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ARTICLE INFO ABSTRACT
Keywords: When a train passes a red aspect, this is called a Signal Passed at Danger event or SPAD.
SPAD Sometimes it is easy to identify the SPAD cause but in other cases it is unclear why the incident

Incidental learning
Train driver
Signal

Rail safety

Human factors

occurred, especially if the system operated as usual and the train driver was trained and expe-
rienced just like his or her colleagues. In previous research, train driver deceleration behaviour
has been shown to be influenced by frequent exposure in the previous 14 days to less restrictive
and visually similar signal aspects in the same location. Previous exposure can contribute to SPAD
causation unless the initial insufficient deceleration is corrected in time. Six years of SPAD data
and red aspect approaches in the Netherlands was used to test whether previous exposure to
yellow:number aspects corresponds with a statistically significant increase in SPAD incidents if
there is a small window for correction available to drivers. The permitted track speed and signal
distance influence the size of this window. The results provide evidence for previous exposure as a
cause for SPADs and details to identify locations with increased SPAD probability. Changes in
infrastructure and timetable design or adding safety measures for these locations can prevent
future SPADs.

1. Introduction

When a train passes a red aspect without authorisation, this is called a Signal Passed At Danger event, or SPAD. SPADs receive a lot
of attention because they can lead to severe consequences, for instance a train collision. Additionally, even non-harmful SPADs in
terms of injury and damage still have direct and indirect costs (Kyriakidis et al., 2019). New technical systems like the European Rail
Traffic Management System (ERTMS) have been implemented and are expected to provide additional SPAD prevention (Ministry of
Infrastructure and the, 2013). However, in the Netherlands, the implementation of ERTMS on a national level may take up to 30 years
and safe implementation is complex (Smith et al., 2012; Ministerie van Infrastructuur en Waterstaat, 2020). At the same time, Dutch
rail is predicted to become busier and busier. The Infrastructure Manager aims to support a growth in passenger transport of 30% by
2030 and 45% in freight transport by 2030 (BNR Webredactie CEO ProRail, 2020; GWW Grotere capaciteit spoorgoederenvervoer in,
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2030). This increase requires changes to the infrastructure and the timetable. In order to keep on improving the level of safety, prevent
SPADs and improve the system as a whole, it is important to understand which factors increase or decrease the probability that a SPAD
occurs.

When SPADs occur, sometimes the cause is easy to identify, but on other occasions it remains unclear what the exact cause was.
This is especially the case when SPADs do not occur because of a technical failure but because a mistake was made in driving
behaviour. Whilst ‘insufficient deceleration’ is often identified as a cause of a SPAD, it is harder to identify why the train driver did not
decelerate sufficiently (Gibson et al., 2021). Different experts have also been shown to regard different factors as having the greatest
influence on the occurrence of the same incident, based on their interpretation of the same incident report (Baysari et al., 2008;
Madigan et al., 2016).

The field of Human Factors looks into the factors that influence human behaviour and can increase or decrease the probability of an
error (Wickens et al., 2003). Human factors research in rail has become more common since the mid to late 1990s (Wilson and Norris,
2005). Visibility of signals is one factor that is often considered within rail. Another example of a factor is signal placement, with a
focus on whether it might be confusing for the train driver to know which signal is for him/her (Wilson and Norris, 2005; Hamilton and
Clarke, 2005; Lawton and Ward, 2005; Naweed et al., 2019; Stanton and Walker, 2011). Route knowledge can help to prevent mistakes
as a result of problems in signal visibility or interpretation (Punzet et al., 2018; Naweed et al., 2013). Another option is to improve
placement and make the infrastructure more logical from the train driver’s perspective. Improving the placement of signals is a more
fundamental solution in contrast to route knowledge, where there is more variability with respect to its implementation (e.g. when the
driver last drove in that location and the level of knowledge that was gained and will be sustained under stressful situations). In
essence, infrastructure changes are a more reliable safety barrier than interventions related to training and awareness. It therefore
makes sense to consider whether the infrastructure can be adjusted to decrease the probability of human error.

