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Abstract. A path-accurate simulation of individual bus, tram and train trips through a certain
area requires accurate route data. If this is not given, e.g. as shape file from the public transport
company, a reconstruction in SUMO is possible by means of the existing GTFS2PT Python
tool, which imports and processes public GTFS and OSM data. However, the reconstruction
of true routes often fails due to missing or outdated shapes in OSM, or due to inaccurate poly-
lines in the GTFS shapes file, which often includes only stop locations and no further way-
points. Then GTFS2PT searches the fastest path between stops, which mostly results in the
true route, particularly for a tram or train line (if alternative paths simply do not exist), but not
in cases of bus lines within a dense road network. Therefor a map-matching approach based
on GPS traces was recently proposed at the SUMO User Conference 2025 [1]. While these
traces were given for Berlin in the corresponding GTFS shape file, this approach is not appli-
cable to areas, e.g. Magdeburg, where they are not available in the local GTFS data. Hence,
a more generic approach for bus and tram routes is required and proposed in this article, which
is in line with GTFS2PT in terms of using open data sources (GTFS, OSM) and intends to
improve the optimal path searching. This is achieved, for instance by limiting the set of potential
edges for bus routes according to all edges used by other bus lines according to Open-
StreetMap. Moreover, the overall fastest path is searched by considering all consecutive stops
of a trip simultaneously. As the latter was already applied and tested successfully for tram lines
in a previous article of the authors, it is adapted and tested more verbose for bus and tram
lines in this article. Finally, the results of this approach are compared with the output of
GTFS2PT considering all public transport trips within a selected day in the city of Magdeburg.
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1 Introduction

With the growth of Intelligent Transportation Systems (ITS), such as on-demand mobility ser-
vices, car-sharing, and autonomous vehicles and buses, the need for more sophisticated ver-
ification and validation methods is increasing. In the project IMIQ (Intelligent Mobility Space in
the Quarter), ITS are tested in a real-life laboratory in the city of Magdeburg, Saxony-Anhalt,
Germany [2]. These ITS require, among other things, precise traffic predictions. However, as
conventional traffic forecasts cannot be applied in this context, a large-scale traffic simulation
based on real-world open-source data is used instead to provide detailed traffic information.
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We perform the simulation using SUMO [3]. The results are supposed to be used within
an urban digital twin of the so-called Science Port in Magdeburg. Besides the establishment
of the real-life laboratory, which is mentioned above and also located in the Science Port, the
urban digital twin is supposed to be the main outcome of the IMIQ project. General and special
approaches to combine SUMO with digital twins and 3D visualization tools, respectively, are
described extensively in the literature, among others in [4], [5]. With respect to the IMIQ project,
we already described a first concept to integrate microscopic traffic simulation in the digital
twin. For more information, we refer to the introduction of our previous paper [6] at this point.

SUMO enables the microscopic traffic simulation over a total day, even in large-scale
models of entire cities, while the computation time is still acceptable. Rather, the challenge lies
in building these large-scale models with respect to sufficient accuracy and reasonable time
effort. However, the automatization of building a SUMO model for a certain area is already
supported graphically by the OSM Web Wizard tool, or programmatically by the combination
of existing scripts from the SUMO tool collection (e.g. osmGet.py, osmBuild.py, netconvert).
Examples of building large-scale models with SUMO are also presented extensively in the
literature, among others for Montreal [7], Luxembourg [8] and Berlin [9].

While map data to construct the road and railway network of an arbitrary area is usually
available from OpenStreetMap [10] in a sufficient manner, the acquisition of real traffic data to
generate trips of different transport modes and vehicle classes is still a challenging and time-
consuming task. As we focus on public transport in this article, we do not consider demand
modelling of passenger cars, although this is already implemented in our SUMO model, but
not published so far. To model the trips of public trarisport vehicles, which usually follow pre-
defined routes with corresponding sequences of stops and schedules, the digital timetable
data of the public transport service providers are required. For this purpose, we retrieve the
data in the General Transit Feed Specification (GTFS) format [11], which is provided for differ-
ent parts or even the entire area of Germany by open data platforms, particularly [12]. Besides,
static map data like route shapes and stop locations are also retrieved from OpenStreetMap.

A key requirement of our simulation model is the accurate mapping of tram and bus routes
in the city of Magdeburg. GTFS provides line definitions, stop sequences, schedules, and stop
locations and is frequently updated. However, it represents the routes in Magdeburg only as
ordered lists of stops and includes coordinates that may deviate from their actual locations (cf.
Figure 1 b). OSM, in contrast, typically offers accurate route geometries along streets or rail-
ways (cf. Figure 1 a), but temporary changes (e.g. detours) are often missing or outdated.
Consequently, neither dataset alone is sufficient to reconstruct realistic daily tram and bus
routes. Only their combination enables both operational correctness and geometric accuracy.

a) Differentroute shapes = b) Different designations and locations of stops (platforms) at a station
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Accurate routes in both - . 'GTFS
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S e ) 2070019411 [Lostauer StraBe] || ~ stop name stopid
stopid stop name |
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\ Route consists of

Y /stopilocations only
% (dots linked by 2070019411 [Lostauer StraBe] (tram)
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Figure 1. Typical differences between GTFS, OSM and SUMO concerning routes and stops [6]
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The problem of merging different stop data from GTFS and OSM in order to find the correct
locations (coordinates) and designations (id, name), is already analysed and solved in our
previous paper [6]. Similar approaches for the stop location problem are described in [13], [14].
Since stop location data, which is required for analysing and solving the routing problem in this
article, is derived from our own method, it is necessary to sum up this method as follows.

