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Executive Summary 

The objective of Deliverable 1.1 is to define the Decision-Making Objectives that will 

drive the self-organizing traffic and the Key-Performance Indicators which should be 

monitored and assessed. In addition, this deliverable states the operational principles 

at the basis of the self-organizing traffic management system. 

Chapter 1 is the introduction of the deliverable and reminds the objectives and guide-

lines of work package 1. 

Chapter 2 is a review of the indicators found in the academic literature related to  

ground transportation (road and railway as well). A classification is then proposed to 

gather the indicators into specific categories. The indicators which can be computed 

in real time are also identified. 

Chapter 3 presents what operational principles have been retained after interviews 

with experts from railway infrastructure and traffic management. These operational 

principles then feed the reflection on the Decision-Making Objectives and the Key-

Performance Indicators. 

Chapter 4 explains the way of defining the Decision-Making Objectives and the Key-

Performance Indicators as well. The reflection relies first on a workshop gathering 

many railway experts from academic and operational communities (infrastructure 

managers, railway undertaking, engineering subsidiaries), who were invited to ex-

press their ideas, remarks, opinions, warnings. The final choice of the Decision-

Making Objectives has been taken by the project partners in meeting. 

Chapter 5 gives a synthesis of the work in the deliverable. 

Appendix A details the infrastructure managers’ answers to the interviews. 

Appendix B presents the reflections and thoughts given by the railway experts during 

the workshop. 
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1 INTRODUCTION 

Railway transport systems present many advantages on other transportation 

modes like, e.g., mass transport, weak energy consumption, safety. In a lot of terri-

tories, it represents the backbone of the multimodal transportation networks, 

whether for passengers or for freight. With an increasing traffic and more and more 

trains, railway transportation often suffers from many perturbations, which may 

generate dispatching conflicts, and then delays which propagate and amplify in the 

whole network. 

In urban and inter-urban areas, the current public transport does not fulfil the 

customers’ satisfaction. This dissatisfaction results in a non-ecological and non-

efficient increase of car traffic flows in the cities. Therefore, the transport systems 

must evolve in order to meet the growing desire of citizens’ mobility while the urban 

development must remain climate neutral. Railway transportation may play the role 

of mobility backbone to accomplish an efficient and demand-aware urban and inter-

urban mobility growth. 

In parallel, freight transportation also faces operations issues and competition 

from other modes which tend to make it less utilized for the benefit of long-distance 

truck transportation in particular. In that case also, railway transportation must 

evolve to become competitive again and meet the customers’ needs. In this way, 

environmental advantage provided by railways will be enabled. 

The SORTEDMOBILITY project aims at building a self-organizing railway opera-

tion system. Differently to the historical paradigm which consists in concentrating 

the whole decisions in an operational center, a self-organizing railway system decen-

tralizes the decision-making concerning regulation to the trains. The main rationale 

behind this new way of regulating is to make railway traffic more fluid and provide 

more flexibility and resilience face to disturbances, and finally to transport more us-

ers and freight.  

Operating self-organizing trains implies a construction phase of the transportation 

system (TS) relying on three main points enabling the TS to be fair, to exclude the 

smallest possible share of population and to make its use easy: 

1. A high level of service, that means the TS has to be frequent, reliable, 

demand responsive and resilient, 

2. An easy accessibility. To face the increasing number of TS users, its 

accessibility must become easier for all. The multi-modal use must be 

simplified and promoted while the TS must spread to reach as many users as 

possible. 
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3. A greater efficiency, which is essential to maximize the use of the 

infrastructure and material. So, it will be possible to welcome more 

passengers by maximizing the use of the railway capacity. Efficiency is also 

essential for the competitiveness of multiple actors. The more efficient an 

actor will be, the more trains will circulate, and the more passengers or freight 

will be transported. 

Operating self-organizing railway traffic is possible thanks to the recent progress 

in AI, computer science and communication technologies. Indeed, the trains can 

embed devices allowing them to project and anticipate the future state of the traffic, 

to share data with the other trains and to take decisions with adapted optimization 

algorithms. This implies to have fully-fledged autonomous train-agents whose be-

havior is driven by a utility function which characterizes the maximum benefit for 

the whole system. That benefit corresponds to the achievement of the three points 

mentioned before and their evaluation relies on Key Performance Indicators (KPIs) 

common to the different TS stakeholders such as operators (infrastructure manag-

ers, dispatchers, train companies), customers, and urban public authorities. 

To be able to define the most suitable KPIs for evaluating, monitoring and driving 

the self-organizing TS, this document aims at gathering and sorting relevant KPIs 

for the different stakeholders. Given that their interests are remarkably different, 

the assessment of the TS will be different following the concerns of the stakeholder 

under consideration. As a consequence, TS assessment covers a large number of 

fields such as operations, planning, environment, mobility, economics and others, 

that we gather into categories. 

In addition to those categories, the decision time-horizon is also different with re-

gards to the stakeholders and their practices. The decision time-horizon therefore 

requires appropriate KPIs. Concretely, operations must be driven by a KPI which will 

have to be computed in real-time so as to allow the trains to decide what actions to 

carry out, whereas the daily global performance of the system monitored by the 

public authorities will be computed at the end of the day on the basis of all opera-

tions performed during the day. Customers also have a subjective assessment of 

some aspects of the TS, in particular the waiting time in the case of the demand re-

sponsive transport. This latter kind of indicators may be both monitored continuous-

ly but also evaluated after the day of service to adjust some elements of the TS if 

necessary. 

According to the definition of the Sustainable Transportation Indicators, present-

ed in Haghshenas et al. (2012), a KPI needs to respect some principles to be effec-

tive and relevant. First, it must have a relevant and defined target. Then, it must be 

measurable, and the necessary data must be available. The indicator must naturally 
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measure what it is supposed to measure and be able to reveal changes and their 

impact as well. Its transparency is also important: it must be understandable and 

reproducible for the intended users. Indicators should be as independent as possible 

from each other. Moreover, in case of comparison, the indicators must be standard-

ized. Jeon et al.  (2005) gathered KPIs used by sixteen initiatives on sustainable 

transportation systems and they present all of them sorted in different categories: 

economic, transportation related, environmental, safety oriented and social-

cultural/equity related. Roughly speaking, those categories will be the ones that we 

will use in our review. 

In order to define the Decision-Making Objectives (DMOs) and the KPIs to be 

monitored and assessed, we followed an approach based on the expertise of railway 

stakeholders: infrastructure managers, railway undertakings, railway consultants. 

Thus, beside the review on KPIs, we first interviewed experts from railway infra-

structure management in Western Europe to establish the operational principles 

which will allow the definition of the indicators driving the self-organizing traffic. 

From there, we organized a workshop with a panel of more than 40 railway academ-

ic and industrial experts to express their remarks, opinions, advice and recommen-

dations. Finally, on the basis of all these elements, we chose what indicators will 

drive the system. 

The report is organized as follows. Chapter 2 gives a review of the literature on 

Key-Performance Indicators covering a large number of fields. The results of the 

railway infrastructure management experts’ interviews and the operational principles 

are given and detailed in Chapter 3. Chapter 4 introduces and explains the choice of 

the DMO and the KPIs. Chapter 5 concludes this report with a synthesis on the work 

done in the Work Package 1. It has to be noted that two appendices complete the 

report: one about the interviews and the other on the workshop with the railway ex-

perts. 

2 REVIEW OF THE LITERATURE ON KEY-

PERFORMANCE INDICATORS 

 Indicators for the performance of the railway system 

This part will present the KPIs related to operational performance. Railway 

management incorporates the real time states and decisions of the transport sys-

tem. But it has to be noted that KPI related to preoperational steps are relevant to 

be taken into account.  
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So, this part will be organized as follows. Firstly, some generic KPIs around the 

railway operations will be presented. Secondly, KPIs related to the timetable will be 

discussed. Thirdly, KPIs focused on corrective maintenance will be introduced. Then 

a focus will be done on KPIs needed for railway traffic operations and for alternative 

traffic management solutions’ evaluation. Finally, an emphasis will be placed on two 

themes that may have to be integrated for the new TS: Platooning and Decentraliza-

tion. 

2.1.1 Generic indicators on railway operations 

The KPIs related to operations can be grouped in different categories. Never-

theless, some are just too generic to be locked in predefined boxes. Here will be 

presented the most generic indicators. 

Vehicles are the backbone of operations. That’s why KPIs about their number, 

their speed or the number of kilometers travelled by each of them appear to be im-

portant. 

2.1.1.1 Vehicle utilization 

The number of vehicles in circulation is quoted in almost all scientific articles 

as a KPI to follow. It is generic and strongly related to the on-field situation. Hansen 

(2010) mainly discusses about railway timetabling and dynamic traffic management. 

He almost immediately qualifies the number of vehicles in a period as essential to 

express the effectiveness of a timetable and the dynamic management of the rail-

way system. Another point of view can be found in Winter et al. (2018). The au-

thors’ goal is to analyze the performance of an automated demand responsive 

transport service. Therefore, they study the impact of different measures (vehicle 

capacity, vehicle dwell time or system costs) on the fleet size. The number of vehi-

cles must be high enough to fulfil the customers’ demand at any moment, and espe-

cially during peak periods. 

The second most important KPIs related to vehicles is their speed. Their max-

imal speed is always constrained by the network and the equipment of the tracks. 

So, the average speed or the commercial speed appears to be more related to 

the situation on track and are finally different names for the same speed. The defini-

tion is quite simple: the speed is equal to the kilometers travelled divided by the 

travelled time. Nevertheless, the travelled time includes the dwell time at each sta-

tion. It means that the more the vehicle waits at a station, the lower its average 

speed. An important consideration on average speed can be found in Lewandowski 

et al. (2017). The authors evaluate a decentralized method to increase ambulances’ 
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average speed thanks to smarter traffic lights. The average speed was well identified 

as the KPI to monitor their progress. The term ‘commercial speed’ can be found in 

Georgiadis et al. (2014) and in Cascajo et al. (2014). Cascajo et al. (2014) compare 

the evolution of different public transport between a reference scenario and a sce-

nario monitored with the measurement. Different KPIs are presented and aggregat-

ed to compare the different public transport systems and the commercial speed is 

one of the first KPIs used to compare them. The authors link the commercial speed 

to the passenger flow and to operating costs. This link underlines the importance of 

the average speed. The study from Georgiadis et al. (2014) is more generic. The au-

thors design a Performance Measure System to facilitate the evaluation of public 

transport in Thessaloniki. A lot of KPIs are used and the commercial speed is one of 

them. 

