intervals, often every five to ten years. Moreover,
they frequently capture overall population mobility rath-
er than focusing specifically on public transport users,
which may limit their applicability for operational pub-
lic transport planning. Despite the importance of urban
transport models for decision-making, there remains a
lack of comprehensive guidance on how to effectively in-
tegrate available data sources with advanced modelling
techniques to obtain reliable demand estimates (Moham-
med & Oke, 2023).

Recent studies have explored alternative approaches
for OD matrix generation using operational data. Dong
et al. (2024) proposed a method based on the relation-
ship between boarding events and travel cost to estimate
passenger travel distance and infer trip purpose. How-
ever, reliability challenges arise when passengers transfer
between routes, particularly in complex bus networks.
The accuracy of reconstructed OD matrices may depend
on the fare structure applied in a given city. Systems
based on time-based or integrated fare schemes tend
to provide more consistent trip reconstruction results,
whereas single-ride payment systems may generate less
reliable data (Tang et al., 2024).
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Another emerging data source for OD estimation in-
volves Wi-Fi sensor data collected from onboard devices.
Although such methods offer promising opportunities
for passive data collection, limitations remain, as Wi-Fi
sensors do not detect all nearby devices and not all pas-
sengers carry detectable equipment (Fabre et al., 2025).

In recent years, automated passenger counting and
entry—exit data collection systems have been increasingly
used to improve OD estimation. However, implementing
such systems may involve substantial costs and opera-
tional constraints. Evidence from London suggests that
link flow estimation is more complex than station exit
estimation, and that entry—exit data alone are insufficient
to accurately determine transfer flows without additional
information, such as average trip distance (Ait-Ali & Eli-
asson, 2022).

Studies conducted in Mashhad, Iran, demonstrated
the application of an improved trip-chaining model
based on smart card data for OD matrix reconstruc-
tion. In that case, 52.4% of recorded transactions cor-
responded to trip origins, while the remaining records
represented transfers (Radfar et al., 2025). Similar to
the Mashhad case, the primary challenge in the Kaunas
public transport system is the absence of alighting in-
formation. The available dataset includes only boarding
(“check-in”) records, without corresponding “check-out”
events. Therefore, a methodological framework is re-
quired to infer passenger destinations and construct OD
pairs based solely on boarding data.

The aim of this study is to develop a methodology
for constructing an origin-destination matrix for Kaunas
city and the adjacent suburban areas served by the ur-
ban public transport network, using boarding-only data
from an automated fare collection system. Two inference
methods are examined: the first method pairs consecu-
tive boarding records using the same anonymised card
identifier, while the second assumes that passengers
alight at the stop where they subsequently board another
vehicle. The results are analysed and compared at both
stop and zone levels.

2. Methodology of the research

This study applies a data-driven methodological ap-
proach to construct a passenger origin-destination (OD)
matrix based exclusively on boarding records obtained
from an automated fare collection system. The under-
lying assumption of the research is that passenger trip
sequences can be reconstructed using an anonymised
card identifier and the chronological order of boarding
events, applying the trip chaining principle.

Similar approaches have been widely discussed in
the literature when automated fare collection systems
do not record alighting events. Studies using smart card
data suggest that behavioural assumptions can be ap-
plied to infer passenger destinations and construct OD
matrices (Alsger et al., 2019; Nassir et al., 2021; Wang

et al., 2022). Passenger journey reconstruction methods
integrating fare transaction data with vehicle movement
information have been successfully implemented in large
metropolitan areas (Gordon et al., 2018).

The study area includes Kaunas city and the adjacent
suburban territories of Kaunas district that are served by
routes operated by UAB “Kauno autobusai” More dis-
tant settlements within Kaunas district, primarily served
by regional transport operators, are excluded from the
analysis. Thus, the research focuses on an urban pub-
lic transport system with its immediate influence zone,
where a unified electronic ticketing system and consist-
ent data collection procedures are applied.

The selection of the study area is justified by data
coverage and quality. The electronic ticketing system
“Ziogas” records more than 90% of all passenger board-
ing events, and data have been collected consistently un-
der identical technical conditions for several years. This
provides a reliable empirical foundation for OD matrix
construction and seasonal mobility analysis.

The research is conducted in three stages: (1) prepa-
ration and structuring of boarding data within a database
environment; (2) application of two OD reconstruction
methods; and (3) aggregation of the resulting matrices at
stop and zone levels, followed by spatial analysis.

2.1. Data

This study uses boarding records obtained from the elec-
tronic ticketing system “Ziogas,” operated by UAB “Kau-
no autobusai” The system registers every ticket valida-
tion performed by passengers onboard public transport
vehicles and generates a structured digital record for
each boarding event.