In the first stage, given stops are grouped by vehicle class (bus, tram, train) within each
database (OSM, GTFS). In SUMO, a stop (busStop, trainStop) depicts a platform beside a
street or track (lane) for busses, trams and trains, respectively. In reality, a station along a bus,
tram or train line usually consists of two opposite stops, at least one stop for every direction,
or multiple parallel stops for different lines in the same direction. These stops are named
equally (e.g. “Magdeburg, Lostauer Stral3e” in Figure 1 b). If the number of stops at a station
given from the original data is insufficient, SUMO Netconvert will create additional stops auto-
matically, as also shown in Figure 1 b, to provide a stop for every vehicle class per direction.
Finally, our method compares all stops of the model with respect to position, id and name, to
identify and group the stops of every station. Thereby, similar stops are merged to clusters
which represent the stations in reality. This is exemplified for different stations in Figure 2.

Cluster 1 (2 train stops) — 0 100m
Magdeburg-Neustadt [000008010226] Sipggarity
Magdeburg-Neustadt [de:15003:8010226]& =100%
<100% Scale
Cluster 2 (4 bus StOpS) This stop is for 2 vehicle types (tram, bus).

OMagdeburg, S-Bahnhof Neustadt (Bus) [de:15003:22500::02]

Magdeburg, S-Bahnhof Neustadt (Bus) [de:15003:22500::01]O OMagdeburg, S-Bahnhof Neustadt (Bus) [de:15003:22500::04] C I uster 4 (3 tram Stops)

Magdeburg, Agnetenstr. [de:15003:7481::02]
OMagdeburg, S-Bahnhof Neustadt (Bus) [de:15003:22500] I 7 2

nMagdeburg, S-Bahnhof Neustadt (Tram) [de:15003:7368::01] @
19 R p
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Magdeburg, S-Bahnhof Neustadt (Tram) [de:15003:7368::02]) Q

Magdeburg, Agnetenstr. [de:15003:7481::05]

Cluster 3 (2 tram stops)
Cluster 5 (2 bus stops)

‘ Bus stop cluster

Figure 2. Example of matching and clustering similar GTFS stops (dots) to a station (rectangles) [6]

In the second stage of our stop location method, the stations (stop clusters) of GTFS and
SUMO (including OSM) are compared analogously to single stops in the first stage, i.e. in
terms of spatial distance and similar designation. The latter is performed by the names only,
as the original identifiers are completely different in GTFS and OSM. As a result, every stop in
the SUMO model is clearly allocated to a GTFS stop, both represented by stations (clusters).
According to the GTFS stops sequence of every trip given from GTFS data, a path-accurate
and trip-individual reconstruction of every route, including stops and departures, is possible
and described in detail in this article.

The article is structured as follows. In Section 2 we describe our routing method in detail.
In the first stage of this method, alternative routes between consecutive stops pairs derived
from all trips are calculated (Section 2.1). In the second stage, these stop-to-stop routes are
connected to a total route of every trip (Section 2.2). In Section 3 we present exemplary results
of our routing method, which are also compared with results of the alternative GTFS2PT tool.
Finally, our conclusions and a brief outlook on further research are carried out in Section 4.
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2 Method

2.1 Determining Alternative Routes from Stop to Stop

In the first step, the existence of a directional connection between two stations (GTFS cluster)
is determined, which results from at least one bus or tram trip in the available GTFS timetable
data. All resulting connections between stations are recorded in a matrix of dimension (n,n) by
the value "1" (connection from i to j exists), where n corresponds to the number of stations
(GTFS cluster) in the model. This is illustrated by the example of a tram network with 25 se-
lected stations in Figure 3.

Stations connected by at least one trip Matrix of directly connected stations (from station i to station j)

(in each direction) O . Tl
within a tram network

Jjr)2 245|678 |9 (1011121314 ]15|16]|17|18|19(20|21|22|23|24(25
1

1)1 1

Figure 3. Example of building a connection matrix of a tram network with 25 selected stations

In the second step, the different connection options of the bus or train platforms (stops)
between two stations (GTFS cluster) are determined. The positions and orientations of the bus
or train platforms (stops) in the SUMO model are decisive. If there are several stops within a
cluster, all combinations between the stops of cluster i and cluster j (i.e. n; x n; connections)
must be taken into account, since the directionality of a stop, i.e. whether it is intended for
travel from i to j or from j to i, is unknown. However, this is not absolutely necessary for the
procedure and arises implicitly later after the entire route has been determined (Section 3). In
addition, there may be several stops in each direction, e.g. for parallel bus or train lines, which
are also taken into account by the procedure. The principle described is schematically illus-
trated in Figure 4 using the example of two consecutive stations of a bus line. Station 1 con-
sists of two stops (one stop in each direction). Station 2, on the other hand, consists of four
stops, as several bus lines run from here in different directions.
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Figure 4. Example of potential paths between 2 bus stations, including 2 and 4 stops, respectively

As also symbolised by the small matrix in Figure 4 on the right, the next step is to deter-
mine the optimal route to each connection option. For this purpose, SUMO's internal optimiza-
tion tool Duarouter is used, which receives the respective section of the path (edge) where a
stop is located and the corresponding vehicle class as input. In order to take into account any
information available on the regular routing of a line from OpenStreetMap in the best possible
way, the Duarouter also applies the corresponding route sections (edges) as intermediate des-
tinations, i.e. they are allocated to the “via” attribute (not shown in Figure 4). However, the
optimal route without intermediate destinations is always calculated, as the intended regular
route (according to OpenStreetMap) may not be permitted in the SUMO model. Thus, up to
two permissible routes can exist between two stops, of which the one intended for the respec-
tive bus or train line is preferred when the total route is later determined (section 4), even if it
exhibits a longer travel time.

