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Abstract 
This paper is focused on timetable synchronization of urban, regional and long-distance public passenger transport 
subsystems in stochastic conditions. Proposed method is based on a mesoscopic simulation model. Model is applied within a 
process (method) leading to a robust timetable in the point of view of passengers changing e.g. from trains to buses of urban 
public transport. Solution is focused on specific condition – the case of relative long time headways between individual services 
of public transport like 30, 60 or 120 minutes, so that possible time loss can be serious. There are a number of such cases in 
reality. It is typical for small and medium sized cities or municipalities. Some lines with similar headway time can be found in 
large cities as well. Solution is illustrated by the case study focused on interchange node located in Žďár nad Sázavou (Czech 
Republic). Modified approach to generating of train input delays allowing to take overall operational situation on railway 
infrastructure into account (e.g. influence of construction works) is presented as well. This is compared to the way based on 
generation of delays in an individual way for individual trains. 
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1. Introduction 

Operational reliability is a key feature of interchanges 
in public passenger transport. The paper is focused on 
interchange node between trains and urban buses. 
Presented method can be generalized on all nodes 
where time headways between individual transport 
services are long (like 30, 60 or 120min) so that 
serious time loss can be occurred in the case of loss of 
connection.  

The main aim of the paper is to demonstrate a 
method for design of a robust timetable (in point of 
view of interchanges). The method is based on 
a stochastic simulation model.  

Stochastic generation of input time delays of trains 

is essential for such simulation. It is discussed as a 
secondary topic. In fact, each train gets individually 
generated value of delay in the model. The delay values 
can be influenced by operational conditions (like 
construction works on the line) in similar way by more 
trains. Individual generation can possibly lead to 
unrealistic structure of delays in replication. Modified 
way (with 2 steps) for generation is introduced.  

Research is demonstrated in practical conditions of 
Žďár nad Sázavou. It is a city with 21k inhabitants 
located almost in the middle of the Czech Republic 
(about 150km southeast of Prague).  

There are 3 regional and 1 long-distance railway 
line connected with 9 urban public transport (UPT) 
bus lines at the solved node (railway station). Railway 
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lines are operated with time headway of 60min or 
120min. Main UPT transport bus lines are operated 
with headway of 60min. Therefore, this node has ideal 
conditions for demonstration of topic. 

Applied simulation model is mesoscopic, because 
some of features are individualized. Macroscopic 
(generalized) solutions are often based on evaluation 
of total time consumption counted for all passengers 
(Hernandez and Monzon, 2015). Issue is that time 
savings for one passenger can be related to time loss of 
other passenger by using of this aggregated approach. 
Proposed method of modelling and synchronization 
replaces time consumption (or similar criterions) by 
quality-based indicators evaluating interchanges.     

Applied simulation model has been developed in 
Microsoft Excel by using of Visual Basic for 
Applications programming language. This approach is 
applied due high flexibility for research purposes.  

2. State of the art 

The authors of this paper conduct research in the field 
of public passenger transport for a long time. Applied 
qualitative indicators as well as the way of simulation 
have been introduced within a habilitation thesis of 
one of the authors (Bulíček, 2015). Timetable 
synchronization in busy hubs of public transport is 
taking a part of the paper (Bulíček, 2018), but 
stochastic aspect was not followed there.  

Earlier results of research in field of demand for 
public transport and in the field of modelling of 
passengers’ decision-making processes are published 
e.g. by Kleprlík and Matuška (2017). 

Timetable synchronization problem is a frequently 
solved research topic. On the other hand, this topic has 
many forms and links to other circumstances. 

Integrated railway network point of view on 
timetable and its optimization can be represented by 
Yizhen et al. (2020) presenting mixed-integer 
optimization model for design of a rail network 
timetable with minimized transfer times. 

Synchronization of timetables in UPT (bus) 
networks is solved by Abdolmaleki et al. (2019). 
Optimization problem with congruence constraints is 
applied as the base for solution. 

Another point of view on bus timetables is 
presented by Ceder et al. (2001). The paper (Blanco et 
al., 2020) is focused on timetables of automated metro 
subway networks.  

Specific question of synchronization of timetables 
of last trains (before operation brake – e.g. at night) 
with an effort to maximize the weighted sum of 
accessible origin-destination pairs (by last services) is 
solved by Chen et al. (2019). It is based on mixed 
integer linear programming model as well.  

Optimization of timetables with regard on vehicle 
capacity utilization is highlighted by Xue et al. (2019). 

Nonlinear integer programming model and a genetic 
algorithm are applied for improving of efficiency.   

Rescheduling of timetables in dense railway 
network with focus on infrastructure capacity and (it 
could be told) operation stability is a scope of the 
paper (Altazin et al., 2020). Multi-objective 
optimization is combined with macroscopic 
simulation in this case.  