Speed and speed differences between vehicles are important to establish a 

timetable. Hansen (2010) uses the operating and circulating speed, respectively the 

speed between any pair of stations and the speed between two consecutive stations, 

to evaluate the effectiveness of a timetable. 

Orth et al. (2013) develop some generic KPIs and aggregate them in Level of 

Service to simplify their visualization. They rely on four main measures: speeds, 

passenger loads, on-time performance, and headway adherence to build different 

Level-Of-Service (LOS) assessments. They calibrate their method for the Zurich pub-

lic transport system, and that calibration enables to precisely define the LOS for the 

public transport in Zurich. 

Then, another important KPI related to vehicles and their utilization is the 

number of travelled kilometers per vehicle. This KPI enables to immediately 

compare different vehicles and check if some are much more used than others. It 

can even be used to foresee maintenance operation on the most used vehicles. 

Antonialli et al. (2019) collect a worldwide benchmark for autonomous shuttle 

for collective transport. They also provide KPIs to evaluate the operator cost and the 

quality of service. In this comparison they use the number of travelled kilometers 

per vehicle. 

A slight difference is brought by Sen et al. (2011) by considering a number of 

miles travelled locally. They deliver a huge study on public transit mobility manage-

ment. They focus on the Texan particularity, nevertheless they provide a full method 

to evaluate the performance of a public transport management strategy. In this 

method a lot of indicators can be found to evaluate the efficiency of a public 

transport. The number of miles travelled locally takes an important place in this 

study. This number of local miles travelled enables to monitor the accessibility and 
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the livability inside a territory. Better accessibility and livability lead to a better qual-

ity of life. This is the reason why Sen et al. (2011) use the number of miles travelled 

locally as a KPI for their study. 

The number of vehicles used during a time period is an important KPI. Never-

theless, because vehicles are different, this KPI does not bring any information on 

the capacity and the maximum flow of passenger that a track or the network can 

tolerate. 

2.1.1.2 Infrastructure utilization 

Åhren (2005) mentions the infrastructure capacity utilization without describ-

ing it. This indicator could be computed as follows:  
𝐴𝑐𝑡𝑢𝑎𝑙𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦

𝑀𝑎𝑥𝑖𝑚𝑢𝑚𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦
. This indicator 

allows to see the available margin to increase the exploitation of network capacity 

by a demand responsive transport system. 

Jeon et al. (2005) evaluate definitions, indicators, and metrics used to address 

sustainability in transportation and other infrastructure systems. For this purpose, 

they collect 16 national studies on sustainability and compare the indicators they 

used to see their scope. In this collection can be found the maximum customer 

flow per hour. This is related to the maximum number of passengers traveling on 

the network during a peak period. 

Another very important indicator for public transport is the ticket price that a 

customer has to pay to travel on the network. The ticket price is valuable for the us-

er and has a huge impact on competition. Georgiadis et al. (2014) use the ticket 

price to evaluate the accessibility of a public transport system. If the ticket price is 

too high, customers will not use the TS. We can also quote Eboli et al. (2012) where 

the average cost of a one-way ticket is used to compare different public transports. 

The ease to purchase such a ticket is also mentioned. It depends on the availability 

of the automatic ticket machine. However, with a growing digitalization, machines 

will no longer be needed to buy a ticket. To avoid using the ticket price, Jeon et al. 

(2005) quote the “Affordability of public transit service by lower income residents” 

used by the Victoria Transport Policy Institute. The fuzzy term appears to be generic 

enough not to just count the tickets, but all the pass or other techniques used to pay 

the utilization of public transport. 

The number of vehicles, their average speed the number of travelled kilome-

ters, the capacity utilization and the maximum customer flow are more useful for the 

railway operator. A contrario the ticket price has more importance for the users. 
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2.1.2 Planning and Timetabling 

The construction of an efficient timetable is an important step before the oper-

ations. The timetable affects the operational performance when not enough or too 

many trains are planned. Both a lack of trains or too many trains lead to a disturbed 

situation. One causes a passenger overload, the other creates train congestion. 

Complete studies on timetables can be found in Goverde (2007) and in Delorme et 

al. (2009). They evaluate the stability or the robustness of a timetable and check 

the timetable’s adaptation to the infrastructure. 

The need for a timetable could be discussed. As a matter of fact, a TS based 

just on real time demand should not plan trains before the demand increases. 

Therefore, a planned timetable would be useless. Only the demand would drive the 

train’s trip and schedule. Nevertheless, the following indicators can also be used 

when no timetable is designed. These KPIs remain more useful when a timetable ex-

ists. 

The first indicator quoted by most articles is the train frequency (train per 

time unit). Train frequency is highly dependent on the infrastructure and the used 

vehicles. It represents the number of trains passing a point per time unit. The higher 

the frequency is, the more trains are used, and the more passengers can be trans-

ported. References to frequency can be found in Cascajo et al. (2014), Djordjevic et 

al. (2016), Mlinaríc et al. (2018), Orth et al. (2013) and in Proboste et al. (2020). 

Mlinaríc et al. (2018) develop several KPIs to evaluate the impact of Intelligent 

Transport System (ITS) on transport and aggregate them using the Group Analytical 

Hierarchy Process (GAHP). They say that train frequency is part of “the most signifi-

cant indicator within the social dimension”. The work of Mlinaríc et al. (2018) ex-

tends the one done in Djordjevic et al. (2016). Mlinaríc et al. (2018) gather 25 KPIs 

used to compare the progress made with the installation of an ITS. They also use 

the GAHP to weight all indicators and report their weight in Mlinaríc et al. 

(2018).Proboste et al. (2020) try to define an optimal frequency for Bus Rapid 

Transit Lines according to a known demand scenario. Then they compare frequency 

between an open BRT line and a close one. They also express the optimal capacity, 

the fleet size or the stop spacing as a function of line frequency in the network. 

Then, the regularity is used to smooth the disparity that can be hidden by 

frequency. For a same frequency the train distribution during a same amount of time 

can be very different. 

Reddy et al. (2009) develop four indicators used by the New York City Transit 

Authorities to evaluate mass transit. Headway regularity is part of them. In a con-

text of mass transit, the authors highlight that regularity is more important than re-
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specting a predetermined schedule. This indicator enables the penalization of 

bunched services and gaps in service. Regularity in a time interval is defined as fol-

low. A time interval respects the regularity criteria if every service interval between 

a leaving train and the scheduled following train exceeds neither 50% of the sched-

uled interval nor 5 minutes. The track regularity is then expressed as the percentage 

of trains respecting this criterion. 

Schittenhelm et al. (2012) describe indicators used by the Danish railways to 

evaluate timetable. They use the regularity index (RI), computed as follow: 

 

A = Number of timetabled train paths belonging to a service planned at regular 

time interval 

B = Number of missing train paths that would exist if a service was planned at 

regular intervals  

 

The regularity index is particularly relevant if different types of rolling stock 

are used. This definition gives priority to the evaluation of regularity in timetable 

pattern. They modify this indicator to focus more on the periodicity in a timetable. 

So, they create the Systematic Timetable Index (STI): 

𝑆𝑇𝐼 =
∑𝑇𝑆𝑃𝑚𝑡𝑝

𝑇𝑆𝑃𝑖𝑛𝑣
∗ 100% 

TSPmtp: Time Span for the most used timetable pattern 

TSPinv: Time Span for the investigated time frame 

The indicators described in Schittenhelm et al. (2012) are more likely to be used 

during the construction of the timetable than during an operational day. 

The last indicator related to timetable is the dwell time. The dwell time im-

pacts directly the frequency. The higher the dwell time is, the lower the frequency. 

Besides dwell time depends on regularity. If a station is not deserved during a long 

time, more people will get into the train and it will increase dwell time. 

In Cascajo et al. (2014) the dwell time is an indicator for the service perfor-

mance. Cascajo et al. (2014) describe actions taken in different public transport and 

their consequences on dwell times. They mainly observe that a reduction of dwell 

times is strongly correlated with an increase of passenger flow. So, dwell times are 

an important indicator for the health of a public transport. 

Proboste et al. (2020) take the opposite point of view and say: “dwell time of 

each bus at each station is affected by the number of boarding and alighting pas-
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sengers. Thus, increasing the frequency of a service reduces its dwell times, and 

therefore increases its operational speed.”. 

2.1.3 Real time operations 

The management of perturbations is one of the key points of a TS. If there is a 

perturbation, all must be done to limit its impact on the network, on the planned 

timetable and finally on the users. This section will gather KPIs related to perturba-

tions and their management. 

2.1.3.1 Perturbation evaluation 

First, the primary delay must be calculated. The primary delay is the direct de-

lay caused by a technical or environmental disturbance. The secondary delays are 

the delay caused by a delayed train. Both delays are expressed in minutes or sec-

onds. Because of the difficulty to reduce primary delays, we must focus on the fore-

cast of secondary delays according to the actual transportation plan. This KPI ena-

bles the comparison on secondary delays between different transportation plans. 

A distinction between two types of delays can be found in Delorme et al. 

(2009). The primary delays are induced by some external causes, and the secondary 

delays are triggered by another delayed train.  Delorme et al. (2009) introduce sta-

bility as the number of secondary delays caused by a primary delay. The proposed 

method enables the computation of the propagation of secondary delays due to an 

initial perturbation. 

In his Phd thesis D'Ariano (2008) builds different tools to help regulators with 

the real time dispatching problem. The developed tools aim at minimizing the delay 

propagation and maximizing the dynamic utilization of the railway capacity. These 

tools help the regulator to recover as fast as possible after a perturbation. 

To compute the secondary delays, their propagation in the network must be 

analyzed. Goverde (2007) develops a method based on max-plus algebra to com-

pute the recovery time for a define timetable and to compute other statistic on delay 

propagation. If this work aims at qualifying the adaptation between a timetable and 

the infrastructure, it can also be used to compute the secondary delays. The sec-

ondary delays can be computed either for the actual transportation plan or for a 

considered solution. 

The other indicator linked to delay is the late arrival of each train to its ter-

minus. This indicator is here to balance the previous one. It is natural to minimize 

the overall secondary delays, but this minimization must not be done at the expense 
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of one train. A train must not stop all day long to reduce the overall secondary de-

lays in the TS. 

2.1.3.2 Rerouting, Reordering and Rescheduling Trains 

The following indicators are more useful to evaluate solutions and to see their 

theoretical impact on the TS. 