While the shortest permissible route between two stops for trams usually corresponds to
the actual route due to a thin rail network and a few turning options (e.g. turning loops at ter-
minal stops), in case of buses further restrictions of optimization have to be taken into account
as follows. First, all edges of the road network, where no bus runs according to Open-
StreetMap, are rated with a relatively high weight (here with a travel time of 3600 seconds per
edge, which results in a speed close to zero for edges mostly short in the urban area). As
shown in the example of our SUMO network model (Figure 5), all gray edges are weighted
with this high value of travel time, while the actual value of travel time is maintained on the
remaining red edges (preferred bus network). As a result of optimization, gray edges are only
selected, if there is no alternative route between two stops on red edges only. Secondly, U-
turns which are rather atypical for buses (except in the area of terminal stops) are also pun-
ished by an additional travel time (e.g. 3600 seconds) in order to avoid them. Consequently,
these two restrictions make it possible to reconstruct realistic bus routes in a dense urban road
network even without specifying the actual routes of bus lines.
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Figure 5. Edges preferred for bus trips (red lines) in an exemplary SUMO net model

2.2 Determining the Total Route of Individual Trips

The partial routes between two consecutive stations defined in the previous section correspond
to the segments of the total routes of all bus or tram trips. In order to select the "true" partial
route among alternative connection options (and thus implicitly also the "true" stop within a
cluster), this method assumes that the merging of all selected partial routes leads to the short-
est total path according to the sequence of stops of a trip. As a solution to the optimization
problem, the Dijkstra algorithm is applied analogously to the Duarouter. However, since the
elements of the corresponding graph do not correspond to the edges of the SUMO network
model, but to the alternative connection options between the stations (partial routes), the Dijks-
tra algorithm is to be implemented in an individual program, here with the help of the Python
library SciPy. The relevant steps of this program, which also includes the preparation of input
data for optimization, are described in the following.

Figure 6 illustrates the procedure using the example of a bus trip section including four
stations, where each station is named with a number for simplification purposes (cf. Figure 6
a, b and c). In the first step, the sequence of stations for each trip of a bus line, which is
illustrated as linearised route in Figure 6 c, is read from the GTFS timetable data. Within a line
with outward and return direction, there are at least two station sequences for all trips, as both
directions of travel are to be considered separately. If the sequences of a line differ in at least
one station or the start or end are shortened (i.e. a terminus of the trip is brought forward),
these are considered new, additional routes. The advantage of this trip-by-trip view of a line is
that routes that deviate from the normal case, e.g. temporary detours due to road closures or
trips to or from the depot at the beginning or end of the day, are also taken into account. In
OpensStreetMap, these different routes are usually not implemented or updated, while in the
GTES data all trips, even with different stop sequences, are usually given. However, the cor-
responding GTFS route shapes (geo-coordinates) are usually not path-accurate and only given
for stations, as already mentioned above.
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Figure 6. Steps to determine a total route — exemplified by four stations of a bus trip, including a loop

In the next steps (2 and 3), all stops from all stations of a trip are listed in the corresponding
order of the station sequence. This list forms the basis for the numbering of the nodes of the
graph or the rows and columns of the matrix for the Dijkstra algorithm (cf. Figure 6 d and e). If
individual stations are served twice (as applicable to station 2 in our example) or even more
(i.e. n-fold) during a trip, they have to be listed several times in the list, otherwise the Dijkstra
algorithm would exclude these loops in order to get to the destination node by the shortest
path. The weights of the edges in the graph correspond to the actual lengths of the partial
routes (i.e., from stop to stop, not from edge to edge). In this case, a connection which is
intended for the respective bus line according to OSM data is not weighted with the actual
distance, but a minimum value (e.g. 1), so that the Dijkstra algorithm selects it preferentially.
At this point, it is also checked whether the planned partial route passes at least one other
station of the current trip. If this is true, the routing between the two stations would not be
efficient without a stop at this intermediate station and would be also rather strange in practice.
It is therefore considered an incorrect assignment and excluded. Instead, the shortest route
between the two stopsis used (i.e. without intermediate destinations, but still within the network
intended for buses) and weighted with its actual distance in the graph and matrix.

In the last, optional step, all individual points of the edges are converted into geo-coordi-
nates and connected as a polyline to check every route projected onto a map. This visual
check by the user is recommended, because the Duarouter algorithm, which was used to find
the stop-to-stop routes in previous section (2), sometimes created errors like redundant edges,
particularly in roundabouts, resulting in multiple loops. Since the latter occurred as a systematic
error during our tests and we were not able to fix this error in the Duarouter itself, we imple-
mented a check and correction function in our programme to repair routes automatically (i.e.
redundant edges are removed) before the visual check.

At the end of the procedure, a SUMO-specific route file (*.rou.xml) for all bus or tram trips
on a specific day can be created automatically according to the GTFS timetable data. If this
file still contains errors in the routes or schedules, these are usually automatically detected
right at the beginning after loading the file in the SUMO simulation. In this case, the simulation
cannot be started until the errors are corrected by the user. However, the tests carried out so
far with data for the area of the city of Magdeburg, which are presented in Section 4, have not
found any errors that needed to be corrected manually in the corresponding route files.
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3 Results

In this section, the functionality and solution quality of our new method is demonstrated with
exemplary results. These results are calculated again on the basis of map and timetable data
for the area of the city of Magdeburg, analogous to the examples in previous sections. To
assess the solution quality, the final output (route file) of our new method is compared to the
respective output of the existing SUMO tool GTFS2PT. This approach corresponds to a com-
parative assessment, which is an alternative or additional option to the comparison with
ground-truth data. The latter are hardly available from a third independent database, because
GTFS and OSM are already used and each is not completely correct to serve as ground-truth.
In our case, we would have to collect primary data of bus and tram routes and schedules by
extensive observations in the city of Magdeburg. Consequently, only the comparative assess-
ment approach is feasible with reasonable effort in the current state regarding data availability.
In cases of doubt, the correctness of individual results could so far only be checked by the
author on a random basis with the help of Internet research and observations on site as well
as the author’s deep knowledge as lifelong inhabitant of the city of Magdeburg.

This chapter is structured as follows. For the sake of clarity and reproducibility, the setups
of both methods, particularly GTFS2PT, are described in next Section 3.1. After that, the re-
sults are presented on an aggregated level regarding trip quantities and network usage in
Section 3.2, as well as on a detailed level in Section 3.3 by comparing two trips with identical
IDs, which may differ in terms of route, stops and departures calculated by each method. Fi-
nally, the computing times of both methods are compared in Section 3.4, and a brief summary
of all results is delivered in Section Fehler! Verweisquelle konnte nicht gefunden werden..

