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Abstract
Network-based systems are at the core of our everyday life. Whether it is electronic 
networking, electricity grids or transportation, users expect the networks to function 
properly and provide a feeling of safety and security. However, there may be distur-
bances. In this paper, we consider disturbances in the context of public transporta-
tion. The focus in this respect is on public transport planning and operations. To 
classify and cope with disturbances, one can find many ideas, including robustness, 
resilience, vulnerability, disruption mitigation or delay management. We survey 
related streams of literature and put them into perspective. As a major insight we 
show that different strands of literature exist that may benefit from becoming better 
connected and intertwined. Together with recent advances in information technol-
ogy and solution methods, more integrated problem settings incorporating robust-
ness and disturbances can play a major role in future planning and operations.

Keywords  Public transport · Resilience · Disturbances · Robustness · Delay 
management · Digital transformation · Bus bridging

1  Introduction

Transportation is at the core of enabling people’s everyday life. Usually, the first 
distinction in transportation refers to whether we move freight or people. In public 
transport (also known as public transit or mass transit) we are dealing with systems 
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intended towards moving people. Nowadays, most of these systems, opposite to 
motorized individual transport or private transport, are operating passengers (sin-
gle or groups) from the general public. Transport is from some origin to some des-
tination, in most cases on a scheduled basis, with given routes to be adhered to. 
Deviations from these ideas and other types of concepts are possible to transport 
specific groups of people (e.g. demand-responsive transit especially for elderly or 
handicapped people etc.) or to enhance most notably mass transit systems with indi-
vidualized solutions. We also envisage Mobility-as-a-Service (MaaS) describing 
an attempt towards mobility provided as a service rather than specifying the use of 
a specific mode of transportation upfront. This is enabled by combining all differ-
ent types of transportation services under one umbrella (or, equivalently, account, 
access mode). In an era of autonomous vehicles becoming more and more available, 
this will be advanced over time, too.

Like many other systems, also transportation systems are prone to error or dis-
turbances (that is, something is happening beyond the usual way of operation). 
In public transport one may react once a disturbance happens, and one may also 
take some measures upfront; this may be reactive or proactive. One may investi-
gate, e.g., whether a public transport system is vulnerable or robust towards distur-
bances, i.e., whether it can be strongly affected or whether it can compensate them 
to some extent. That is, robustness of a system is the ability to keep up its function-
ality under conditions that deviate from their normal state (see, e.g., IEEE 1990; 
Cats 2016). Moreover, recovery of a system is the process of its salvage if it was 
disrupted or simply the process of bringing the system back to its original status 
after a disturbance or disruption. Often resilience is used to describe the ability of a 
system to withstand changes (see, e.g., Hosseini et al. 2016; Mudigonda et al. 2019; 
Wan et al. 2018), which is coping with the above-mentioned vulnerability referring 
to as the question to which extent especially extreme events can disrupt transport 
systems. That is, different concepts (and even words) are used when dealing with 
disturbances.

In this paper, we are mostly interested in disturbances in public transport (plan-
ning and operations) as well as related issues of robustness. Suitable means to cope 
with disturbances include robustness (as well as related concepts and methods). In 
literature, as indicated below, one can find many additional descriptions, phrases, or 
words, sometimes for the same things, including, but not restricted to, delay man-
agement, recovery actions, vulnerability, mitigation strategies, etc. Some of these 
concepts are used to analyze situations (e.g. bus bunching, where we observe two or 
more buses of the same line following close to each other without that being planned 
deliberately) while others are used to describe frameworks for solving problems 
(e.g. bus bridging, where buses are used to replace broken connections in other sys-
tems like metro or (light) rail). This needs differentiation. That is, we aim to discuss 
these different settings of disturbance, robustness etc. as well as their consequences 
and provide a survey of respective references. Moreover, we review some mode-
ling/solution attempts from literature to explain possible consideration of integrated 
problem settings as well as an enhancement by means of incorporating robustness. 
Our choice of problem settings and references aims to shed some light on important 
issues to be explored further in future research. As a result, researchers as well as 
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practitioners may benefit from a survey on these topics as well as a clarification of 
how the same or similar concepts are found under different names, allowing them to 
enhance the base of the literature to be considered. Moreover, advances in modern 
information and communication technology as well as related solution methodology 
and solvers, especially in the last ten years, allow to consider richer problem settings 
than what was possible in previous decades. This allows to consider disturbances 
and robustness at a level that has not been achieved before so that a survey in this 
respect seems beneficial.

The remainder of this paper is structured as follows. In the next section we sketch 
a few basic concepts focusing on public transport planning and operations, distur-
bances and robustness, worth being explored to set the pace. Section 3 clarifies dif-
ferences regarding the timeline, i.e., distinguishing issues happening before and after 
a disturbance. Section  4 sketches solution approaches in generic terms. Section  5 
gives a problem-oriented survey on different concepts to cope with disturbances, 
again focusing on public transport planning and operations. This includes the dis-
cussion of various problems as well as examples on how they are viewed in the light 
of disturbances. A summary of some case studies from literature is provided in Sec-
tion 6.1 We conclude and provide some ideas for future research.

2 � Basic concepts

Before considering disturbances and a simple way to classify them, we provide 
some background about public transport. We also discuss some concepts like robust-
ness in more detail. Finally, we resort to information management issues and a few 
measures of network connectivity as they are very often adhered to when dealing 
with robustness in public transport.

2.1 � Public transport

Classical planning problems in public transport may be structured along the time-
line, i.e., strategically, tactically and operationally. Some selected basic under-
standing of public transport issues, especially regarding planning and operations, 
is summarized below using (Daduna and Voß 2000; Desaulniers and Hickman 

1  Note that we do not claim to be fully comprehensive as that would exceed the limits of this paper. 
Rather we aim at providing recent pointers that cover (almost) everything necessary when used in a 
proper backward search. That is, the text is interleaved with pointers to existing literatures without try-
ing to follow some of the recent so-called structured literature review concepts or similar (see van Lierop 
et al. 2018; Brendel and Mandrella 2016; Risser et al. 2015; Chowdhury and Ceder 2016 as examples; 
those are mostly not available regarding our focus; an exception is Pender et al. (2014b)). That is, our 
approach may be best classified as narrative (Pahl and Voß 2022). Occasionally concepts are only briefly 
sketched, without providing the complete list of existing literature. Beyond our knowledge of the field 
and related literature we used a search on Scopus and Google Scholar on “public transport” and related 
phrases (like “public transport” and robustness) together with related backward and forward search. In 
most cases, the backward search was limited to the last five years. For a scientometric analysis of public 
transport research for 2009 up to 2013 see Heilig and Voß (2015).
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2007; Ceder 2015; Vuchic 2005). Figure 1 describes the different planning stages 
in public transport following Daduna and Voß (2000,  p. 8), Daduna and Voß 
(1996).

We assume that a line describes a consecutive number of stations that are served 
by means of a public transport vehicle (bus, train, etc.) running between these sta-
tions. The first and the last station are called, e.g., endpoint or terminus. Headway 
(or frequency) is used to express the distance between vehicles in a transit system 
measured in time or space (sometimes also called cycle time). The dwell time of a 
vehicle at a station is the time it spends without moving.

On a strategic level, decisions have to be made regarding lines to be offered. This 
is most demanding, if expensive infrastructure needs to be installed like for guided 
and tracked systems (e.g. railtracks and train stations). This is easier if a bus line 
is set up and it “just” needs some sign posts or some bus stations (of course it also 
needs investments in buses, drivers need to be hired, etc.).

Several lines together build a public transport network. Within such a network, 
there can be different modes of transportation. Concerning the use of multiple 
modes like, e.g., rail, bus and ferry altogether in a public transport network there 
can be different levels or a multi-level network. That is, a multi-modal network is a 
network integrating multiple modes of transportation. Moreover, a level in a pub-
lic transport network refers to a specific degree of detail of a service, i.e., (inter)
regional level, metropolitan level and local (urban) level. The integration of sev-
eral levels in a network is called multi-level network. Integrating several modes can 
be called multi-modal or vertical integration and the integration of several levels 
(within the same mode) can be called multi-level or horizontal integration. Deviat-
ing from this simplified definition could be necessary, if local areas with different 
structural designs are concerned (e.g. the use of large articulation buses on arterial 
streets versus small buses in narrow street districts). Note that these definitions are 
motivated by the work of Yap et al. (2018) as well as our work in maritime shipping 
(Shi and Voß 2007; see also Daduna 2020). For a survey on optimization problems 
in line (network) planning see, e.g., Schöbel (2012).

Strategic Planning

Operations Management
and Monitoring

Operational Planning

Tactical Planning

Line network planning (rail/guided and 
tracked systems)

Line network planning (non-guided systems)
Fare system design
Timetabling
Schedule synchronization

Vehicle scheduling
Crew scheduling
Crew rostering

Dispatching
Automated vehicle monitoring
Passenger information

Fig. 1   Planning stages in public transport
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Once a line network is set up, one has to think about pricing (like fare zone 
design) and alike.2 On the tactical level one also refers to setting up a timetable with 
all its specific considerations, like, e.g., the coordination of different lines so that 
schedules are synchronized to allow for possible transfers of passengers. The time-
table has to be fulfilled, so appropriate plans have to be made for transport vehicles 
(buses, trains), related personnel (e.g. crew, drivers, conductors). Making specific 
plans is usually called vehicle scheduling, crew scheduling, duty scheduling and 
duty rostering, where the following definitions are adhered to. A  roster or a sched-
ule is a list of personnel and associated information, e.g. location, working times, 
responsibilities for a given time period like a week, a month or a holiday season. 
That is, a duty roster is a schedule which assigns tasks, shifts (e.g. the day shift or 
a night shift), and away missions to crew members. Being aware of the different 
planning stages, it is important to do things in a certain (not necessarily hierarchi-
cal) sequence. For instance, given a timetable, in vehicle scheduling vehicles are 
assigned to specific trips that need to be performed; the latter may be called vehicle 
blocks. Once a sequence of tasks in a vehicle block is defined, those tasks should 
be assigned to a duty for a certain period, like a morning shift or 5 h or a working 
day. These duties need to follow given regulations and policies like length of work 
without break etc. The process of defining duties is often called crew scheduling. 
Breaking it down to dispatching and operations management (see Fig. 1) also relates 
to specific final parts of the planning stages like giving a specific driver a specific 
schedule (described as a roster above) and then, within a schedule, putting the driver 
on a specific vehicle. A comprehensive survey of related optimization problems can 
be found, e.g., in Schöbel (2006). A literature review focusing on bus systems is 
Ibarra-Rojas et al. (2015).

Recent tendencies in the transition between tactical and operational planning 
include the joint planning of different aspects like the integrated vehicle and crew 
scheduling problem (see, e.g., Mesquita et al. 2009, 2013; Amberg et al. 2019; Lin 
et al. 2020). That is, problem settings become more and more rich,3 incorporating 
problem-specific aspects observed in practice. For instance, starting from the clas-
sical vehicle and crew scheduling problem, one may include additional legal con-
straints, company-based policies (like day-off patterns in Mesquita et al. (2013)) or 
even robustness (e.g. by means of fixed buffer times and/or delay propagation meas-
ures as in Amberg et al. (2019) and Ge et al. (2022)).

Once the named as well as related problems are solved (heuristically or exactly) 
and corresponding plans are available, they need to be put into action (or operation). 

2  Of course, we are aware of the ever rejuvenated discussion whether public transport should be pro-
vided for free—but even that is a price—to move people away from using private cars to reduce climate- 
and emission-related problems. This is long known especially since the discussion of Nobel price winner 
Vickrey about public transport in New York (USA) (Vickrey 1955, 1963). If pricing is concerned, behav-
ioral aspects may come into place, too, e.g. regarding fare evasion (Barabino et al. 2020).
3  The notion of rich problems is more known in the vehicle-routing domain (Hartl et al. 2006), but can 
certainly be used in public transport, too. The connection is easily made if one considers the area of para-
transit or demand-responsive transport as it includes the well-known class of dial-a-ride problems; see, 
e.g., Molenbruch et al. (2017) and Parragh et al. (2008) for surveys.
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This refers to running the system including dispatching, monitoring vehicles and 
alike. Moreover, related information management issues need to be considered like, 
e.g., providing passenger information.4

Finally, we note that research in public transport can vary along the timeline but 
also be related to the perspective and possible modeling approaches as well as the 
modeling scale. The latter especially relates to the level of detail. On a very detailed 
level we have microscopic models, on a broader scale we consider macroscopic 
models. As an example, in a macroscopic model we assume that we have a very 
abstract problem representation where, e.g., a station is just a node in a graph or 
network while a microscopic perspective considers the detailed tracks etc. within 
the station. In a mesoscopic model both concepts, microscopic and macroscopic, are 
combined in the sense that they include elements from both models, i.e., some parts 
are modeled with a lot of detail, while others are not (sometimes implemented as or 
called stub modules).

Beyond these views we may also consider a microeconomic view on public 
transport as is usually found in transport economics. This realm could focus on the 
involved stakeholders and their resources. These are, namely, operators with their 
means of transport plus the available infrastructure and passengers or users with 
their demand, time etc. Often we see a distinction regarding the latter considering 
access, egress, waiting and in-vehicle time. Transport economics then accounts for 
the (intended or assumed) demand and implies measures like the number of vehicles 
as well as incurred frequency and cycle times; see, e.g., Jara-Díaz and Gschwender 
(2003). Note that this discussion may be extended by policy-oriented means of 
assuring a minimum level of services of general interest and welfare provisions.

2.2 � Disturbances

While the planning stages described in the previous subsection have been put into 
practice or are put into practice, there certainly are or will be disturbances. As men-
tioned before, a disturbance is something happening beyond the usual way of opera-
tion. It can be any type of trouble, fault, disorder, disruption, impairment, interfer-
ence, damage, harm, agitation, uneasiness, etc. related to public transport.