The Number of Relative Reordering (NRR) is introduced by Quaglietta, et 

al. (2016) to count the number of changes between two different transportation 

plans. The authors edit new transportation plans each 30 seconds according to the 

on-track situation. Then, they evaluate how far the new transportation plan are from 

the actual one. The NRR counts the trains which are not at the same place between 

the two transportation plans. Therefore, the NRR enables to see how different the 

transportation plans are. This KPI could be strengthened by using the Disabled 

Route Ratio described in Wu et al. (2018). The Disabled Route Ratio is based on the 

network’s infrastructure and assesses the influence of failed node or link on traffic 

performance. If the NRR shows differences between different transportation plans, it 

is not precise enough. So, Sidi et al. (2018) present a multi-criteria approach to 

monitor a transport system. To avoid or correct encountered difficulties, they evalu-

ate solutions with overtaking, short-cut or U-turn. Solutions can slightly differ from 

the original one. In order to evaluate how different they are and mainly where they 

are different, the number of skipped stops, number of changes or number of 

impacted vehicles are counted. 

Finally, cost adjustment due to a perturbation must be evaluated. Wu et al. 

(2018) define the cost adjustment as the route cost for an OD (corresponding to one 

among several possible route costs chosen by the user) after the perturbation divid-

ed by the route’s cost in a normal situation. The cost adjustment allows the identifi-

cation of where a perturbation will cost the most. 

2.1.4 Evaluation of decision paradigm: centralisation vs decen-

tralisation 

Currently, most transport systems are organized in a centralized way. It 

means that almost all decisions are made in a single place that gathers all network 

information. Nevertheless, a decentralization approach is now emerging. This decen-

tralization will allow decisions based on local information. Marcelli et al. (2020) wrote 

a state of the art on decentralized approaches for railway traffic management in or-

der to reduce delay propagation. Decentralization in railway transport is often linked 

to multi-agent system (MAS). Indeed, all vehicles and agents in the system can 
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bring information and make decisions. The multiagent system research field cares 

about the relationship between the agents. 

Lewandowski et al. (2017) use a decentralized approach to ease the circulation 

of ambulances by dealing with traffic lights. The traffic light enables or forbids the 

circulation according to the waiting cars and ambulances number, and the neighbors 

situation. This study shows that ambulances travel time decreases and that their av-

erage speed increases. Lewandowski et al. (2017) also observe that the situation 

does not deteriorate for other vehicles. 

Perrachon et al. (2020) describe the feasibility of solving railway conflicts in a 

decentralized way. To compare centralized and decentralized strategies. They use 

quality of service defined as the ratio between the total passengers’ travel time com-

puted after simulation and the theoretically possible one. The total passenger travel 

time remains similar between centralized and decentralized operations. So, they 

conclude that decentralization is as least as good as centralization to solve railway 

conflict. 

Van Heeswijk et al. (2018) compare a centralized and a decentralized method for 

the timetable problem applied to road freight transportation. Their ADP (Approxi-

mate Dynamic Algorithm) performs very well on small instances and outperforms 

the centralized policies on larger instances. They study the dispatching problem with 

a centralized and a decentralized learning method. The centralized policy does not 

find solution for instances with 10 and 25 agents, while the decentralized one finds 

solution for these instances and seems to have the possibility to scale with larger in-

stances. The metrics used for comparison are the weighted reward, the traveled 

transport distance, the delivery time and the number of successful deliveries. 

The decision-making time plays an important role. Ren et al. (2007) describe 

different consensus strategies to set a common rendezvous point between vehicles. 

They assume that the vehicles’ information state does not evolve throughout time. 

To ease this hypothesis a quick decision is necessary. If too much time is needed, 

the situation will be way different, and the decision may not be suitable to the new 

situation. Therefore, the decision-making process must be quick enough. However, 

the conflict must be solved, and the system should not spend too much time solving 

it. If the decision-making is quick, but the made decision is bad and solves the con-

flict too slowly, other problems could be faced. 

The decentralization needs to select a decision among the proposed ones. Two 

ways are listed as possible research directions in Marcelli et al. (2020): auction and 

“coopetition”. 
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Stojadinovìc et al. (2019) design a hybrid auction system to assign train paths in 

highly dense areas. The proposed method enables the maximization of the income of 

the infrastructure manager. Vernazza et al. (1990) define a priority value to sort 

trains according to their importance. 

The priority value defined in Vernessa et al. (1990) is used in a MAS to help local 

decision centers to organize train transit according to trains’ characteristics. The pri-

ority value can be considered as an indicator which gathers the importance of a 

train, its schedule’s adherence, or its induced delay propagation. Then, the train with 

highest priority value goes first. 

Both designs have in common that a higher auction (or priority value) is the sign 

of a very demanded train path. So, the higher the values are, the more conflicted 

the situation can be. Thus, the auction value and the priority value must be moni-

tored. 

2.1.5 Evaluation of Platooning use on the whole performance 

During the nineteen-forties, platooning was first considered by car’s manufac-

turer. Kavathekar et al. (2011) define platooning as the creation of “platoons or 

linked vehicles which will travel along the Automatic Highway System acting as one 

unit”. Thanks to this technique, space can be saved on highway by reducing the in-

ter distance between vehicles. All vehicles follow the leader, their passenger can run 

their lives as they want and save fuel. The survey in Kavathekar et al. (2011) gives 

an overview of the literature on platooning published between 1994 and 2010. Pla-

tooning seems to be interesting because it enables to reduce the space between ve-

hicles, to increase the capacity of a track and to save energy. In the case of railway, 

platooning will just concern vehicles which share the same portion of rail during a 

trip. To evaluate the influence or the gain of platooning in the new transport system 

some KPIs need to be introduced. 

One of the first Key Performance Indicators to be considered is the convoy’s 

speed. A convoy must adapt its speed to its slowest member; therefore, vehicles 

cannot always drive at the highest speed. The study in Khan et al. (2005) grants 

speed a lot of consideration and provides a decision-support algorithm to adopt the 

most efficient speed for all vehicles. When a vehicle decides to leave or join a con-

voy, its speed must evolve to follow its decision. Thus, the speed of convoys is a 

major concern for the platooning’s technique. 

As said previously, a convoy must adapt its speed to the slowest vehicle. 

Therefore, the number of vehicles in a convoy is an important indicator. Travel-

ing in convoy presents more benefits than traveling alone. So, as many vehicles as 
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possible should be part of a platoon. Nevertheless, because safety remains a key 

point of traveling, the number of vehicles in a convoy must depend on the communi-

cation performances of each vehicle. Karoui et al. (2017) discuss about a nominal 

and a degraded mode of communication according to the number of vehicles, the 

precision of their information and their communication. So, the size of each con-

voy must also be monitored, as well as the number of vehicles in a convoy. 

Platooning is better than lonely trip, but the benefits must be computed to be 

sure that platooning is worth it. Kavathekar et al. (2011) mention a reduction of 

55% of the drag coefficient for the second to fourth vehicle in a convoy, leading to a 

reduced consumption.  Khan et al. (2005) discuss a lot the benefits that a vehicle 

has by entering a convoy and that a group of vehicles must have if they split the 

convoy to drive faster. Yasin et al. (2020) work on the energy save by vehicles’ sen-

sors when relying on a leader in a swarm. Only the leader turns on its sensor’s, he 

warns the other vehicles if an obstacle arises. The followers will turn on their sensor 

just to avoid the obstacle before turning them off and relying on the leader. There-

fore, the energy saved must be controlled as the main benefit brought by a con-

voy. 

Platooning seems to be a promising way to save vehicles’ energy by relying on 

a leader-follower relationship. Nevertheless, all gathered and found papers are fo-

cused on platooning for road vehicles. Platooning for rail vehicle seems not to be a 

concern for the current research. However, the number of vehicles in a convoy, their 

speed or the saved energy seems to be the most important KPIs in order to evaluate 

the influence of platooning in a transport system. 

2.1.6 Measuring the impact of corrective maintenance 

The subject of maintenance is on the edge of railway production. It must be 

mentioned that predictive maintenance does not belong to our scope. Its schedules 

are planned in advance, and the concerned tracks or materials are not available for 

the operation during the maintenance performance. All KPIs presented further con-

cern corrective maintenance. 

Stenström et al. (2012) provide indicators to help maintenance organizers to 

see the consequences and the benefits of a maintenance work. The licentiate thesis 

of Åhren (2005) gathers 25 KPIs used by the national Swedish railway and by the 

Banverket Northern Track Region. This part will focus on the KPIs that these articles 

have in common. 

The most important indicator is the cost of a maintenance work. The cost 

can be divided in different parts as the contractor cost, the energy needed for the 
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repair or the use of a specific material. Stenström et al. (2012) even mention the 

cost for indirect maintenance personnel. Åhren (2005) decides to evaluate the 

maintenance cost per track kilometer. Nevertheless, the kilometer’s number is di-

rectly related to the network’s size. Thus, this KPI is standardized and is more useful 

for a comparison between different TS. 

The other very important indicator for the maintenance is the repair time. 

Åhren (2005) considers just the time needed for the repair. While Stenström et al. 

(2012) also count the waiting time for the repair to begin. Indeed, the time for the 

workers to go to problem location can be significant. 

So, two indicators concerning the maintenance seem particularly interesting: 

the cost of the maintenance work and the duration between the identification of the 

incident and its repair. 
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 Mobility 

In this section the KPIs related to mobility will be focused on. Gabriel Dupuy, 

in Dupuy (2011), characterizes mobility with three criteria: immediacy, instantane-

ousness and ubiquity. Immediacy is the TS’s capacity to be available without delay 

after its solicitation. Instantaneousness is directly related to the quickness of the 

transportation; it concerns the duration between the moment when the customer is 

picked-up and the moment when he is dropped off. Ubiquity is only a spatial con-

cern. It characterizes the access to the TS wherever we are. Therefore, ubiquity is 

strongly related to the network’s geometry and has, with this definition, no impact 

on operations. 

In addition to these main criteria, reliability, which is not fully integrated in the 

immediacy’s definition, seems necessary to evaluate the operational performance of 

a TS. The comfort is also added to take into consideration the quality of on-time 

transportation. 

Thus, this section is divided into four parts: instantaneousness, immediacy, re-

liability and comfort. 

2.2.1 Instantaneousness 

As explained previously, instantaneousness is linked to the transportation du-

ration. Nevertheless, several indicators can be used to qualify and bring precision on 

instantaneousness. 

The first indicator is the travel time (TT), which is defined as the duration be-

tween the departure and the arrival. 

The TT is used by almost all articles on public transport and remains one of the 

main concerns of transportation’s policies. Here are articles using the TT:  Djordjevic 

et al. (2016), Karlaftis et al. (2012), Nesheli et al. (2017), Nesheli et al. (2015), Cao 

et al. (2014), Payne et al. (2015), Mlinaríc et al. (2018), Antonialli et al. (2019), 

(Sen et al. (2011) and Krmac et al. (2017). 