Relation between shortening of travel times and 
punctuality of operation in railway transport is 
researched by Högdahl at al. (2019).  

Similar theme like in this paper is solved by 
(Naumov, 2020). Rationalization of total waiting time 
of passengers is followed, but the approach based on 
genetic algorithms is different. 

Second similar topic is presented by Monzon et al. 
(2017). The paper is focused on interconnection on 
long-distance and local public transport in different 
European cities. There is mentioned also the relation 
on European projects HERMES, NODES, City-HUB that 
belong to core project activities in this field.   

There are a number of papers related to the 
simulation modelling as well. The paper Sever et al. 
(2018) is focused dynamic microsimulation models of 
traffic flow. There is mentioned a 5-step structure of 
modelling (model establishment; random generation 
of a problem in the network; 2 different ways of 
solution to be compared and comparison of results). 
Modified, but similar structure is applied for 
modelling of operational situation in railway transport 
by generation of input delays of trains in our 
simulation model.  

The main focus is put on development of timetable 
optimizing models nowadays. Issue is that computing 
demands are high and heuristic algorithms are often 
needed. Application of descriptive simulation models 
is common e.g. in railway transport with possibility to 
find suitable results (in spite the fact that these results 
do not have to be optimal in the mathematical point of 
view). For these reasons our research is focused on 
application of stochastic simulation in case of an 
individual interchange point where longer time 
headways are applied. There is an effort to create 
method to allow basic synchronization of timetable as 
a support for transport designers. This makes also a 
difference from previous publications of the authors.  

Transfer time as time needed for change from one 
vehicle to another is crucial. Walking distances, 
number of elevators and escalators or access to 
information are key aspects influencing transfer time 
according to Hernandez and Monzon (2015). 
Optimization of flows of passengers changing between 
transport services is discussed by Wang (2019). 
Routing of these flows is important for reduction of 
transfer time. Short waiting times at interchange node 
is very important for more than 60% of passengers 
and short distances needed to be passed for more than 
51% of passengers according to Oostendorp and 
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Gebhardt (2018). Some authors are focused on specific 
interchange nodes like Popovic et al. (2012) dealing 
with Beograd Centar Station (Serbia). Specific needs of 
people with reduced mobility are accented as an 
important aspect.  

3. Materials and Methods 

Presented research is focused on 2 issues -timetable 
synchronization and modified generation of train time 
delays as inputs into replications of stochastic 
simulation.  

3.1. Research hypothesis 

“It is possible to develop an optimizing method using 
results of stochastic mesoscopic simulation model 
able to be applied for improvement of timetable 
synchronization at an interchange node with longer 
time headways between individual public transport 
services.”  

Secondary hypothesis is related to the way of 
generation of values of input delays. “Separated 
simulation (generation) of variant of operational 
conditions and using of associated values of delay will 
provide more realistic results than generation of delay 
using the same parameters of probability distribution 
for each train and conditions.”  

3.2. Method  

Simulation model is taking main part in proposed 
timetable synchronization method.  

3.2.1. Starting point 

Extent of operation, timetable and other features of 
regional and long-distance (railway) transport are 
considered as given with no possibility to be changed 
within optimization. Long-distance and regional lines 
are usually limited by a number of other conditions. 
For example capacity issues in relation to timetable 
are mentioned e.g. by Široký et al. (2019). On the other 
hand, these arrivals are simulated in stochastic way. 
Timetable can be also filtered by time, weekday, line 
and direction for possibility to make sub-models (to 
solve partial optimization tasks).  

The aim is to synchronize UPT to other lines. UPT 
arrivals and departures are changeable within 
optimization. It corresponds to a common reality. UPT 
arrivals and departures can be modified to the extent 
possible (with respect to possible constraints). 
Operation of UPT is modelled as deterministic (no 
delays). The reason is that UPT operation is considered 
as more reliable and that passengers follow especially 
timetable by decision to use interchange.  

3.2.2. Model inputs and model variables 

Simulation model is designed for time period of 24hrs 
(to be considered) and it is based on following inputs. 
The main input is set of arrivals of trains. These data 

are supplemented by information about probability 
features of possible delay, by time restrictions on 
operation (e.g. transport service not available on 
weekend) and by one, two or three so called 
destination profiles for evaluation (please see chapter 
3.2.3). 

UPT services are inserted as a set of time positions 
of departures to be considered. In the case of UPT lines 
in different directions, more model variants with 
different sets of UPT departures can be applied.  

Analogic inputs and processes can be applied for 
modelling of changing from UPT to railway as well. 
Last, but not least segment of inputs is related to 
specification of interchange time limits (please see 
chapter 3.2.4).   