In rail, the infrastructure (including the signalling system) is an important part of the working environment of the train driver. We
thus advocate improving that working environment. Often, the effect of the working environment of the train driver at the moment of
his/her task execution is considered. This is a core question within human factors: ‘which factors (at moment x) influence the per-
formance at moment x?’ And often in incident analysis: ‘which factors (at moment x) caused the error at moment x?’ But what about
the past? Does it matter what an employee experienced yesterday or last week or last month? The role of experience is often considered
in incident analysis in such a way that a lack of experience is considered as a potential error-promoting factor. It is however not
considered that previous experience or previous exposure can also be an error-promoting factor in certain situations (Wiegmann and
Shappell, 2003; Gertman et al., 2004). The question that is not asked: ‘do factors (at moment x-At) cause an error at moment x?’

In this research we investigate the possibility that learning through exposure increases the probability of an error. Learning is the
creation of new pathways in our brain and also the strengthening of existing pathways (Gazzaniga et al., 2009). People learn every day,
both intentionally and incidentally. For skilled work, a lot of learning takes place on the job. This learning does not stop once we are
able to perform a skill. Consider the example of getting a new job and driving the new route to work. The next time we drive the same
route, the neural pathways for driving that route are strengthened. With time, we need very little attention to turn in the correct places.
A ‘driving to work’ schema has developed in our brain.

Within psychology, schemas such as the ‘driving to work’ schema refer to unconscious mental structures that guide cognitive
processes and behaviour. The development of schemas for activities is very useful as these schemas allow us to perform the activities
with less attention (Bartlett, 1932; Piaget and Cook, 1952; Neumann et al., 1984). The schemas can be activated by conscious intention
to perform an action, but also by (visual) cues. This latter activation is called bottom-up activation. A cue can be visual, but also
auditory, tactile or a previous action. However, problems can occur if a schema is activated and performed in a situation where that
behaviour is not suitable. This can happen if the contextual cues are similar to those situations where one usually performs the
behaviour (Norman, 1981). In line with this thinking, it follows that one’s behaviour in a current situation can be influenced by one’s
past behaviour in (visually) similar situations. The environment one is exposed to, both in terms of cues and required behaviour,
determines whether the learning increases the probability of an error.

Balfe and Doyle analysed a multi-SPAD signal in Ireland using the RSSB SPAD Hazard Checklist. The SPADs were preceded by a
yellow aspect at a signal which usually showed a double-yellow aspect. The double-yellow aspect which shows in the standard sit-
uation indicates a red aspect at the end of the nearest loop platform, two signals further, whilst the yellow signal (present during the
SPADs) indicates that the next signal has a red aspect. During all three SPAD events at the signal in front of the platform, the drivers
reported that they understood the previous signal to be showing double yellow while it had in fact shown a single yellow aspect. Balfe
and Doyle therefore identify the fact that the aspect is frequently double-yellow in that specific location as a potentially contributing
factor to the SPADs (Balfe and Doyle, 2021). The hypothesis is that a specific aspect (yellow in the above example) activates the
behaviour belonging to a different aspect (double-yellow in the above example). If the signal that showed the single yellow aspect
during the SPAD event would have shown a green aspect on most previous approaches instead of the double-yellow aspect that was
shown frequently, the SPADs might not have occurred.

In Dutch rail, double-yellow aspects are not used, but other yellow aspect variations are common. Burggraaf and colleagues
identified specific types of red aspect approaches during which the train driver’s behaviour at a given day is indeed affected by the type
of yellow aspect that was present in that location over the previous 14 days (Burggraaf et al., 2021). It is important to understand
whether those measured changes in behaviour can cause SPADs, in which situations and to what extent.