For coping with disturbances, we start with a hands-on classification of distur-
bances in public transport. Obvious dimensions, as presented in Table 1 (which is 
based on a brainstorming effort of the authors; see also, e.g., Yap (2014) for a list of 
possible disturbances in public transport), are related to the distinction of planned 
disturbances (like in case of planned maintenance and repair) while others come 
more or less as a surprise (like unplanned accidents, congestion or just a delay); 

4  Having defined all these settings, we should note in passing that there are also other types of public 
transport that might not necessarily be covered in this paper, as they regard, e.g., to paratransit in a differ-
ent meaning than before. Paratransit modes can be seen as systems between public transit and individual 
motorized traffic in terms of providing demand-responsive services even without a pre-defined route or 
pre-defined schedules, as it can be found especially in many third-world countries and even as part of the 
shadow economy in many places.
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disturbances may be repetitive (viz. recurrent) or not (non-recurrent). Disturbances 
can be man-made or natural, they can be minor or severe, and much more. Distur-
bances are usually not known beforehand but occasionally they may be pre-planned 
(e.g. in case of a pre-announced strike (van Exel and Rietveld 2009) or in case of 
maintenance work; see, e.g., Sect. 5.8). Table 1 may be extended by additional top-
ics (obvious as well as far-fetched ones). Let us take an example. When it comes to a 
disturbance of public transport that may be considered by means of a mathematical 
programming approach, mitigation may be considerably improved and people may 
be in favor towards or at least not be distracted from using public transport because 
of the disturbance. However, other types of disturbances may be beyond the impact 
of being treated by planning models (at least at first glance) like fare evasion (Barab-
ino et al. 2020) or crime (Newton et al. 2004), but they may still have a major impact 

Table 1   Disturbances: classification dimensions and examples

Dimension Specification Examples

Planning Planned Maintenance, labor strike, expected (e.g. sports) event
Unplanned Traffic jam, abnormal events (severe weather-based 

accidents, terrorist attack), absence of drivers due 
to illness, crew shortage, rolling stock breakdown, 
crowding, unexpected event

Probability High Demand fluctuation
(Very) low Terrorist attack, pandemic with lockdown or curfew

Impact (Very) low Broken escalator
(Very) high Terrorist attack

Time: occurrence Pre-trip Forecasted storm
En-route Tree fallen over on tracks
Time of the event Peak, off-peak, day, night, etc.

Time: duration Short Fixed versus estimated versus unknown duration
Long Fixed versus estimated versus unknown duration

Type Natural Weather-based (e.g. closed street due to flooding)
Man-made Illegal parking with blocking of public transport 

vehicle
Scope Local Limited spatial impact

Regional/global Severe weather
Location Inside/internal Within the public transport system itself (e.g., a bus 

breaks down)
Outside/external An external influence (like a road closure)

Frequency (Very) seldom/non-recurrent Terrorist attack, pandemia
Often/recurrent (Delay due to) traffic jam

Restricted availability of infrastructure
Miscellaneous Psychophysiological (driver stress)

Near accident, pronounced fatigue
Correlated events (clear ice, accident)
Complexity
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on the use of public transport such as the comprehension of fear or unfairness (like 
realizing that other people get the service for free without being discovered in case 
of fare evasion, or experiencing crime while using public transport).

Planned events like maintenance usually come with an advance notice while most 
disturbances are coming in an unplanned way. Exceptions are events that may to 
some extent be forecasted like, e.g., certain traffic jams during peak hours. When we 
speak about probability regarding an event to happen, we mostly refer to the likeli-
hood of occurrence. Often this also goes in hand with characteristics influencing the 
possible impact of a disturbance, like whether it happens during peak or off-peak 
hours, whether it happens on a weekday or on a weekend, during school holidays, 
during day or during night, etc.

Disturbances cause primary/exogenous delays (also called source delays 
(Dollevoet et  al. 2018)). Such delays usually cannot be prevented and are distin-
guished from secondary (or knock-on, propagated, reactionary) delays. Propagated 
delays may be caused by the delayed arrival of vehicles from previous duties or 
tasks, which use common resources. Propagated delays are those delays one can 
influence by making scheduling decisions, such as Amberg et  al. (2019) and Ge 
et al. (2022) in public transit and Ionescu (2018) in the airline sector.

Based on different kinds of disturbances, one may distinguish implications based 
on the involved stakeholders, be it transit operators, passengers or even policy mak-
ers. In literature, mostly the first two are focused. For instance, taking a passenger-
oriented view, one may define various measures characterizing a disturbance and its 
influence (sometimes called robustness indicators; see, e.g., Friedrich et  al. 2017; 
Cats et  al. 2017). Possible indicators could measure the disturbance-based delay 
of the passenger at the final destination. Exemplification includes the number of 
delayed passengers (eventually arriving with a delay larger than a given threshold at 
their intended destination), the total delay time (summing up all delay times of late 
arriving passengers at their destinations), the average delay time per affected passen-
ger or the proportion of passengers who need to change the initially intended route 
to reach the final destination (within a certain time limit).

The recent Covid-19 pandemic is a very-high-impact-very-low-probability distur-
bance. In times of lockdowns the operations of public transport (including bus, rail, 
ferry and taxi) have been suspended or at least been reduced considerably in many 
places; cf. Fig. 2.5 In many cases stations were temporarily closed or not served. For 
instance, in Wuhan, China, the municipal government expropriated, among others, 
bus stations to build shelter hospitals rather than using them for public transport 
purposes (Yu and Li 2020). Literally, the Covid-19 pandemic might deserve a com-
prehensive paper on its own; for some references see, e.g., Hirschhorn (2021), Mars-
den and Docherty (2021) and Mützel and Scheiner (2021).

5  An interesting investigation regarding pandemic implications for Stockholm, Sweden, is reported on 
https://​people.​kth.​se/​~jenel​ius/​corona_​pt/ (see also Almlöf et  al. 2021) and in general on https://​www.​
trans​forma​tive-​mobil​ity.​org/​news/​the-​covid-​19-​outbr​eak-​and-​impli​catio​ns-​to-​public-​trans​port-​some-​
obser​vatio​ns, last access March 18, 2022.

https://people.kth.se/%7ejenelius/corona_pt/
https://www.transformative-mobility.org/news/the-covid-19-outbreak-and-implications-to-public-transport-some-observations
https://www.transformative-mobility.org/news/the-covid-19-outbreak-and-implications-to-public-transport-some-observations
https://www.transformative-mobility.org/news/the-covid-19-outbreak-and-implications-to-public-transport-some-observations
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Disturbances are not only unforseen events, they can also be expected events, 
eventually with an uncertain time of occurrence. As examples, consider weather-
based disturbances with an uncertain but expected time of occurrence or the lifetime 
of a battery in battery-driven buses or vehicles that will eventually come to an end at 
some point in time (see Sect. 5.3 for more detail). Note that based on demand fluc-
tuation as well as other factors, even a traffic jam could become an expected event. 
As an example, consider Fig. 3. Red arcs describe the situation where the trip from 
Station X to Station Y needs more time if it is starting at time e rather than time d. 
This could be related to different traffic conditions or speed limits at different times 
and in that sense be a foreseeable event, while traffic jams, in general, may not be 
always foreseen.

Some of the possible disturbances listed in Table 1 may be open for debate, espe-
cially when focusing on planning and operations, as they might arise only in the 
eyes of the beholder. Examples include psychophysiological issues like driver stress, 
near accidents or crowding. If reasonably designed, questionnaire-based studies in 

Fig. 2   Decline of bus patronage worldwide; https://​moovi​tapp.​com/​insig​hts/​en/​Moovit_​Insig​hts_​Public_​
Trans​it_​Index-​count​ries, last access June 19, 2020

Space

Sta�on X

Sta�on Y

Time a Time d Time e Time b Time c Time f Time g Time

DISTURBANCE
delay based on 
the disturbance

Fig. 3   Time space diagram in case of load dependency (own elaboration)

https://moovitapp.com/insights/en/Moovit_Insights_Public_Transit_Index-countries
https://moovitapp.com/insights/en/Moovit_Insights_Public_Transit_Index-countries
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this area can be an important methodology as well as an issue requiring considera-
tion (especially when measuring soft factors such as, e.g., happiness). As an exam-
ple, consider crowding which usually is assumed to be an issue with difficulties in 
specification (Haywood et al. 2017). That is, if capacity is not counted by the num-
ber of seats, physical closeness between travelers per se is often not taken as a hard 
constraint (although this might be necessary). However, closeness may impact on 
customer satisfaction on a subjective level, e.g., considering social distancing or 
happiness in using public transport (see, e.g., Duarte et al. 2010 for the latter).

Performing integrated planning changes the degree of freedom but also increases 
the interlinking of different problems. This also means that disturbances in one 
dimension may more strongly influence those in others. Additionally, the integration 
may also concern the joint consideration of multi-level public transport networks. 
Then, the exposure or the impact of a disturbance may be defined (Yap et al. 2017). 
Taking earlier classification criteria, the exposure of a disturbance can be defined as 
the product of the frequency of the disturbance and the duration of the disturbance. 
Both values can be seen as probabilistic values, possibly being independent from 
each other.

Complexity can be used to classify problems regarding their hardness and the 
question whether to use heuristics or exact approaches (see Sect. 4). However, com-
plexity can also mean the difficulties arising from and with disturbances. Once a dis-
turbance (or disruption) occurs, one may encounter knock-on effects causing addi-
tional (multiple) disturbances; information availability on the disturbance, involved 
stakeholders and available resources may not be available; stakeholders may not 
behave in an expected way. An important lesson regarding complexity learned from 
Dekker et al. (2021) is the issue of when to consider centralized and when to con-
sider decentralized decision making. Managerial treatments of disruptions are inves-
tigated in Piner and Condry (2017). As a major (well-known) conclusion, the provi-
sion of accurate and consistent information is most important (emphasizing the need 
for efficient passenger information and information management).

Considering existing literature, the cause of disruptions is one of the most impor-
tant issues when differentiating between various concepts like robustness and vul-
nerability. In that sense, robustness and vulnerability are often used as opposites 
(Knoop et al. 2012). Simply spoken, robustness describes the strength of a network 
and vulnerability describes the weakness of a network. The next two subsections are 
devoted to these concepts and deepen their definition and understanding.

2.3 � Robustness

Robustness is the ability of a system to resist against adverse actions or events 
(to some extent). In different words, a system is called robust if it may cope with 
changes without the need to adapt. Using the idea of robustness describing the 
strength of a (public transport) network, definitions of robustness, not only in the 
public transport literature, seem to occur as a dime a dozen.6 In general as well as 

6  Beyond what was already stated, let us exemplify as food for thought. For instance, in Cats et  al. 
(2017) we find a definition where “systems are considered robust based on their capacity to absorb dis-
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in public transport networks the idea of a network being fault tolerant (a different 
word for robust) is used. However, fault tolerance can have different dimensions and 
different stakeholders that may be influenced by related measures. Many of these 
measures are devoted to network connectivity (see Sect. 2.6).

In this respect we also find reliability; see, e.g., Soza-Parra et  al. (2019). The 
common comprehension is that a public transport system is reliable if it can be 
trusted to work well or to behave in the way it is supposed to work. Flexibility may 
also be used in this respect. Coming more from an engineering point of view, it 
relates to bending or pushing a system without breaking it. Other words or syno-
nyms are adaptability, openness, versatility, and adjustability. Stability of a plan 
relates to the degree to which it remains feasible under variations of the environ-
ment without the need of major modifications. In a business-oriented context one 
might not only strive for feasibility but also for cost-efficiency. Often these words 
are used in public transport without thinking too much of their specific meaning; 
the same seems also true in other industries. We refer the interested reader to a few 
references mostly focusing on the airline industry: Dück et al. (2012), Ionescu and 
Kliewer (2011) and Ionescu (2018). In the spirit of the above definition of robust-
ness “the degree of sensitivity of various rescheduling algorithms to variations in 
process times (running and dwell times)” can also be addressed (Larsen et al. 2014) 
and be seen as a robustness measure.

Regarding robustness and solution approaches we need a more detailed under-
standing of what the strength of a system (or being immune against interference) 
really means and we refer to robust optimization and light robustness in Sect.  4. 
Beyond this notion we also find the consideration of recoverable robustness and 
quasi-robustness (Veelenturf et al. 2016b).

2.4 � Resilience and vulnerability

Resilience is an indicator for the ability of systems to withstand disruptions within 
acceptable degradation parameters but also their recovery time. Taking the Latin 
origin resilire of the word, one may define resilience slightly differently in the sense 
of the ability to bounce back from a disturbance. After analyzing the related litera-
ture, many references are devoted to the capability of systems being able to absorb 
disruptive events and to adapt accordingly. Moreover, recovery is implied to be a 
critical issue in resilience. For some general exposition on resilience and relations 
into supply chain resilience see especially Bababeik et  al. (2018), Hosseini et  al. 
(2019) and Hosseini et al. (2016).

In a transportation research-oriented editorial, Caschili et al. (2015) specify that 
resilience refers to the inherent capability of networks to adapt and return to normal 
conditions after some disturbance like a critical event. In that sense, they empha-
size recovery as a major driver of resilience. On the other hand, according to the 

ruptions with a minimal impact on system performance.” Here we could ask how “minimal” is meant as 
a formal or a colloquial word, respectively.

Footnote 6 (continued)
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same source, vulnerability relates to the risk and probability that extreme events can 
disrupt transport systems. Once network planning tasks are performed and related 
management is undertaken, objectives are usually devoted towards maximizing net-
work resilience as well as minimizing vulnerability. Most important in this respect 
is the preservation of connectivity, though this has to be specified in detail as there 
are various measures describing connectivity. Again, we refer to Sect. 2.6, where, 
among others, different graph-theoretic concepts are explained to measure connec-
tivity (see, e.g., Derrible and Kennedy 2009) possibly indicating which networks 
might be more resilient or vulnerable than others.

In a similar spirit, Cats and Jenelius (2018) focus on the relation between net-
work performance and the degradation of line or link capacities. By establishing a 
vulnerability curve, impacts of capacity reductions in a public transport network are 
assessed using a dynamic non-equilibrium model. Literally, the interplay of resil-
ience and vulnerability of complex networks against failure (as a whole or related to 
its parts) goes back to classical operations research. Which components of a network 
need more strength, possibly expressed by means of redundancy (like in extending 
capacity), and where is a network potentially the weakest? In that sense, the targeted 
destruction of a network is concerned with the same components or constituents 
or similarly handled like the potential increase of its strength. The notion of attack 
vulnerability of complex networks goes back to studying transportation as well as 
computer networks clarifying where to add or remove nodes and/or links to make a 
network more resilient or vulnerable. Examples include Berche et al. (2009) and Jin 
et al. (2014). Taking related preventive measures to avoid attacks or at least reduce 
their impact is an important research area; see, e.g., Bruyelle et al. (2014).

The discussion about resilience vs. vulnerability in connectivity network struc-
tures is also reflected in Reggiani (2013) and Reggiani et al. (2015) (even including 
some considerations of scale-free networks). Going back to resilience, we may also 
define as follows (Jin et al. 2014, p. 17): “Resilience of a system refers to the ability 
to withstand disruptions within [an] acceptable reduction in service performance.” 
Implications may call for extended efforts to increase protective measures rather 
than investing in post-disruption recovery methods (see the bus bridging concept as 
an example). In the same spirit, several authors propose different ways to quantify 
resilience. For instance, D’Lima and Medda (2015) propose a certain measure and 
they use stochastic models in which one parameter is interpreted as the resilience. 
Their ideas are exemplified by means of the London Underground.

