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Abstract

Railway transport management has changed dramatically over the past 50 years. The
advent of computer technology and the capacity for information transmission brought
greater safety and the ability to remotely control interlocking devices. These enable the
centralisation of railway transport management, leading to higher operational efficiency
and reduced staffing costs. At the same time, this technological progress has enabled
the development of additional automation functions, which we can abbreviate as ARS
(Automated Route Setting). The international designation Automatic Route Setting (ARS)
includes actions that enable the automation tool to execute instructions to the signal
box without the intervention of operating personnel (the dispatcher). Their importance
increases with line speed and the size of the remotely controlled area. Thanks to them,
the dispatcher gains time because the ARS can automatically resolve some operational
situations or allow the dispatcher to address them in advance, thereby distributing the
workload over a wider time window. However, the interlocking system itself remains the
primary safety mechanism and will prevent ARS if any element of the infrastructure is
occupied. At the same time, it is not possible to automate safety-critical functions that
require direct assistance from the operating personnel. In the article, the authors analysed
functions in which ARS is currently widely used. In the next part, they focused on the
possible expansion of the palette of these functions that could be included in the ARS
regime using multi-criteria analysis. The WSA method was applied using data obtained
from routine users of the system. This approach enabled the incorporation of practical
operational experience into the evaluation process and provided an empirical basis for
assessing and prioritising the analysed functions. The next step was a safety-critical analysis
and determination of the conditions under which they could be included in the ARS regime.
The safety-critical functions are left aside. It is assumed that these will still have to be
performed by the operator, not by the ARS. Detailed implementations and quantification of
their impacts on the dispatcher’s activities are then carried out for selected ARS functions.
The analysis therefore yields a prioritised ranking of ARS functions, indicating the order in
which their implementation would be most appropriate from an operational perspective.
This ranking provides a systematic basis for the phased deployment of ARS functionalities,
considering their expected operational benefits and practical applicability in railway traffic
management. The last part of the article is a look into the future, because the development
in the field of safe communication between the train and the infrastructure (V2I) and the
transmission of valid information provides many new challenges not only in the field of
ARS itself, but also in the optimisation of the entire process of managing and organising rail
transport. If we can use the ARS functions today, it is only a matter of technical development
to be able, for example, to guide trains to the exact time when a train route will be built for
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this train. This will also enable optimising the train’s energy consumption and tracking
capacity use. The ideal state is when the infrastructure fully communicates with the train
in GoA4 mode and optimises both the train’s ride and the use of the infrastructure.

Keywords: Automatic Route Setting; capacity; railway interlocking system; railway safety

1. Introduction

The word automation became a mantra of progress in the twentieth century. In the new
millennium, it has largely been replaced by the term digitalisation. When the meanings of
these two concepts are combined, they form the basis of a transport-related field commonly
known as the Traffic Management System (hereinafter, TMS). There is a substantial body of
scientific literature on TMS [1,2]. Some publications take the form of review studies, others
focus on case studies, while a smaller number address the fundamental scientific principles
underlying TMS [34].

From a conceptual perspective, it is essential to develop a detailed description of the
TMS architecture so that every component of the system—whether human or technical—
has a precise understanding of how information flows within the system, including its
origin and destination. In this regard, the authors seek inspiration for their article, as the
formal description of interlocking system architecture represents one of the key scientific
objectives pursued at our university department.

Scientific development in TMS is inseparably linked to advances in computer and
communication technologies. Although this article focuses primarily on railway trans-
port, similar—albeit technically distinct—solutions are also applied in other modes of
transport [5-7]. The scientific discussion surrounding the concept of Automated Route
Setting (hereinafter ARS) dates to the 1990s. During this period, a study [8] was pub-
lished that summarised the fundamental requirements for a modern safety-critical TMS
for railway networks. In this work, ARS was presented as an integral component of TMS,
emphasising that automating routine operational functions is a desirable direction for
further development in this field. Subsequent research [9] conducted within the EU project
SmartRAcon further addressed this issue. The study examined the application of ARS on
regional railway lines supported by decentralised control systems, leading to the devel-
opment of a process map for integrating these functions into the general architecture of
interlocking systems.

The culmination of this technological progress is the remote control of railway opera-
tions [10]. Nevertheless, the potential of ARS remains far from exhausted. This is evidenced
by publication [11], which identifies several potential applications that have not yet been
implemented in practice. As demonstrated in this article, there are still numerous opportu-
nities to implement ARS without compromising operational safety. The implementation of
ARS functions is not the domain of the developed world; developing countries also use
these technological means when modernising their railway networks. Proof of this is the
diploma thesis [12], which implements ARS on the newly built connection between Addis
Ababa and Djibouti.

Another topic closely related to ARS is the so-called technological triangle, discussed
in greater detail in the literature [13,14]. This concept ensures that the approach to solving
transport service problems remains genuinely systematic and comprehensive. In addition
to timetable design, it is necessary to consider both transport vehicles and TMS infrastruc-
ture. The present article builds upon these principles and extends them into the domain
of automation.
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The ARS also plays a significant role in single-track railway lines. Their modelling
was addressed in the study [15], upon which this article builds, particularly in relation to
ARS implementation. However, the authors of that study did not consider railway lines
operated under simplified traffic management conditions without direct TMS supervision.
This issue was subsequently addressed by the present author team in publication [16].