The section below explains during which red aspect approaches in Dutch rail the wrong schema might be activated and why this
initial error may or may not lead to a SPAD. The train driver’s ‘window for correction’ is introduced, followed by the methods section,
results, conclusion and discussion.
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1.1. Situations in Dutch rail with potential of wrong schema activation

In Dutch rail, a red aspect is most often part of a green-yellow-red aspect sequence. There are, however, also yellow aspect vari-
ations apart from the ‘pure’ yellow aspect. The yellow aspect can be accompanied by a number (e.g. 4, 6, 8, 13) that indicates the speed
limit present at the next signal (respectively 40, 60, 80 and 130 km/h). The signal in Fig. 1 indicates that the train driver should
decelerate to 40 km/h and pass the next signal with a speed of 40 km/h or less.

These yellow aspect variations can be part of a red aspect approach (e.g. green — yellow:4 — yellow — red). They can also be used to
reduce the speed before a switch. A specific signal can often show the same yellow:number aspect if it is part of a speed reduction
before a switch or if it is part of a red aspect approach towards a station platform. Fig. 2 shows a situation where the signal at the station
stop has a red aspect and is preceded by a yellow and a yellow:8 aspect. These locations are of specific interest because red aspect
approaches occur more often at the same signals when the red aspect is at a signal at a station stop, than when the signal is situated
along regular tracks.

Fig. 3 shows a location where the first signal can have the aspect yellow:8 because of a switch (a in Fig. 3), because of a red aspect at
the scheduled stop for this train (b in Fig. 3), or because of a red aspect that is not at a scheduled stop (c in Fig. 3). The same signal can
also occasionally show the aspect yellow instead of yellow:8 when the next signal has a red aspect (d in Fig. 3).

During the yellow-red approach, the deceleration behaviour suitable for the yellow:8 approach (see a, b and c in Fig. 3) might be
activated despite having passed a yellow aspect (see d in Fig. 3). This will lead to insufficient deceleration. Although the aspects yellow
and yellow:8 are very different in meaning, they have visual similarities which can be enough to trigger the behaviour normally
followed by yellow:8, if that is a common aspect in that specific location (Burggraaf et al., 2021). Visual similarity between two objects
is defined by the amount of shared points or common features and the type of difference. When the difference is a deletion at end points
(such as the letter 8 not showing at the bottom of the signal), then the visual similarity is higher than when there are deletions that lead
to breaks in continuity or when there are mirror image reversals (Singer and Lappin, 1976).

In the above example yellow:8 is used, but the effect is hypothesised to be present for any yellow:number aspect. The probability of
the train driver displaying the past behaviour increases if the train driver has passed that signal with the yellow:number aspect more
often.

1.2. When wrong schema activation leads to a SPAD
In order for a SPAD to occur because of wrong schema activation in the brain, four elements should be present:

. The train driver performs the deceleration behaviour suitable in previous situations

. There is a non-negligible difference in the current required behaviour and the previous required behaviour
. The train driver does not correct his or her behaviour in time

. Technical (warning) systems do not intervene to correct the behaviour

A WN R

1.2.1. The train driver performs the past behaviour

The previous behaviour will be performed if it is activated sufficiently due to visual similarity and frequent past exposure (bottom-
up) and the behaviour is not prevented top-down by our ‘will’ via our supervisory attentional system (Norman and Shallice, 1986).
Burggraaf and colleagues found that during the red aspect approach as part of the green-yellow-red sequence (last approach in Fig. 3),
the train driver behaviour was indeed affected if the same train series had often passed a yellow:number aspect in the same location in
the previous 14 days (Burggraaf et al., 2021). A higher frequency in the previous 14 days led to an increase in the change of behaviour.
This effect decreased after the frequency of a yellow:number aspect in the previous 14 days exceeded 400 times. This research
indicated that train driver behaviour is indeed affected by previous yellow:number aspects during yellow-red approaches.