General surveys on resilience in transportation systems can be found in Wan et al. 
(2018) and Beśinović (2020). Another review is Mattsson and Jenelius (2015). They 
discuss various concepts of transport system vulnerability and resilience and review 
related research. As a major conclusion they highlight possible benefits of cross-dis-
ciplinary studies focusing on topological and system-based vulnerability. A recent 
collection of surveys focusing on network resilience, service reliability and distur-
bances can be found in Yap and Cats (2021), van Oort (2021) and Shalaby et  al. 
(2021). They are especially important as they support our view on public transport 
planning and operations as a major driver of research and applications. Moreover, 
an interesting research issue relates to whether resilience uses aggregate or worst-
case measures with respect to different stakeholders, a question comprehensively 
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considered in Vodopivec and Miller-Hooks (2019). Moreover, the authors of the 
latter source investigate whether a bad comprehension of a public transport sys-
tem relates to the system itself or the possible resilience measures in case of distur-
bances. In Reggiani et al. (2015) vulnerability and resilience in transportation sci-
ence is reviewed, too. The focus, though, is slightly different as they view it from 
a connectivity and accessibility angle and relate it to robustness, reliability and fri-
ability. Considering vulnerability regarding major discrete events mostly refers to 
large, non-recurrent events which affect infrastructure availability. Links where the 
product of exposure to disturbances and the impact of these disturbances is highest 
are identified as most vulnerable by Yap (2014) and Yap et  al. (2018). Related to 
this context are also maintenance and repair as well as methods to test and quantify 
the resilience of infrastructure components in any dimensions. An exemplification 
regarding railway signalling characteristics can be found in Simons (2019).

A great citation analysis focusing on resilience, vulnerability and alike can be 
found in Sugishita and Asakura (2020) and Sugishita and Asakura (2021). Other 
works on resilience with a transportation and public transport focus include Ren 
et al. (2019) and Cox et al. (2011).

2.5 � Information management

Information may be viewed as purpose-oriented knowledge, demonstrating action-
determined knowledge of various conditions and developments in reality. We define 
information management as purpose-oriented provision, processing, and distribu-
tion of the resource information for decision support as well as the provision of 
respective infrastructure (Voß and Gutenschwager 2001). That is, information man-
agement is understood, among others, to be an instrument for making information 
distribution operable for an enterprise. In that respect, it becomes an enabler for 
efficient innovation management including digital innovation. Thinking in terms of 
core innovations, information technology may be seen as a core innovation with an 
omnipresent penetration throughout all other areas or industries (see, e.g., Voß and 
Gutenschwager 2001). The adoption of information management in public transport 
is well described and supported in Daduna and Voß (2000) and ever since used in an 
increasing manner. Beyond being an enabler for innovation, it is seen as an enabler 
for efficient planning and operations.

Information distribution and data management are closely related to real-time 
control. Control, which is conducted in real time, can be implemented in various 
dimensions (see Ibarra-Rojas et  al. 2015) to guarantee an efficient service during 
system operation. Examples include station control which aims at vehicle holding 
to improve service regularity or to ensure passenger transfers as well as inter-station 
control including speed control and the application of traffic-signal priority. In dif-
ferent words, actions are taken in real time given a disturbance (e.g. deviation from 
schedule adherence). That is, disturbances need to be detected and related measures 
need to be taken. Based on comprehensive data availability and data-driven tech-
nology being readily available in many cases, we often see traffic control centers 
that take the business of observing and controlling the daily operation as well as to 
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take measures in case something unusual or unexpected happens, e.g. a disturbance. 
Modern information and communication technology can help to perform the neces-
sary control measures and they need to be collected, e.g., in such a control center 
and its information systems. For a survey of state-of-the-art technology for auto-
matic train operation, especially in urban rail systems, we refer, e.g., to Yin et al. 
(2017). The more this technology is used, the more one also needs to account for 
the relationship between different levels of automation and the robustness, reliability 
etc. of public transport networks. In that sense, the relationship between primary 
and secondary causes for disturbance reaches new levels of complexity due to being 
massively intertwined.

One important use of real-time control is to improve service quality provi-
sion. Exemplification can be to treat schedule synchronization and use it to ensure 
planned transfer adherence. This issue (schedule synchronization in particular as 
well as service quality in general) becomes even more important if we are concerned 
with changing headways and last trains or buses (Voß 1992; Daduna and Voß 1995; 
Kang et al. 2015; Wu et al. 2015; Yin et al. 2019 and Nesheli and Ceder 2014, 2015; 
Nesheli et  al. 2017, where the contributions of the latter ones are very similar). 
Especially under those circumstances, the impact of disturbances may become much 
more severe than, e.g., in peak hours. While this ties in with delay management (see 
Sect. 5.4), it also goes beyond. Moreover, considering multi-level networks makes 
the problem more complex, especially if mobility-restricted user groups are con-
sidered. We should note that research incorporating transfers often works without 
consideration of schedule synchronization as, e.g., prevalent in Dakic et al. (2021). 
Raising the issue of substitutability might state that just walking reduces the number 
of transfers. However, a comprehensive consideration of substitutability may lead 
to multi-objective optimization problems considering different objectives like com-
fort, price, and time and the issue of related trade-offs. This can be seen in regard to 
synchronization issues as well as passenger information; see, e.g., Daduna and Voß 
(1995, 1996). Substitution can also be seen as a choice option in different dimen-
sions, e.g., when considering different objectives, or when enforcement is in place 
(see, e.g., bus bridging based on a disturbance).

One important application of information management lies in its ability to use 
more or less modern technology (machine learning, data-driven analysis, data sci-
ence, etc.) to analyze and predict traffic patterns of public transport users. This could 
be based on smart card data, automated vehicle monitoring, real-time control data 
and alike.

Information provision towards the public is of utmost importance to attract pos-
sible customers towards using public transport. Especially in case of disturbances, 
customers need to be informed about implications of the disturbances. This can be 
done by means of collective information as well as individual information as indi-
cated in the next paragraph. On the other hand, the provision of information can 
also bear disturbances in itself. If passengers are not or not sufficiently provided 
with action- or purpose-oriented knowledge, this may be seen as some sort of dis-
turbance, too. A visualization of related issues by means of an appropriate 3-layer 
model (Wollnik 1988; Voß and Gutenschwager 2001) is provided in Table 2.
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Coping with disturbances based on efficient information management is in the 
focus of Jevinger and Persson (2020, 2019). In a specific project related to distur-
bance management and information availability in public transport, the authors pro-
vide an outline of a prototypical information management solution focusing on a 
specific case in Sweden. However, the lessons learned are quite generic in pointing 
out which type of information each passenger might need in case of a disturbance. 
Marrying this with older ideas from, e.g. Daduna and Voß (1996), this encompasses 
different types of information flows like collective ones, where groups of passengers 
are informed about certain events or issues altogether, while individualized informa-
tion provision addresses detailed needs of specific customers. Another source with 
the focus of real-time information in case of disturbances is Bruglieri et al. (2015). 
Information management-oriented case studies for Zurich, Switzerland, using agent-
based simulation are Leng and Corman (2020) and Rahimi Siegrist and Corman 
(2021). A wealth of data is also provided through smart cards (Luo et  al. 2019). 
Especially in rural areas with thinned-out transport structures, information needs 
become even more important in case of disruptions as clearly indicated by Papange-
lis et al. (2016).

Extending these ideas even leads to marketing issues and hidden disturbances; 
see, e.g., Echeverri and Skålén (2011). Co-destruction refers to the problem that 
objective information is often not available so that actions from one side (e.g., a bus 
driver closing the doors of a bus) can be misinterpreted by another side (the cus-
tomer feeling uneasy about the door of the bus being closed) leading to collaborative 
diminishment of value by both actors. That is, one (the customer) sees a personal 
disturbance while the other one (the bus driver) sees the possible delay propagation 
without being able to explain to the customer that and why they have to wait. Social 
media use in case of disruptions is a different issue, well documented and surveyed 
in Pender et al. (2014b). Subjective user opinions of mobility networks can be used 
to judge upon the satisfaction level of users of mass transit systems, especially in the 
case of disturbances (Haghighi et al. 2018; Kokkinogenis et al. 2015).

Finally, note that information management implies rolling stock and public 
transport vehicles to become, in a sense, running information systems. If so, cyber 
security grows as a new threat and issue of disturbance; see, e.g., Schmittner et al. 
(2019).

2.6 � Network connectivity

Network connectivity has a major impact on measures such as robustness in trans-
portation in general and especially in public transport. Nevertheless, it seems to 
be less understood in the latter domain. Therefore, we exemplify it in more detail. 
Impact can be deduced on all planning levels (e.g. strategic when to build a new line 
to increase the robustness of a transport system; e.g. operational when applying bus 
bridging after a subway station closure).

As mentioned before, robustness or fault tolerance can have different dimensions 
and different stakeholders that may be influenced by related measures. For instance, 
Liao and van Wee (2017) investigates a set of accessibility measures based on the 
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number of travel options to express the robustness of a transport system, something 
that goes in line with classical facility location-related problems. Given an origin-
destination (OD) pair, one may check for the connectivity between this pair of nodes 
in different ways. For instance, one can count the number of travel options connect-
ing this OD pair. Given different modes of travel, e.g., one may resort to another 
mode if the former is no longer available. To make things more versatile, one might 
even change origin and/or destination, e.g., if one attempts to visit a shop of a cer-
tain brand or chain so that there is some sort of flexibility once a disturbance arises.

Usually, conditions of network serviceability are based on connectivity. That is, 
loosing connectivity is a major disturbance greatly influencing passengers. In this 
sense, different graph-theoretic concepts may be defined to measure connectivity 
(see, e.g., Derrible and Kennedy (2009) for some general exposition and Candelieri 
et al. (2019) for some case-study calculations) possibly indicating which networks 
might be more resilient or vulnerable than others. One should also bear in mind that 
transportation network representations in terms of graphs reveal some sort of special 
structure. Usually, for instance, a new line is appended towards an existing bus or 
train network with many nodes having a degree of 2 while at least one node con-
nects to a somewhat important node of an existing network.

Actually, common sense tells us that in public transportation we have quite a few 
more or less important nodes. This can be a central station that connects to more 
lines than other stations or it can be a hub that accounts for incoming and outgoing 
traffic while allowing for transfer. Driven by the question on how to localize one 
or more most important node(s) in a network, various graph-theoretical measures 
may be defined and used (not necessarily invented for or used in the area of public 
transport).

Let us recall some graph-theoretical notation,7 i.e., we assume a given graph 
G = (V ,A) with node set V and arc set A where A is supposed to be a set of directed 
arcs. In case of undirected edges, we denote G = (V ,E) with edge set E. We assume 
n to be the (finite) number of nodes and m the number of arcs or edges, respec-
tively. d(i) denotes the degree of node i ∈ V  . The adjacency matrix AG of the graph 
G is an n × n matrix used to represent whether pairs of vertices are adjacent in the 
graph. Assuming a finite graph without multiple edges between pairs of nodes, AG 
is a (0,1)-matrix with zeros in its diagonal and a value of 1 indicating that an edge 
or arc exists, 0 otherwise. For undirected graphs the adjacency matrix is symmet-
ric. Moreover, the eigenvalues are real numbers and the set of eigenvalues, let us 
denote them by �1(G), �2(G),… , �

n
(G) , are called the spectrum of G. The largest 

eigenvalue of the adjacency matrix denotes the spectral radius of G and is denoted 
by �(G) . Given two nodes j and k, we denote by SP(j,k) the number of distinct shortest 
paths that connect these nodes and by SP(j,k)(i) we account for the number of those 

7  With a special focus regarding this subsection, we may refer to, e.g., Brouwer and Haemers (2011) and 
Cvetkovic et al. (1980).
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paths that include node i. The following list gives a few measures as they may be 
used in public transport.

•	 Degree centrality DC(i) = d(i)

	   DC(i) denotes the degree centrality of node i ∈ V  . As a simple measure we use 
the degree of a node with the tendency that a node is more vulnerable the larger 
its degree is. The vulnerability of a node may be seen regarding the node itself 
as well as the influence of the removal of a node on the performance of a trans-
portation network. In the first case, the vulnerability of a node increases the more 
complex its structure is. Consider, e.g., a (railway) station with many incoming 
and outgoing edges and related crossings of lines, then there is a higher chance 
for a disturbance (e.g. based on an accident) compared to a node with small 
degree centrality. For further reading see Sugishita and Asakura (2021) and the 
references therein. According to Du et al. (2014), a network node may also be 
seen as vulnerable if the loss (or substantial degradation) of a number of links 
significantly diminishes its accessibility.

•	 Betweenness centrality BC(i) =
1

n(n−1)

∑

i≠j,i≠k

SP(j,k)(i)

SP(j,k)

	   BC(i) denotes the number of times a node acts as a connection along a shortest 
path between two other nodes again with the tendency that a node is more vul-
nerable the larger its betweenness centrality is. In case of betweenness centrality 
we may argue in a similar way regarding the vulnerability of a node and the vul-
nerability of a network as done for degree centrality. For a case study using the 
Shanghai metro network, we refer to Sun and Guan (2016).

•	 Spectra of graphs
	   The spectral radius of graphs as well as the spectra of graphs (especially using 

the second eigenvalue of an adjacency matrix) may also be used as important 
measures characterizing the significance of certain nodes and edges in public 
transport networks, although this has largely been neglected outside the field of 
graph theory; for exceptions regarding public transport and transportation net-
works in general see Maas (1987), Candelieri et al. (2019) and Bell et al. (2017). 
Due to the lack of further references regarding public transport, we acknowledge 
the closeness to telecommunication networks allowing to refer to Çetinkaya et al. 
(2015).

Different types of disruptions may imply different measures for proper judgement. 
Moreover, different types of networks are more vulnerable than others. For instance, 
a network with a specific node with a large degree centrality and a large between-
ness centrality is more manipulable by means of a terrorist attack in that node than 
in others. Looking at a specific node by itself, there seems to be a higher vulnerabil-
ity, e.g., regarding possible delay propagation based on traffic jams and disturbances 
around and even inside the node.

The general settings on network connectivity and related measures can be found 
in Bell et  al. (2017), Mishra et  al. (2012), Kindlmann and Burel (2008) (without 
cross-referencing in these references). While Dimitrov and Ceder (2016) do not 
provide a thorough review of fundamental works in graph theory, they help to 
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understand the idea of scale-free and small-world networks in public transport. 
Using a property for description, scale-free networks can be characterised such that 
some nodes have a very large number of connections to other nodes (central sta-
tion, hubs), whereas most other nodes have a very small number of connections (like 
many stations along a line connecting a hub or the central station with some outside 
city or a terminus in the boondocks).

Redundancy importance is introduced by Jenelius (2010) in considering two 
measures based on traffic flow and disruption impacts (operationalized as travel 
delay) given that the measure is not related to a network under normal conditions 
but assuming its importance in case of being used under disruption. That is, such 
a measure aims at indicating the importance of a connection under the assumption 
that others are disrupted. A slight extension and an application of this exposition 
can be found in Jenelius and Cats (2015). Using various measures described in this 
subsection can support the investigation of the vulnerability of public transport net-
works as, e.g., in Mouronte-López (2021). Considering multi-level networks (e.g., 
those emanating from different means of transport) can be found in Baggag et  al. 
(2018). Based on a comparison for major cities with a multitude of modes (Chicago 
and New York, USA, London, UK, and Paris, France), the authors claim Paris to be 
more robust than the others in terms of coverage degradation after removing a small 
fraction of edges.