3.2.3. Destination profile 

So called “destination profile” is a core concept for 
proposed model and method. It is a place (locality) out 
of the city from (to) where passenger can travel. 
Profile can stand for e.g. neighbour city or for a set of 
municipalities located on solved line or for other 
important places (e.g. tourist attraction, ski resort 
etc.). 

 

Figure 1. Example of destination profiles.  
Source: Authors, based on results of (Bulíček, 2015).  

Interchanges are considered between set of trains 
going from destination profile and set of UPT services. 
When there are more lines (e.g. to the next city), 
transport supply is considered as aggregated. Please 
see Figure 1 for illustration of this concept. Destination 
profiles can be weighted when it is needed. 

3.2.4. Criterion 

Passengers would like to reduce time spent by 
travelling (Oostendorp and Gebhardt, 2018). The 
question is if this time should be strictly minimal or if 
it can be in some acceptable range.  

Individual cases of interchange (between trains of 
destination profile and UPT bus services) are 
categorized and evaluated by points, please see Table 
1.  
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Table 1. Categories of interchange. Source: Authors 

Category Time span [min] Points 

Impossible <0; 3)    -0.5 
Lack of time to move between platforms or stops. 
Uncomfortable <3; 6)   0.2 
Interchange in a hurry with no possibility to get information, 
purchase tickets etc. 
Ideal <6; 11)  1.0 

Possibility to go free, to make basic acts (e.g. to purchase ticket), 
possibility to interchange for people with reduced mobility (e.g. 
using lifts, longer barrier-free routes etc.). 
Long <11; 15) 0.6  
Acceptable, but with feeling of time loss. 
Not connected <-7; 0) -0.5 
Departure (of UPT bus) is in defined time frame before arrival (of 
train). 

Time spans reflect local specific conditions of Žďár n. S. Different values: 
impossible <0; 2>; uncomfortable <2; 5); ideal <5; 11) are applied by regional 
trains from Nové Město na Moravě using 1st platform (without using of station 
underpass). 

Mentioned categories have been introduced by 
Bulíček (2015). Now, it is equipped by point evaluation. 
When transfer time is ideal, 1 point is assigned. Point 
value is reduced in all other cases due to discomfort. 
Impossible and not connected interchanges can get 
negative value for strengthening of prevention of such 
cases. The aim is to maximize total amount of points. 

This approach is reflecting two important aspects. 
It is usually not possible to find optimal solution at all 
possible interchange relations (from/to all destination 
profiles). These cases are considered as “neutral” 
(0 points in criterion). On the other hand, 
maximization of points “prefers” suitable 
interchanges. The second aspect is if passengers are 
considering interchange time with resolution of 1 
minute or with “binary” evaluation as un-/suitable. It 
can be a theme to discussion.   

3.2.5. Optimization part 

Simulation model has results of descriptive character, 
but these results can be applied for optimization of 
timetable (interchange).  

Simulation can be conducted in two ways and both 
are applied. Deterministic simulation (fully punctual 
operation of railway) is used for determination of time 
position for departures of UPT bus services; stochastic 
for assessment of punctuality and then for possible 
rescheduling of UPT departures. Details are mentioned 
in chapter 4. 

Optimizing part of the method is supported by 
developed exhaustive-search algorithm. This 
algorithm with computer support is dedicated to lines 
with periodic operation. Regular time headway 
between services and extent of operation (time from – 
to) can be set by user. Algorithm tests all possible 
variants of solution (time positions of UPT bus 
departures). Each evaluated by deterministic situation.  

 

3.2.6. Generation of stochastic inputs 

Delays of trains are modelled stochastically within 
assessment of punctuality.  

Issue is that there are some aspects influencing the 
overall situation in railway transport operation in 
general. It means that at least subset of trains (e.g. on 
one line) has similar level of delays. Application of one 
general probability distribution can lead to the fact 
that one train can have e.g. no delay and the second 
one high delay. It can be unrealistic in combination. 

Construction works on infrastructure, conditions 
related to (bad) weather, operational irregularities can 
be mentioned as examples of such aspects. The set of 
situation is not finite and it must be determined with 
regard to local specific conditions. 

In consonance with secondary hypothesis of this 
research, two ways of generation of stochastic inputs 
are applied. The first is related to application of one 
general probability distribution for all cases. The 
second is two-step generation (modelling) when the 
overall situation is generated individually as the first 
and then the delay value according to associated 
probability distribution as the second step.   

This hypothesis was tested by the year 2015 where 8 
months were connected to long-time lasting 
construction works on railway line and 4 to 
“standard” operation. It was found out that delay 
probability distributions for individual months do not 
correspond to general probability distribution for all 
the year (by using of chi-square test). For simply 
illustration, values of average delay can be compared. 
Maximal value of average delay in monthly expression 
was 5.43min, minimal 1.44min and year-based was 
3.05min. Two-step generation of delay values can be 
recommended due to this. 