1.2.2. There is a non-negligible difference in the required behaviour and past behaviour

Wrong schema activation will not cause a SPAD if a slight deceleration is sufficient during both previous and present approaches
(for example, a deceleration of 0.31 m/s? is required in the previous scenario and 0.32 m/s? in the current approach). This minimal

Fig. 1. Signal with yellow:4 aspect.
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Fig. 2. Red aspect at station platform preceded by yellow and yellow:8 aspect.
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Fig. 3. Frequent yellow:8 aspects due to a switch (a), red aspect at scheduled stop (b) or red aspect without scheduled stop (c). Increased probability
of error in bottom situation where the aspect is yellow instead of yellow:8 in the same location, followed by a red aspect (d).

difference can occur when the track speed is low and/or the distance between the signals is large.

1.2.3. The train driver does not correct his/her behaviour in time

A SPAD can be prevented if the train driver corrects his or her behaviour in time. The theory of wrong schema activation predicts an
initial insufficient deceleration after passing the yellow aspect. The train driver can realise the mistake and start to decelerate forcefully
upon seeing the red aspect. Factors that increase or decrease the probability that a driver will be able to correct his or her behaviour in
time are expanded upon in section 1.3.

1.2.4. Technical (warning) systems do not intervene to correct the behaviour

A SPAD can also be prevented if other preventative interventions are present. The Dutch Railways has implemented an auditory
warning system called Orbit which is designed to prevent SPADs by warning the train drivers with an auditory message when they
approach a red aspect at a higher speed than desired. This warning system is not yet installed on all trains, nor operational for all
signals. ERTMS can also provide preventative intervention but is not nationally implemented yet in the Netherlands (Ministry of
Infrastructure and the, 2013).

1.3. Investigating element three: the train driver does not correct his/her behaviour in time

The four elements that need to be present for wrong schema activation to cause a SPAD have been described above. Previous
research has shown an effect of past yellow aspect exposure and thus the presence of element one. The risk of a SPAD is limited to those
locations where there is a difference in past and current required behaviour (element two), otherwise the past behaviour is not
erroneous, and where there are no technical (warning) systems that can intervene (element four). The remaining question is whether
train drivers are able to correct their own behaviour in time (element three) and prevent the wrong schema activation from actually
causing a SPAD.

Whether the train driver will still be able to stop in front of the red aspect depends on the moment at which the train driver sees the
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red aspect, the deceleration power of the train and the size of the window for correction. The top of Fig. 4 shows a situation where the
track speed is 130 km/h and the aspect at the first signal is often yellow:8, indicating a speed reduction to 80 km/h. The distance
between the first and second signal is 1095 m. In order for the train to drive at 80 km/h at the next signal, as is required, the train must
decelerate continuously at 0.37 m/s2. At the bottom of Fig. 4 we have the hypothetical situation where the train passes a yellow aspect
and decelerates at 0.37 m/s?, as is commonly suitable in this location. However, since the aspect is yellow and not yellow:8, a
continuous deceleration of 0.37 m/s? is insufficient to stop in front of the red aspect. In this hypothetical example, the train driver sees
the red aspect at 300 m. He or she then attempts to correct his or her initial insufficient deceleration. If the train is able to continuously
decelerate by at least 1.19 m/s? from that point onwards, then a SPAD can be prevented. Given that the emergency brake power of most
passenger trains is around 1.2 m/s? and the train driver needs to initiate the emergency brake after perceiving the red aspect, this
situation is one where there is a very small window for correction, assuming correct perception of the red aspect at 300 m.