3 � Classification: from prevention to reaction

Taking actions regarding disturbances can be classified along the timeline to espe-
cially distinguish what happens before and after a disturbance occurs. In this sec-
tion, this is elaborated in general terms while Section 5 provides specific problem 
settings in the spirit of public transport planning and operations.

Considering the timeline in general terms, one may distinguish prevention and 
reaction. Occasionally, especially in supply chain risk management, this comes along 
with a “butterfly” depiction as a helpful way to identify events; see Fig. 4 (Sodhi and 
Tang 2012; Dadfar et al. 2012). The left-hand wing represents underlying global and 

Fig. 4   Butterfly depiction of supply chain risk (Sodhi and Tang 2012, p. 16)
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local causes that could lead to a risk event (another word for disturbance) as well as 
prevention (i.e. proactive) efforts that are undertaken before the occurrence of the 
event, while the right-hand wing delineates the local and global impact of the risk 
event and response efforts (i.e. reaction) made after the event has occurred.8 Moreo-
ver, this model can be modified to depict causes in the upstream supply chain (left 
wing) leading to effects downstream in the supply chain (right wing). The abscissa 
reflects not only the time, i.e. for prevention and response efforts as well as prepara-
tion to the response, but also the relative location of the causes, the event and the 
impact in the supply chain. Sometimes risk events are anticipated and the prepara-
tion for response can start prior to the event. For instance, a possible labor dispute 
at a local rail company could cause a switch to alternative transportation modes. 
Organizing reserve shifts for possible events to happen may be a different example. 
Later we shall use the notion of anticipation in this respect.

A specification of such a figure in the above spirit is provided in Fig. 5. The fig-
ure shows a hypothetical system performance under normal conditions and in face 
of a disruption. Up to that point the operations run as planned and the time until 
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Fig. 5   Schematic presentation of the performance of a resilient system closely related to Wan et  al. 
(2018, p. 491); a similar figure can be found in Taylor (2017, p. 45)

8  Note that in supply chain risk management (Sodhi and Tang 2012), one often distinguishes different 
types of uncertainty eventually leading to disturbances. Operational uncertainty may refer to inherently 
uncertain parameters like demand. This may or may not cause a disturbance. Disruptive uncertainty or 
disruption refers to events causing disturbances.
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such a point is occasionally called survivability in supply chain management. The 
timeline indicates a risk event or disturbance at time te . Given certain service level 
agreements, reserve infrastructure and redundancy may support the case and keep 
the system and its performance beyond agreed service levels. Different means of 
resilience from the literature, as understood by Wan et  al. (2018), are presented. 
Performance can be conceived as the services offered and to which extent they are 
functioning. Before a disruption occurs, the system operates as planned. At a certain 
time a disruption is encountered (for a specific description of the detailed functions 
and time points see the original source) degrading performance. The response effort 
is supposed to imply recovery until the system is back to the original state. Adapt-
ability and flexibility as in supply chain management may also be related to degrees 
of freedom.

3.1 � Prevention

Prevention can mean maintenance and repair (pre-planned disruptions; see Sec-
tion  5.8), it can mean extra buffer times etc. Actions to cope with prevention 
issues include many fields of action like improved schedule synchronization (see, 
e.g., Nesheli and Ceder 2015), the investment in spare capacity, buffers and alike. 
Some general statements regarding reliability and related measures can be found 
in Nicholson et al. (2003). Some specific issues with applications to ferry services 
in HongKong are provided in An and Lo (2014). In Zieger et al. (2018) a Monte-
Carlo simulation is used to show that line capacity can vary by as much as 17% as 
a function of the underlying buffer time statistics. Even more so, if it is known that 
trains are extremely crowded, one may take some preventive measures in determin-
ing stopping patterns based on travel times as well as (expected) congestion rates of 
trains. In Yamauchi et  al. (2017, 2021) the authors optimize stopping patterns for 
train-based traffic in Tokyo, Japan, utilizing a Wardrop equilibrium model regarding 
passenger flows as well as a local search approach to optimize stopping patterns.

A contingency plan is a plan made for the case that something happens which is 
different from the usual (expected) plan. This is something that can be done proac-
tively. A literature review from Parbo et al. (2016) includes quite a few qualitative 
statements especially regarding the valuation of contingency plans by passengers. 
As a handwaving issue, many things do not come as a surprise. For instance, if bad 
weather is announced (snow, storm), preventive measures may be taken. Of course 
this requires awareness about possible correlations between potential disturbances 
and related events; see, e.g., Ling et al. (2018).

Among proactive approaches we see the advent of disruption programs (DRPs). 
DRPs are sets of pre-defined dispatching measures in case of certain (infrastruc-
tural) disruptions (Chu and Oetting 2013). The goal is twofold. First, it is aimed to 
ensure somewhat stable operations during a disrupted situation. This could incor-
porate the use of different means of transportation (see, e.g., short turning and bus 
bridging in Sects. 5.5 and 5.6). Second, they should envisage the movement towards 
formerly planned operations once the disruption is overcome. As DRPs are prepared 
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upfront, they are faster to implement and easier to communicate than ad-hoc dis-
patching measures.

On a different scale, proactive approaches also include the investment into tak-
ing certain measures to avoid disruptions or to be able to recover quickly (or, e.g., 
smoothly) from them. These investments may depend on which type of disruptions 
should be possibly covered. Thinking of terrorist attacks, they could include infra-
structure provision for permanent security measures like luggage screening similar 
as it happens at airports. That is, they should be different than, e.g., if they just con-
cern possible redundancy in case of lift or escalator outage. An example for trans-
portation-oriented studies in this respect is Cox et al. (2011).

Even if one thinks about evacuation plans in public transport, preventive actions 
can be taken. That is, while we mostly discuss disturbances in public transport, 
we may change roles and ask to which extent public transport can help to support 
reaction after major societal or similar disturbances in society. In TRB (2008) and 
National Academies of Sciences (2013), the development of a guide on the role 
of not just public transport but transportation as a whole in all-hazard emergency 
evacuations is described. Actually, this also results in requirements to be fulfilled 
by today’s public transport companies such as the following: “Transit should have 
the capability for real-time interoperable communications (both voice and data), be 
part of the decision-making team for emergency operations, develop effective ways 
of communicating with transit passengers both in advance of and during an emer-
gency, ...” (TRB 2008, p. 128). Important characteristics of a public transit system to 
allow judging on its capability to support, include the following: Size of the system 
and coverage of its service area, the modal mix and flexibility of the system and its 
type of service (e.g. directly provided or contracted out) as well as the condition and 
capacity of the system.

3.2 � Reaction

One of the classifications of disturbances distinguishes minor and major distur-
bances; another distinguishes disturbances with very small probability and those 
with a higher one. A reaction itself can have many dimensions depending on the 
type, length etc. of the disturbance as indicated in Table  1 above. Based on this, 
we also find many different characterizations within the reaction category. These 
include emergency management, containment, recovery and delay management.

Emergency management goes beyond disturbances in public transport and refers 
to the management and organization of resources and responsibilities for dealing 
with any aspects of emergencies. While this already starts with preparedness or 
preparation (see Fig. 4), most of it relates to reaction incorporating response, miti-
gation, and recovery. The foremost concern is to reduce the harmful effects of all 
hazards, including major disturbances, disasters and alike. An important characteri-
zation is that immediate response and immediate measures need to be taken (like in 
case of a terrorist attack). A common distinction also distinguishes between disaster 
and emergency management where the latter is often related to issues aiming to pre-
vent a disturbance from turning into a disaster. With this, response efforts include 
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containment which means to keep something happening within limits (like avoiding 
that an emergency turns into a disaster). Similarly, mitigation strategies are strate-
gies intended to reduce the impact or effects of a disturbance.

Once immediate emergency actions have been taken, one resorts to recovery. 
Though, the classification of what reaction and/or recovery could mean also depends 
on the eye of the beholder. Various means of reaction or recovery may be distin-
guished by means of who is going to be in the focus or who is going to take action. 
While thinking usually goes in the direction of a transport provider taking actions, it 
may also relate to the passenger taking actions (like seeking immediate alternatives 
towards continuing a disturbed journey up to and beyond changing loyalty patterns 
regarding public transport (providers)). Short-term actions include immediate reac-
tions like waiting, mode change, etc. while long-term actions may even incorporate 
a change in modal split. To a large extent this area touches behavioral models up to 
policy matters. Examples include Monchambert and de Palma (2014), Saxena et al. 
(2019) and Adelé et  al. (2019). Topics considered include value of time, value of 
punctuality, willingness to pay, etc. Often questionnaire-based or stated preference-
based studies support research in this area, although many of them lack appropriate 
lessons learned. Most influential is the work of Eboli and Mazzulla (2007). While 
they are mostly cited due to their general exposition regarding structural equation 
modeling in public transport, their considerations related to our paper refer to reli-
ability concerning buses that are on time. This is a major issue of many studies 
including, e.g., Mouwen (2015) and Rahimi et al. (2019). Seldom well-performed 
questionnaire-based research puts the exposition into relation with preferences 
regarding the use of scarce resources. For instance, investigating perceptions of risk 
and safety and putting that into perspective regarding priorities for improvement 
would be an example; see, e.g., Thomas et al. (2006).

While delay management and recovery as well as mitigation strategies seem 
closely related, the references are to a large extent distinct (cf. Sect. 5 with some sub-
sections like Sect. 5.4). These topics are treated, e.g., in Pender et al. (2013), Malan-
dri et al. (2018) and Zeng et al. (2012). Among these papers, Pender et al. (2013) 
provides a survey based on semi-structured interviews of 71 transit companies/
agencies.

In a similar spirit one may also think about keeping reserve infrastructures, 
(e.g., buses) especially for coping with disturbances in peak hours. This can be a 
general issue but may also be used for bus bridging (see Sect.  5.6). This term is 
used to describe the situation of substituting services in case of a disturbance mak-
ing rail-based transit unavailable for some time in a way where affected stations are 
“bridged” using bus services.

Another idea amenable for reaction purposes as well as anticipation would be 
to (pre-)calculate templates of similar solutions that might come into effect in case 
they are needed. While this idea has not yet been investigated with a focus on distur-
bances and robustness in public transport, it is already established with a different 
focus in Borndörfer et al. (2013) where similar duty schedules are determined for 
similar days of operation. Duty templates can possibly be used to minimize changes 
to the plan when rescheduling becomes necessary.
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Real-time control can be used as a means to detect and analyze disturbances 
beyond resolving them (Dridi et  al. 2005). With that it may have an important 
impact on possible reactions. A survey on related literature until 2015 can be found 
in Ibarra-Rojas et  al. (2015). One of the things possibly discovered may be bus 
bunching (as indicated in Sect. 5.7 below).

Once problems have been resolved, the reaction domain still needs to incorpo-
rate the aftermath of the disturbance to let all involved stakeholders learn based on 
the event. This kind of analysis resorts to many different directions like data-driven 
approaches, machine learning and forecasting. To exemplify, we refer to a simple 
analysis of delay and punctuality data for a specific area in Europe (Økland and Ols-
son 2021). Data from automated vehicle monitoring, smart cards and real-time con-
trol can be analyzed in the same spirit.

4 � Solution approaches

Planning and operations usually go hand in hand with operations research (OR) 
methods. From an OR perspective, solution approaches usually attempt to solve 
problems exactly or heuristically.9 The first works in many cases by means of set-
ting up a mathematical programming formulation like an integer programming or 
a mixed-integer programming (MIP) model and using related standard solvers like 
CPLEX or Gurobi.10 However, especially due to the complexity of the underlying 
problems, related models can often not be solved in time limits deemed practical. 
Therefore, one also resorts to heuristics and metaheuristics.

As a general observation, we may state that this field relies a lot on modeling and 
solving problems by means of relating them to well-known combinatorial optimiza-
tion problems, such as the set partitioning problem and the set covering problem. 
Given a set of items S, the set partitioning problem aims to determine how the items 
from S can be partitioned into two or more smaller subsets. In this problem setting 
partitioning means that all items from S must be contained in exactly one of the 
subsets. With a slightly different view, if one would know the number and types 
of subsets, this may also be seen as an assignment problem as the items need to be 
assigned to the subsets. In the set covering problem we are again given a set of items 
S as well as another set of subsets of S. The question is to find a collection of these 
subsets, e.g., a minimum number of them, so that the union of all the elements of 
the chosen collection of subsets includes all the elements of S. The set partitioning 
problem and the set covering problem are classical examples of NP-hard or NP

-complete problems, depending on whether an optimization version or a decision 
version is considered. We may use these well-established problems as subproblems 
for a large variety of problem settings in public transport. For instance, given a set 

9  We assume that the reader has some basic understanding about the notions of solution methods in OR 
so that not all need to be explained in detail. It is literally biased food for thought.
10  See, e.g., https://​www.​ibm.​com/​suppo​rt/​knowl​edgec​enter/​SSSA5P_​12.​10.0/​COS_​KC_​home.​html and 
http://​www.​gurobi.​com/​produ​cts/​gurobi-​optim​izer/​gurobi-​overv​iew.

https://www.ibm.com/support/knowledgecenter/SSSA5P_12.10.0/COS_KC_home.html
http://www.gurobi.com/products/gurobi-optimizer/gurobi-overview


215

1 3

Robustness and disturbances in public transport﻿	

of duties and a set of drivers, the drivers have to cover the duties. Or, every trip has 
to be driven by one vehicle, etc. Therefore, many problems in our settings are for-
mulated as (generalized) set partitioning and set covering problems and this is also 
reflected regarding the development of solution methods.

We start to single out one application (i.e. Abbink et al. 2005) as it striked the 
OR community regarding the success of those approaches in real-world crew sched-
uling settings. In addition, a general exposition on algorithmic aspects for railway 
disruption management including especially the set covering problem can be found 
in Kroon and Huisman (2011). Examples they are refering to include Potthoff et al. 
(2010) and Rezanova and Ryan (2010).

Before going into more detail regarding solution approaches, we should note that 
most problems tackled in this paper have a single objective while some of them are 
multi-objective in nature (with bi-objective acting as a special case). We start with 
a few general hints towards heuristic, metaheuristic as well as exact problem solv-
ing. Then, we are propagating robust optimization. The section closes with pointers 
towards a few other concepts.

4.1 � Heuristics and metaheuristics

In simple words, a heuristic is a more or less simple or even versatile rule of thumb 
or method for solving problems without guaranteeing optimality. Heuristics provide 
(simple) ideas to indicate which among several alternatives or choices for solving 
a problem seems best. Greedy heuristics are simple iterative methods with myopic 
behavior. Starting with a given feasible or infeasible solution, iteratively one out of 
a number of alternative choices is taken to fix or modify one or more variables. For 
heuristics we distinguish those for finding initial feasible solutions and those for 
improving them.