3.1 Setup

The GTFS2PT method we used for our experiments is available as a Python script (gtfs2pt.py)
in SUMO version 1.26.0 from 29.01.2026. To run the script in the case of buses (trams analo-
gously), the following command according to [15] was applied in a terminal window:

python tools/import/gtfs/gtfs2pt.py --network osm_md_road+rail_r2.net.xml --osm-
routes osm_sa total _ptlines.xml --stops osm_md_road+rail_ptstops.add.xml --gtfs
20260126 _opendata_md.zip --date 20260205 --modes bus --sort --repair --vtype-output
gtfs_pt_vtypes.xml

The command line begins with the call of the Python script, i.e. the relative file path, fol-
lowed by relevant options, which partly trigger algorithm 1 and 2, respectively, and are ex-
plained in Table 1.

Table 1. Description of relevant options of gtfs2pt.py

Option Description (quoted from original Python script) Al | A2
1 --network sumo network to use X | X
2 | --osm-routes osm routes file X
3 --stops files with candidate stops (selected by proximity) x) | x
4 --gtfs define gtfs zip file to load (mandatory) X | X
5 --date define the day to import, format: 'YYYYMMDD' X | X
6 comma separated list of modes to import (bus, train, tram,

--modes . : . .

light_rail, monorail, subway, aerialway, ferry)
7 --sort sorting the output-file
8 --repair repair osm routes
9 | --vtype-output file to write the generated vehicle types to
Abbreviations: A1...algorithm 1 AZ2...algorithm 2 x...mandatory (x)...no impact
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Regarding the second and third option (--osm-routes and --stops), it is worth mentioning
that GTFS2PT consists of two different algorithms for stop localisation, which are triggered
either by --osm-routes (algorithm 1) or --stops (algorithm 2). The first algorithm maps nearby
stops to the OSM route edges given from the corresponding xml file (e.g. osm_sa_to-
tal_ptlines.xml), and ignores potentially locations given from OSM, even if these are explicitly
entered with the --stop argument. However, every stop location given from the respective
GTEFS file, which is a mandatory input, is considered to find the closest feasible location. If, on
the other hand, algorithm 2 is triggered by --stops (without --osm-routes), potential stop loca-
tions are explicitly given from file as candidates (e.g. osm_md_road+rail_ptstops.add.xml).
Therefore, algorithm 2 usually provides stop locations which should be always in line with
OSM, while the stop locations of algorithm 1 should be closer to GTFS. However, we were
unfortunately not able to run the second algorithm without any errors, to verify our assumptions
and to get stop locations in line with OSM, whose static data is more reliable than GTFS (as
explained in Section 1). Since all results of GTFS2PT are based on algorithm 1, potential de-
viations of stop locations in comparison to our new method are expected in the following.

The setup of our new method is already described in the Section 3 and therefore needs
no further explanation here, except in terms of input data applied for the simulation scenario.
The input of both methods is OSM data current at the time of the study (download of the OSM
file for the study area on 19.01.2026) and the GTFS timetable data (download of the ZIP file
for Germany from 26.01.2026). Out of this, a timely, busy weekday, in this case Thursday,
05.02.2026, was selected as simulation scenario to run both methods and compare the results.
Although there were school holidays on this day, there was no holiday timetable with a reduced
number of trips on most bus and tram lines.

For the sake of better clarity and verifiability of the present results, only those bus and
tram lines whose termini are in the urban area of Magdeburg will be selected for the following
considerations. This means that all regional buses are excluded and all tram and bus lines of
the local public transport company, Magdeburger Verkehrsbetriebe (MVB), are included.

3.2 Trip Quantities and Network Usage

In the first step of data analysis on an aggregated level, all trips on the day of investigation are
extracted from the respective route files and evaluated in terms of numbers (quantities). For
this purpose, the number of trips per line and the corresponding difference from the target
value, i.e. the number of trips planned according to the GTFS data, is calculated (see Table 2
for buses and Table 3 for trams). if there is no difference to the target value (i.e. A = 0, which
is indicated in simplified terms by an empty cell) and the number of trips is the same for both
methods, this indicates that the data in both methods is correct. However, errors can still be
detected when looking at individual trips in detail with regard to the spatial and temporal course
(i.e. routing, station sequence and departure times), which is why a detailed analysis of the
trips will be carried out in next section (3.3).

With our new method, only 2 out of a total of 20 bus routes have different numbers of trips
(see rows 5 and 19 in Table 2). With the GTFS2PT method, there are only differences in the
night bus lines, which are also sometimes very high, i.e. by up to -100 percent compared to
the target value (see rows 15 to 20 in Table 2). Overall, a preliminary correctness can be de-
termined on the basis of the number of trips for 13 bus lines. These include 1221 of a total of
1360 trips (89.8%).
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Table 2. Number of bus trips planned (target value from GTFS data) in comparison with the number of
trips generated (actual value) by our new method respectively the existing GTFS2PT tool

Bus Line (ID from GTFS)

Number of Trips

Planned | New Method (A) GTFS2PT (A)
1 de:nasa:15003|Bus|51:MVB_3 95 95 95
2 de:nasa:15003|Bus|52:MVB_3 106 106 106
3 de:nasa:15003|Bus|53:MVB_3 95 95 95
4 de:nasa:15003|Bus|54:MVB_3 115 115 115
5 de:nasa:15003|Bus|56:MVB_3 42 40 (-2) 42
6 de:nasa:15003|Bus|57:MVB_3 102 102 102
7 de:nasa:15003|Bus|58:MVB_3 110 110 110
8 de:nasa:15003|Bus|59:MVB_3 11 11 11
9 de:nasa:15003|Bus|61:MVB_3 45 45 45
10 | de:nasa:15003|Bus|66:MVB_3 37 37 37
11| de:nasa:15003|Bus|69:MVB 3 122 122 122
12| de:nasa:15003|Bus|71:MVB_3 146 146 146
13 | de:nasa:15003|Bus|72:MVB_3 110 110 110
14 | de:nasa:15003|Bus|73:MVB_3 127 127 127
15 | de:nasa:15003|Bus|N3:MVB/83 3 16 16 0 (-16)
16 | de:nasa:15003|Bus|N4:MVB/84 3 16 16 9 (-7)
17 | de:nasa:15003|Bus|N5:MVB/85 3 17 17 0 (-17)
18 | de:nasa:15003|Bus|N6:MVB/86_3 16 16 9 (-7)
19 | de:nasa:15003|Bus|N7:MVB/87_3 18 10 (-8) 20 (+2)
20 | de:nasa:15003|Bus|N9:MVB/89 3 14 14 15 (+1)
Total 1360 1350 (-10) 1316 (-44)