Djordjevic et al. (2016) and Payne et al. (2015) evaluate the impact of Intelligent 

Transport System (ITS) on transport. In order to compute the brought improve-

ments, they use the Travel Time. 

Mlinaríc et al. (2018), Antonialli et al. (2019) and Sen et al. (2011) are huge 

studies on public transport, autonomous shuttles and on Texan mobility. All their au-

thors use the TT to evaluate the TS situation and to compare it with other TS. 
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Corman et al. (2017) qualify the travel time by considering only the time spend 

in public transport. It means that waiting time or time spent in connections is not 

taken into consideration. The in-vehicle Travel Time introduced in Basu et al. 

(2018) indicates quite the same concept. Basu et al. (2018) decompose the total 

travel time into in-vehicle travel time, waiting time and walking time. 

The Average Additional Travel Time is defined by Van Oort (2011). This indi-

cator enables the expression of service variability throughout the distribution of pas-

sengers’ travel time. The AATT is computed as follow. The scheduled TT is deducted 

from the average travel time to get the AATT. 

𝐴𝐴𝑇𝑇 = 𝑇𝑇 − 𝑇𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒𝑑 

The average additional travel time is not commonly used. The survey on service re-

liability conducted by Van Oort (2011) shows that only London (out 23 answers) us-

es a comparable indicator: the Excess Journey Time. The Excess Journey Time com-

pares actual and free-flow travel time instead of actual and scheduled. 

The running ratio is introduced by Kaparias et al. (2011) to compare cars and 

public transport. The running ratio is defined as the total travel time divided by the 

time spent in an in-service vehicle. This ratio underlines the useful time spent in a 

vehicle. If the vehicle is stopped, or if the customer is waiting for a connection, the 

ratio goes up. The higher the ratio is, the more unefficiently time is spent by cus-

tomers. 

The dwell time used in Cascajo et al. (2014) represents the time spend in a 

stopped vehicle. This dwell time in public transport is mainly spent to enable board-

ing and alighting of passengers. Therefore, this dwell time represents the time’s dif-

ference between a shared vehicle and a personal one. 

Wang et al. (2010) introduce the “mobility”, defined as the travel time divided 

by the Euclidean distance between origin and destination (OD) for all possible ODs. 

They apply this indicator to a case study in Mississippi. They study not only mobility 

but also reliability, security and environmental impacts. The use of geographic dis-

tance is justified because companies does not care about the route traveled by vehi-

cles. Their goal is to transport passengers from their origin to their destination re-

gardless of the travel path. Nevertheless, because their “mobility” is in s.m−1, it may 

be better to consider its inverse to have the same dimension as a speed. 

2.2.2 Immediacy  

The immediacy is the quality of bringing someone into direct and instant in-

volvement with something. In our case immediacy is strongly linked to the duration 
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between the moment someone wants to be transported and the beginning of his/her 

transportation. 

The first immediacy’s KPI is the waiting time. The waiting time is described in 

Antonialli et al. (2019), Basu et al. (2018), Trompet et al. (2011), Reddy et al. 

(2009). Basu et al. (2018) compare Autonomous Mobility on Demand (AMoD) and 

mass transit system in different scenarios. The scenarios are designed to evaluate 

the importance of each transports’ mode. They observe that the AMoD has excellent 

results but that the mass transit system remains crucial to avoid congestion during 

the morning and the evening peak. The waiting time is one of the two user-centered 

indicators used to evaluate the utility of each compared mode. 

Antonialli et al. (2019) compare the quality of service between different public 

transport systems using autonomous shuttles. Waiting time is one of the five select-

ed user-centered KPIs. They choose 9 key performance indicators to cover all typol-

ogies of use. However, they plan further studies to evaluate the usability of their 

KPIs and to better understand if more KPIs are needed to evaluate the business 

model of autonomous shuttles. 

Trompet et al. (2011) monitor the Excess Waiting Time, showing that waiting 

time is an importance concern for immediacy. Nevertheless, the Excess waiting Time 

seems more likely to be linked to reliability. 

Su et al. (2019) develop an agent-based model in order to evaluate the board-

ing and alighting efficiency of autonomous public transport. They aim at computing 

easily the boarding and alighting time without building a rail vehicle to run test on. 

Their method enables to simulate the boarding and alighting of passenger according 

to the geometry of the vehicle the behavior of passenger, the level of crowding or 

the employed strategies of waiting customers. The boarding time can then be simu-

lated with a deviation of less than 11% comparing to real-world experiments. They 

use three metrics: the alighting time, the boarding time and the settle time (time 

when all boarding passengers have found a place). 

Winter et al. (2018) use rather the idle time than just the waiting time. The 

idle time is the waiting time plus the time spent in the vehicle before its start. The 

passenger idle time is presented as the user convenience’s indicator. They use it to 

build an efficient Automated Demand Responsive Transport Service. Passengers wish 

to travel through a public transport network and are conveyed by small size vehicle 

during the morning peak hour. Winter et al. (2018) aim at minimizing the necessary 

fleet size while minimizing the operational costs. The optimization does not run on 

user convenience indicators, but they are still monitored. 
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Nesheli et al. (2015) focus their consideration on waiting time during connec-

tions. They use 4 predefined tactics (hold and skip, hold, short turning and none) to 

reduce the transfer waiting time for the user. Their techniques modify the train’s de-

parture time or arrival time leading to a more synchronized timetable, even in case 

of perturbations. These techniques used in real time show a slightly impact on global 

travel time, but the number of direct transfers (without waiting time) increases 

drastically. 

2.2.3 Reliability 

The reliability is a mainstay of customers’ trust and a key point for the offered 

quality of service. Reliability has different aspects: punctuality, which indicates the 

respect of a scheduled plan, and the variability, which characterizes the travel times 

differences between same OD’s travel. Van Oort et al. (2009) show that customers 

perceive the train frequency differently according to the irregularity, whether it is 

closer or farer. The perceived frequency decreases with the irregularity and with it 

the customer’s satisfaction. Therefore, reliability must be monitored. Van Oort 

(2009) conducts a survey on public transport reliability, discussing how can it be 

quantified, and which design could affect it. Almost 30 authorities and operators in 

15 countries answer the questionnaire. 74% of the cities use a bandwidth to monitor 

schedule adherence, while 21% use the average punctuality. Van Oort (2014) pre-

sents punctuality and regularity KPIs. He underlines that the importance of these in-

dicators increases with the demand at a station.  

2.2.3.1 Punctuality 

Punctuality is an important part of reliability, but punctuality can only be eval-

uated in TSs with a timetable. As delays appear when the actual schedule differs 

from the planned one, delay and punctuality are strongly correlated. 

Famurewa et al. (2014) measure punctuality with either minutes of delay or 

the number of trains that arrive earlier or later than scheduled. They also precise 

that the philosophy of punctuality can differ from one regulator to another. Cascajo 

et al. (2014) expresses punctuality as a percentage of on-time buses, which implies 

the need to compute the number of delayed vehicles. 

Cao et al. (2014) and Trompet et al. (2011) use the qualification “standard de-

viation” to compute and total absolute delays between all ODs. The use of absolute 

delays implies that if a train arrives before its scheduled arrival time, it will contrib-

ute positively to the absolute delay, as well as if it is late. The same indicator is used 
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by Van Oort (2014), he calls it the average deviation from timetable at a specific 

stop, or a set of stops.  

The sum of all delays is also used by Djordjevic et al. (2016) to monitor the 

efficiency of ITS. They link the efficiency of TSs to delays. Eden et al. highlight that 

the increase of public transports reliability and the reduction of delays can work as a 

”pull-factor” and encourage the arrival of new customer in public transport. A punc-

tual transport system appears more attractive for customers. 

Lüthi (2009) evaluates in his PhD thesis the impacts of a real time reschedul-

ing framework on the knock-on delays. The knock-on delays and their propagation 

through the network were significantly reduced with full functionality of their inte-

grated real-time rescheduling framework. Bouvet-Agnelli (2016) uses the average 

punctuality to evaluate the Transilien L line. According to Van Oort (2011), 5 opera-

tors out the 23 interviewed use this indicator. The average punctuality (AP) is ex-

pressed as follow, which is a user punctuality and not a train one: 

𝐴𝑃 = 𝑚𝑒𝑎𝑛𝑢𝑠𝑒𝑟𝑠(𝑈𝑠𝑒𝑟𝐴𝑟𝑟𝑖𝑣𝑎𝑙𝑎𝑐𝑡𝑢𝑎𝑙 −𝑈𝑠𝑒𝑟𝐴𝑟𝑟𝑖𝑣𝑎𝑙𝑠𝑐ℎ𝑒𝑑𝑢𝑙𝑒𝑑) 

The AP depends directly on the users’ number, the more they are, the highest 

the AP could be. Bouvet-Agnelli (2016) presents also the users’ punctuality as the 

percentage of users which are less than 5 minutes late. This indicator takes into 

consideration that the more crowded a train is, the more users its delay will impact. 

The users’ punctuality is also used by Île de France Mobilité to monitor commuter 

trains managed by SNCF and RATP.  

Trompet et al. (2011) use delay associated to a threshold. They count the 

number of vehicles whose delay is superior to 5 minutes. Then they express this 

number as a percentage. This method has the merit to limit the impact of inaccuracy 

in time measure on delays. However, the threshold must be defined according to the 

regulator policy. 

Adeline et al. (2017) define punctuality as the “ratio of train trips delayed by 

less than x minutes”, their formula follows the standardized definition of the UITP. 

They use this indicator to evaluate their simulator based on stochastic time Petri 

Nets. It enables to simulate quickly the behavior of a metro line. Nevertheless, the 

simulation does not take into consideration the passenger flow and draws randomly 

the dwell time and the trip duration according to predefined distributions, which lim-

its the realness of a situation. Van Oort (2014) describes a more generic indicator, 

the ratio is computed not only by train delayed by less than x minutes, but by train 

which arrived neither earlier than y minutes nor delayed by x minute. 
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2.2.3.2 Variability 

The travel time variability is also a way to monitor the reliability in public 

transport. 

Kieu et al. (2015) study the Public Transport Travel Time Variability for buses. 

They define KPIs around it to monitor different variations. The travel time can be dif-

ferent depending on the vehicles used or the time period they travelled. During peak 

period travel time could be smaller than during off-peak period. 