It is unknown how often a train driver perceives a red aspect at 300 m. The Dutch rail infrastructure manager ProRail has directives
on the minimal distance at which a signal needs to be visible. At track speeds below 80 km/h, the minimal visibility distance is 200 m.
At 100, 130 and 140 km/h the minimal visibility distances are respectively 250, 325 and 350 m to maintain visibility for 9 s per speed
(Ontwerpvoorschrift, 2020). Even if the signal is theoretically visible, this does not necessarily mean that the train driver sees the red
aspect and perceives it correctly. Seeing and perceiving the red aspect in time can also be influenced by a train driver’s previous
experience. Summerfield and Egner state in their review on visual cognition that visual detection and recognition are guided by one’s
prior knowledge of what is likely to occur (Summerfield and Egner, 2009). Other factors can also influence early detection and
recognition of the red aspect, like the visual conspicuity of the signal and aspect, weather conditions and situations where it is not
immediately clear which signal belongs to one’s track.

1.4. Research question and hypotheses

To further increase our knowledge of causes of SPADs, we investigate the following research question:

Does the frequency of a yellow:number aspect in the previous 14 days increase the probability of a SPAD if the window for
correction is small?

This research question is answered for yellow-red aspect approaches where: the yellow aspect is in the same location as the yellow:
number aspect, there is a difference between the previous required and current required deceleration behaviour, and there are no
technical systems present to correct the behaviour.

We hypothesise that train drivers are able to correct their behaviour and prevent a SPAD, if the infrastructure provides a large
window for correction. However, when the window for correction is small, we hypothesise that wrong schema activation can
contribute to SPAD causation.

Even though it is unknown when the train driver perceives the red aspect, it is possible to compare signal locations on the size of
window for correction by comparing how much deceleration is necessary at a specific distance in front of the signal. Categorisation as
‘small’, ‘medium’ and ‘large’ windows for correction is discussed in section 2.4. This research will therefore also give more insight into
which sizes of window for correction are large enough to provide the opportunity for self-correction.

2. Methods and materials
To answer the research question, we investigated whether there were more SPADs by passenger trains in the Netherlands between

2014-01-01 and 2019-12-31 than can be expected based on the number of red aspect approaches. Six years of data were used to have as
much data as possible in manageable quantities. Data from 2020 was not used because of a large difference in the number of red aspect

130 km/h
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Fig. 4. Hypothetical example where the standard situation with a deceleration of 0.37 m/s? is sufficient. If the train driver employs the same
amount of deceleration during the green-yellow-red approach, then this insufficient deceleration can be corrected if, upon seeing the red aspect at
300 m, the train can decelerate by at least 1.19 m/s® continuously.
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approaches due to timetable adjustments during the COVID-19 pandemic. For each SPAD and red aspect approach falling within the
inclusion criteria, the frequency was calculated of a yellow:number aspect in the previous 14 days in the same location and the size of
the window for correction was calculated.

2.1. Data

Two main data sources were used: 1. SPAD incidents, and 2. Red aspect approaches. A list of SPAD incidents was provided by
ProRail, the Dutch Rail infrastructure manager. Data of red aspect approaches was also provided by ProRail. When a train passes a
signal, and the next signal is red at that point in time, it is recorded as a red aspect approach. The point in time at which a signal turns
red or not-red is recorded for many of the signals on the Dutch rail network. For some signals, this point in time is not recorded, but can
be deduced based on the moment that a train enters sections between signals. For some signals, this data is absent and therefore both
SPADs and red aspect approaches at these locations were not included.

Whilst train kilometres are easier to obtain and therefore historically used more often, red aspect approaches are a better measure
for the opportunity of SPAD occurrence (Gibson et al., 2017; Harrison et al., 2021). The red aspect approach data also provides the
additional details needed to test the hypotheses.

2.2. Types of SPADs

SPADs can occur for a multitude of reasons. This research focuses on driver error as the immediatecause of SPADs and not on
technical causes. The SPAD incident list was therefore filtered on SPADs that did not have a technical cause, or where the signal was
put onred by the train traffic controller after the train had already passed the preceding signal. These SPADs could be excluded by only
selecting the SPADs categorised as ‘non-technical — other’.