The structure of the dataset is presented below in
Table 1.

Table 1. The structure of the dataset

Field Description
Date Boarding date and time (timestamp)
ID Anonymised passenger identifier
Line Route number
Reisas Scheduled trip number
Reiso_id Unique trip identifier
Stop_id Stop identifier

This information enables precise identification of the
passenger boarding location, timestamp, and travel con-
text.

The analysis is based on data from two selected peri-
ods shown in the Table 2.

Data Representativeness

Electronic boarding records account for more than 90%
of all recorded trips, providing a highly representative
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Table 2. The main data from the from two selected periods

Electrf)mc Total Share of electronic
Month boardings boardings boardings (%)
(“Ziogas™) & 8 170
April 2024 3633345 | 3916 506 92.74
September
2025 4053090 | 4334786 93.50

dataset for OD matrix construction. The remaining share
consists of single-ride tickets validated onboard and sold
directly by drivers. These records are not suitable for OD
analysis, as they do not allow identification of alighting
locations and represent only 6-8% of total boardings.

Due to the high coverage rate and the consistent data
collection procedures applied over several years, the
“Ziogas” electronic ticketing system provides a robust
empirical basis for reconstructing trip origin—destination
pairs at both stop and zone levels.

2.2. Tools and analytical environment

The processing of boarding data and the construction
of the origin-destination (OD) matrix were carried out
using a sequence of specialised analytical tools, covering
data processing, geographic analysis, and visualisation.

A relational SQL database environment was used
as the primary platform for initial data processing.
Within the SQL environment, the following tasks were
performed: import of monthly datasets (approximately
3-4 million records per month), data cleaning (removal
of duplicates, correction of erroneous records, handling
of missing values), grouping of records by anonymised
passenger identifier and chronological order, generation
of OD pairs using both reconstruction methods, imple-
mentation of the initial stop-to-stop OD logic, and ag-
gregation of results at stop and zone levels. SQL served
as the central analytical component, enabling efficient
processing of large-scale passenger flow data (Pelletier
et al., 2011; Zhao et al., 2024).

The reconstructed OD records were subsequently in-
tegrated with geographic datasets, including the GTFS
stop database, stop coordinates, and route information
(linking stop_id to latitude and longitude). This integra-
tion allowed the OD matrix to be represented not only
in tabular form but also spatially, through maps, flow
diagrams, and other visual representations.

Further spatial analysis was conducted using ArcGIS
Pro. The software was applied for spatial joins between
stops and zoning layers, assignment of stops to selected
territorial units, grouping of stops (e.g., by urban dis-
tricts, or functional zones), and cartographic interpreta-
tion of OD flows. ArcGIS Pro enabled visual assessment
of spatial flow concentration, directional patterns, and
territorial differences.

Finally, PTV Lines was used for network-level visu-
alisation and interpretation of OD results. The software

facilitated zonal OD matrix representation, identifica-
tion of major flow corridors, visualisation of network
load patterns, and evaluation of functional route roles
(e.g., trunk-feeder structure). Through this process, OD
matrices were translated into transport network models
and graphical outputs suitable for planning and decision-
making purposes.

2.3. Methods

Two passenger trip pairing methods are applied in this
study to identify boarding and inferred alighting loca-
tions based solely on boarding data. Both methods are
analysed within daily boundaries (Date), as passenger
travel behaviour across different days is assumed to be
independent.

First method - two-trips-per-day approach

The first method applies strict filtering: only passengers
who perform exactly two boarding events within a single
calendar day are considered. This method is regarded as
the most accurate, as it does not require additional be-
havioural assumptions regarding trip chaining.

Let us assume that for a given passenger (ID) two
boarding events are recorded within one day:

S= {(sl‘opl,tl),(sl‘opz,l‘2 )} ,» where t,<t,. (1)

Under this condition, the following OD pairs are de-
fined.
The first trip is constructed as:

OD, = (sl‘op1 — stop, ) (2)

It is assumed that the passenger starts the journey
at stop; and finishes at stop,. Since these are the only
two boarding events recorded on that day, it is logically
inferred that the passenger returns from stop, to stop;.
This assumption typically corresponds to a home-work-
home travel pattern.

Therefore, the second OD pair is defined as:

OD, = (stop2 — stop; ) (3)
The resulting OD set for this method is:

o0~ ) o )| 9

Only passenger-day combinations with exactly two
boarding events are selected from the dataset.

Advantages of the first method:

- High accuracy without additional behavioural as-
sumptions,

- Symmetrical OD pairs reflecting bidirectional flows,

— Suitable as a reference dataset for validating other
methods.