Bouvet-Agnelli (2016) uses the range variation, defined by Tu et al. (2007), 

this indicator shows how steady a travel time between an OD can be: 

𝐿𝑉 = 𝐹𝑇𝑇
−1(90) − 𝐹𝑇𝑇

−1(10) 

𝐹𝑇𝑇
−1(𝑥) designates the xith percentile of the travel time for the observed OD. 

Other range variation can be computed between the 80ith and the 20ith percen-

tile or the 70ith and the 30ith, all are reported in Bouvet-Agnelli (2016). Nevertheless, 

this range variation cannot be computed in real time because the computation of 

percentiles is needed.  

Trompet et al. (2011) use the Excess Waiting Time, with three other KPIs, to 

compare different bus companies on service regularity. The excess waiting time is 

defined as the difference between the Actual Waiting Time and the Scheduled Wait-

ing Time. 

 

Where AHway means actual headway and SHway scheduled headway. The excess 

waiting time represents the non-scheduled waiting time for a user, which is directly 

linked to a variability’s increase. 

Adeline et al. (2017) introduce also the regularity based on the respect of 

headways. Regularity is the “ratio of train departures at a specified station complying 

with planned headways within x minutes, over the total number of departures at that 

station”. Their formulation allows choosing which stations have to be monitored to 

focus only on the most important ones. 
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Van Oort (2014) introduces the coefficient of variation of actual headway of a 

line l at a stop j.  

𝐶𝑜𝑣(𝐻𝑗,𝑙) =
𝑆𝑡𝐷(𝐻𝑗,𝑙)

𝐸(𝐻𝑗,𝑙)
 

The StD represents the standard deviation, 𝐸(𝐻𝑗,𝑙) is the expected headway from 

line l at stop j. This indicator neglects the number of passengers and focuses on 

trains. The respect of a timetable is not important, only counts the headway’s regu-

larity. The coefficient is equal to 0 if all trains are separated by the same headway. 

2.2.4 Comfort 

Also, comfort is a concern for users.  If traveling is exhausting,  users will less 

likely use public transport. Comfort can be linked to soft seating, nevertheless, to 

consider soft seating the users need to be seated. More general indicators are the 

crowding in stations and cars. 

The user number must be monitored as the first crowding indicator. It can be 

found in Jenelius (2019) or in Li et al. (2013).  The user’s number does not represent 

correctly the crowding of a car. A large car can welcome more users onboard than a 

smaller one. Therefore Li et al. (2013) use 
𝑈𝑠𝑒𝑟′𝑠𝑛𝑢𝑚𝑏𝑒𝑟

𝑆𝑒𝑎𝑡′𝑠𝑛𝑢𝑚𝑏𝑒𝑟
 or the user’s number divided 

by the available area in m². Both indicators take into consideration the particularity 

of the car or the considered station. 

Winter et al. (2018) consider the occupancy rate while building an Automated 

Demand Responsive Transport Service. This indicator is presented by Fielding et al. 

(1978) and can be computed from the passenger miles. Winter et al. (2018) maxim-

ize the occupancy rate of its vehicles in order to lower the needed fleet size. Li et al. 

(2013) reviewed different specification of crowding measures defined by transport 

authorities in different countries. They conclude that if the number of standing pas-

sengers per square meter can be an indicator for short journeys, the number of 

available seats should be the only capacity indicator for long journeys. They are also 

in favor of surveys to collect the perceived crowding by the users; these surveys en-

able the calibration of indicators according to a subjective point of view. 

Jenelius (2018) takes into consideration that the more crowded a train is, the 

longer the travel seems for the user. Jenelius (2018) extends the Real Buffer Time 

Indicator by including the user's comfort. This comfort is linked to the number of 

passengers in the train and to the position (seating/standing) of each passenger. A 

queuing method is defined to deal with the passenger position and different multipli-
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ers are provided. They introduce the Experience Service Reliability Gap (ESRG), 

which is the difference between an upper percentile and the median perceived jour-

ney time for an OD. The perceived journey time is the actual travel time, waiting 

time and transfer time weighted by a time multiplier corresponding to the crowding 

conditions. 

The Demand Supply Gap is introduced by Blandin et al. (2019) as the num-

ber of users who cannot board a train. They develop the FASTER algorithm to com-

pute the DSG according to different sensors like CCTV cameras or turnstiles. The 

DSG enables the operator to see how crowded a train line is, and whether an in-

crease of train frequency seems necessary. Bešinović et al. (2019) minimize the 

number of denied passenger in their disruption management strategy. Their strategy 

aims at minimizing the total passenger delays, the number of denied passenger and 

the adjustment to train service. They reschedule trains and control passenger flows 

when perturbations occur. They take station capacity into consideration and their 

strategy may recommend passenger to wait outside the station if it is overcrowded. 
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KPIs for freight transportation 

Globally, the KPIs are quite the same than those explored in section 2.1. How-

ever, we can also focus on specific activities related to freight transportation. Thus, 

the selected KPIs are mainly based on the works of the following EU projects: FP7 

C4R (DICEA, 2015) and on the OptiYard project (Shift2Rail, 2019), which selected a 

body of KPIs adapted to marshalling yards (MY) activities. These KPIs have been 

grouped into categories allowing the evaluation of the specific characteristics of MYs.  

With a qualitative assessment, the interactions between the MY and the surrounding 

network have been highlighted with the help of a heat map showing the impact of 

the surrounding network on the MY. The categories are reported in Table 1. 

 

Table 1 KPI set for the assessment of the marshalling yard 

Category KPI Unit Description 

Operational qual-
ity 

Mean wagon transit time [h] Mean wagon transit time 

Mean wagon idle time [h] Time waiting for performing 
the next step/process 

Number of wagons sorted 
over the hump 

[-] Number of wagons sorted 
over the hump during a time 
interval 

Yard capacity Arrival yard utilization fac-
tor 

[%] Track length occupation/Sum 
of track length 

Classification yard 
utilization factor 

[%] Track length occupation/Sum 
of the track length 

Departure yard utilization 
factor 

[%] Track length occupation/Sum 
of the track length 

Number of wagons in the 
marshalling yard 

[-] Number of wagons in the 
marshalling yard at the same 
time 

Operational com-
petitiveness 

Personnel needs [h] Sum of labour hours 

Rolling stock use rate [km] Sum of distance travelled by 
shunting locomotives 

Operational reli-
ability 

Delays of outbound trains [h] Sum of Expected Time of De-
parture (ETD) delays 

Operational resil-
ience 

Resilience [h] Sum of time operating under 
degraded mode 
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 Material  

The material should also be monitored by KPIs. The problem detection has a 

huge role to play in the forecasting of perturbation. Furthermore, the growing num-

ber of users makes safety more and more important to avoid dramatic accidents or 

huge delays.  

2.3.1 Safety 

This part is just about safety problems generated by the infrastructure or the 

rolling stock.  

Famurewa et al. (2014) use the failure frequency to evaluate functional failure 

and infrastructure reliability. Failure frequency counts the number of failures which 

interrupt the traffic flow. Minor failures are not considered in the failure frequency 

“because of the extensive and complex nature of railway systems”. 

Jamshidi et al. (2017) study the detection of a rail defect called squat. They in-

troduce a detection method to identify them. They also define KPIs to monitor the 

presence of squats according to their type. They also aggregate them in a fuzzy indi-

cator to build a normal zone according to different scenarios. The squat growth is al-

so studied to forecast the moment when the track could break. Their fuzzy method 

allows the observation of the worst-case scenario for the squat growth. Their predic-

tion allows to plan maintenance works when they are necessary and before an im-

pactful failure. 

2.3.2 Perceived safety 

Perceived safety is naturally linked to safety, but also to customers. Osswald et 

al. (2012) define perceived safety as “the degree to which an individual believes that 

using a system will affect his or her well-being”. They qualify perceived safety as 

critical in the user’s intention to use the system. The different categories used to 

evaluate how the user perceives safety go from “I believe that using the system is 

dangerous” to “I can use the system without looking at it”. The authors explore also 

the field of anxiety along the perceived safety. 

Nordhoff et al. (2020) work on the perceived safety and the interaction with 

automated shuttles. They distinguish 8 key-points for the perceived safety. Speed, 

dynamic object and event identification, longitudinal and lateral control, emergency 

button, trust in technology, automated shuttle sharing, controlled environment and 

the behavior of other road users affect the most the perceived safety of the users. 

Another part of the study focuses on interaction between the shuttle and the outside 

environment. 
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2.3.3 Autonomy 

The vehicle’s autonomy is an important concern for the decentralization and 

the swarm technology. Both rely on communication between vehicle and infrastruc-

ture and on their ability to make good decision according to the situation 

The difficulty to qualify an autonomy’s degree leads to monitor the number of 

autonomous vehicles at each moment. An autonomous vehicle is a vehicle which 

does not need to communicate with a control center to make decisions. This indica-

tor could be linked to the distance travelled by autonomous vehicles described by 

Kloostra et al. (2019). Kloostra et al. (2019) study the impact of autonomous road 

vehicles according to their proportion in the travelling vehicles. 

Nevertheless, the regulator must control the decision made by vehicles on field. 

The regulator’s approval is important and should not be neglected. The KPI intro-

duced by Park et al. (2012) count the number of interventions number done by the 

control center.  If this KPI is used to check if an autonomous system needs help from 

the control center, it could easily be reversed for a control center to check if the on-

field decision is good enough. 

2.3.4 Public acceptance 

Public acceptance is a mix between all the categories listed above. It can main-

ly be integrated thanks to the use of surveys or polls. Public acceptance plays an im-

portant role in transports’ success. If the public does not want to use a public 

transport, it will decline. 

Pakusch et al. (2017) investigate user's acceptance of fully automated public 

transport. They want to check on 3 hypotheses: Acceptance of fully automated public 

transport depends on age, Previous experience with autonomous vehicles increases 

acceptance of fully autonomous public transport and acceptance of fully automated 

rail-bound vehicles is greater than the acceptance of fully automated non-rail-bound 

vehicles. They conclude their study by saying that approximately 77% of the re-

spondents can imagine using regularly autonomous public transport in the future. 

Madigan et al. (2017) adapt the criteria described in the UTAUT from Ven-

dakesh et al. (2012). They hold on to 5 criteria which are performance expectancy, 

effort expectancy, social influence, facilitating conditions and hedonic motivation. 