Traffic safety represents a fundamental element of railway transport systems, includ-
ing both high-speed and conventional railways. The issue of enhancing safety on regional
networks with decentralised traffic control from the perspective of ARS is discussed in [9].
By incorporating artificial intelligence and machine learning techniques, the proposed sys-
tem (Autonomous Route Setting) enables dynamic conflict resolution and optimisation of
train routing based on infrastructure capacity. Thereby improving the operational efficiency
of conventional ARS systems. The implementation of optimisation procedures, real-time
rescheduling, and ARS functionality enables reducing train arrival intervals at stations
and train-following intervals. Furthermore, eliminating unnecessary braking, stopping,
and subsequent acceleration contributes to more efficient utilisation of track capacity, as
mentioned in [17]. Another means of effectively utilising capacity is Automatic Train
Operation (ATO). In the literature [18], the team of Wang et al. analyse the architecture and
functions of ATO relative to the Connected Driver Advisory System (C-DAS) in relation
to TMS and recommends applying different levels of ATO (ATO-I1, ATO-C, ATO-O !) for
routes with different traffic types (freight, high-speed, regional, etc.). As stated in [19],
qualified decision-making by dispatchers, even without the application of ARS functions,
can contribute to timetable stabilisation in case of emergencies, delays, and other opera-
tional disturbances. This subsequently has a significant impact on the effective utilisation of
line capacity.

The ARS function is part of the digital environment for railway traffic control. The
central element is the TMS, which connects to other systems. An example of such a
hardware and network architecture in a remote traffic control environment is presented
in [20]. The connection of ARS with systems that guide trains to optimal time positions, and
its positive impact on train operations, are described in [21]. According to [18], the resulting
optimised train route may, through Automatic Train Operation (hereinafter referred to as
ATO), also positively affect railway capacity utilisation. The integration of ATO with other
digital railway systems (TMS, ETCS, etc.) is the subject of paper [22].

In the professional lecture [23], it is stated that the ARS function, in cooperation with
train guidance to an optimal time position using ATO over ETCS, will enable a reduction
in the operating costs of traction vehicles and overhead traction lines. It is also mentioned
that these technologies, by eliminating the human factor at infrastructure bottlenecks, can
ensure more efficient utilisation of transport route capacity. Likewise, ref. [24] states that
railway network capacity can be increased in three ways, including through advanced traffic
management systems (by reducing occupation times and rescheduling trains). Conversely,
according to [25], one negative influence on railway capacity is human-factor error (train
drivers and personnel at the direct level of traffic control). According to [26], the impact of
such negative influences on railway capacity can at least be partially mitigated through the
introduction of automation tools (ARS, ATO, etc.).

From the perspective of interlocking systems, the tasks associated with automat-
ing traffic control may be divided into three fundamental categories and subsequently
considered from technical, legal, and ethical perspectives.

The first category comprises tasks that can be automated most readily from technical,
legal, and ethical perspectives. These involve the fundamental operational commands used
by human dispatchers for traffic management and do not require significant computational
power or large volumes of high-quality input data. At the same time, these functions are
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inherently safe, as the safety of ARS commands is ensured by the interlocking system
located beneath the ARS within the control hierarchy, or by another component of the
interlocking system operating at the Safety Integrity Level (SIL). Such tasks include strictly
following timetable instructions to set train routes, renumbering trains, and rerouting
trains to alternative platform edges in the event of disruptions or delays. The degree of
automation associated with these functions in conventional ARS systems is already high,
and these functions may be regarded as the primary rationale for the existence of ARS.

The second category comprises tasks that are likely to become automatable in the
future. From a technical, legal, and ethical perspective, these tasks may still be considered
safe operations. In comparison with the tasks included in the first category, however,
they require more advanced TMS solutions equipped with higher-quality input data and
continuously updated operational information.

This category primarily encompasses a broad range of routes that are currently not
commonly automated, namely shunting routes. In such cases, it would be necessary
to enrich the TMS’s decision-making algorithms with substantially larger volumes of
information. Nevertheless, it may be envisaged that ARS could automatically establish
shunting routes for locomotive run-around loops, depot transfers, or sidings movements.
To achieve this, the TMS must contain operationally expected train movement data within
the track layout, with adequate quality and reliability.

With respect to train routes, this category also includes entering an occupied track
to couple with another train. Furthermore, it involves the ability to cancel a previously
prepared train route if the TMS determines that another train will ultimately arrive at
the relevant location earlier, or if another train has a higher priority. It is therefore more
advantageous to allocate the route to that train.

The third category comprises tasks that are currently considered unlikely ever to be
fully automated, primarily due to technical constraints, but above all because of ethical
and legal issues. These tasks are associated with safety-critical operations in which at least
part of the safety responsibility remains with human operators. Once such an operational
command has been issued, there is no technical means to identify an incorrect dispatcher
action, ideally through functions implemented with a non-zero SIL.