Limitations of the first method:

- Includes only passengers performing exactly two
trips per day,
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- Does not reconstruct the full city-wide OD structure,
- Requires a complementary method to capture all
flows.

Second method - trip chaining approach

The second method is applied to the same passenger identi-
fier (ID) but, unlike the first method, includes all boarding
events recorded for that passenger within a single day. This
approach enables reconstruction of the maximum possible
number of trips from the available dataset and serves as the
primary method for constructing the full OD matrix.

Passenger trips within one day are treated as a chain,
where each trip begins at the stop of the previous board-
ing and ends at the stop of the subsequent boarding.

If a passenger (ID) has the following sequence of
boarding events during one day:

S= {(stopl,tl),(stopz,tz),...,(stopn,tn),
where t, <t, <...<t, (5)

then the following OD pairs are constructed:

OD, = (stop1 —> stop, )
OD, = (stop2 - st0p3)

(6)
OD,_, = (stoer —> stop, )

This procedure reconstructs the complete sequence
of daily movements. Since boarding-only data do not in-
clude alighting information, the destination of the final
trip cannot be directly observed. Therefore, a closing as-
sumption is introduced:

OD, = (stopn — stop; ) (7)

This assumption creates a closed daily cycle, reflect-
ing a typical travel pattern in which passengers begin
and end their day at the same location.

The complete daily OD sequence can therefore be
expressed as:

(stop, — stop, );
(stop2 —> stopy );
(8)
(stop,_; — stop,,);
(stopn — stop, )

Advantages of the second method:

— Includes all passenger trips without strict filtering,

— Enables reconstruction of the full daily trip chain,

— Suitable for city-wide OD matrix construction,

- Particularly effective when electronic boarding cov-
erage exceeds 90%.

Limitations of the second method:

- Assumes that passengers start and end their day at
the same stop, which may not always hold,

- May be less accurate for non-cyclical travel patterns,
— Results should be validated using the first method.

3. Results of the research

This section presents the empirical results obtained from
constructing passenger origin-destination (OD) matri-
ces using two different reconstruction methods applied
to two separate periods: April 2024 and September 2025.
The first stage evaluates the two-trips-per-day method,
which considers only passengers performing exactly two
boarding events within a single day. This behavioural
pattern allows precise identification of both trip origins
and destinations. The second stage applies the trip chain-
ing method, enabling reconstruction of all daily passen-
ger movements.

3.1. OD matrix using the first method

In April 2024, the electronic ticketing system “Ziogas”
recorded 3,633,345 electronic boardings, representing
92.74% of total monthly boardings. The objective of the
first method is to identify passengers who performed ex-
actly two trips within a single day, thereby enabling pre-
cise reconstruction of forward and return trip directions.
The dataset was grouped by passenger ID and travel
date, and only passenger-day combinations with exactly
two boarding events were selected. This filtering pro-
cedure revealed that more than 650,000 passenger-day
combinations met the defined criterion, corresponding
to 1,305,688 boarding records (two per passenger-day
pair). Consequently, approximately 36% of all electronic
boardings in April followed a two-trip-per-day pattern,
consistent with a typical weekday mobility structure.

For each selected passenger-day combination, the
first boarding event was interpreted as trip A > B and
the second as B > A, since only two boarding events
were recorded within that day. This approach resulted in
two symmetrical OD pairs for each passenger-day ob-
servation. The final April 2024 dataset therefore consists
of 1,305,688 complete stop-to-stop OD pairs, all with
clearly defined origins and inferred destinations. Due to
the absence of additional behavioural assumptions, this
dataset represents one of the most reliable OD recon-
structions derived from boarding-only data and is sub-
sequently used as a reference baseline for evaluating the
second method.

In September 2025, 4,053,090 electronic boardings
were recorded, approximately 420,000 more than in April
2024. Applying the same filtering logic, 720,604 pas-
senger-day combinations with exactly two trips were
identified, corresponding to 1,441,208 reconstructed
OD records. This represents approximately 35-36% of
total monthly boardings, a proportion nearly identical
to that observed in April. The stability of this share sug-
gests that the two-trip-per-day behavioural pattern is
largely independent of seasonal variation or short-term
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fluctuations in service levels. The September dataset in-
cludes 1,441,208 complete OD pairs, reflecting an ap-
proximately 11% increase compared to April, consistent
with the overall growth in boarding volume. This dataset
is used for seasonal comparison and for validation of the
trip chaining method.