The next important concept to be considered is local search where given 
solutions are successively altered. Related transformations are characterized 
by neighborhoods which incorporate solutions obtained by iteratively moving 
from one solution to another (e.g. by changing the value(s) of some variable(s)). 
Large scale neighborhoods are to some extent going beyond simple neighbor-
hood structures, eventually using some sort of destroy-and-repair mechanisms. 
This also resorts to the possibility of strategically oscillating between feasibil-
ity and infeasibility of the solutions. This also leads to the notion of metaheuris-
tics. “A metaheuristic is an iterative master process that guides and modifies the 
operations of subordinate heuristics to efficiently produce high-quality solutions. 
It may manipulate a complete (or incomplete) single solution or a collection of 
solutions at each iteration. The subordinate heuristics may be high (or low) level 
procedures, or a simple local search, or just a construction method. The family of 
metaheuristics includes, but is not limited to, adaptive memory procedures, tabu 
search, ant systems, greedy randomized adaptive search, variable neighborhood 
search, evolutionary methods, genetic algorithms, scatter search, neural networks, 
simulated annealing, and their hybrids” (Voß et al. 1999, p. ix). For an in-depth 
survey of metaheuristics the reader is referred to Caserta and Voß (2009). Beyond 
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metaheuristics we also have matheuristics which are optimization algorithms 
characterized by the interoperation or hybridization of metaheuristics and math-
ematical programming techniques (Maniezzo et al. 2009). An essential feature is 
the exploitation in some part of the algorithms of features derived from the math-
ematical model of the problems of interest, thus occasionally one also finds the 
notion of model-based heuristics.

Providing a survey on all types of heuristics and metaheuristics applied to 
robustness- and disturbance-related problems in public transport is beyond the 
scope of this paper. Literally, almost anything has been tried or may be tried and 
some pointers are/were given on the fly. Considering the problem settings from 
public transport planning and operations, it becomes obvious that, beyond heu-
ristics and metaheuristics, there is an inherent notion of decomposition-based 
approaches (see, e.g., Desaulniers and Hickman 2007). That is, many of the prob-
lems presented have some sort of natural decomposition into subproblems (like 
the set partitioning problem). While some of them are easily solvable, others 
are still difficult. Examples include the discussion of the integration of different 
problems like in the integrated vehicle and crew scheduling problem. Here the 
decomposition into subproblems should naturally lead to the use of matheuristics 
incorporating mathematical programming approaches, e.g., for solving problems 
like the set partitioning or the set covering problem as subproblems. In that sense, 
a lot of research in our area is devoted to properly decomposing problems into 
subproblems amenable to efficient solvability.

It is in the ingenuity of the modeler and algorithm developer to provide proper 
ideas for decomposition as can be found in the development of many matheuris-
tics. Ideas include, e.g., to heuristically fix some difficult variables while solv-
ing the resulting problem to optimality (or even heuristically) with related 
approaches. Let us deviate from classical review papers and exemplify by sketch-
ing some ideas and providing some food for thought. Consider, e.g., the concept 
of Lagrangian heuristics as it has been used successfully in the context of our 
paper by Cacchiani et  al. (2012). Given a mathematical programming formula-
tion of a problem, one may solve a relaxed problem (exactly or heuristically) by 
means of an iterative Lagrangian optimization scheme. If robustness parameters 
are introduced into the formulation, it might still work well and the way of advis-
ing subproblems may change by incorporating robustness in a stepwise fashion.

Another concept is to decompose the problem into parts by means of tenta-
tively fixing variables and optimizing those that are not fixed. With respect to 
matheuristics this could go back to older ideas to involve the POPMUSIC 
approach (recently applied in Doi et  al. (2018)) or even a heuristic Benders 
approach (Mesquita et  al. 2013). In a metaheuristic fashion one may resort to 
older ideas of chunking or consistent chains. In the quest for robust solutions 
in vehicle scheduling this has been renamed as stable chains by Gintner et  al. 
(2005). A given problem is decomposed into several simpler problems and solved 
many times. Overlapping parts of those solutions are then determined as “robust 
sequences” of trips. Extending common greedy heuristics, this is called fixed set 
search in a modified setting in Jovanovic et al. (2019).
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4.2 � Exact methods

Exact methods for solving public transport problems under robustness and distur-
bance assumptions include about anything known from OR and other areas. Exam-
ples are decomposition approaches (including, e.g. Benders decomposition), branch 
and bound (including branch and price) as well as column generation, dynamic pro-
gramming etc. A good linkage of these methods with public transport planning and 
operations is Desaulniers and Hickman (2007).

4.3 � Robust optimization

In this paper, among others, we depart from the classical approach to problem solv-
ing in public transport and study related problems in the context of a robust opti-
mization framework as well as various measures considering disturbances. And, as 
related words are used in different ways and with different meaning, we aim at con-
necting different strands of literature. Mostly, researchers resort to two main classes 
of methods proposed in the literature to handle uncertainty: stochastic programming 
(offering great flexibility, but often leading to models too large in size to be handled 
efficiently), and robust optimization (whose models are easier to solve but some-
times lead to very conservative solutions of little practical use).

Let us start by stating that the importance of robust optimization in manage-
ment science has long been recognized. In their seminal paper “Making the Case 
for Robust Optimization” (Bai et al. 1997), the authors claim that it is important to 
embed uncertainty (let us use this term for some sort of disturbance or some sort 
of interference) into the decision-making process. They state that missing out on 
incorporating uncertainty in decision making may have “very expensive, even dis-
astrous consequences if the anticipated situation is not realized” and it is concluded 
that finding those solutions which are not too sensitive to any specific realization of 
uncertainty is most important. In that sense, again, robustness of a system can be 
seen as the ability to keep up its functionality under conditions that deviate from 
normal. Stating in different words, the exact value, e.g., of the input data is not 
known in advance and can be affected by uncertainty. Robust optimization aims at 
finding solutions which are not too sensitive towards acknowledging uncertainty. An 
overview for different methods about robust optimization, both in theory and appli-
cations, can be found in Gabrel et al. (2014). A common understanding is that one 
may assume the worst case in all or just some dimensions.

In Bai et al. (1997) it is shown that, at least with respect to the considered utility 
functions, the nonlinear programs arising from the robust optimization formulations 
are not much more difficult than their linear counterparts. In case of capacitated 
facility location, it is even possible to develop generic approaches that apply equally 
well for single-source, multiple-source, as well as deterministic and stochastic ver-
sions (Caserta and Voß 2020). In public transport we rarely see the formulation of 
robust versions of otherwise well-known optimization problems. Examples may be 
problems where demand is uncertain, like in Qi et al. (2018), the integrated vehicle 
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and crew scheduling problem with days off patterns in Ge et al. (2022), the robust 
version of the periodic event scheduling problem in Goerigk (2015), and alike.

In a similar spirit, the idea of light robustness is discussed in Fischetti and Monaci 
(2009) which can be seen as a heuristic version of robust optimization. For the aris-
ing optimization problems, the authors define a robust solution as a possibly sub-
optimal solution whose feasibility and cost is not affected heavily by the change of 
certain input coefficients. Light robustness couples robust optimization with a sim-
plified two-stage stochastic programming approach, and has a number of important 
advantages in terms of flexibility and ease of use. In particular, experiments on both 
random and real-world problems show that light robustness is sometimes able to 
produce solutions whose quality is comparable to those obtained through stochastic 
programming or robust models, though it requires less effort in terms of model for-
mulation and solution time. The application setting in Fischetti and Monaci (2009) 
is train timetabling. We should note that a mathematical exposition showing the 
impact of light robustness and some idea to generalize the concept can be found in 
Schöbel (2014).

Using the idea to replace an uncertain optimization problem by a deterministic 
version may also lead to something called recoverable robustness. Simply spoken, 
it can be seen as a method to cope with uncertainty combining robust optimization 
and a two-phase stochastic programming approach, where it is important to be able 
to make solutions feasible after the first stage. The concept together with some time-
tabling applications is described in Liebchen et al. (2009).

4.4 � Miscellaneous

Model-predictive control (MPC) is an online optimization-based control approach 
that optimizes a given problem (characterized by an objective subject to a given 
set of constraints); see, e.g., Heilig et al. (2015) and Nabais et al. (2012). The idea 
of using MPC in our context is to construct models that describe the behaviour of 
a transport network and perform predictions over a certain time horizon based on 
continuously measuring the current state of the network or system by means of, 
e.g., sensor technology. Given those predictions, an MPC control agent determines 
at discrete control time events or control steps the actions to be chosen in order to 
obtain the best performance regarding, e.g., in terms of headway adherence, by solv-
ing respective optimization problems considering desired goals, existing constraints, 
environmental factors, and existing forecast information. The solution can be imple-
mented by using actuators or based on information exchange among involved actors. 
Examples for using MPC in public transport within our context can be found in 
Caimi et al. (2012), Andres and Nair (2017) and Blenkers (2015). Moreover, vari-
ous machine learning techniques may be used for prediction using a wealth of data 
sources. That is, data-driven approaches incorporating machine learning may sup-
port the case of anticipating situations before, during, and after some disturbance.

An important class of approaches is coming from (discrete-event) simulation. 
Discrete event simulation deals with the modeling of dynamic systems. The state 
of a dynamic system is described by means of time-dependent state variables 
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which change their state at certain (discrete) points in time. That is, in discrete-
event simulation one models the operations or behavior of a system as a (discrete) 
sequence of events in time. Simulation-based optimization then hybridizes or 
integrates optimization techniques with/into simulation analysis. An example for 
limited-stop bus service with vehicle overtaking is provided in Wu et al. (2019). 
The train rescheduling problem being treated with simulation-based optimization 
can be found in Shakibayifar et al. (2018), and in Hassannayebi et al. (2016) a line 
blockage disruption is investigated where the disruption model combines short-
turning and station-skipping control strategies. A more general survey incorporat-
ing different control strategies is presented in Gkiotsalitis and Cats (2021). They 
advise a combination of control measures, passenger-oriented decision making, 
coordinated network control, bus deployment and disturbance management.

A special class of simulation models are Petri nets. They offer a mathemati-
cally founded graphical notation for stepwise processes that include choice, itera-
tion, and concurrent execution. Based on Petri-net simulations, one may investi-
gate control strategies that either address an occurring disturbance immediately 
or, alternatively, modify sojourn times while being on track and also account 
for accumulated delays. Out of a group of many very similar papers by the same 
group of authors partially even without cross-referencing, we mention Mhalla and 
Gaied (2018) and Gaied et al. (2019). An example of using Petri nets regarding 
BRT and bus station design is given in Gonzalez-Lopez et al. (2017).

Robustness and disturbances in public transport may call for completely differ-
ent types of solution approaches, where not all of them are solution approaches 
in an OR sense (like what we described as robust optimization or light robust-
ness in Sect. 4.3). That is, more related to a transport economics focus one may 
also think in terms of governance structures and policy development. Related 
to robustness, one of the unanswered issues in this paper relates to the question 
of ownership and disaggregation, a classical policy issue in transportation. For 
instance, the question whether regulation is going to separate the ownership of 
the infrastructure and the services run on this infrastructure may have a major 
impact on robustness and disturbances and how to cope with them. Moreover, the 
legal constraints bound in concession contracts being about how to compensate in 
case of disturbances is another interesting issue. However, these are beyond the 
focus of this paper. For an entry into this strand of literature see, e.g., Karl (2018) 
and European Parliament (2011). In addition, we refer to Hensher et  al. (2016) 
regarding possible transition costs, perceived or real, that may be relevant when 
evaluating concessions, concession transitions as well as performing competitive 
tender evaluation.

5 � Problem settings

After having specified some methodology as well as the butterfly depiction and the 
idea of prevention and reaction or the idea of going from being proactive towards 
being responsive, we clarify specific problems belonging to one or the other idea or 



220	 L. Ge et al.

1 3

concept. That is, we classify along the lines just developed and provide a few exam-
ples (with forward pointers as we specify in more detail below):

–	 Proactive approaches

•	 Example: Build an evacuation plan
•	 Example: Extend capacity; this can be devoted towards network design (see 

Sect. 5.1)
•	 Example: Add buffer times to encounter primary delays (see Sect. 5.2) and prop-

agated delays (see Sect. 5.3)
•	 Example: Maintenance and repair (see Sect. 5.8)

–	 Reactive approaches

•	 Example: Delay management (see Sect. 5.4)
•	 Example: Short turning (see Sect. 5.5)
•	 Example: Bus bridging (see Sect. 5.6)

–	 Anticipation

•	 Example: Ask for spare capacity
•	 Example: Build reserve shifts (see Sect. 5.3)
•	 Example: Forecasting and prediction (see the hints in Sect. 4.4)

Note that problem settings in most papers are related to planning for the public 
transport service provider and for the customer. Changing views could also include 
planning of the customer (see Sect. 5.9).

5.1 � Network design

Network design is closely related to problem settings like line planning, station 
design, etc. Thinking of strategic planning with regards to a new transit line, we typ-
ically see a sequential or hierarchical planning process with network design being 
first. Integrating the first two processes, i.e. transit route network design and deter-
mining frequencies, is often called the transit network design and frequency setting 
problem.

An example of using robustness in connection with classical notions of transit 
network design is Yao et  al. (2014). Their optimization model takes into account 
stochastic travel times while satisfying passenger demand and reliable transit ser-
vice. In Cats and Jenelius (2015) a methodology for assessing the value of capacity 
increase for network robustness is discussed and exemplified for network design in 
the context of Stockholm, Sweden. On a strategic level, increasing capacity usually 
goes along with improved robustness (Cats 2016). For exceptions we refer, e.g., to 
the well-known Braess paradox (Braess 1968; Jenelius and Cats 2015); here, simply 
spoken, added capacity can actually worsen the traffic flow.
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An online predictive optimization framework for the transit network design and 
frequency setting problem is presented in Peled et al. (2019). The framework aims 
to combine demand prediction and supply optimization (regarding the offering 
of transport services) to periodically redesign the service routes according to the 
observed demand within the most recent history.

In different settings, it is also encountered that the (bus or train) station design has 
an influence on possible disturbances (Voß et al. 2020). At stations, capacity limita-
tions can be a major reason for delays and delay propagation. Bus station design 
with Petri nets is considered in Gonzalez-Lopez et al. (2017). Supporting the robust-
ness in relation to a station and avoiding potential conflicts can be accomplished by 
maximizing the spread of the trains (Dewilde et al. 2013). Literally this means opti-
mizing the routing of trains to the available platforms. A sensitivity analysis could 
also imply some beneficial changes in timetabling, an issue that has not yet been 
investigated in conclusion. Moreover, the interplay between the spread of trains and 
schedule synchronization is not yet fully explored as we are encountering conflicting 
objectives.