These situations involve decision-making processes in which operators rely not only
on deterministically identifiable information but also on information containing a certain
degree of uncertainty, while simultaneously applying their professional expertise and
practical experience. In such cases, human operators currently make decisions based on
information obtained from multiple sources, which may themselves be incomplete, while
relying on years of accumulated operational experience. Consequently, full responsibility
for these actions lies with the operators themselves. The objective in these circumstances
is therefore to enable a mode of operation in which the dispatcher, through personal
responsibility, guarantees that no damage or unsafe condition will occur.

The objective of this paper is to identify suitable automation commands for the ARS
system by applying the WSA method to data from real railway operations and a question-
naire survey. By combining objective operational data with system users’ perspectives,
the study aims to establish a systematic basis for selecting functions whose automation is
expected to yield the greatest operational benefits.

2. Materials and Methods

Two main research methods were used in this paper. As part of the research supporting
decision-making on the automation of new command functions, a questionnaire survey was
conducted. The respondents in this survey were exclusively employees of the infrastructure
manager who are directly involved in the control and organisation of railway traffic. All
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respondents also had direct experience with the operation of electronic interlocking systems
and were therefore qualified to assess the signalling system functions implemented on
such platforms.

No distinction was made between personnel working at locally controlled stations
and those operating remotely controlled signalling systems. The only additional selection
criteria were the presence of the ARS system (this tool is part of the TrafficSWing GTN
software (Prague, Czech Republic, https://www.azd.cz/admin-data/storage/get/1370,
accessed on 20 May 2026), which works with all Czech electronic boxes) at the respondent’s
workplace and the respondent’s practical experience with ARS operation.

All workplaces in the Czech Republic where ARS was in operational use as of May
2026 were invited to participate in the survey. A total of 53 responses were received from
these workplaces. Overall, the survey reached approximately 230 dispatchers, resulting
in a response rate of 23%. This sample provided a valuable source of expert operational
insights for evaluating ARS functions and their potential for further automation.

In the main section of the survey, respondents were asked to assign weights to the
criteria for command automation on a scale of 1 to 10. The resulting criterion weights
derived from the survey were subsequently used as input parameters for the weighted
sum method.

In addition, the questionnaire included several optional questions aimed at identifying
respondents” attitudes toward the Automatic Route Setting (ARS) system, determining
whether positive or negative experiences predominated, and exploring where respondents
perceived shortcomings in the current ARS configuration.

At the same time, an analysis was conducted to determine which operational tasks
(i.e., interlocking system functions) constitute standard traffic control procedures, and to
examine the current use of ARS in the Czech Republic. The analysis was conducted across
62 railway stations, as shown in Figure 1. These were stations in which ARS was routinely
operated as of May 2026 and which collectively represented all major station categories,
including junction, branch-line, and intermediate stations. No additional selection criteria,
such as traffic volume or line speed, were applied in the assessment process.
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Figure 1. Map of analysed stations and ARS on Czech Railways.

At each station, observations were conducted over 10 operational days (29 September—
10 October 2025). For each station, the final value was calculated as the arithmetic mean of
the observations falling between the 2nd and 8th deciles of the ten-day dataset. This ap-
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proach was adopted to reduce the influence of extreme values and to obtain a representative
measure of routine operational performance.

The second research method employed was the Weighted Sum Approach (WSA),
which was used to evaluate the questionnaire responses. The processing and assessment of
the questionnaires were carried out independently by the authors, and only the resulting
outcomes are presented in this paper.

The rationale for this approach is that, although the WSA method was applied as
a scientific evaluation tool, no additional modifications, adaptations, or methodological
extensions were introduced beyond its standard formulation. Consequently, the method-
ological procedure itself does not constitute a novel contribution of the study, and only the
final results relevant to the research objectives are reported and discussed in this article. The
outputs of both the questionnaire survey and the conducted analysis were used to construct
the initial criteria matrix for the Weighted Sum Approach (WSA) method. Subsequently, the
WSA method was applied to select interlocking system functions suitable for automation.
Those interlocking system functions exhibiting the highest overall weighted utility were
identified as the most appropriate candidates for automation.

The criteria of the WSA method were defined as follows:

e  Frequency of use (How frequently is the interlocking system function used during
routine traffic control operations?);

e Impact on railway capacity consumption (Does the interlocking system function affect
capacity consumption or the smoothness of train movement?);

e Time duration (How long does it take for the interlocking system function to be
carried out?);

e  Number of operational actions required (How many interactions with the dispatcher
control interface (JOP) are typically required for the interlocking system function to
be executed?);

o  Compatibility with TMS input (Does the Traffic Management System (TMS) support
the command format required for input into the interlocking system?);

o  Complexity of input data requirements (How much information must be available for
the ARS to decide whether to apply the interlocking system function?);

e  Degree of automation potential (What proportion of all applications of the interlocking
system function can be performed automatically?).