In the case of tram lines, there are clear differences between the two methods. With our

new method, there are no differences from the target values, while with the GTFS2PT method
this applies to only one of 10 lines (see row 2 in Table 3). All other lines show high deviations
of up to -100 percent (see lines 1 and 8 in Table 3). In this respect, only tram line 2 with 190
trips can be noted as provisionally correct. This corresponds to a share of only 14.0 percent.

Table 3. Number of tram trips planned (target value from GTFS data) in comparison with the number
of trips generated (actual value) by our new method respectively the existing GTFS2PT tool

Tram Line (ID from GTFS) Number of Trips

Planned | New Method (A) GTFS2PT (4)
1 de:nasa:15003|Strab]1:MVB 0 204 204 0 (-204)

2 de:nasa:15003|Strab]2:MVB _0 190 190 190
3 de:nasa:15003|Sirabj4:MVB_0 201 201 190 (-11)
4 de:nasa:15003|Strab|5:MVB_0 120 120 113 (-7)
5 de:nasa:15003|Strab|6:MVB_0 198 198 191 (-7)
6 de:nasa:15003|Strab]9:MVB_0 204 204 198 (-12)
7 de:nasa:15003|Strabj10:MVB_0 192 192 93 (-99)
8 | de:nasa:15003|Strab|N1:MVB/81 3 16 16 0 (-16)
9 | de:nasa:15003|Strab|N2:MVB/92 0 16 16 18 (+2)
10 | de:nasa:15003|Strab|N8:MVB/98 0 16 16 18 (+2)
Total 1357 1357 1011 (-346)

However, line N1 (row 8 in Table 3) is actually a night bus, which is incorrectly named as

tram (in German abbreviated “Strab”) in its ID, whereas the route type (3 = Bus) is correct in
the respective file of the GTFS dataset (routes.txt). Since our new method has so far always
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been based on consistent GTFS data regarding the vehicle type defined in two different pa-
rameters (1. route_id, 2. route_type), in this case the route of line N1 was modified by slightly
relocating two tram stops, in order to run all trips by tram (according to the so far preferred
route_id) in the simulation model. Nevertheless, our new method still needs to be improved at
this point in order to automatically detect and correct erroneous or inconsistent GTFS data
(e.g. by matching the vehicle type between the line and the associated stations of the trips).

In the second step, the routes of all bus and tram trips are projected onto a map (see Figure
7 for buses and Figure 8 for trams). The advantage over the purely numerical comparison is
that possible differences in route guidance can be seen at a glance. For better clarity, buses
and trams are displayed separately and night bus lines (N3 — N7 and N9) are excluded, as
these are almost completely missing in the GTFS2PT method (cf. Table 2) and are therefore
not comparable with the routes of our new method. However, when comparing the left and
right sides of the map — due to the continued aggregated approach = only those roads or rail-
ways can be identified on which at least one trip of a bus or tram line takes place. Which spe-
cific trips or lines are different and possibly faulty can only be determined during the detailed
analysis in the next section (3.3).

Figure 7. Routes of bus lines in Magdeburg on 5t February 2026, generated by our new method (red
lines, left) in comparison with the routes generated by GTFS2PT (orange lines, right). All regional and
night buses are excluded. Differences between bus networks are highlighted in Figure 9 a-b.
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Figure 8. Routes of tram lines in Magdeburg generated by our new method (green lines, left) in com-

parison with the routes generated by GTFS2PT (blue lines, right). Differences between tram networks
are highlighted in Figure 9 c-d.
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The different routes are represented by superimposing the line networks from both meth-
ods and highlighting the corresponding points in colour in Figure 9. In part a (left), the bus
route network of our new method (grey) is superimposed on the network of the GTFS2PT
method (orange), the latter being recognisable at one point (no. 1) by the orange line (this is
the street called Sudring in Magdeburg). This means that a route section may be missing at
this point in our new method. Analogously, the reverse difference is shown in part b (middle-
left), with the corresponding differences being indicated by red lines. These are four different
points in the route network according to the GTFS2PT method (short differences at some ter-
mini are neglected here and will be examined in next section). The position 1 in part a shows
the regular course of a bus line (line 52 via Sidring), which is currently diverted due to a con-
struction site of several months, which is only correctly indicated in the GTFS data, but not in
the OSM data. The diversion route is shown by position 3 in part b (line 52 via the stop “Jor-
danstralRe” in Halberstadter Straf3e). However, additional edges had to be added to the bus
network in our new method, as these were not previously part of the regular bus network.

In the case of the tram network, according to the GTFS2PT method in part d (Figure 9,
right), four different positions can also be seen. For example, position 2 involves morning and
evening depot trips through a street (Agnetenstral3e in Magdeburg) that is otherwise not regu-
larly used by trams. The route is therefore not included in the OSM data. Position 4 results
from a no longer existing, large-scale diversion of tram lines due to a road closure (at
Damaschkeplatz in Magdeburg between spring and autumn 2025) and is therefore also an
error. The other positions (1 and 3) are just as flawed according to on-site research, but have
not yet been able to be checked with regard to the cause. In addition, in part ¢ (middle-right),
a missing passage is marked in blue by a street that is temporarily closed to trams (Hal-
berstadter StralRe between Siudring and Leipziger Straf3e). This is an error in the GTFS2PT
method caused by incorrect OSM data which have not been updated accordingly.
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Figure 9. Differences between network usage by buses (a-b) and trams (c-d): a) orange sections are
additionally used by buses according to GTFS2PT, b) red sections are additionally used by buses ac-
cording to our new method (NM), c) blue sections are additionally used by trams according to
GTFS2PT, d) green sections are additionally used by trams according to NM

3.3 Comparison of Route, Stops and Departures by Trip

In the detailed result data analysis, the pairs of comparable trips from both route files (our new
method and GTFS2PT) are first identified by matching all trip IDs. Two trips with identical IDs
are then checked for correspondence with regard to the characteristics of route (sequence of
edges), sequence of stations and departure times at the stations (sequence of departures)
using appropriate metrics.