4. Results and Discussion 

The case study is focused on interchange from trains 
to UPT buses in Žďár nad Sázavou as it was mentioned. 
Case study is located to year 2020, but with delay 
characteristics from 2015 (illustration of construction 
works influence) and 2019 (the same operation 
conditions).  

Transport is operated from 4 AM until 11 PM. 
Connection to 1 model UPT bus line with headway time 
of 60min is considered in the case study. UPT line 
operation is periodic (bus departure at the same 
minute every hour). It corresponds to lines No. 2 and 8 
in practice. Services of both lines depart at the same 
time of X:40. Routes of both lines are different.  

Railway transport is almost periodic. Trains of all 
lines typically arrive and depart between X:20 and 
X:38. Please see Figure 2. 
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Figure 2. Interchange relations in Žďár nad Sázavou.  
Source: Authors, based on (IDOS, 2020). 

4.1. Deterministic simulation – experiments  

Deterministic simulation is applied for optimization of 
time position of UPT bus departures. There are 60 
variants considered by the algorithm (from 0 to 
59min). This is extended (repeated) from 4 AM to 
11 PM every hour in the same way. Total amount of 
points is computed by simulation for every variant. 
Please see the results in Figure 3.  

 

Figure 3. Evaluation of UPT departure time positions.  
Source: Authors. 

The best time location of UPT is X:35 according to 
deterministic simulation  (50.6 points), the 2nd is X:38 
(44.0), the 3rd  X:41 (41.8). The worst is X:22 (-31.1 
points).  

4.2. Stochastic simulation – experiments  

Second step is to evaluate results by stochastic 
simulation (bdelay of trains). A part is made using 
punctuality of the year 2019 with application of 
general (the same) probability distribution of delays. 
Departure time positions from X:35 to X:45 were 
examined in this way, each by 1095 stochastic 
replications (3 years) and with the same simulation 
seed (for comparability). Please see Figure 4 for 
results. Average, maximal and minimal values are 
displayed. Values from deterministic simulation are 
added. 

  

Figure 4. Stochastic evaluation of UPT departure time positions 
(X:35 – X:45). Source: Authors. 

Proposed approaches to generation of input train 
delays are analysed by the year 2015 (construction 
works) and for state-of-art departure time position of 
X:40, see Table 2.  

  Table 2. Generation of input delay. Source: Authors 

Case* [points] 1 2 3 4 5 

Departure X:40 
Determ. 37.6 
Stoch. - average 35.7 38.4 32.4 38.4 29.2 

*1 – General distribution; 2 – All trains, standard operation; 3 – All trains, 
construction works, 4 – Individual distribution for each railway line, standard; 
5 – Indiv. distr., construction works. 

Evaluation of 4 different departure time positions 
by using of recommended two-step generation of 
input delays is in Table 3. 

  Table 3. Simulation by two-step generation of delays. Source: 

Authors 

Case [points] 6 7 8 9 

Departure X:35 X:40 X:43 X:45 
Determ. 50.6 37.6 20.6 17.6 
Stoch. - average 31.2 32.4 28.3 23.4 

4.3. Discussion 

Some important facts can be discussed based on 
reached results. There is a suitable distribution of 
trains in time in this case study. Resulting time 
position from deterministic simulation is X:35. It 
corresponds with the structure of planned train 
arrivals (please compare Figures 2 and 3), but too early 
after “last” train arrival (X:34). It is due to effort to 
“serve” train arrivals at X:20 and X:23.  

 Departure time position at X:35 is attractive as 
planned, but not too much suitable from the point of 
view on punctuality. Please compare brown and blue 
graph in the Figure 4. Deterministic (planned) and 
“average” (stochastically simulated) numbers of point 
are almost similar for departures in time span of X:36 
– X:41. Stochastic results are better than planned for 
time position X:42 – X:45. It is due to time reserve by 
interchange and due to shortened interchange time 
(caused by delay), but overall tendency is decreasing. 
It is caused by the fact that UPT departure is coming to 
be too late after planned train arrivals.  

With regard to the fact that local authority requires 
UPT departures X:X0 or X:X5, recommended time 
position should be rescheduled to X:40. This is second 
advantage of this method. Other variants than optimal 
can be also considered. These variants can be 
important for local reasons as well. 

5. Conclusions 

The conclusion is that it is possible to find the method 
for synchronization of timetables based on simulation. 
Two-step generation of input delays can be also 
useful, see Tables 2 and 3. Input hypotheses are not 
able to be rejected by results mentioned in this paper. 
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