A key aspect of the evaluation of ARS functions from the users” perspective was
determining the criterion weights for the WSA method. For this purpose, the dispatchers’
questionnaire responses were utilised. In total, 53 complete questionnaires were obtained.
Respondents were asked to assess the importance of each evaluation criterion from their
operational perspective. Their responses served as the basis for quantifying the relative
significance of the individual criteria and for deriving the corresponding weights subse-
quently applied within the WSA framework. This approach ensured that the resulting
prioritisation of ARS functions reflected the preferences and practical experience of the end
users responsible for railway traffic management. The weights for the WSA method criteria
were determined through a questionnaire survey in which each respondent evaluated the
proposed criteria on a scale from 1 to 10. In this manner, the final weights of the evaluation
criteria were derived. These weights subsequently served as inputs to the WSA model
and reflected the relative importance assigned to each criterion based on the questionnaire
evaluation process. The resulting criterion weights are presented in Table 1.

The weight of each criterion was calculated using Formula (1).

Ykek bik
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where:

vi—weight of the criterion i [-];

b;x—point assigned to criteria i by respondent k [-];

I—set of criteria;

K—set of respondents.

Subsequently, the authors identified interlocking system functions that are currently
not impeded by automation. This implies that these functions are not yet automated and
that no barriers to their automation exist, as noted in the Introduction. The outcome of this
step is the following set of interlocking system functions:

o  Train Route with an Extended Overlap (VCP);

e  Train Route According to Sighting Conditions (VCRP);
e  Train Route via Variant Element (VCVP);

e  Shunting Route (PC);

e  Cancel the Train Route (RC);

e Individual Point Setting (5+/5—);

Preliminary Level Crossing Closure (PUP);

Cancel the Preliminary Level Crossing Closure (RPUP);
Cancel the Expected Departure (PODJ<);

Start the Train Shunt (PRES>);

Cancel the Train Shunt (PRES<);

Cancel the Train Number (ZRUSvV);

Cancel the Request for Directional Control (ZTS<);
Directional Control (UTS).

Table 1. Criterion weights.

Criterion Average Mark Total Sum Weight of the Criterion
Frequency of use 7.87 417.00 0.1657
Impact on the capacity consumption 8.19 434.00 0.1725
Time duration 7.60 403.00 0.1602
Number of operation actions required 7.64 405.00 0.1610
Compatibility with TMS input 5.38 285.00 0.1133
Complexity of input data requirements 5.28 280.00 0.1113
Degree of automation enhancement 5.51 292.00 0.1161

The selection of interlocking system functions for automation was carried out follow-
ing the standard steps of the WSA method. First, all criteria were unified in the direction of
maximisation, and the ideal and basal variants were determined. Subsequently, the criteria
matrix was normalised, and finally, the overall weighted utility was evaluated for each
variant (i.e., each interlocking system function).

The WSA method is used to select interlocking system commands for inclusion in
the ARS command group. The objective is to maximise the overall weighted utility de-
rived from the automated execution of the selected commands, according to the defined
evaluation criteria.

3. Results

In our research, we initially focused on the issue of direct railway traffic control and the
utilisation of interlocking system functions. The study revealed that 53% of all interlocking
system operations involve a command to set a train route. All other interlocking system
functions account for less than 10% each. The second most frequently used interlocking
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system function is the entry of the expected departure, which accounts for 9% of all
interlocking system operations.

The second phase of the research focused on how frequently already automated com-
mands are executed automatically versus manually. The Edit the Train Number command
is most often executed automatically (96% automatically, 4% manually). With a consid-
erable margin, the second-most-automated function is the Expected Departure, which
was executed automatically in 53% of occurrences. This is followed by functions: Train
Route (automatically in 43% of cases), Request for Directional Control (automatically in
39% of cases), and Train Route with Speed Restriction (automatically in 37% of cases).
The function with the lowest proportion of automatic execution is the Preliminary Level
Crossing Closure, accounting for 23% of all instances. This distribution is illustrated in
Figure 2.

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

TrainRoute  Train Route Request for Expected Preliminary Edit Train
with Speed Directional Departure  Level Crossing Number
Restriction Control Closure

B Automatically ™ Manually

Figure 2. Chart showing the proportion of automatic and manual command usage.

We identify the cause of the significant difference between the automatic execution of
the Edit Train Number function (96%) and other automated interlocking system functions
(53% or less) as the ability for each dispatcher or traffic controller in the TMS to enable
the automatic execution of the Edit Train Number function independently of other ARS
functions. This allows the automatic execution of the Edit Train Number command to be
enabled while all other ARS functions are disabled, and vice versa. The analysis indicates
that users take advantage of this option. The Edit Train Number function is enabled almost
continuously and is heavily used during train turnarounds at terminal stations, whereas
other ARS functions are sometimes disabled.