The SPAD list did not include sufficient information in easily accessible format and was therefore enriched with data from the Red
Aspect Approaches (RAA) dataset. The data was automatically matched based on date, train number and signal number. Only 47% of
the selected SPADs could be matched with the RAA dataset. Upon inspection of the cases that were not matched, there were valid
reasons why the match could not occur:

- The SPAD did not occur at a signal but at a sign

- The SPAD occurred when the train left the station whilst the departure signal was red, thus being a departure through red aspect
and not a red aspect approach

- The SPAD did not occur with a passenger train but a road rail crane

- The SPAD occurred during shunting

The above situations are all outside the scope of this investigation. There were twelve SPADs that could not be matched because
they were at a signal of which the red aspect time is not automatically recorded and could not be deduced. The twelve SPADs were at
six different signals with six SPADs having occurred at one signal. These SPADs were within the scope, but not included in the analysis
because they could not be matched. Including these SPADs manually was not an option, since the accompanying red aspect approaches
should then also be added, which was not feasible.

2.3. Inclusion criteria for SPADs and red aspect approaches

The SPADs and red aspect approaches were included if they fit the criteria below.
Criteria to only select SPADs and red aspect approaches that are part of the hypothesis:

The red aspect was part of a green-yellow-red aspect sequence

The train was expected to approach with a speed higher than 80 km/h. The effect of exposure to past yellow:number aspects was
only tested at speeds above 80 km/h because at low speeds the difference between past and required deceleration behaviour tends
to be small. Speed above 80 km/h is filtered in via 1) The track speed was higher than 80 km/h according to permanent traffic signs.
2) The train did not pass a yellow signal before the red signal approach as part of a previous red aspect approach. Previous yellow
aspects would have already resulted in lower train speed. 3) The train was driving before passing the yellow signal instead of
departing from a station.

Criteria to avoid other effects influencing the analysis:

e The red signal was not at a scheduled stop location. These approaches were excluded because the train driver would need to stop at
these locations regardless of the aspect colour.

The above criteria related to speed excluded situations where two platforms were situated directly behind each other, thereby
excluding situations where the red aspect was at the first platform whilst the train driver usually stops at the second platform.

e The yellow signal was near a station stop as defined by being part of a red aspect approach to a scheduled stop at least once.
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e The auditive warning system Orbit was not present or operating on the train. This warning system helps to prevent SPADs. Since not
all trains or all signals are protected by Orbit yet, it is still relevant to understand whether previous exposure to yellow:number
aspects can contribute to SPADs when this warning is system is not present or operating correctly.

For the statistical analysis which did not include the window for correction, only SPADs and red aspect approaches with a mean
deceleration above 0.5 m/s> were included. The mean deceleration (m/s%) was calculated via 0.5 x track speed2 (m/s)?/distance
between signals (m). The train driver behaviour analysis by Burggraaf and colleagues showed a difference in driver behaviour for
approaches where the mean deceleration was higher than 0.5 m/s? (Burggraaf et al., 2021). For the statistical analysis which
included the window for correction, the filter on mean deceleration is replaced by categorisation based on the size of the window
for correction.

2.4. Independent variables

The two independent variables were: A. the frequency of yellow:number aspect in the last 14 days for this train series and B. the
window for correction. The frequency was calculated by counting the number of times the same train series passed the yellow:number
signal in the last 14 days. Trains have the same train series when they are scheduled to drive the same route with the same stops.
Approaches are counted if (per train series) all have the same yellow:number aspect or they do vary in yellow:number aspects with
different numbers but the highest aspect frequency in the previous 14 days is above 100 and the other aspect frequencies are below 5.