They apply their framework to an Automated Road Transport System’s demonstra-

tion in Trikala (Greece). They show that the five criteria play a big part in the user’s 

desire to use ARTS again. 
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 Environment  

The environment must be taken into consideration, nevertheless only the envi-

ronment impacted by the transport system must be measured. So, three main envi-

ronmental fields have emerged in the bibliography: noise pollution, pollutant emis-

sion and power consumption. The decision to focus on direct interaction between the 

transport system and the environment rely on the fact that the measurements must 

measure only decision related to the transport system. The selected KPIs must main-

ly depend on transportation policies and no on other urban policies. 

2.4.1 Noise perturbation 

Noise is a particular concern for transportation policies. Inhabitants living near 

railway lines may complain of high noise level.  Jeon et al. (2005) give an overview 

of sixteen sustainable transportation initiatives, two of them mention noise. The TAC 

(Transportation Association of Canada) conducted a study in 1999 in Ottawa. This 

study encourages operator to “limit noise intrusion below levels accepted by commu-

nities”. The other study is funded by the Centre for Sustainable Transportation (CST) 

and the government of Canada. The CST gives different points that a sustainable 

transportation system must respect. Among them can be found the minimization of 

“the use of land and the production of noise”. Nevertheless, neither studies give a 

KPI to monitor noise. Hennino (2007) formulate indicators to get closer to the “ideal” 

indicators of sustainable development advocated by the Global Reporting Initiative 

(GRI). Therefore, she gives a noise KPI as the “Percentage of population sub-

jected to a predefined threshold”. She also monitors the number of rail kilome-

ters treated with insulation system. The number of complaints related to noise has to 

be counted, as well as the average delays of response. These two last indicators are 

computed a posteriori. Haghshenas et al. (2012) collect different urban KPIs in vari-

ous studies. The category noise pollution gathers four indicators with a frequency of 

use of 13. The authors then highlight the following indicator: “Population exposed to 

noise > 55dB”. This indicator encourages the operator to monitor the noise level. Be-

cause of the impact of noise on the population, the measurement of the average 

noise level, the noise peaks and their frequency seem important. 

2.4.2 Energy consumption 

The energetic consumption remains an important point for the preservation of 

the environment and from an economical point of view. Nevertheless, its definition 

differs from an author to another.  For example, Hennino (2007) evaluates not just 

the total consumption, but also the electricity consumption, its proportion in the total 

consumption, the electricity recovering during braking. A focus on fossil fuels is 
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made, the energy brought by diesel, diester, steam or petrol is computed. The part 

of renewable energy is also mentioned. She also reports some KPIs on energy effi-

ciency with the energy efficiency of traffic (passenger.km/kilo of oil equivalent) and 

the energy efficiency of service (available places * kilometer / kilo of oil equivalent). 

All energy KPIs are expressed, either in percentage or in ton of oil equivalent. 

Haghshenas et al. (2012)’s goal is to minimize consumption of non-renewable re-

sources and to limit the consumption of renewable resources. They count three indi-

cators for a frequency of use of 11 on energy consumption and four indicators for a 

frequency of use of eight for the category renewable energy type. They measure the 

transportation energy consumption in Megajoules. Cao et al. (2014) reschedule in 

real time the timetable according to a stochastic demand. They aim at optimizing the 

timetable’s deviation, the passenger travel time and the active energy consumption 

defined by Wang et al. (2014).  The active energy consumption depends on the vehi-

cle’s speed, its acceleration and the time it spends at cruise’s speed.  Mlinaríc et al. 

(2018) weight different KPIs for the evaluation of railway intelligent transport system 

with the Group Analytic Hierarchical Process.  

Energy consumption is considered as “the most important in the assessment of 

railway ITS effects”.  Åhren (2005) uses the energy consumption per area to evalu-

ate its consumption. Wang et al. (2010) prefer using only the “unsustainable energy 

per ton miles required” to compute the energy consumption. Their choice is motivat-

ed by the higher negative impact that have unsustainable energy on the environ-

ment. 

 

2.4.3 Pollutant emission 

The pollutant emission is also essential to study the environmental impact of a 

transport system. The literature gathers more than just one pollutant. Greenhouse 

gas (GHG), CO2, NO2 or fine particulate are all to be monitored according to differ-

ent scientific articles. Wang et al. (2010) do not differentiate the emission of differ-

ent pollutant. They aggregate them into a unique KPI: the pollutant released in tons 

of mobile pollutant per tons miles required. Mlinaríc et al. (2018) give to the amount 

of GHG emission the second highest weight to evaluate the impact of intelligent 

transport system. Nevertheless, they highlight a weakness of this indicator: the GHG 

emission can only be inferred from other indicators. Haghshenas et al. (2012) main 

goal is to « Limit emissions and waste within the planet’s ability to absorb them ». 

Therefore, they develop indicators to monitor the pollutant emission. They monitor 

different local air pollutant like CO, VOC (Volatile Organic Compound), NOx per capi-

ta and the emission from transports which is mainly CO2-CH4. They compare also 
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different parts of the world according to transport and conclude that the developed 

part of Asia and Europe have the best composite sustainable transport index because 

an emphasis is made on non-motorized transport.  

Sun et al. (2018) design an indicator system to evaluate the benefits brought 

by urban public transport infrastructure. They monitor the level of NO2, of SO2, of 

particulate matter and of air quality around the public transport infrastructure. They 

also say that the adoption of advanced technologies and the raising efficiency of en-

ergy use will reduce the emission of pollutant. Jeon et al. (2005)’s overview on sus-

tainable transportation initiatives show that the reduction of pollutant, mainly GHG, 

VOC or CO, is taken into consideration. All initiatives but one monitor either the CO2 

emissions or the GHG emissions. Some are even more precise and monitor the NOx, 

the VOC and the CO emissions. 
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Table 2 KPIs on railway management 

 

Type Ratio Speed Time Value Euros Frequen-

cy 

Other 

Category 

Generic Capacity utilization* Commercial 

speed* - 

#vehicles* Ticket price 

- 

Max cus-

tomer flow 

per hour Travelled kms per vehicle 

Production NRR* 

- 

Forecast of secondary delays* #skipped stops* Cost adjustment* 

- - Forecast of train’s late arri-

val* 

# changes* 

#impacted vehicles* 

Timetable Regularity Index 

Systematic Timetable In-

dex 

- 

Dwell time 

- - 

Train fre-

quency* 

Headway 

regularity 

Maintenance 
- - 

Repair time or Interruption* 
- 

Cost of Mainte-

nance Work* - - 

Platooning 

- 

Convoy’s 

speed* - 

# vehicles in a convoy* 

- - 

Energy 

saved 

Size of each convoy* 

Decentralization 
- 

- Decision-making time* PA/Auction value* 
- - - 

- - Conflict resolution duration* - - - - 

 

 #: Number of *: Realtime operator IM/Regulator Traveler Urban 

communi-

ty / Or-

ganizing 

authorities 

Company 

Both 
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Table 3 KPIs on Mobility 

Type Ratio Speed Time Value Euros Frequency Other  

Category  

Instantaneousness Running ratio 

𝐸𝑢𝑐𝑙𝑖𝑑𝑒𝑎𝑛
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗

𝑇𝑟𝑎𝑣𝑒𝑙𝑇𝑖𝑚𝑒
 

TT* 

- - - - 

 

In-vehicle TT*  

AATT*  

Dwell time*  

Immediacy 

- - 

Waiting Time* 

- - - - 

 

Boarding/Alighting 

Time* 
 

Transfer WT*  

Idle Time*  

Reliability Ratio of trips de-

layed more than 5 

min 

- 

Cumulative delay* #Vehicles above a 

delay’s threshold * 

- - 

Coefficient of vari-

ation 
 

Ratio of respected 

Headways 

Average Punctuality  

Range Variation  

Excess WT*  

Comfort 

𝑈𝑠𝑒𝑟𝑠′𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 ∗

𝑆𝑒𝑎𝑡′𝑠𝑛𝑢𝑚𝑏𝑒𝑟
 - 

ESRG* #users* 
- - - 

 

Occupancy rate * - - DSG* - - -  
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 #: Number of *: Realtime operator IM/Regulat

or 

Traveler Urban community 

/ Organizing au-

thorities 

 

Company  

Both  
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Table 4 KPIs on freight transportation 

Type Ratio Speed Time Value Euros Frequency Other  

Category  

Operational quality 

- 

- Mean wagon transit time 
# wagons sorted over the 

hump 
- - - 

 

Mean wagon idle time  

Yard capacity 

- - - 

# wagons in the marshal-

ling yard 

- - - 

 

Arrival yard utilization 

factor 
 

Classification yard 
utilization factor 

 

Departure yard utilization 
factor 

 

Operational competitiveness Rolling stock use rate - Personal needs - - - -  

Operational reliability - - Delays of outbound trains - - - -  

Operational resilience - - Resilience - - - -  

 

 #: Number of *: Realtime operator IM/Regulat

or 

Traveler Urban community 

/ Organizing au-

thorities 

 

Company  

Both  
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Table 5 KPIs on environment 

Type Ratio Speed Time Value Euros Frequency Other  

Category  

Noise Ratio of population 

subjected to a prede-

fined threshold 

- - #complaints relat-

ed to noise 

- Frequency 

of peak’s 

noise 

Average Noise 

Level* 
 

Peak noise  

Energy Part of renewable en-

ergy 

- - Energy consump-

tion 

- - Passenger.km/koe  

Electricity con-

sumption 
 

Other - - - - - - GHG/CO2/NO2 

emission* 
 

 

 #: Number of *: Realtime Operator Regulator Urban community / 

Organizing authori-

ties 
Company 

Both 

 

 

  



 

<Document code : SY-WP1-DEL1>  Page 41 of 69  

 

 

Table 6 KPIs on material 

Type Ratio Speed Time Value Euros Frequency Other  

Category  

Safety 

- - - - - 

Failure frequency Squat density  

Perceived safety  

Autonomy 
- - - 

# autonomous vehicle 

* 
- - -  

 

 #: Number of *: Realtime opera-

tor 

IM/Regulator Traveler 

Company 

Both 
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3 OPERATIONAL PRINCIPLES 

In order to decide what decision-making objectives or KPIs to be used in the 

self-organizing system, it is essential to establish first the operational principles to be 

followed. These principles have to be compliant with operational rules as much as pos-

sible, for at least two reasons: 1. To make its future deployment envisageable, and 2. 

To enable a fair comparison with a centralized TMS. To produce such compliant princi-

ples, our approach has consisted in interviewing several experts from Western-Europe 

infrastructure managers. We focus our attention on everyday perturbations and we 

exclude big disruptions. The answers are detailed in Appendix A and they are summa-

rized in the next section. 