The rate at which ARS is enabled or disabled (excluding the Edit Train Number
function) depends on several factors. According to [26], higher utilisation of ARS is
observed at stations located at the edges of controlled areas, as in these stations, there
is a synergy of automation benefits, ensuring the automatic departure of trains from the
controlled area through the simultaneous automatic execution of the Expected Departure
and Request for Directional Control commands together with the Train Route command.
This is also demonstrated by the graph in Figure 2. Since the Expected Departure and Train
Route commands are related—being used together for train routes exiting the controlled
area—it can be asserted that the 53% value for the automatic execution of the Expected
Departure command indicates that 53% of train routes at the exit of the controlled area were
set automatically. In contrast, the average automatic utilisation of the Train Route command
across all stations is only 43%. This means that at peripheral stations, the proportion of
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automatic execution of the Train Route command is 10% higher than the average across
all stations.

The study of factors influencing the utilisation of ARS used correlation analysis. The
analysis revealed that the greatest influence among all examined factors is the distance
from the peripheral station (the above-mentioned synergy of automation benefits at the
edges of the controlled area). It was observed that the further a station is from the edge of
the controlled area, the lower the utilisation of ARS. For the other factors examined, a very
weak inverse correlation was observed. The correlation coefficient values are close to zero,
indicating that none of the other factors has a significant effect on the utilisation of ARS
(see Table 2).

Table 2. Values of the correlation coefficient and coefficient of determination for the impact of research
factors on the use of ARS.

Research Factor Correlation Coefficient Determination Coefficient
distance from the peripheral station —0.66 0.43
number of station tracks —0.33 0.11
number of line track outlets —0.43 0.19
number of directions outlets —0.53 0.28
total number of tracks (station and line tracks) —0.39 0.15
day traffic intensity —0.21 0.04
number of train turnrounds per day —0.16 0.03
number of train turnrounds per one train route —0.13 0.02
number expected departures per day -0.17 0.03
number of expected departures per one train route —0.10 0.01
number of requests for directional control per day —0.16 0.03

number of requests for directional control per one

. 0.12 0.01

train route
share of shunting during a day —0.38 0.15
share of shunting per one train route —0.32 0.10

An important influence is each user’s attitude towards ARS, or, more generally, to-
wards modern technologies, as revealed by the questionnaire survey. Two respondents
answered “None” to the question, “Which interlocking system function would you prefer
to have newly automated or significantly improved compared to the current automation?”
They responded, “Automatic Route Setting” or “I don’t know, I do not use it due to its
unreliability” to the question, “Which interlocking system function would you under no
circumstances want to automate?” A common characteristic of these two respondents is
their extensive experience in traffic management, with one indicating 31-40 years and the
other 41-50 years in the field.

Functions suitable for automation were selected using the Weighted Sum Approach.
First, the initial criteria matrix was established, as presented in Table 3. The input data
(numerical values reported in Table 3) were obtained from a questionnaire survey [26] and
an analysis of interlocking system archives from 62 stations listed in Figure 1 of this paper.
The reported numerical values correspond to the mean values calculated from the 2nd to
8th deciles of the measured data.

The values for each alternative under the Frequency of Use criterion were determined
from an analysis of operational data. As stated above, observations were conducted at 62
railway stations, with ten working days monitored at each station. The reported numerical
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values correspond to the mean values calculated from the 2nd to the 8th deciles of the
measured dataset.

Table 3. Initial criteria matrix of the WSA method.

Int;rlocking Frequency of Imeact on the Time D ] lg)l;tlrl;:iro(;f COII'II}?;EK;ISHY C(I)mple]x)ity of ADegree 'of
Fu);lsctfi?n Use Con:E:r:;)tt}i,on e Duration RA cti(?ns WlItnput Re:lt)llilrtemaet;ts Enlllltaor:rcl:rtrll(::lt
equired

VCP 0.00 1.00 4.00 4.00 0.00 4.00 1.00
VCRP 0.81 0.00 4.00 9.00 0.00 6.00 0.80
VCVP 0.10 1.00 4.00 4.00 0.00 4.00 1.00
PC 26.57 0.00 4.00 2.00 0.00 2.00 0.10
RC 2.75 0.00 2.00 3.00 1.00 3.00 0.10
S+/5— 22.29 1.00 9.00 3.00 1.00 4.00 0.90
PUP 8.57 1.00 32.84 3.00 1.00 4.00 0.50
RPUP 0.11 0.00 2.00 8.00 1.00 3.00 0.50
PODJ< 0.27 0.00 2.00 2.00 1.00 2.00 0.10
PRES> 0.26 0.00 2.00 3.00 0.00 2.00 0.50
PRES< 0.02 0.00 2.00 2.00 0.00 2.00 0.50
ZRUSv 4.04 0.00 2.00 4.00 1.00 3.00 0.90
ZTS< 14.14 0.00 2.00 3.00 0.00 2.00 0.10
UTS 15.72 1.00 2.00 3.00 0.00 2.00 1.00
erion MAX MAX MAX MAX MAX MIN MAX

The values for the Impact on Capacity Consumption criterion were established through
an analysis of signalling system functions. Specifically, the assessment examined whether
the application of a given signalling system function could influence the occupancy time
and, consequently, railway capacity consumption. If a signalling system function could
affect capacity consumption, the corresponding alternative was assigned a value of 1.
Conversely, if the function could not affect railway capacity consumption, the alternative
was assigned a value of 0.