Due to the trip-by-trip comparison based on the trip ID, all trips within Magdeburg including
night buses can be taken into account. Overall, the quantities of trips listed in Table 4 are
included in the corresponding route files (rows 1 and 2 respectively). The planned trips accord-
ing to GTFS are given in row 3 and correspond to the sums in Table 2 and Table 3, respec-
tively. The remaining intersections of comparable trips (row 4) are analysed in the following.

Table 4. Number of trips to be compared out of the total number of trips in the route files

Number of Trips ... Buses Trams
1 Route file of new method (all lines) 1372 1357
2 Route file of GTFS2PT (all lines) 1770 1011
3 Trips selectied (MVB lines only) 1360 1357
4 | Trips comparable (MVB lines only) 1301 1007

The equality or difference of a route (sequence of edges) is determined by the metric
Identical Sequence of Edges (ISE) according to Equation 1. Here, index 1 (trip 1) refers to our
new method and index 2 (trip 2) to the GTFS2PT method.

1,if sequences of edges in trip 1 and 2 are identical

Identical Sequence of Edges (ISE) = { 0. else

(1)
In order to calculate the metrics for the equality or difference of the sequence of stations
(Eg. 3) and sequence of departure times (Eqg. 4), the same number of stations is assumed (Eq.
2). If the Ratio of Number of Stations (RNS) equals 1, then IDs and departures of every station
pair at the same position of the station sequence are comparable. Else, all metrics are set 0.

Ratio of Number of Stations (RNS) = Number of stations in trip 1 2)

Number of stations in trip 2
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Number of identical stations at the same position in trip 1 and 2

Ratio of Identical Stations (RIS) = 3)

Number of stations in trip 1 or trip 2

Number of identical departures at the same position in trip 1 and 2

Ratio of Identical Departures (RID) = (4)

These metrics can be used to make an initial case distinction between pairs of trips in
order to filter the relevant cases (i.e. differences between the methods) and analyse them in
detail. Since only combinations of RIS = 1 and RID = 1 occur in the available data (i.e. if the
station sequence is the same, the departure times are also the same), these can be combined
into one characteristic. Accordingly, only the characteristics Route (sequence of edges) and
Stops (sequence of stations and departures), which are either equal (metric value = 1) or dif-
ferent (metric value < 1), will be used to differentiate cases in the following:

Number of stations in trip 1 or trip 2

Case 1: Route equal & Stops equal
Case 2: Route different & Stops equal
Case 3: Route equal & Stops different
Case 4: Route different & Stops different

The result of the case distinction is given in Table 5 for all bus lines and in Table 6 for all
tram lines. Since case 3 (Route equal & Stops different) never occurs, the corresponding col-
umn is not listed. The last column indicates the ratio of completely identical trips (case 1) to
the total (comparable trips) and is an indicator of how often both methods reproduce the same
route. Whether this route is also correct has not yet been systematically checked and proven,
as data on the basic truth is missing or not available in the required form. Further studies to
validate our new method are therefore to follow. Finally, selected examples from the random
visual inspection of the routes are illustrated and assessed with regard to correctness (see
Figure 10, Figure 11, Figure 12 and Figure 13).

Table 5. Number and ratio of identical bus trips, by comparing trips from GTFS2PT and our new
method in terms of equal edge sequence (Route: R) and equal sequence of stops and departures (S)

Bus Line [Number of | Identical R equal |R different|R different| Identical
(MVB only)|  Trips Trip IDs S equal S equal |Sdifferent|Trips Ratio

planned |(comparable)| (case 1) (case 2) (case 4) [%]

1 51 95 95 87 0 8 91.6
2 52 106 106 0 52 54 0.0
3 53 95 95 48 47 0 50.5
4 54 115 115 25 46 44 21.7
5 56 42 40 22 18 0 55.0
6 57 102 102 0 72 30 0.0
7 58 110 110 51 5 54 46.4
8 59 11 11 0 5 6 0.0
9 61 45 45 4 3 38 8.9
10 66 37 37 18 18 1 48.6
11 69 122 122 0 122 0 0.0
12 71 146 146 40 70 36 27.4
13 72 110 110 32 31 47 29.1
14 73 127 127 13 114 0 10.2
15 N3 16 0 0 0 0 0.0
16 N4 16 8 0 0 8 0.0
17 N5 17 0 0 0 0 0.0
18 N6 16 8 0 0 8 0.0
19 N7 18 10 0 10 0 0.0
20 N9 14 14 6 5 3 42.9
Total 1360 1301 346 618 337 26.6
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Table 6. Number and ratio of identical tram trips, by comparing trips from GTFS2PT and our new
method in terms of equal edge sequence (Route: R) and equal sequence of stops and departures (S)

Tram Line | Number of | Identical R equal |R different|R different| Identical

(MVB only)|  Trips Trip IDs S equal S equal |S different Trips Ratio
planned |(comparable)| (case 1) (case 2) (case 4) [%6]
1 1 204 0 0 0 0 0.0
2 2 190 190 0 183 7 0.0
3 4 201 190 0 0 190 0.0
4 5 120 113 0 0 113 0.0
5 6 198 191 0 185 6 0.0
6 9 204 198 0 0 198 0.0
7 10 192 93 0 0 93 0.0
8 N1 16 0 0 0 0 0.0
9 N2 16 16 0 8 8 0.0
10 N8 16 16 0 16 0 0.0
Total 1357 1007 0 392 615 0.0

The first example illustrates case 1 with two different bus lines on the left and right of
Figure 10. The green line indicates the route calculated by our new method, whereas the route
from GTFS2PT is red and not visible in this case, as it is totally overlayed by the green line.
Consequently, there are no differences in terms of the route. The stops are not explicitly illus-
trated here but also identical.