3.2. OD matrix construction using the trip
chaining method

The second method, referred to as the trip chaining ap-
proach, enables reconstruction of all passenger trip se-
quences performed within the same day, regardless of
the total number of boarding events. Unlike the first
method, which includes only passengers performing ex-
actly two trips per day, the trip chaining method incor-
porates all passengers with at least two boarding events
within a single day. This ensures reconstruction of the
tull public transport trip network based on chronological
boarding sequences.

For April 2024, passenger-day combinations contain-
ing at least two boarding events were first identified, as
a minimum of two boardings is required to generate at
least one origin-destination pair. The aggregation process
revealed 1,132,260 passenger-day combinations meeting
this condition. This represents a substantially broader
sample compared to the first method, which identified
652,844 passenger-day combinations with exactly two
trips. Consequently, the trip chaining method captures a
significantly larger share of overall travel activity.

For each selected passenger-day combination, board-
ing events were sorted chronologically by date and time.
Each boarding was treated as the origin of a trip, while
the subsequent boarding within the same day was inter-
preted as the destination of the previous trip. For exam-
ple, if a passenger’s boarding sequence during a single
day was A > B > C > D, the reconstructed OD pairs
would be A > B, B > C, and C > D. This procedure
reflects the natural progression of passenger movements
and allows reconstruction of the entire daily travel se-
quence.

Since boarding-only data do not include alighting
events, the final trip of the day lacks a directly observable
destination. Therefore, a commonly applied behavioural
assumption was adopted: the passenger is assumed to
return to the initial boarding location at the end of the
day. Thus, for the sequence A > B > C > D, an additional
OD pair D > A is generated, forming a closed daily trip
chain. This assumption is particularly consistent with
typical weekday mobility patterns, where passengers re-
turn to their point of origin.

Applying the trip chaining method to April 2024
resulted in a total of 3,202,355 reconstructed OD pairs.
Each pair contains a clearly defined origin and inferred
destination, and all trips were generated according to the
chronological movement sequence principle. Compared
to the first method, this approach enables reconstruction

of the complete monthly passenger mobility structure,
independent of the number of trips performed per day.

The same methodology was applied to September
2025 in order to evaluate the effect of seasonality and
increased travel demand during the autumn period. In
September, 1,256,345 passenger-day combinations with
at least two boarding events were identified, represent-
ing an increase of approximately 11% compared to April
(1,132,260). This growth corresponds to the typical rise
in travel activity associated with the beginning of the
academic year and full work-season dynamics.

Using the same trip linking logic, 3,557,963 complete
OD pairs were reconstructed for September 2025. Com-
pared to April, this represents an increase of 11.1% (from
3,202,355 to 3,557,963), reflecting higher passenger mo-
bility levels. The September dataset indicates that a larger
proportion of passengers performed three or more trips
per day, meaning that the trip chaining method captures
an even broader spectrum of actual travel behaviour
during the autumn period. The overall stability of the
proportional growth between boarding volumes and re-
constructed OD pairs suggests that the method remains
robust and consistent across seasonal variations.

The September OD dataset represents one of the
most detailed data blocks within this study and provides
a strong empirical basis for analysing seasonal and struc-
tural mobility patterns within the Kaunas public trans-
port system.

3.3. Aggregation of stops into territorial zones
using spatial join

In public transport analysis, stops represent the most de-
tailed spatial unit, comprising approximately 1,000 point
locations within Kaunas city and its surrounding service
area. Although this level of granularity enables precise
identification of micro-level passenger movements, it is
not suitable for analysing broader mobility patterns or
structural travel flows. Therefore, in practical applica-
tions, stops are aggregated into larger territorial zones.

In this study, zones are defined as spatial units to
which stops can be assigned for analytical purposes.
These may include traffic analysis zones (TAZ), admin-
istrative districts (such as municipal subdivisions used
in this case), neighbourhood units, functional areas (e.g.,
residential, employment, or service zones), buffer-based
influence areas (e.g., 500-metre catchment zones around
stops), or any other geographic partition relevant to the
research objectives. The choice of zoning system does
not alter the OD reconstruction methodology itself but
affects only the level of spatial aggregation and interpre-
tation.

Stop-to-zone assignment was performed using a spa-
tial join procedure in ArcGIS Pro. In this process, the
stop layer (point features) was spatially intersected with
the selected zone layer (polygon features), ensuring that
each stop was attributed to the corresponding territorial
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unit. This procedure enabled transformation of stop-level
OD matrices into zone-level OD matrices suitable for
strategic mobility analysis and network planning.

Figure 1. Public transport stops (points) and boundaries of
municipal districts (polygons)

The Figure 1 demonstrates how public transport
stops are distributed across different zones and justifies
the need for spatial aggregation.