The values associated with the Time Duration criterion were derived, similarly
to the Frequency of Use criterion, from an analysis of the infrastructure manager’s
data warehouse.

The values reported in the Number of Operational Actions Required column repre-
sent the number of interactions (mouse clicks) that an operator must perform within the
dispatcher control interface (JOP) to issue a command for executing a particular signalling
system function. These values were obtained by simulating the respective commands using
the JOP simulator.

The values reported in the Compatibility with TMS Input column indicate whether the
data message format associated with a given command is implemented within the Traffic
Management System (TMS) (1 = compatible with TMS; 0 = not compatible with TMS).

The values associated with the Complexity of Input Data Requirements criterion cor-
respond to a quantified measure of the amount of input information required to determine
whether the execution of a given signalling system function is necessary.

The values for the Degree of Automation Enhancement criterion were determined
based on the analysis of the infrastructure manager’s data warehouse, in which automat-
ically generated commands were compared with manually entered operator commands
(the results are presented in Figure 1), supplemented by the authors’ expert judgment.
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Finally, the initial criteria matrix was normalised so that all criteria were expressed as
benefit (maximisation) criteria, as shown in Table 4.

Table 4. Normalised initial criteria matrix after unifying the criteria for maximisation.

Intserlocking Frequency of Impact on the ] ] %;Trl;firo(;f Con}patibility Complexity of Degree f’f
ystem Capacity Time Duration . with TMS Input Data Automation
Function Use Consumption I{Ae ;t:;?:d Input Requirements Enhancement
VCP 0.00 1.00 4.00 4.00 0.00 2.00 1.00
VCRP 0.81 0.00 4.00 9.00 0.00 0.00 0.80
VCVP 0.10 1.00 4.00 4.00 0.00 2.00 1.00
PC 26.57 0.00 4.00 2.00 0.00 4.00 0.10
RC 2.75 0.00 2.00 3.00 1.00 3.00 0.10
S+/5— 22.29 1.00 9.00 3.00 1.00 2.00 0.90
PUP 8.57 1.00 32.84 3.00 1.00 2.00 0.50
RPUP 0.11 0.00 2.00 8.00 1.00 3.00 0.50
PODJ< 0.27 0.00 2.00 2.00 1.00 4.00 0.10
PRES> 0.26 0.00 2.00 3.00 0.00 4.00 0.50
PRES< 0.02 0.00 2.00 2.00 0.00 4.00 0.50
ZRUSv 4.04 0.00 2.00 4.00 1.00 3.00 0.90
ZTS< 14.14 0.00 2.00 3.00 0.00 4.00 0.10
UTS 15.72 1.00 2.00 3.00 0.00 4.00 1.00
d;?fg;‘;f;n MAX MAX MAX MAX MAX MAX MAX
Subsequently, the weighted utility values for each function with respect to each
criterion were calculated using the ideal and basal alternatives, as presented in Table 5.
Table 5. Weighted utility matrix.
Interlocking F Impact on the Numbe.r of Compatibility =~ Complexity of Degree of
Syste.m reqllljesr;cy of Capacit}.' Time Duration Og:éa:’t:;n with TMS Inpl.lt Data Automation
Function Consumption Required Input Requirements Enhancement
VCP 0.0000 1.0000 0.0649 0.2857 0.0000 0.5000 1.0000
VCRP 0.0303 0.0000 0.0649 1.0000 0.0000 0.0000 0.7778
VCVP 0.0039 1.0000 0.0649 0.2857 0.0000 0.5000 1.0000
PC 1.0000 0.0000 0.0649 0.0000 0.0000 1.0000 0.0000
RC 0.1034 0.0000 0.0000 0.1429 1.0000 0.7500 0.0000
S+/5— 0.8389 1.0000 0.2270 0.1429 1.0000 0.5000 0.8889
PUP 0.3226 1.0000 1.0000 0.1429 1.0000 0.5000 0.4444
RPUP 0.0043 0.0000 0.0000 0.8571 1.0000 0.7500 0.4444
PODJ< 0.0102 0.0000 0.0000 0.0000 1.0000 1.0000 0.0000
PRES> 0.0098 0.0000 0.0000 0.1429 0.0000 1.0000 0.4444
PRES< 0.0008 0.0000 0.0000 0.0000 0.0000 1.0000 0.4444
ZRUSv 0.1521 0.0000 0.0000 0.2857 1.0000 0.7500 0.8889
ZTS< 0.5321 0.0000 0.0000 0.1429 0.0000 1.0000 0.0000
UTS 0.5917 1.0000 0.0000 0.1429 0.0000 1.0000 1.0000

After applying the WSA method, overall weighted utilities were determined for each
function of the interlocking system. Overall weighted utilities generated by WSA are
presented in Table 6. The functions with the highest overall weighted utility are Individ-
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ual Point Setting (S+/S—), Preliminary Level Crossing Closure (PUP), and Directional
Control (UTS).

Table 6. Results of the Weighted Sum Approach (WSA).