Bus Line 54 Q Bus Line 58
R equal R equal
S equal S equal

Figure 10. Examples of case 1 (Route equal, Stops equal) with a trip of bus line 54 (left) and 58 (right)

The second example illustrates case 2 with a bus line, whose total route from south to
north is depicted on the left of Figure 11. The interesting section of differences is framed and
enlarged on the right. The red coloured section of the GTFS2PT route deviates from the correct
route (green line) in this area, although the sequence of stations is identical. However, the
positions of two stations in the selected area (one in the north and one in the south) are not
correct, after they were relocated by GTFS2PT (according to algorithm 1, as explained in
Section 3.1) to the specified points S. Although there are further stops on the red line, which
are illustrated as red rectangles, they are not served by the bus line, that is rather atypical and
should also be regard as indication of an incorrect route. As this incorrect route section is
noticeably longer and departure times remain unchanged, delays at the second, northern stop
and after that are more likely to happen in the simulation runs.
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Bus Line 52 R different Relocation of stop by GTFS2PT
Forderanlagenbau (bus) [-1685194871 g 5ahnhof Sudenburg
R different S equal Magdeburg, Forderanlagenhaufée-tS0037384:02] o
M.
S equal
q Magdeburg, Beimsstr. [de:15003:7382:0% s
M3getBurg, Sudenburger Wuhne [de:15003:7379:01]
7379::04), = . Beimsstr, (bus) [-1132951552"
3 Sudenburger Wuhne (bus) [1685194892]
7379:03]
Route of Trip 2
(False)
Route of Trip 1 /
(True)
iOtto-Richter-Str. (bus) [2073772161
544:01}{Magdeburg, Otto-Richter-Str. [de:15003:7544:02) /
us) (209592160 kasMagdeburg, Neuer Sudenburger Friedhof [000000754602)
Wragdebucg, Neuer Sudenburger Friedhof [de:15003:7546::01) Fichte b r’\[—h’;R"ﬂM&'{ Magdeburg, Fichtestr. [de:15003:7399::01]
Magdeburg, Braunschweiger Str. O TS08372645:0 L Fichtestr. (bus) (16851943 T —
Magdeburg, Braunschweiger Str. [de:15003:7548 ;"*},“L perstc (bus) (207377215 AEETONR TR B
agdeburg, Fichtestr. [de:15003:7399:03]
Relocation of stop by GTFS2PT e

Figure 11. Example of case 2 (Route different, Stops equal) with a trip of bus line 52

The third example is illustrated in Figure 12, which is also divided into an overwiew of the
total route on the left and a detailled map of the area of route differences on the right. Here,
the incorrect route section of GTFS2PT (red line) is shorter than the correct route section
(green line), which is also calculated by our new method. Moreover, the station sequences
also differ in this area, as three stations are not served (each depicted as bundle of rectangles
on the green line), so that this example represents case 4. In contrast to case 2 and the previ-
ous example, GTFS2PT did not relocate the respective stops or used the upper station on the
incorrect route as substitute. Since departure times at the remaining stations before and after
the incorrect route section are retained, there is a correspondingly larger time gap (here of 6
minutes) between the respective stations, so that earlier arrivals and longer stop durations are
more likely to happen in the simulation runs.

i R different
Bus Line 51 ifferent A Routeof
S different ib'”"Z”(f
R different - i
S different

Route of
Trip 1 (True)

Figure 12. Example of case 4 (Route different, Stops different) with a trip of bus line 51

Atfirst glance, trams do not have any full matches of routes and station sequences calcu-
lated by GTFS2PT and our new method, respectively (cf. case 1 in Table 6). When we look
deeper into the routes and stations of comparable trips, the differences usually result from a



Kaiser et al. | Reconstruction of Public Transport Routes (2026) "SUMO User Conference"

slight repositioning of stops at the end of a route and a corresponding route shortening by
GTFS2PT, as illustrated in Figure 13 using the example of tram line 2. The same situation at
termini also occurs in some cases with bus lines (e.g. at the upper end of the route of bus line
52 in Figure 11 on the left). If this slight difference at the termini is always neglected, all trips
of tram line 2 and 6, which are currently assigned to case 2, will be identical (case 1). However,
since the repositioning of stops is not mandatory in these cases and should rather be avoided
by GTFS2PT (i.e. algorithm 1), the classification into case 2 is retained for the moment.

R different

LSchl Str. (b -297829683]
S equa| Magdeburg, Schleswiger St [de:15003:7538::0 heWER

B chleswiger Str. (tram) [1800628857)

Schleswiger Str. (bus) [1674398685§ agdeburg, Schleswiger Str. [de:15003:7538::02]

Schleswiger Str. (tram) [1800628856]

Relocation of stop by GTFS2PT @

i

' Shortened Route of Trip 2 (False)

Extended Route of Trip 1 (True)

‘esterhusen (Betriebshof) (bus) [-2070455612]
Wvesterhusen (Betriebshof) (tram) [289787357]

Magdeburg, Westerhusen (Betriebshof) [de:15003:754

R different | i

] leburg, Westerhlsen (Betriebshof) [de:15003:7540::03]
S equal | Westerhtisen (Betriebshof) (bus) [31460088:

’ rhiisen (Betriebshof) (tram) [1800628860]

Figure 13. Example of case 2 (Route different, Stops equal) with a trip of tram line 2

Other differences in tram routes result from completely missing route sections, that are
not applied by GTFS2PT, such as the short intermediate connection at position 2 in Figure 9 d
for morning and evening depot trips of line 2 (case 4), or the connection to the upper terminus
(position 1) for all trips of line 1. The latter are therefore not mapped by GTFS2PT at all.