Network design also relates to determining critical infrastructure. For instance, 
using ideas from Sect. 2.6 may lead to measures of resilience, e.g., regarding critical 
nodes within public transport networks (Zhang and Ng 2021). Among others, this 
leads to issues of redundancy allocation (Caserta and Voß 2015), which have, so far, 
not comprehensively been studied in public transport planning and operations.

A survey on selected literature focusing on network design can be found in the 
appendix (see Table 3).

5.2 � Timetabling

A survey on papers regarding robustness in railway planning by Lusby et al. (2018) 
concludes that most of these works are devoted towards timetabling. Moreover, 
they discuss various ideas for measuring robustness as it can be found in literature. 
Regarding timetabling, practical considerations can classify disturbances in differ-
ent ways. For instance, in case of demand fluctuation due to a major sports event 
this may be classified as an operational uncertainty with a separate timetable or as a 
disturbance. For a comprehensive survey on methods for the (nominal) train timeta-
bling problem as well as the robust train timetabling problem we refer to Cacchiani 
and Toth (2012, 2018).

In Solinen et al. (2017) the authors focus on constructing robust timetables that 
aim to allow trains to recover from delays as well as preventing delays from propa-
gating. Their approach uses an indicator called robustness in critical points (RCP) as 
well as a method to possibly improve the RCP. A case study is presented where an 
initial timetable and a timetable with increased RCP values are evaluated.

In Qi et al. (2018) an integrated train timetabling and stop planning problem 
(TTSP) is defined. Given a set of trains, the idea is to determine for each train a 
subset of available stations that the train is bound to serve. The latter is called 
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a stop plan. Moreover, given passenger demands for a set of OD relations, the 
timetable and the stop plan are to be determined. Assuming passenger demand 
being uncertain, the problem is extended towards the Robust TTSP in the spirit 
of what we proposed in Sect.  2.3. The authors use an integer linear program-
ming (ILP) model for this problem based on the idea of applying the concept of 
light robustness. A case study is provided for the Wuhan-Guangzhou (China) 
high-speed railway corridor under different demand scenarios.

Another important issue also belonging to the reaction realm relates to the 
impact of delays beyond delay management; see, e.g., Friedrich et  al. (2018). 
The authors compare timetables that have been optimized with different strate-
gies to increase robustness by inserting buffer times. Random delays are inves-
tigated in simulations based on historical observations. A major concern relates 
to whether fixed or variable buffer times should be added. In Jovanović et  al. 
(2017) fixed buffer times are allocated to protect events according to their priori-
ties. A simple idea is to allocate buffer times by formulating a resource alloca-
tion problem as a knapsack problem. Here buffer times may be considered as 
items with a value according to given priorities coming from company-related 
criteria while the weight is given as the time duration. A case study from Swe-
den is reported.

The train rescheduling problem concerns the real-time resolution of conflicts 
arising during train operations. Given a nominal timetable for a set of trains 
as well as some disturbances, the goal is to determine a set of actions to be 
implemented to resolve the resulting conflicts. This includes the avoidance of 
train collisions or headway violations as well as the restoration of the system. 
References on this problem include, e.g., Bettinelli et  al. (2017), Shakibayifar 
et  al. (2018), Corman et  al. (2012), Zhan et  al. (2016) and Yin et  al. (2016). 
The train rescheduling problem may also be classified as being part of recovery 
and mitigation strategies. An important feature is the requirement of real-time 
compatibility as possible conflicts like collision avoidance need to be resolved 
immediately. Therefore, very fast algorithms are needed, implying to resort to 
simple greedy heuristics and simulation approaches. That is, the train reschedul-
ing problem is closely related to recovery models and algorithms for real-time 
disruption management. A survey can be found in Cacchiani et  al. (2014). A 
multi-objective approach focusing on different stakeholders can be found in 
Binder et al. (2017).

An interesting option in timetabling is to vary the number of stops to call at. 
This could mean a variation in the number of stops and especially to skip some 
stops. This has an impact on the possible demand to satisfy as well as the track 
capacity; see Jiang et al. (2017) and Jamili and Pourseyed Aghaee (2015). This 
idea can also be applied in the context of bus bunching (Sect. 5.7).

A survey table with references regarding disturbances and timetabling is 
given in the appendix (Table 4).
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5.3 � Vehicle and crew scheduling

While the previous subsection is devoted to timetabling, we now incorporate 
vehicles and crews. This encompasses scheduling and rostering.

An important reactive measure after a disturbance is rescheduling (or rerout-
ing). First of all, one may use the same models and methods to solve a new prob-
lem instance arising after a disturbance. As an example, assume that a node, a link 
or a sequence of links in a rail-based system is no longer available. Then, beyond 
the notions of bus bridging or short turning (see Sects. 5.6 and 5.5), repeating and 
rerunning existing approaches on the modified network might be an option.

The work of Cacchiani et al. (2014) presents an overview of recovery models 
and algorithms for real-time railway disturbance and disruption management. A 
specific recovery model incorporating holding as well as speeding is proposed 
in Wu et  al. (2018). Also Fang et  al. (2015) provide a survey on rescheduling 
issues. Cadarso and Marín (2014) propose an integrated model for timetable and 
rolling stock rescheduling in order to minimize the recovery time, the passenger 
inconvenience and the incurred system costs. While this is closely related to time-
tabling, one may also think of a separate category.

In Rezanova and Ryan (2010) the authors consider a train driver recovery 
problem that needs to be solved immediately after the occurrence of a major dis-
ruption in the daily railway operations. This recovery problem is formulated as 
a set partitioning problem after a modeling exercise defining nested disruption 
neighborhoods. First, a small set of drivers and train tasks directly affected by 
the disruption is defined, the model formulated and possibly solved. If a feasible 
solution is found, the procedure stops. Otherwise, the neighborhood is extended 
by adding more drivers or increasing the recovery time period. This is consecu-
tively repeated and married with the solution of linear programming relaxations 
of the related model. In Potthoff et al. (2010) the authors utilize set covering con-
straints for the problem of rescheduling crews at the time of a disruption con-
sidering necessary changes in the timetable and the rolling stock schedule. The 
problem under consideration is called operational crew rescheduling problem. 
Robust vehicle scheduling, scheduling electric vehicles and environment-friendly 
vehicle scheduling are topics within van Kooten Niekerk (2018) that are tackled 
by means of set covering and set partitioning problems.

The crew rescheduling problem with retiming is considered, e.g., in Veelen-
turf et  al. (2012). They extend the crew rescheduling problem by the possibility 
to slightly delay the departure of some trains to allow more flexibility in the crew 
scheduling process. In a sense this relates to a sensitivity analysis of schedules in, 
e.g., modifying the departure time of some trains to allow more flexibility in the 
crew scheduling process. Papers considering automatic rescheduling and interac-
tions with regular railway operations include Corman and Quaglietta (2015) and Fan 
et al. (2012)).

In Veelenturf et al. (2016b) the idea of quasi-robustness is applied to crew (re-)
scheduling. Given a partial plan, the idea is to generate completions for this plan 
(e.g. regarding drivers) which is simply assuming that feasibility can be achieved. 
For a disturbed system this can be done while minimizing rescheduling costs. If 
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not all of these completions are robust but only some of them, the authors call that 
quasi-robust rather than robust.

An interesting approach is one that defines a bi-level rescheduling algorithm 
using a MIP model combining macroscopic and microscopic modelling elements. 
The idea of Cavone et  al. (2019) is to formulate this model to obtain a feasi-
ble rescheduled timetable incorporating safety constraints as well as capacity and 
ordering constraints for the disrupted stations. Numerical results are presented for 
rescheduling Dutch railway traffic in case of a full blockade between two consecu-
tive stations.

If uncertainty about the time of an event is considered, this may be incorpo-
rated into planning processes by means of buffer times (or extra capacity). Different 
from delay management as discussed in Sect. 5.4, public transport vehicles may be 
trapped in traffic jams with implications for subsequent trips or even the usability 
of vehicles (or adherence of the legal constraints on the driver’s working hours). To 
specify, consider battery-driven buses. Even for recent generations of these buses 
this may become a challenge regarding their range and buses might need to get back 
to a depot for battery change or charging earlier than expected. In the same spirit, 
as encountered with demand-responsive transport as well as various service provid-
ers in an MaaS setting (eventually even using autonomous vehicles), the number of 
available vehicles may change according to outside circumstances. This may include 
weather conditions, driver capabilities (with a varying battery utilization based on 
temperature, driver behavior, recuperation implementation) and alike. Selected read-
ing includes Vepsäläinen et al. (2018, 2019). Also with many sharing concepts, the 
number of available vehicles may change over time and is dynamic. In Tang et al. 
(2019) this topic is investigated by means of robustness in static and dynamic (vehi-
cle) scheduling models. The static model introduces a buffer-distance strategy to 
tackle the adverse impacts caused by trip-time stochasticity. From a modeling per-
spective, to achieve this, the authors propose to define a capacity constraint in which 
the maximum battery capacity is divided by a parameter intended towards adding a 
buffer distance to hedge against the possible variations of the battery utilization. A 
branch-and-price approach is used to solve related vehicle scheduling models.

Only a few papers consider disruption management and robustness in integrated 
vehicle and crew scheduling including Lai and Leung (2018), Amberg et al. (2019) 
and Maenhout and Vanhoucke (2018). Integrated vehicle and crew scheduling in 
public transit may be enhanced in the context of robust resource allocation (Amberg 
et al. 2019). As already stated otherwise, integrated problem solving may result in 
more vulnerable and more fragile plans. That is, degrees of freedom are utilized 
to squeeze things in, e.g., for cost optimization or for whatever objective function 
is considered. Dependencies between scheduled vehicles and drivers may imply a 
major impact as small disturbances may easily propagate throughout an entire net-
work. In Amberg et al. (2019) the authors investigate mutual dependencies between 
the different planning problems once handled in an integrated fashion and determine 
the propagation of possible delays. The goal of the paper is to show the impact of 
an integrated vehicle and crew scheduling approach by comparing sequential, par-
tially integrated, and integrated vehicle- and crew-scheduling solutions. Numerical 
experiments regarding robustness and cost-efficiency are provided implying that 



225

1 3

Robustness and disturbances in public transport﻿	

incorporating possible delay propagation into the scheduling problem is useful and 
can be achieved in a cost-efficient way. Delay propagation in Amberg et al. (2019), 
Amberg (2017) follows fixed buffer times or a calculated measure that represents the 
possible propagation of results. Given a duty with a set of trips to be performed, a 
measure is defined incorporating expected primary delays and subsequent secondary 
delays. Using a simple means of robustness, Ge et al. (2022) incorporate delay prop-
agation ideas from Amberg et al. (2019) into the model of Mesquita et al. (2013); 
it is shown that the original model as well as the extended robust one can now be 
solved with standard solvers for problem sizes that were bound to heuristics a dec-
ade ago.

As a first step towards more robustness in crew rostering, Xie et al. (2012) con-
sider a simplified version of the classical crew rostering problem (called rota sched-
uling) but incorporate possible reserve shifts to cover the eventual absences of crew 
members (e.g. due to sickness). Doing so classifies this approach as belonging to the 
realm of anticipation. They formulate a two-stage stochastic model which assigns 
different shift types to the working days of the crew members, while coping with 
on-hand reserves and optional reserve shifts, too. The classical decision options 
are considered on stage one, and optional reserves are considered on stage two. As 
a solution approach the authors solve a deterministic equivalent with a standard 
MIP-solver.

In general, as mentioned above, the incorporation of reserve shifts or reserve 
duties may be considered as anticipation. These reserve duties would be available in 
case of disturbances if needed. As an example, Ingels and Maenhout (2015) investi-
gate the implied robustness of anticipation measures under different scenarios.

A table with some recent references is given in the appendix (see Table 5).

5.4 � Delay management and delay propagation

Disturbances may cause delays and delays may result in passengers not arriving in 
time at their final destination or even earlier at intermediate stations that were sup-
posed to be used as transfer stations. Despite all efforts in scheduling and schedule 
synchronization, a most important question is derived in this setting: “To wait or 
not to wait?” That is, delay management as it is used in literature concerns the issue 
of connecting trains having to wait or not to be able to pick up late transfer passen-
gers. If the connecting train is connected to other trains or means of transport, this is 
again a cascading or propagation issue asking for a proper handling. That is, delay 
management is a part of disturbance management, not the other way around. A most 
comprehensive survey on delay management can be found in König (2020), Schöbel 
(2006) and Schmidt (2014). Related objectives may be different and mostly conflict-
ing as we might consider minimizing passenger inconvenience or minimizing recov-
ery time or minimizing cost implications. Beyond a recent literature review, König 
(2020) also attempts to provide a new classification of the field.

Closely related to delay management are also mitigation strategies. Charac-
terizing delay management on a timeline classifies it as an operational problem 
rather than a tactical or strategic one. Usually the idea is to minimize passenger 
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inconvenience. This is somewhat badly defined but broad enough to possibly result 
in interesting optimization problems which tend to be different from the quest of 
returning as quickly as possible to an originally given schedule and avoid further 
delay propagation in the network. Loosely spoken, this latter topic refers to the train 
perspective and refers to issues of (real-time) rescheduling where train delays are 
minimized. On the other hand, delay management aims at minimizing weighted 
passenger delay. Mostly, we see a macroscopic perspective which can be modeled 
by means of an event-activity network. Resulting MIP formulations can usually be 
solved with commercial solvers. However, the modeling may be enhanced in the 
interest of delayed passengers, taking into account rerouting; this, however, mostly 
increases the complexity of the resulting problem but improves the situation for 
some passengers.

Measures characterizing a disturbance and its influence (like the robustness indi-
cators of Friedrich et  al. (2017) mentioned earlier) can also be used as decision 
support measures in delay management. That is, if data is available regarding the 
number of possibly delayed passengers, this data can be used to make decisions 
regarding the above question with respect to waiting (or not). If all passenger data 
(like those related to OD pairs) would be known, the problems might be easy, but 
missing data and uncertainty makes this a challenging area. (Note that data may be 
missing on purpose due to data security measures.)

Taking a passenger’s view, trust in delay management seems not always very 
high. Passengers may assign a disutility to travel time uncertainty. In possibly non-
scientific terms, this disutility is an anxiety cost for the necessity to proactively think 
about possible contingency plans in case of disruptions (Parbo et al. 2016).

Delay propagation is mostly used to address secondary delays arising based on 
decisions in delay management. Often event-activity networks are elaborated to 
investigate secondary delays. Moreover, according to Dollevoet et al. (2018), who 
provide a comprehensive treatment of delay propagation issues, delay management 
is mostly based on deterministic models, while the delays themselves are usually 
stochastic in nature. The view on delay propagation mostly seems to stem from the 
perspective of trains or buses that are possibly running late. A different view, like 
coming from the perspective of the passenger, the perspective of personnel or from 
the perspective of general infrastructure, trips or alike seem quite scarce in litera-
ture. Behavioral issues can be incorporated in mathematical modeling in different 
ways. In Schöbel et  al. (2019) the situation of transport means (e.g. trains) being 
unable to depart due to (late-coming) passengers from other possibly delayed vehi-
cles is investigated. These passengers are assumed to “trickle” in one after another, 
such that the doors of the departing vehicle cannot close. A mathematical program-
ming approach is presented.