Interlocking System Function Shortcut Overall Weighted Utility
Individual Point Setting (5+/5-) 0.6430
Preliminary Level Crossing Closure (PUP) 0.6296
Directional Control (UTS) 0.5209
Train Route via Variant Element (VCVP) 0.4012
Train Route with an Extended Overlap (VCP) 0.4006
Cancel the Preliminary Level Crossing Closure (RPUP) 0.3870
Cancel the Train Number (ZRUSv) 0.3711
Shunting Route (PC) 0.2874
Train Route According to Sighting Conditions (VCRP) 0.2667
Cancel the Train Route (RC) 0.2369
Cancel the Expected Departure (PODJ<) 0.2262
Cancel the Request for Directional Control (ZTS<) 0.2225
Start the Train Shunt (PRES>) 0.1875
Cancel the Train Shunt (PRES<) 0.1630

An automation of the Individual Point Setting and Preliminary Level Crossing Closure
functions, which have the highest overall weighted utility, is proposed in the main design
section of this article. The authors considered automating the Directional Control function,
which has the third-highest overall weighted utility. However, it was ultimately concluded
that this function is generally not related to route setting, as it is used at the edges of
controlled areas to modify track clearance and is not utilised during train route prepara-
tion. Therefore, the algorithm for Directional Control would require a separate procedure,
entirely independent of the algorithms for Individual Point Setting and Preliminary Level
Crossing Closure and is not proposed in this article. Conversely, the Train Route via Variant
Element function is selected for automation, which, while having the fourth-highest overall
weighted utility, can, in specific situations, be directly related to the use of Individual
Point Setting and Preliminary Level Crossing Closure. The automation of the commands
Individual Point Setting, Preliminary Level Crossing Closure, and Train Route via Variant
Element can be designed within a single algorithm.

The development of an algorithm for the selected support commands, its implemen-
tation, and its validation through simulation will be the subject of our future research.
The outcomes of this work will be presented in subsequent scientific publications and
dissemination outputs.

4. Discussion

The integration of new command types into the control system automation algorithms
clearly increases the potential to address new traffic situations more effectively or to
improve existing solutions.

Once the updated time requirements for setting train routes in specific traffic situations
have been addressed, development can proceed in modelling the forward-looking railway
traffic plan. Following the integration of new command types—Individual Point Setting,
Preliminary Level Crossing Closure, and Train Route via Variant Element function—it is
expected that the time required to set train routes will be reduced, as will the technological
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intervals between train runs. These new time values, incorporated into the forward-looking
traffic modelling calculations, will enable the refinement of algorithms for generating the
current forward-looking timetable, based on which ARS systems set train routes at more
appropriate times, thereby more effectively preventing inaccurately set train routes—either
too early or too late. In addition, the dispatcher always has a modified prospective timetable
available, based on which they can make higher-quality dispatching decisions, such as
changes to the sequence of train runs, overtaking, and so on. At the same time, when
planning, they can also consider solutions enabled by the new inclusion of the Individual
Point Setting, Preliminary Level Crossing Closure, and Train Route via Variant Element
functions in the ARS system.

The updated timetable is also transferred to the connected rail traffic control
subsystems [27]:

e  The Automatic Train Operation—Track Side (ATO-TS) module of the TMS systems,
which generates the timetable for a specific vehicle. The system interfaces comply
with TSI standards and are described in Subsets 131 and 132.

e  Through the existing GSMR communication network (with FRMCS planned in the
future), the current modified forward-looking timetables are transmitted to the target
Automatic Train Operation—On Board (ATO-OB) module located on the locomotive.
Data transmission is described in Subset 126.

e  The target module is the ATO-OB. The locomotive control unit and the ETCS-OB unit,
located on the locomotive, receive instructions from the ATO-OB module to optimise
their operation based on the current timetable, established train routes, and ETCS
braking curve compliance. Data transmission is described in Subsets 130 and 139 and
illustrated in Figure 3.

Trackside Onboard
i Subset 034
. = Track data : Traction/Brake
Route setting T : Movement authority (7 . command
e > N >
ETCS trackside . ETCS onbeard :
«— « |
Status report . - Position report i Subset 034
ey Traiin status
Subset 130 Train
Static & Dynamic
ETCS train data
Subset 131 Subset 126 Subset 130 Subset 139
Timetable . Journey profile Status report  Traction/Brake
Infrastructure Segment profiles 1 request
— ) > e —
ATO trackside d ATO onboard
| (Subset 125) (Subset 125)
Subset 139 SR
Subset 126
Subset 131 . Information requests Train and vehicle
Status report . Status report information

Figure 3. Interface diagram ATO over ETCS.

The objective of such optimisation is to guide the train into an optimal time position
(time slot), i.e., to ensure that it is at the right place at the right time with an optimal
speed profile. This process involves optimising both traction energy consumption and
energy dissipated during braking. In practice, a typical application involves guiding trains
to capacity-constrained locations, so they pass through these sections at the maximum
permissible speed. This approach minimises the consumption of infrastructure capacity
while maximising its availability for subsequent train movements. At the same time, it
opens a discussion about the use of precise train operation data for continuous, or more
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frequent, point-based adjustment of the prospective timetable, compared with current
practices. Guiding the train to an optimal time position is the authors” long-term goal.