 Interview of the infrastructure management experts 

To interview the experts (regulators/controllers/dispatchers), we have built a 

questionnaire around the following themes in particular: automation level in decision-

making, circumstances for the decision-making, contingency plans, possible decisions 

in disturbed situation, available times for the decision-making, control areas and nego-

tiation. 

The interviewed experts work for the following infrastructure managers, exhaustively: 

- Bahne Danmark (Urban network - Copenhagen) 

- DB Netz (General network – Germany) – Confidential answers 

- IP (General network – commando ferroviario centro, Portugal) – Confidential 

answers 

- Network Rail (General network – GB) 

- RFI (General network – Milano/Brescia/Verona) 

- SNCF Réseau (General network – France). 

3.1.1 Overall results 

It is interesting to observe that most of the answers are quite homogeneous, which 

shows a great similarity in the decision-making process in the different countries: 

- The control command is manual, and few semi-automatic (with manual ac-

ceptance) systems are deployed 

- There is no definition of set of trains to be considered when solving a conflict 

- Any area can make the object of traffic management decisions 

- Decisions can be made and changed anytime as far as they can be implement-

ed (for route setting or other aspects as passenger information) 

- There is no contingency plans for perturbations 

- The conflict definition is classic: it appears when theoretical free-network paths 

overlap. 
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3.1.2 Results about the used KPIs 

Following the experts’ advice and views, we can gather KPIs common to all railway 

networks (general) and distinguish some of them proper to urban railway networks, as 

listed hereafter: 

- General railway network: 

o  total delay / delay for trains above 3 min (mentioned as the prior KPI 

for the IMs) 

o passenger travel and waiting time 

o maximum delay, recovery time, number of late trains 

Other measurement performance scores: 

o Percentage or number of trains less than 5/6/10/15 min late at destina-

tion. 

o Total arrival delay at destination per type of service 

o Delay increase of more than 3 min 

o Percentage of passengers less than 15 min late (long distance) 

- Urban railway network 

o passenger travel and waiting time 

o timetable recovery time 

o total delay, maximum delay, delay for trains above a threshold, number 

of affected trains, 

o number of actions taken, 

o number of broken transfer connections (if any) 

3.1.3 Possible decisions to be taken 

Also from the experts’ answers, the decisions that can be made to deal with per-

turbations concern both the IM and the RUs. Precisely, the decisions made by the IM 

at two levels (local: dispatchers, network: controllers) are the following: 

- Retiming 

- Reordering 

- Local rerouting 

- use of track portions typically used for the opposite direction 

Sometimes, some decisions are initiated by the RUs: 

- skip or add stop 

- cancelling or addition of a train 

- preservation or breaking of transfer connections 

- retiming, e.g., when a threshold is exceeded. 

 Principles of self-organization process 

In the SORTEDMOBILITY project, we propose self-organizing principles to deal 

with everyday rail operations, i.e., including traffic perturbations but excluding 
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disruptions. According to these principles, traffic management works in a fully auto-

matic way. 

The performance of self-organization is compared with the one of an optimized 

centralized system, as well aiming at dealing with the everyday operations. 

The definition of the overall traffic management process is out of the scope of 

SORTEDMOBOLITY. If suitable, it will be possible to design this process so that dis-

patchers always monitor the traffic evolution and are able to take over self-organizing 

trains whenever appropriate. 

Specific actions such as manual overtaking will be triggered by particular traffic 

conditions. One may imagine dispatchers exploiting specific decision support tools, 

whose definition is out of the scope of this project. 

Lack of consensus 

In self-organised traffic, any plan relies on a consensus between the agents. If no 

consensus is reached, the applied real time traffic plan (RTTP) (Quaglietta et al., 

2016) will be the last accepted one. However, there are other approaches to explore 

and possibly compare, such as: 

• RTTP imposing simple rules (e.g., priority to on-time trains), 

• RTTP imposing ‘first come first served’ policy, 

• RTTP as close as possible to the original timetable, 

• best RTTP according to some criterion, found after computing different ones. 

It is also possible to consider and design articulated consensus systems to link deci-

sions made at different locations and times (e.g., token system). Approaches different 

from the retained one will possibly be considered as evolutions of the SORTEDMOBILI-

TY system. 

 Self-organization vs centralization 

3.3.1 Allowed train decisions in self-organized systems 

Self-organizing trains can make all decisions, as they actually are RUs: retiming; 

reordering; local rerouting; use of track portions typically used for the opposite direc-

tion; skip or add stop; short-turning. 

Centralized system can make decisions that do not need negotiation: retiming; 

reordering; local rerouting; use of track portions typically used for the opposite direc-

tion 

3.3.2 Comparison of self-organization vs centralization 

The comparison will be done considering two sets of decisions: 
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1. A restricted set of decisions for self-organization, equal to the one possi-

ble for centralized systems. This will allow the evaluation of the impact of self-

organization and the verification of the following conjecture: if the control area 

is not too large for the centralized system, self-organization suffers from local 

vision and compromises needed for consensus. 

2. All decisions. This will allow us to measure the impact change if further possi-

bilities offered by self-organization are exploited, such as immediate stakeholder 

interactions. To do so, it is likely that new KPIs will be necessary. 
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4 DECISION-MAKING OBJECTIVES AND KPIS 

In this chapter, we present the DMOs and KPIs chosen to drive and assess the 

self-organizing system for each of the use-cases proposed by the industrial partners of 

the SORTEDMOBILITY project. To choose the most appropriate ones, we discussed 

first with a panel of railway experts during a workshop (see appendix B). Then, the 

decision of DMOs and KPIS has been made within the consortium on the basis of all 

the elements at our disposal. 

4.1 Decision-Making Objectives 

As global aim, the system is intended to minimize the overall delay, which 

can be seen as Decision-Making Objective, but the delay cannot be considered 

equally whether it concerns trains, passengers, or cargo. There are several kinds of 

delay which cannot be added. Moreover, in self-organizing traffic, it is necessary that 

all the agent utilities share the same value unit because each agent computes its utili-

ty following its own function. 

The chosen unit of utility value thus represents a cost associated to the 

delay, which may be expressed in Euro currency. It is then required to be able to 

convert any delay value into Euro on the basis of cost functions. 

Concretely, we consider the following delay costs: 

- Train delay: cost per lost second [€ / sec] 

- Passenger delay: cost per lost second.passenger [€ / sec.passenger]. The more 

crowded the train, the greater the cost. 

- Cargo delay: cost per lost second.t [€ / sec.t]. It has to be noted that a freight 

can transport several types of cargo which may be more or less precious or 

perishable. The cost may be thus a weighted average value or should be de-

composed to be computed accurately. 

From the above delay costs and the utility functions, it is possible to compute and sum 

all utility values since they share the same unit expressed in Euro. 

In a competitive railway system, in which several RUs operate trains on the same 

network, Passenger and Cargo delay costs may be private information. 

4.2 Choice of the Key-Performance Indicators 

Differently to the Decision-Making Objectives whose number must not be exces-

sive (1 or two objectives), it is possible to keep a large number of KPIs to monitor and 

assess the self-organizing traffic. Hence, the panel of fields which may be covered is 

possibly large as presented in Chapter 2.   

Moreover, there is no time constraint as may be the real time for the decision-

making in traffic management. So, it is possible to keep KPIs assessed in real time 

and others computed either after a period of time or in post-operations process. 
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For the needs of the SORTEDMOBILITY project, two main questions have to be 

answered for choosing the KPIs. The first concerns the capability of assessing or com-

puting the KPIs under consideration with the EGTrain simulator, or at least the availa-

bility of the required data for doing that in parallel of the simulation.  

The second question is about the relevance of the KPI with regards to the use-

case and its ambitions. Indeed, the use-cases which are addressed in the project are 

very different whatever their size, their field, or the used rolling-stock. 

 Table 7 and Table 8 present a non-exhaustive set of the KPIs which may be rel-

evant and/or computable for the use-cases. Hence, for each of them: 

• We indicate whether the KPI is relevant or not (applicability or material: bat-

tery, diesel, electrified) 

• A KPI may seem relevant even if it is not clear how to compute it, e.g., ‘Neu-

trality regarding the users’ would deserve to be precised so as to make it com-

putable. 

Finally, except the KPIs not explicitly marked as computable or relevant and those not 

applicable, all the others may be potentially monitored and assessed for the use-case 

under question. 
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Table 7 Key-Performance Indicators that can be used per use-case (1/2). 
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Table 8 Key-Performance Indicators that can be used per use-case (2/2). 
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5 FINAL SYNTHESIS 

The work package 1 aims at defining the operational principles and the Decision-

Making Objectives which will drive the self-organizing traffic, and at proposing Key-

Performance Indicators which will be monitored and assessed. 

To do so, in Chapter 2, we have reviewed many indicators in the literature relat-

ed to the ground transportation fields. These indicators must enable the evaluation of 

the three main points needed to build a new transport system fairer, easier to use and 

which excludes the smallest possible population share. Therefore, these indicators en-

able the evaluation of levels of service, of accessibility and efficiency of transport ser-

vice. The literature from road transportation provides several indicators interesting for 

the evaluation of platooning and for the autonomous transport systems. All the col-

lected indicators have been sorted into different categories to specify the operational 

fields they provide information to. Depending on their interests, different stakeholders 

may use indicators related to specific operational fields and different time-horizons 

(from real-time to post-operations time). 

In parallel to the review on indicators, we have defined the operational principles 

which will be at the basis of the self-organizing traffic. It has been done from inter-

views with railway infrastructure managers who are expert in traffic management and 

dispatching, as related in Chapter 3. It results from these interviews a large consensus 

among the European IMs on traffic management principles. Delay appears the main 

issue, whatever the way of assessing and minimizing it. 

Indicators were gathered considering two goals: 1. drive and 2. monitor the 

transport system. We have detailed in Chapter 4 the approach and the workshop or-

ganized to discuss what should be the DMOs to drive the self-organizing traffic and the 

KPIs to monitor and assess it. As for DMOs, we decided to convert into Euros any kind 

of delays to be considered: the delays hence monetized correspond to a cost which 

has to be minimized. The advantage is to be able to manipulate together delays which 

do not characterize the same things (passengers, cargo) or may not concern the same 

stakeholders (travelers, RUs, IMs, authorities). The choice of the KPIs is much more 

open and depends essentially on the availability of the required data and on the rele-

vance of the KPI with regards to the use-case under consideration. 
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A. Infrastructure managers’ answers to the interviews1 

 

1 Deutsche Bahn and Infraestruturas de Portugal has also contributed, but the interview responses are confidential and are hence excluded from this report. 