An important part of delay propagation seems the inclusion of buffer times or 
time supplements (Zieger et al. 2018; Jovanović et al. 2017; Lee et al. 2017; Amberg 
et al. 2019; Beśinović et al. 2016; Vansteenwegen et al. 2016; Dewilde et al. 2013; 
Ghaemi et al. 2018a; Ge et al. 2022). Rather than answering the question whether 
to wait, this also relates to incorporating fixed as well as variable buffer times 
upfront as part of the various planning stages. Beyond fixed buffer times the use of 
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simulation-based optimization as well as robust optimization may be options that 
could be investigated further.

5.5 � Short turning

A common strategy in public transport (and especially in case of disturbances) is to 
have some means of transport not necessarily serving the full line, but to turn before 
reaching a terminus, possibly running back in the opposite direction (or even serv-
ing a different line or route). This is usually called short turning or, more seldom, 
turn back or even cut route. Short turning requires the availability of an appropriate 
facility (like a loop or related streets/tracks) or, e.g., appropriate cross-tracks and 
doorways on both sides of a tram or train to allow for related lay over and provision 
of service along the line.

Besides using short turning as a regular way to build schedules (like short turning 
to serve more frequently used parts of a line while providing thinned-out service in 
areas with low demand) it can be useful in case of disturbances. Assuming that some 
part of a line is closed due to some disturbance, the blocked vehicles may short turn 
and serve the non-affected part of the line, while the blocked part can be accommo-
dated by means of bus bridging (see Sect. 5.6).

In Weerawat and Chumkad (2018), a short turn operation is proposed to cope 
with demand imbalances. In this case, different headways to prevent possible delays 
need to be considered. Different problem settings are possible, distinguishing the 
type of railway line, the infrastructure availability, etc. Inserting special short-turn-
ing services with the aim of achieving higher frequencies on certain segments is 
investigated in Canca et  al. (2016). A more classical description can be found in 
Tirachini et al. (2011).

Different types of short turning may be distinguished depending, among others, 
on the time of its use (like immediately after a disturbance has occurred, during an 
ongoing disturbance, and shortly before a disturbance diminishes). In Chu and Oet-
ting (2013) parameters are proposed which allow modeling the capacity consump-
tion of turning stations during the transition phase of a DRP. A MIP model being 
able to solve real cases can be found in Ghaemi et al. (2018a). A connection of short 
turning with the impact of predictions on the length of disturbances is provided 
in Ghaemi et  al. (2018b). Short turning may also be used in connection with bus 
bunching as investigated in Tian (2021) and Tian et al. (2022). In Yuan et al. (2022) 
an integrated optimization model for train timetabling, rolling stock assignment, and 
a short-turning strategy on a bidirectional metro line is investigated and verified for 
two case studies, a simplified metro line and a metro line in Beijing (China).

5.6 � Bus bridging

Bus bridging is applied in  situations where rail-based disruptions are occurring 
(unexpectedly or even in a pre-planned way) and buses are used as replacement ser-
vice to somehow re-establish transport network connectivity. Metro or rail disrup-
tion management is called bus bridging by some (e.g., Kepaptsoglou and Karlaftis 
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2009) and just uses ideas from bus bridging by others (e.g., Zhang and Lo 2018; 
Malucelli and Tresoldi 2019). Bridging refers to the idea that portions of the net-
work must be reconnected; in case of subway or rail-based systems this often hap-
pens by means of extra bus services. Usually, the idea is to establish short-term bus 
routes to restore connectivity between stations affected by a disruption. Following 
Kepaptsoglou and Karlaftis (2009), the problem is to optimally design a bus bridg-
ing route network. This can be operationalized, e.g., by means of passenger welfare 
subject to given demand patterns, resource availability as well as route and service 
constraints. Maximizing passenger welfare may include appropriate or available 
capacity, low travel times and an immediate initiation of service through the assign-
ment of enough buses to the substitute service. Different problem settings can aim to 
minimize costs while fulfilling a certain demand and other restrictions.

References regarding bus bridging also include the following: Jin et al. (2016), 
Liang et al. (2019) and Pender et al. (2015). When evaluating delays due to a distur-
bance, Aboudina et al. (2021) include direct delays due to the disturbance as well as 
indirect delays of bus riders on the routes from which shuttle buses are dispatched. 
A related case study is provided for Toronto (Canada). With a different flavor than 
most other studies, Zhang and Lo (2020) focus on an academically mostly neglected 
topic: setting up a contract between a mass transit provider (e.g. a company run-
ning a metro system) and a bus company providing the bridging service (whenever 
needed). A recent survey on the topic of bus bridging can be found in Zhang et al. 
(2021).

As mentioned before, a survey based on semi-structured interviews of 71 tran-
sit companies/agencies by Pender et al. (2013) provides insights regarding policies 
undertaken in practice. Along with common-sense considerations, most agencies 
used spare buses as bus-bridging vehicles. Only 45% of them actively retracted 
buses from existing scheduled bus services. An interesting question is also related to 
the location of facilities for spare buses potentially serving bridging activities. While 
these are usually the same as the given depots, this need not be the case in general 
(Pender et al. 2014a). It should be noted that beyond buses the use of taxis for bridg-
ing purposes also serves as an option (Fang and Jiang 2019; Fang et al. 2020). Ask-
ing for a collaboration effort with a taxi company to account for short-term tram 
disruptions is described in Zeng et al. (2012).

The above-mentioned studies usually assume a fixed assignment of buses to spe-
cific bridging routes, eventually with given frequency or headways. If more than 
one bridging route is concerned, one may certainly apply any type of scheduling 
approach, including the flexible serving of different bridging routes; see, e.g., Gu 
et al. (2018). In Christoforou et al. (2016) bus bridging is investigated in connection 
with other measures including an extension of services on alternative routes. A case 
study regarding an incident in Paris, France, in 2015 was used to exemplify this. The 
use of bus bridging in case of maintenance work is also possible; see, e.g., van der 
Hurk et al. (2016), who call it shuttle service. Using smart card data to enable effi-
cient bus bridging is proposed in Luo et al. (2019).

Sometimes bus bridging is also used in the context of pure evacuation needs. 
For instance, Goerigk and Grün (2014) consider a specific bus evacuation prob-
lem, which is a vehicle scheduling problem that aims at minimizing the network 
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clearance time, i.e., the time needed until the last person is brought to safety. While 
this may be a viable option in the sense of realizing a contingency plan (Janart-
hanan and Schneider 1984), this may also be misunderstood in relation to what the 
problem really is (e.g., Hu et al. (2016) mix pure bridging efforts with evacuation to 
result in a false impression of what they really do). Of course, one may see this con-
cept in the spirit of the idea to move stranded passengers from affected (metro etc.) 
stations (which is different than “bridging” to keep up movements between effected 
stations during disruption). As Kepaptsoglou and Karlaftis (2009) seems to be most 
influential, their idea of applying genetic algorithms to solve related problems (with 
different objectives and constraints) is re-used (e.g. Hu et al. 2016).

Table 6 in the appendix summarizes some works on bus bridging. Note that case 
studies in the mentioned papers are usually hypothetical.

5.7 � Bus bunching

Bunching usually refers to two or more transport means of the same line following 
close to each other unintentionally. While bus bridging, literally, describes a solu-
tion approach for coping with certain types of disturbances, bus bunching in most 
situations, firstly, refers to a problem. That is, bus bunching is mostly described as 
a phenomenon. For some reason a vehicle is delayed implying an increased head-
way which may lead to more passengers to arrive at the stop or station who take 
more time to enter, which results in an even larger delay. The next vehicle might 
travel faster as less passengers get aboard. Close to entering a vicious cycle, even-
tually these two vehicles will bunch into each other, i.e., follow each other in very 
close distance. Solution approaches trying to avoid bunching then focus on minimiz-
ing the bunching advent and keeping the headways within pre-defined boundaries 
or minimizing the deviation from a given headway (or schedule). This can broadly 
be done in two directions. Firstly, for schedule-based approaches one gives sched-
ule adherence highest priority and related measures have to be taken. Secondly, 
headway-based approaches try to take measures to keep the headways within certain 
boundaries, even if the schedule is not adhered to. The first is preferred in case that 
headways are larger, while the latter applies to cases with shorter headways (e.g., 
discriminating smaller or larger values than ten minutes for buses). In both cases, 
holding can be an acceptable approach; see, e.g., Berrebi et  al. (2018). This may 
be the case if a tendency of running before schedule should be avoided or, if a cer-
tain headway needs to be adhered to, even if a previous vehicle is delayed. If speed 
variation is possible, this can be a reasonable approach to allow adhering to intended 
times. Another idea especially for expediting late vehicles could be skipping some 
stops with the disadvantage of possibly disappointing left-behind passengers. On the 
other hand, one may even skip certain services so that passengers might have to wait 
for a later one (Gao et al. 2016). Sometimes this is  called leapfrogging (Nesheli and 
Ceder 2014).

Different methodologies can be found when tackling bunching. Examples for 
using a MPC approach to avoid bunching are Andres and Nair (2017) and Varga 
et al. (2019) (see Sect. 4.4 for a brief introduction to this type of approach). Andres 
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and Nair (2017) combine a data-driven headway prediction with dynamic holding 
strategies. Data from an Irish bus route is used (i.e. Dublin). A real-time control 
strategy in the context of bus bunching can be found in Hernández et al. (2015).

For further studies on bus bunching see, e.g., Daganzo (2009), Bartholdi and 
Eisenstein (2012), Chandrasekar et al. (2002), He (2015), Iliopoulou et al. (2020), 
Saw et  al. (2019) and de Souza and Sebastiani (2021). The most commonly used 
idea is to measure headway adherence at certain points and to possibly take some 
actions (e.g. waiting). Academic literature may be classified regarding those works 
that analyse bunching (see, e.g., Sun et al. 2021; Gong et al. 2020 for headway-based 
as well as smart card data-based prediction approaches) versus those that support 
planning and operations to avoid bunching. An important distinction of available 
information relates to local versus global information; see, e.g., Wang and Sun 
(2020). In the first case important information might be missing while the latter may 
be bound to information proliferation. A meaningful distinction in the analysis of the 
bunching phenomenon relates to the question whether overtaking is allowed; see, 
e.g., Fonzone et al. (2015) and Wu et al. (2017). This becomes even more important 
if a certain corridor is served by more than one line. In Schmöcker et al. (2016) this 
is investigated with the outcome that common lines have positive effects when over-
taking is possible.

Different types of simulation models to explain and/or cope with bunching are 
provided in Gershenson and Pineda (2009). A nonlinear optimal control problem 
formulation to support the reduction of possible bus bunching is formulated by Li 
et al. (2019) and solved by means of a simplified convex optimization problem. The 
overall settings consider a pre-specified uncertainty set with influencing factors 
including disturbances due to delays as well as passenger demand uncertainties. In 
Petit et al. (2019) a bus substitution strategy is investigated where standby buses are 
dispatched to enhance system reliability. This may be meaningful especially in case 
of multiple lines.

While up to now we classified bus bunching as a problem, occasionally this can 
be viewed differently. Rather than being a problem but a planned situation, one can 
resort to something often called platooning (and not bunching), that is, the planned 
connection of several vehicles of one line (or even multiple lines). This can be found 
in seldom cases in some public transport systems worldwide and will become more 
important once autonomous vehicles are used on a wider scale (see, e.g., Sethura-
man et al. 2019 and Nguyen et al. 2019b). The latter incorporates a simple means of 
delay management into their consideration.

Table 7 in the appendix summarizes some works on bunching.

5.8 � Maintenance and repair

Despite the fact that public transport infrastructure is vulnerable and bound to dis-
turbances, it also needs to be regularly inspected, and maintenance and repair activi-
ties need to be scheduled to keep up the functionality of this infrastructure. Occa-
sionally this is called planned engineering (Shires et al. 2019). While vehicles and 
many other things can be maintained and eventually repaired without causing visible 
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disturbances to the customer, especially guided and tracked systems need to main-
tain their functionality and availability in a way that may be visible to the passenger. 
The interplay of timetables and maintenance is usually based on the idea that both 
can be fixed as well as variable leading to various problem settings. Especially in 
rail operations this may also account for a comprehensive interplay of passenger and 
freight train movements.

Preventive maintenance can often be scheduled so as not to interfere with regular 
operation, i.e., in many situations some tasks may be processed over night when 
related parts of the system are not in use. However, this is not always possible imply-
ing that occasionally large maintenance or renewal measures need to be done during 
daytime. In those cases, one may envisage the blocking of parts of the infrastructure 
for certain periods of time, e.g. hours, days or even more. Problem settings often 
combine strategic up to operational planning, as long-term infrastructure decisions 
may reduce the operational needs for maintenance.

Most of the available literature in this area relates to rail operations. In Arenas 
et al. (2018), the authors provide a MIP model that rearranges a timetable to cope 
with maintenance-activity-based capacity consumption. Besides the maintenance 
trains themselves, this also concerns temporary speed limitations for the related 
network part(s). A short-term application for a part of the French railway network, 
more specifically a section of the Paris—Le Havre line incorporating mixed traffic 
including intercity, regional, high speed and freight trains, is provided.

In Kiefer et  al. (2018), the authors investigate renewal and maintenance activi-
ties that have to be performed in the long run. Given a certain planning horizon, all 
required activities have to be scheduled. Performing the same or similar activities on 
adjacent segments may imply cost savings, so that related planning may be benefi-
cial. Moreover, workforce needs to be scheduled with different cost measures during 
the day or during the night. An optimization problem is formulated minimizing total 
costs, including those for maintenance work, replacement services, and additional 
vehicles. Linking bus bridging and maintenance and repair is a topic considered in 
van der Hurk et al. (2016).

A service-oriented objective is usually concerned with the service level offered 
to the passengers as can be encountered, e.g., in Vansteenwegen et al. (2016) and 
Louwerse and Huisman (2014). An important distinction is the cyclicity of the 
approaches, mostly related to the question whether the maintenance horizon is much 
longer than a typical timetable period. Cyclicity means a new schedule incorporat-
ing the maintenance activity as if it would be a regular service, while non-cyclic 
approaches aim to adjust the train scheduling before, during and after possible track 
closures.