The smoothness of train operation in ATO mode is critically dependent on the quality
of input data, represented by an adjusted timetable within TMS systems, implemented
through ARS control systems.

ARS is a control extension operating above the interlocking in terms of the traffic
management layer. The system is most beneficial during routine traffic situations. As
the number of degraded situations increases, the system’s benefits decrease, while the
dispatcher’s workload increases. Therefore, confidence can be maintained in the function
of the interlocking during operation. However, if ARS issues a potentially unsafe command,
the interlocking must detect this error and prevent any unsafe actions from being executed.
In the same way, the interlocking system checks for incorrect inputs from the dispatcher.
Individual point setting is proposed as a command that increases capacity by allowing the
ARS to set points that are no longer locked by the previous route into the position used
by a subsequent (different) route for the following train. This concerns mainly situations
where two train routes, or a train route and a shunting route, conflict. In large stations, one
can envisage a reduction in demand on power supply equipment, enabling many points
to be repositioned over a long period. Points can be gradually moved at a time when the
conditions for locking the subsequent train route are not yet fulfilled, already during the
run of the preceding train. In such a case, it is not necessary to wait until the train has
cleared the first track section before the points for the next route start to move. In the case
of point presetting, one can imagine that, given the length of such a section, all points could
already be in the correct position as soon as the first train leaves the first track section. From
the interlocking system perspective, it is possible to safely move a point immediately after
the route is locked, as it has been released. The points are then prepared in the required
positions for the subsequent train route, so that the route can be set up more quickly once
the remaining conditions for its establishment are met. On the other hand, several risks to
maintenance staff and passengers in the track area must be addressed. With the application
of this function, a point can be operated at any time. This could potentially lead to injury
due to unexpected point movement. This situation must primarily be addressed by training
dispatchers about this new function within their area of responsibility, and by introducing
safety labels to the ARS. The dispatcher will enter these labels into the ARS, after which the
ARS will not be permitted to set any train or shunting routes in the respective area. The
same applies to individual point-setting: it is also prohibited in this state. Other risks must
also be considered. Deployment of other ARS functions that could compromise safety, e.g.,
in stations without island platforms, must be preceded by a risk analysis to demonstrate
operational safety. This is because people may cross the tracks and enter areas where trains
operate and points are located, which could cause injury.

The function of preliminary level crossing closure is already used in some ARS systems.
The occupation of the track section of the level crossing controls any closure of the level
crossing. In case of any disruption at the level crossing, ARS is turned off. Train routes may
be set only over a level crossing that is in service. ARS cannot delay the closure of the level
crossing. Therefore, there is no risk that, in the case of a slow-moving train, where such a
delay would be desirable for road traffic capacity reasons, the level crossing would not be
activated in time. Therefore, the interlocking will not permit any operation with the level
crossing that would compromise operational safety. The automation of this command can
thus be considered safe.

A train route via a divergent (alternative) point is usually set up when a section of
the infrastructure is unavailable, whether due to routine maintenance, a train occupying
the line, or a failure of infrastructure components at that location. Any train route that
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the interlocking permits to be set must fulfil all conditions for train route establishment.
Therefore, even if from the traffic management perspective, the route will be longer or will
include different elements than would be present in the case of the shortest possible route,
from the interlocking system perspective, this is an action of the first group, where safety is
not endangered, since this safety level is ensured by a fully functioning interlocking.

5. Conclusions

The use of automation functions in routine operations has been common practice
for more than a quarter of a century. The desired benefits from the perspective of the
infrastructure manager, namely, must always accompany the expansion of their application:

e Increased utilisation of capacity;
e  Shortening of operational intervals;
e  Reduction in the workload of operational staff.

Conversely, it is entirely unacceptable for such implementation to have any adverse
impact on railway safety. In such cases, safety must take absolute priority. At the same
time, this creates opportunities for further technological development that may enable such
implementations in the future.

However, human operators are susceptible to error in the same manner as machines. If
itbecomes legally acceptable for machines to operate road vehicles autonomously, including
the associated ethical implications in the event of accidents—as is already the case in several
countries worldwide—it cannot presently be excluded that, in the future, machines may
also assume such tasks within railway operations. Although these tasks may not be based
entirely on deterministic data, automated systems could statistically achieve a lower failure
rate than human operators. In a less advanced scenario, it may at least be envisaged that
machines would perform an advisory role during operational disruptions or emergencies,
if this statistically increases operational safety under those conditions.

Systems of this type may still exhibit higher failure rates than current safety-critical
control systems implementing functions with the required SIL. Nevertheless, during ex-
traordinary operational situations, stressed or overworked dispatchers may commit errors
at a significantly higher rate than automated systems. The implementation of these func-
tions, however, cannot be achieved solely through technological development. As in the
automotive sector, it would also require corresponding changes in legislation, together
with a redistribution of responsibility among the individual actors within the system. Such
a development can no longer be excluded today.
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