 BDK NR SNCF RFI 

Type of network urban (Copenhagen S-Bane) a general railway network 
(mixed traffic with, e.g., long 
distance passenger trains, 
freight trains) (GB national 
rail network) 

general railway network general railway network (Milano-
Brescia-Verona) 

Who or what is in charge of 
traffic management deci-
sions? 

dispatcher for perturations and 
service manager for disruptions 

dispatcher 
Some limited functions are 
automated (e.g. options for 
reordering trains and replat-
forming. These are identified 
automatically but the dis-
patcher still takes responsi-
bility for implementing these 
decisions.) 

dispatcher dispatcher and automatic sys-
tem: Dispatcher supervises the 
operation of the automatic sys-
tem and can independently de-
cide if and when operating man-
ually 
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In what circumstances a 
traffic management deci-
sion is considered neces-
sary? 
a) when at least one train 
has a delay 
b) when a conflict is detect-
ed by the system 
c) periodically at constant 
intervals 
d) when unplanned high 
passenger flows emerge 
e) other 

all b) with conflict defined as 
the competition for the re-
sources. This includes: 
Headway, Junction margin, 
Junction crossing, Platform 
occupation etc. Considera-
tion is a term used to de-
scribe an event that has the 
potential to affect train run-
ning but is not considered to 
be a conflict. This includes 
Turnaround Time, Traction 
type, Stock and Crew avail-
ability and Infrastructure re-
strictions, etc 

a with delay larger than 5 min, 
b 

a with a delay of 5/15/30 mintues 
depending on train catefory; 
B with a conflict is created be-
tween only two trains (without 
considering further propagation 
to others), i.e. when the deviation 
of the scheduled time of one train 
overlaps another train. Dispatch-
er must resolve the conflict (sys-
tem only suggest but cannot re-
solve it automatically). Dispat-
cher can decide if works in ma-
nual or not 
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Are different decision mak-
ing approaches used for dif-
ferent circumstances? 

always human - Some TMSs offer more lo-
calized approach which is 
providing conflict resolution 
in a small scale without con-
sidering the impact on a 
larger scale. Only one local 
solution is proposed.  
- Some other TMSs offer an 
approach that consider 
trains over a larger propor-
tion of their journeys: de-
pending on the system, 
some are able to identify all 
conflicts and simulate possi-
ble outcomes of interaction 
with the forecast. if a conflict 
is detected it will go through 
whether there are any reso-
lutions rules available. It will 
propose the outcome of 
each to the operators. The 
operator can also simulate 
the outcome of each and se-
lect the most appropriate 
one for that conflict. 

always human Dispatcher, generally, works in 
manual in case of high traffic or 
in case of big perturbation. 
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How much time is available 
to make traffic management 
decisions? 

any dependsProcessing time 
goals would be dependent 
on the size and impact of 
the conflict and proposed 
solution; a decision that has 
only a local impact to one or 
two train services should be 
available quickly; if there is a 
significant event that re-
quires many re-routing deci-
sions, if the window of op-
portunity to interact is suffi-
cient, it could be better to 
wait for a short amount of 
time for a better solution. 
For example, some routes 
have a restriction of a mini-
mum two-hour window to be 
applied for conflict detection 

Traffic management decisions 
should be made until the itin-
erary is set 

If dispatcher works in manual can 
take the time he need for traffic 
management decisions. 

To which extent the availa-
ble decision making time is 
affected by the type of per-
turbation to be solved? 

not really affected - No formalized decision mak-
ing time. It depends on the 
context, one shall pay atten-
tion to the type of service, to 
elements as rolling stock and 
drivers, platforms, passengers 

If the decision isn’t urgent, a 
greater impact will be on the 
propagation of the disturbance 

How does the available de-
cision making time differ for 

only one process - only one process If automatic: dispatcher can only 
make decision before the event 
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different approaches? 

How are the trains and the 
area to be considered in a 
traffic management deci-
sion identified? 

All trains impacted directly or indi-
rectly by a decision are taken into 
consideration, in general 

Depending on the type of 
TMS: only one or two trains 
or all trains in the area of 
control 

Manual conflict prediction is 
based on done considering 
trains in neighboring control 
areas (zone d’éclairage) or up 
to train final destination for 
small lines, and big stations 
and junctions for long dis-
tance trains 
 
In the future, the whole 
French network will be con-
sidered, and even the Euro-
pean one 

All trains impacted directly or in-
directly by resolution conflict are 
taken into consideration, in gen-
eral. But the system considers 
conflict for pairs of trains. Only 
after resolution of a conflict, an-
other is generated. 
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Are particular areas of the 
network pre-identified for 
possible traffic manage-
ment decisions in case of 
perturbation or is the whole 
network potentially in-
volved? 

the priority is to regulate the traffic 
outside of the central common 
section 

There are local models (this 
will depend on the local op-
erating model; most small 
conflicts that cause minimal 
disruption to the train ser-
vice will not require the input 
of the Railway Undertakings 
(RU). Anything that signifi-
cantly impacts on the RU or 
requires them to make a de-
cision for their own opera-
tions, e.g. fleet or crew, will 
require RU involvement) 

There are Controlled areas 
and Not Controlled areas, 
where there is little impact of 
conflict resolution decisions. 
The relevance of Controlled 
areas decreases when the 
distance from the most con-
gested area (Paris) increases 

Each dispatcher has its own ju-
risdiction over which it can make 
choices for the regulation / man-
agement of conflicts. There is 
another figure who can advise / 
propose choices on the whole 
network. 

What decisions can be 
made?  
a) retiming  
b) reordering  
c) local rerouting  
d) use of track portions typ-
ically used for the opposite 
direction  
e) skip stop  
f) additional stop  
g) additional train  
h) train canceling  
i) preservation or breaking 
of transfer connections  
j) other, please specify 

all, h seldom (j instead), g seldom a b c 
E to I are taken with negotia-
tion with Rus 

A b c d e f (the rest are deci-
sions of the RU) 
 
Rerouting options are de-
pendent on the driver 
 
Local rerouting is in stations, 
in principle the RU negotiates 
but they always agre in nor-
mal situations. 

All of the above. 
Letter e-f-g-h-i by service man-
ager, a-b-c-d by dispatcher. 
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For traffic management de-
cisions made for the types 
of perturbation we are deal-
ing with, is there the need 
for a negotiation with train 
operating companies? 

no negotiation for b c d e f 
Discussion for h and I (if any) 
Negotiation of a g 

no negotiation a b c 
Negotiation e f g h I 

no negotiation for a b d e 
(non-commercial stops) f 
(non-commercial stops) 
Discussion for h 
Negotiation for c e (commer-
cial stops) f (commercial 
stops) 

Letter “e-f-g-h-i” by service man-
ager in agreement with RU. Let-
ter “a-b-c-d” by dispatcher inde-
pendently  
For c, discussion with RU in par-
ticular situations, as , e.g., if 
there is a passenger with re-
duced mobility on board 
For I, RU proposes but service 
manager can accept or refuse 

What objectives are aimed 
at?  
a) minimization of total de-
lay  
b) minimization of maximum 
delay  
c) minimization of passen-
ger travel and waiting time  
d) minimization of timetable 
recovery time  
e) minimization of delay on-
ly for trains more delayed 
more than … minutes  
d) minimization of the num-
ber of affected trains  
f) minimization of the num-
ber of actions taken  
g) minimization of the num-
ber of broken transfer con-
nections  
h) other, please specify 

C has top priority; D comes sec-
ond; All the others objectives are 
aimed at thereafter, in no particular 
order, according to the actual per-
turbation 

a a 
Frequence maximization on 
very busy lines for local pas-
senger trains 
 
A simple and robust solution 
(from passenger perspective) 
is preferable 

for e), 5 min for regional trains, 
30 min for freight trains, 15 min 
for long trip trains 
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What measurements per-
formance scores are based 
on the traffic management? 

- - Delay minutes (particularly 
for passenger trains) - The 
public performance measure 
(PPM) shows the percent-
age of trains which ran their 
entire planned journey call-
ing at all scheduled stations 
and arriving at their termi-
nating station within 5 
minutes (for London & South 
East and regional services) 
or 10 minutes (for long dis-
tance services). It combines 
figures for punctuality and 
reliability into a single per-
formance measure. It is the 
current industry standard 
measurement of perfor-
mance 

delay, local measures (wasted 
time due to an incident) 

train arrival delay at the final sta-
tion 

How are they ranked?  -   
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How many times decisions 
can be changed? And how 
much in advance final deci-
sions must be made? 

decisions can be made up and 
changed until last second 

Route-specific a b d up to the last feasible 
time 
C depends on the driver 
knowledge 
F g up to 10 minutes in ad-
vance (braking anticipation + 
stations noticed + station 
ready, e.g. platforms) 
 
A can be changed 3 times 
max 
 
For local rerouting in a station 
with a train stop, the decision 
must be made in advance to 
inform passengers 

no limit 

Are they contingency plans 
for perturbations? 

mostly regarding what the service 
level (trains per hour) will be at 
each station: how many trains will 
be used for line, and where should 
they be turned 

no only for disruptions, including 
train canceling, passenger re-
routing, alternative mode 
choice 

There are contingency plans in 
the case of events / interruptions 
impacting traffic that presuppose 
planned traffic restrictions. In ad-
dition, there are contingency 
plans to be applied in cases of 
sudden great perturbation. 



 

SORTEDMOBILITY 
Self-Organized Rail Traffic for the Evolution of Decentralized MOBILITY 

 

   
 

<Document code : SY-WP...-DEL...>   Page 66 of 69 

   

 

 



 

SORTEDMOBILITY 
Self-Organized Rail Traffic for the Evolution of 

Decentralized MOBILITY 
 

   
 

<Document code : SY-WP...-DEL...>  Page 67 of 69     

 

B. Workshop with academic and industrial railway experts 

In addition to the KPIs review and the interviews of the railway infrastructure managers, the 

advices of railway experts have been collected during an online workshop involving more than 

40 experts from RUs, IMs and railway engineering companies coming from many Western-

Europe countries. 

The experts were invited to answer two questions, both corresponding to a sequence of the 

workshop: 

1. What may we get from self-organizing traffic? 

2. What indicators shall be considered? 

For each question, the answers were given according to the concerned stakeholder: the user, 

the RU or IM, the system. 

Table 9 is the verbatim report of the answers to question 1, which have been only gathered 

into categories. Table 10 is the same for question 2, but with a distinction between KPIs and 

DMOs. 
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Table 9 Main expectations and risks expressed by the experts during the workshop. 
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Table 10 KPIs and decision-making objectives for self-organizing traffic 

 