Having provided pointers to works based on different objectives naturally leads to 
the quest to consider multiple objectives. For instance, D’Ariano et al. (2019) formu-
late a bi-objective optimization problem with the objectives of minimizing the devi-
ation from a scheduled plan and maximizing the number of aggregated maintenance 
works under stochastic disturbances. This leads to research on the interplay between 
scheduling train operations as well as planning maintenance works on the same 
infrastructure. The interesting focus of this work relates to a way of measuring the 
quality of the obtained integrated solutions regarding their robustness with respect 
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to stochastic perturbations of the train travel times as well as the maintenance works. 
Pareto optimality is investigated. Some references focusing on sustainability issues 
in connection with maintenance in public transport are collected in Alawaysheh and 
Alsyouf (2018) and Alawaysheh et al. (2020).

A comprehensive treatment of the topic, mostly focusing on freight rail applica-
tions, can be found in Lidén et al. (2018) and Lidén (2020). They focus on the coordi-
nation of railway network maintenance and train traffic, especially under the assump-
tion of investigating a cyclic integrated train service and railway maintenance planning 
problem with resource considerations. They formulate the problem by means of a MIP 
model where the settings are easily transferable from freight rail to passenger rail. An 
interesting case study for single-track planning in Sweden is discussed.

A brief overview of papers in this field can be found in Table 8 in the appendix.
While we have, so far, looked at disturbances impacting public transport, one may 

also ask the question the other way around. That is, could it happen that traffic conges-
tion is caused by public transport and how should that be assessed? Of the few works 
in this respect, we highlight a recent survey by Nguyen-Phuoc et al. (2020). Actually, 
maintenance and repair as well as infrastructure development regarding public trans-
port with related work in progress might be options where this could happen.

5.9 � Miscellaneous

Focusing on public transport planning and operations often assumes explicitly or 
implicitly given assumptions (as encountered in the previous subsections). There-
fore, many of the issues considered in the classification provided in Table 1 above 
may resort to problem settings beyond the scope of this paper (e.g. driver fatigue or 
crime). Though, some examples may be considered as follows.

One part of information management is to provide the public transport user with 
static as well as dynamic information (Daduna and Voß 1996). Current information 
technology allows related planning, e.g., by checking data in real time. That is, tech-
nology is available, but often even the data is available; cf. GTFS data, see footnote 
11 in Sect. 6 below. This enables efficient itinerary planning for customers (Zhang 
and Tang 2018; Redmond et al. 2020). A robust optimization approach to address 
this problem is provided in Zhang and Tang (2018). In Hua and Ong (2018), the 
problem of information provision and contagion in disruption scenarios is inves-
tigated. A modelling framework is proposed using an information-based dynamic 
user equilibrium method; evidence is provided for the case of Singapore.

Another example concerns the impact of disturbances on ergonomics, service 
provider loyalty or business reputation; see, e.g., Golightly and Dadashi (2017) for 
the latter. Accounting for the interplay of variation in infrastructure availability and 
total travel costs is an issue investigated in Tahmasseby and van Nes (2007).

In general, a stronger focus on certain trade-offs seems worth more elaboration. This 
may refer to spare capacities as well as redundancy of critical infrastructure (e.g., closely 
related to redundancy allocation; Caserta and Voß 2015) but also to (redundant) standby 
personnel, etc. As a generic issue one may consider a better integration of the supply side 
(e.g., infrastructure on a strategic level but also operational planning) and the demand 
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side and their influencing components, e.g., affected by the pricing or availability. An 
example is provided in Zhang et  al. (2019), who investigate a revenue-maximization 
model integrating dynamic ticket-pricing, elasticity in passenger demand, and flexible 
dispatching (with a case study for the Guangzhou-Shenzhen (China) railway).

6 � Case studies

Robustness in public transport, as we have seen it, comes along with a wealth of differ-
ent ideas and concepts. Many of the cited papers are providing numerical results, often 
on synthetic data, but occasionally on real-world cases. While sometimes the distinc-
tion is not necessary, we like to point out that the lessons learned from any of these 
studies depend on their settings. In that sense, we may deduce important implications 
from simulated studies as well as from real ones. In this section, we select a subset of 
the studies that may be important for future research in one way or another.11

Firstly, many of the different concepts pointed out in this paper have been consid-
ered in various real-world settings, some of which are exemplified in Table 9 in the 
appendix. A comprehensive table, mostly with earlier studies, can also be found in 
Rahimi et al. (2019). They display some 24 studies, most of which are considering 
pre-planned disruptions.

Simulation studies are available for various settings, including recurrent ones (like 
everyday-traffic-flow with congestion due to demand peaks) as well as non-recurrent 
ones (like terrorist attacks). Let us exemplify. Simulating non-recurrent events like ter-
rorist attacks have been investigated by Angeloudis and Fisk (2006). They simulated 
a high-connectivity low-degree network showing that robustness with respect to a ter-
rorist attack can be at least as good as scale-free systems. An obvious implication is 
that a system with a large portion of shared tracks is less robust than dedicated line 
systems which have a similar size. Considering the cases of Madrid (Spain) in March 
2004 and London (UK) in July 2005 (non-recurrent terrorist attacks on metro sys-
tems), it seems that measures like bus bridging can have a major impact to restore the 
system’s connectivity to about 95 % very quickly.

11  In passing, we note that often research claims problems regarding the availability of real data. Usually, 
this should not be a concern as there are many real-world data available (Ge et al. 2021). As an example, 
the attempts of many companies to visualize their efforts in being in time are made public; see, e.g., 
the Zurich (Switzerland) data available under https://​data.​stadt-​zueri​ch.​ch/​datas​et/​vbz_​fahrz​eiten_​ogd. 
Related to this is also the General Transit Feed Specification (GTFS); see, e.g., https://​devel​opers.​google.​
com/​trans​it/​gtfs-​realt​ime, an effort of providing users with real-time transit information. Moreover, many 
academics provide data they gained or constructed when working on public transport projects. As an 
example consider https://​perso​nal.​eur.​nl/​huism​an/​insta​nces.​htm. A list of aggregated BRT data and per-
formance measures is provided at https://​brt.​farea​st.​mobi/. For additional access options see (National 
Academies of Sciences, Engineering, and Medicine 2015; Ge et al. 2021). Case studies using and pos-
sibly integrating different data and systems include Godfrid et al. (2022) for Buenos Aires (Argentina), 
Aemmer et al. (2022) for Seattle (USA), Nimpanomprasert et al. (2022) for Hamburg (Germany), and 
Sarhani and Voß (2022) for Canberra (Australia). Possible data to be integrated include those from auto-
matic vehicle location (AVL), automatic fare collection (AFC) and automatic passenger counting (APC) 
systems as well as weather data, etc.

https://data.stadt-zuerich.ch/dataset/vbz_fahrzeiten_ogd
https://developers.google.com/transit/gtfs-realtime
https://developers.google.com/transit/gtfs-realtime
https://personal.eur.nl/huisman/instances.htm
https://brt.fareast.mobi/
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A good information management application should possibly be able to support pas-
senger flow guidance to alleviate recurrent congestion in urban rail transit networks. 
One may even think of formulating an optimization problem regarding where, when and 
what type of guidance information should be released to passengers to enable a smoother 
movement of people in crowded areas. If this favorably impacts passenger travel behav-
ior, the attractiveness of those systems may be greatly enhanced. Providing related infor-
mation at selected time intervals can benefit and save quite some amount of passenger 
travel time during peak-hours. In Yin et  al. (2019) this is exemplified for the case of 
Beijing (China). Classical navigation systems are usually applied for individualized traf-
fic, like in automotive navigation systems or for individuals using a mobile phone as a 
substitute for a map, both being based on modern satellite navigation systems.

A reference model for comprehensively implementing processes within public trans-
port companies can be found in Scholz (2012). Even if their disturbance management 
is part of a separate model not included in the core application, this gives good insights. 
One of the popular systems for public transport companies around the world is the Has-
tus system (see, e.g., https://​www.​giro.​ca/​en-​ca/​our-​solut​ions/​hastus-​softw​are/​hastus-​
for-​sched​ulers/) which also includes robustness like measures for detour and alike.

A case study of using autonomous vehicles in public transport is provided in 
Riener et al. (2020).

7 � Conclusions and future research

In this paper we have surveyed the different strands of literature on managing dis-
turbances, disruptions, delays and alike up to issues of robustness and reliabil-
ity in public transport. Preventive and reactive actions can go in line with related 
recovery approaches as well as anticipation. This could be devoted to individual as 
well as integrated problem settings. Methodology-wise this realm uses heuristics, 
metaheuristics hybridized with mixed-integer programming, but also discrete event 
simulation and stochastic optimization.

Often, these strands of literature are not well connected and future research should 
be devoted to crossing the lines. Moreover, investigating matheuristics (Maniezzo et al. 
2009) seems a major step forward regarding advances in methods for problem solving 
as envisaged in other areas (e.g. Doi et al. 2018). The same might hold for multi-criteria 
optimization, where borrowing from the airline industry may be beneficial (see, e.g., 
Ehrgott and Ryan 2002 for crew scheduling and robustness). Transferring approaches 
from the airline industry and supply chain risk management might be one successful 
way of moving this area forward. That is, there are quite a few studies investigating 
robustness in other areas like the airline industry. For instance, Ionescu and Kliewer 
(2011) distinguish stability and flexibility where the first is specified as the ability of 
a schedule to keep its feasibility as well as its cost-efficiency under different scenarios. 
Moving this into the direction of public transport is done in Amberg et al. (2017). This 
is especially interesting, as future research might investigate complexity issues related 
to different underlying networks (not only between different industries but also within 
the public transport domain itself). That is, applying known results from graph theory, 

https://www.giro.ca/en-ca/our-solutions/hastus-software/hastus-for-schedulers/
https://www.giro.ca/en-ca/our-solutions/hastus-software/hastus-for-schedulers/
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the study of communication networks and related connectivity measures (e.g. using 
spectra of graphs) should be enhanced, too.

In a different direction, one of the open questions for future research refers to pos-
sible key performance indicators related to the various issues treated in this paper. This 
may concern the objectives to be considered in mathematical programming approaches. 
Rather than focusing on indicators regarding transit companies, indicators regarding 
passengers and passenger loyalty should be moved more into the foreground. More-
over, if at all, according to which indicators and in which way should we “penalize” 
changes to given plans once we need to perform replanning steps? Other issues need 
observance, too. Concerned are, for instance, passenger information systems to inform 
customers and workforce about possible implications of disturbances and also to give a 
prioritization related to different indicators and resources in case of conflicts (e.g. cop-
ing with financial limitations regarding scarce resources). Empirical studies and cus-
tomer surveys might lay the foundation for related decision support. Among the very 
few examples attempting to provide meaningful answers in this respect is Grotenhuis 
et al. (2007). They state, e.g., that “Customers who use public transport frequently for 
study purposes express a greater need for an overview of routes by a multi-modal jour-
ney planner, but less need for route advice to avoid delays or disturbances.” Examples 
of related questionnaire-based or stated preference-based studies can be found in Currie 
and Muir (2017), Auld et al. (2020) and Rahimi et al. (2019). In Abenoza et al. (2018) 
we, e.g., find the idiom vulnerability, though, without any explanation. In that sense we 
might also doubt the whole study as the sample profile might have been generated with-
out proper understanding. Though, overall, this area gives rise to the question whether 
it is sufficient to have empirical studies to understand the needs of passengers that are 
traveling while disturbances and alike occur. Most papers in this area neglect this and 
also de Oña et al. (2012) and van Lierop et al. (2018), as most prominent examples of a 
meta-analysis or similar on this do not provide enough hints. Maybe, if the right – rather 
than almost always the same – questions would be asked, this would change. In differ-
ent settings, though, the idea of questionnaire-based research becomes valid and useful. 
For instance, Gómez-Ortiz et al. (2018) undertake a study from a completely different 
angle and different population parameters than many other studies. They explore bus 
rapid transit (BRT) drivers in the city of Bogota (Colombia) based on psychosocial risk 
factors at work leading to increased stress and health problems. Based on this study, 
measures may be taken to reduce the accident rates, etc. of the Bogota BRT system.

On a different scale, we see studies, such as Brauner (2017), which provides a deci-
sion framework considering subjective effects of security measures based on empirical 
evidence (like customers’ acceptance of drawbacks/interferences to cope with robust-
ness). It is the believe of Brauner (2017) that both, socio-economic and socio-techni-
cal aspects in the context of a public transport system, can be put into perspective to 
weigh the importance of various effects (objective and subjective) and costs of security 
measures. Ultimately, the aim of improved customer satisfaction might be achieved. 
While the question whether we really need empirical studies in this context might be 
somewhat misleading, it leads us to a wealth of important future issues. As we usually 
encounter limited resources being available to cope with disturbances, empirical studies 
might help us to understand how and where these limited resources should be applied 
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and how to rank in case of conflicts. At present, this, however, is mostly not considered 
in academic literature in this field and needs respective effort.

Content-wise, future research could incorporate the notion of load-dependent lead 
times (see Pahl et  al. 2007 for a survey of load-dependent lead times in production) 
into public transport. As an example, consider Fig. 3 in Sect. 2.2 above. In the sense 
of achieving solutions, common delays based on disturbances might be included, like 
load-dependent travel times in peak hours in case that historical data reveals a certain 
delay in peak hours with a certain probability. These probabilities might be based on 
expected load-dependent travel times and data-driven forecasting measures. On the 
other hand, if this is related to different traffic conditions or time-varying speed limits, 
it should become part of the data and not be related to disturbance. This topic needs to 
be explored further. While this might be in conflict with the idea to utilize capacity to 
the limit (see, e.g., Pellegrini et al. 2017), it possibly makes capacity utilization more 
robust.

Another recent issue for future research refers to curfew and related topics in case 
of a pandemic and political measures to avoid it. For instance, the financial situation 
of public transport companies might be most seriously influenced by such measures 
based on changing demand. On a different side, e.g., fare evasion might be a topic as 
the measures might imply safety distances between people that do not allow for proper 
checking and control. Possible solutions to be evaluated are tap-in tap-out machines 
with cameras or related robots. Moreover, following the recently observed pandemic 
situation requires quite a few drastic changes in public transport (Voß et al. 2020). For 
instance, if social distancing is followed in an appropriate way, then systems that are 
already beyond their limits might need even more capacity and infrastructure. More
over, stations require different forms of queuing. Complying with social distancing 
and hygienic issues already applies during access as well as during transfer, implying a 
rethinking of station design as well as station maintenance.

Finally, the upcoming advent of electric vehicles as well as autonomous vehicles 
especially in connection with MaaS (Mobility-as-a-Service; see Wong et al. (2020) for a 
recent survey) provide a wealth of issues worth investigating. For instance, the usability 
of batteries and related time and length restrictions for those vehicles need to be observed 
in a different way than for usual solutions. In case of MaaS, despite data safety regula-
tions, providing sufficient information could be used on an individualized rather than 
collective basis to overcome disturbances (especially for handicapped people this might 
be very useful). Literally, one may think of automatically coping with disturbances.

Appendix

This appendix includes quite a few tables summarizing some of the discussed topics 
and cited works (Tables 3, 4, 5, 6, 7, 8, 9).
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