Each OD pair (from all four constructed matrices) is
supplemented with zonal attributes:

- origin_zone — the zone in which the origin stop is

located,

— destination_zone — the zone in which the destina-

tion stop is located.

After aggregation, a zone-to-zone OD matrix is ob-
tained. This enables:

- identification of the main inter-zonal passenger

flows,

— analysis of the functional structure of the city,

- comparison of the applied methods (pair-based vs.

trip-chaining),

— visualization of flows in PTV Lines or other trans-

port modelling environments.

Regardless of whether municipal districts, TAZ
zones, or another zoning system is applied, the aggre-
gation logic remains identical. Therefore, the methodol-
ogy is fully transferable to different spatial classification
systems.

3.4. Visualization of OD flows

After constructing origin—destination (OD) matrices at
both stop and zone levels, the results were visualized us-
ing the PTV Lines platform. This software enables spatial
representation of inter-zonal connections and allows the
intensity, direction, and distribution of passenger flows
to be analysed across the entire Kaunas public transport
network.
The zonal OD matrix was imported into PTV Lines as:
- a zone layer (municipal district boundaries or any
other selected territorial unit layer),
- a directional flow layer (origin > destination pairs),
- an intensity attribute (number of trips).
PTV Lines automatically generates a spatial visualiza-
tion in which:
- zones are displayed as coloured polygons,
- inter-zonal flows are represented as connecting
lines,

— line thickness and colour correspond to the number
of trips.

Figures 2-5 allows immediate identification of the
main mobility corridors and enables comparison of dif-
ferences among all four datasets generated in the study.

In total, four zonal OD matrices were constructed
and visualized:

Figure 2. Visualization of zonal trip flows for April 2024
(two-trip pairing method)

w5/
- o

Figure 3. Visualization of zonal trip flows for September 2025
(two-trip pairing method)

Figure 4. Visualization of zonal trip flows for April 2024 (trip
chaining method)

Figure 5. Visualization of zonal trip flows for September 2025
(trip chaining method)
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In these figures, the following patterns can be ob-
served:

- the main connections between zones generating the
highest travel flows, a pronounced dominance of
the city centre as both an origin and a destination.

The visualisations produced in PTV Lines provide an
additional analytical layer to the study:

— they enable rapid identification of the main mobil-

ity corridors,

— help to interpret the intensity of inter-zonal travel
flows,

— illustrate seasonal differences between April and
September,

- and allow comparison of the results obtained using
the two-trip pairing and trip chaining methods.

The visualisation stage completes the entire OD re-
construction process:

1. boarding data,

2. stop-level OD matrix,

3. zone-level OD matrix,

4. spatial visualisation.

Through this process, the analysis of all four datasets
becomes fully interpretable in a spatial context, and the
results can be applied both in academic research and in
practical transport planning and decision-making.

4. Conclusions

1. Based on the literature review, traditional origin-des-
tination (OD) matrix construction methods relying on
household travel surveys are costly, infrequently up-
dated, and do not always accurately reflect the actual
movement of public transport passengers. Therefore,
data from automated fare collection systems represent
a promising and operational alternative for urban mo-
bility analysis.

2. The results of the study demonstrate that even in the
absence of alighting (“check-out”) data, it is possible to
construct a reliable OD matrix by applying trip pair-
ing and trip chaining methods based on anonymised
card identifiers and chronological boarding sequences.

3. The first method, applied to passengers who perform
exactly two trips per day, enables the construction of
a highly accurate and symmetrical OD dataset, which
can serve as a reference base for evaluating the reli-
ability of more complex reconstruction methods.

4. The trip chaining method allows reconstruction of the
complete daily travel sequence and the formation of
a comprehensive city-level OD matrix. In April 2024,
a total of 3,202,355 OD pairs were generated, while
in September 2025, 3,557,963 OD pairs were formed,
confirming the stability and applicability of the meth-
od across different seasons.

5. The electronic ticketing system “Ziogas”, covering
more than 90% of all passenger boardings, provides
a sufficiently representative and statistically robust
dataset for analysing the structure of urban public

transport without the need for additional large-scale
surveys.

6. Aggregation of stops into territorial zones and spatial
analysis of OD matrices enable the identification of
major mobility corridors, the dominance of the city
centre, and seasonal variations in travel flows, thus
providing a practical basis for route network optimi-
sation and strategic planning.

7. The integration of GPS and electronic ticketing tech-
nologies makes it possible not only to collect large
volumes of passenger movement data, but also to use
them analytically for decision-making. Although such
analysis does not replace comprehensive population-
wide mobility surveys, it ensures timely, data-driven
insights that are highly valuable for transport opera-
tors and municipalities when planning public trans-
port development.
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