3.4 Computing Time

Although our new method has been already implemented in Python to retrieve the result data
presented above, when we were writing the scripts we rather focused on high accuracy and
correctness of results than high performance of the programme by particularly minimising the
computing time. Therefore, the performance is object to future work, since optimisation and
implementation of our new method is an iterative and on-going process. Nevertheless, we
measured the current computing time of running all programme parts (i.e. different Python
scripts), which are assigned to respective phases of the method, as depicted in Table 7.
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Table 7. Computing time of our new method

Phase Main Purpose Frequency of Use |Computing
(expected due to Time
external updates) |[seconds]
Retrieval and weekly or less
1 GTFS Data Processing preparation of frequent (depends on 270
timetables etc. GTFS data provider)

Retrieval and
preparation of stops
routes (map data),
Download and
generation of
SUMO model
Clustering and

one-time / if required
(depends on changes
in stops and routes of 593
bus and tram lines in
the study area)

2 OSM Data Processing

3 | GTFS and OSM Data Fusion| matching of Stops, yphage 1 o 89
) : ) updated
Routing of lines/trips

" . Preparation of .
4 | Writing Route File for SUMO simulation in SUMO if phase 3 updated 26

. . Preparation of routes . : .
5 | Writing Shape Files for QGIS verification in QGIS one-time / if required 60

1038 s
Total (17.3 min)

All measurements were repeated 5 times and performed by a Lenovo ThinkStation P3 (i7).

The total computing time amounts to approximately 17.3 minutes, that is about 35 times
higher than the respective computing time of GTFS2PT (approx. 30 seconds). However, our
new method also includes download and generation of the SUMO model itself (phase 2), that
is often time-consuming (up to the size of study area, here 7.3 minutes) and not performed by
GTFS2PT. When excluding this task and all other tasks from phase 2, which are usually exe-
cuted once only (if OSM data of the study area remain unchanged), the total computation time
decreases to 445 seconds (7.4 min). Nevertheless, this value is obviously still too high with
respect to user acceptance, and therefore needs to be reduced in future by optimisation of the
Python programme.

3.5 Summary and Interpretation of Findings

The comparative assessment on aggregated and detailed levels reveals that our new method
is able to calculate accurate routes of all tram trips (100%) and almost all bus trips (99.3%) (cf.
Table 3 and Table 2, respectively). In contrast, GTFS2PT patrticularly failed in tram trips from
or to depots with partly different routes, which usually deviate from the regular route. These
trips are either not included or have an incorrect route in the respective route file of GTFS2PT.
This is assumed to be the reason, why some trips are always missing in 4 of 10 tram lines (cf.
Table 3, right column, row 3-6). Although all trips of line 2 (row 2) are included in the route file
of GTFS2PT, a closer look into the network usage reveals, that these trips have an incorrect
route, since the correct route section is never used (cf. Figure 9 d, position 2). Since such
depot trips are not applicable to buses in the city of Magdeburg, the error only occurs at trams.
The detailed analysis reveals more differences between both methods and detects errors
which are not obvious on the aggregated level, for example at bus line 52, whose route is
always partly incorrect (cf. Table 2, row 2, Table 5, row 2, and Figure 11). Overall, our new
method is obviously more accurate than GTFS2PT in case of trams, but also in case of buses.
Remaining errors at two bus lines, which applies to 10 of 1360 trips (cf. Table 2, row 5 and
19), are always made transparent as they are not included in the route file. The suspected
reason for this error has been already identified (i.e. some required bus stops are missing in
OSM data) and will be fixed by further improving the method in future.
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4 Conclusion and Outlook

In this article, we design a multi-part algorithm for processing timetable data from public data
sources. The processed data is used in the traffic simulation model SUMO. We get each route
for each individual trip of public transport vehicle. This is necessary because occasionally de-
viating routes of bus and tram lines, such as trips in the morning and evening to depots or
temporary diversions are only shown in the GTFS timetable data, but not in OSM route data.

With our new method we were able to determine all tram trips that took place on a selected
day, whereas with GTFS2PT we did not get all trips for individual lines (cf. Table 3). Among
the trips determined, however, a closer look at the routes revealed clear differences between
the methods and in some cases also verifiable errors of GTFS2PT. For example, depot trips
of tram line 2 were indicated in the route file, although the special section of route required for
this trip is not included (cf. position 2 in Figure 9 d). In total, 346 of 1357 tram trips from the
route file were missing with GTFS2PT, while all of them could be constructed with out method.

For bus trips, the numerical differences between the two methods were much smaller (cf.
Table 2). However, a closer look at the routes of individual bus trips revealed differences,
some of which point to errors by GTFS2PT. For example, individual stops are moved to loca-
tions that do not exist in reality (cf. Figure 11 and Figure 13), because the underlying algorithm
1 of GTFS2PT considers stop location data from GTFS only. As we pointed out in [6], stop
location data from OSM is often more accurate than from GTFS (cf. Section 1).

Regarding timetable data we assume that the GTFS data is always correct. However, for
example, a night bus line is incorrectly shown as a tram line in the city of Magdeburg. Thus,
since two stops of the line are not on the tram network, the error is automatically detected.
However, since several solution options may exist for this error, an automatic correction is not
possible so far. For instance, one option is correcting the location of stops (if this changes the
route only slightly), and another option is correcting the vehicle class (i.e. bus instead of tram).

These examples and all previous experiences indicate that a graphical representation of
the routes and stations on a map (e.q. in the open source software QGIS) is recommended for
manual checking and correction of errors by each SUMO user. Although errors can be auto-
matically detected by comparing data from different sources (GTFS versus OSM) with plausi-
bility checks, automatic correction is much more difficult to implement, especially if there are
several solution options. This would only be conceivable with the help of statistical models (Al),
which, however, are rather unreliable and not transparent compared to deterministic methods.
From a realistic and pragmatic point of view, the option of automatic map display seems fea-
sible and useful in the foreseeable future as supporting tool for the user to manually correct
erroneous routes. In this respect, our new method will be further developed and improved in
this direction.
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