The window for correction was calculated by taking into account what the yellow:number aspect was in the previous 14 days, what
the distance was between the signals, and the permitted track speed. Since we do not know exactly what deceleration behaviour the

train driver usually employs, we calculate what the sufficient continuous deceleration is during the yellow:number approach. This is
2 —y? .

calculated via m% . We then calculate how fast the train should decelerate at 300 m from the red aspect, if the train has

been continuously decelerating with this deceleration level up until that point, via

—sufficient continuous deceleration*2*(distance between signals—300) . . .
5300 . We call this value ‘required deceleration upon 300 m’. In the example that

was depicted in Fig. 4 with a track speed of 130 km/h (36.1 m/s), aspect speed of 80 km/h (22.2 m/s) and a signal distance of 1095 m,
the sufficient continuous deceleration is 0.37 m/s® and the required deceleration upon 300 m is 1.19 m/s%.

We categorised a required-deceleration-upon-300 m value of less than 0.6 m/s> as a large window for correction, since this
deceleration value is easily attained and very common. A value between 0.6 and 0.8 m/s? is categorised as a medium window for
correction. A value above 0.8 m/s? is categorised as a small window for correction. This categorisation is relative rather than absolute.
It distinguishes locations with a larger window for correction from those with a smaller window for correction, rather than defining
‘large’ and ‘small’.

2
Vrmck speed

2.5. Analyses overview

Two analyses were run. The first one was performed to test whether the results of Burggraaf and colleagues could be replicated
using incident data instead of behavioural data (Burggraaf et al., 2021). In this test, the window of correction was not included and the
criterion for mean deceleration was included as described in section 2.3. The sample included 29 SPADs and 1,139,665 red aspect
approaches.

The second analysis included the window for correction measure, which divided the SPADs and red aspect approaches into large,
medium and small windows for correction. The window for correction could not be calculated for those approaches where there was no
yellow:number aspect in the previous 14 days. These approaches were therefore not included in this test. A test was performed per
window for correction to test the hypothesis that the relationship between frequency and chance of a SPAD only exists when there is a
small window for correction. The samples included 0 SPADs and 777,510 red aspect approaches for the large window for correction, 3
SPADs and 319,533 red aspect approaches for the medium window and 17 SPADs and 54,462 red aspect approaches for the small
window.

2.6. Statistical analysis

To test the effect of the yellow:number aspect frequency in the previous 14 days on the SPAD frequency, the same statistical method
was used as Burggraaf and colleagues used to be able to see the exact shape of the relation between frequency and SPAD occurrence
(Burggraaf et al., 2021). The bin sizes were based on that previous research, which used driver behaviour instead of SPADs. Due to
technical reasons and to the large amount of data, it was necessary to select bins beforehand. It was therefore not possible to leave the
frequency as an interval variable, which could potentially have been tested with a logistic regression. This was not considered a major
issue since other testing is available and the previous study using driver behaviour instead of SPADs showed assumption violations to
perform the logistic regression anyway. Since the relation between the yellow:number aspect frequency and train driver behaviour
showed a slightly inverted u-shape in that previous study and there were many approaches in the bins of lower frequencies, the
following frequency bins were chosen: 0 times a yellow:number aspect in the last 14 days (only for the first analysis), 1-50 times,
51-150 times, 151-250 times, 251-350 times, 351-450 times, 451-550 times, >550 times.

The p-value was calculated per bin by comparing the observed number of SPADs with the number of SPADs that is expected for the
bin under the HO assumption that there was no difference between bins. The analyses were run in R, version 3.6.2. No additional
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packages were used for the analyses. The R Code is provided in Appendix A. The steps are clarified with an example in Fig. 5.

In the Results section the exact p-values were recorded when they were below 0.05, and were listed as p < 0.001 when they were
below 0.001. p-values above 0.05 were recorded as non-significant (N.S.).

Since there are relatively few SPADs, it is possible to have zero SPADs in a given bin. If that bin is not significant, it is possible that:
A. there is no difference in SPAD probability, B. the probability in that bin is lower but the result is not significant due to low power, or
C. the probability in that bin is in fact higher but due to a low number of red aspect approaches in the given bin, no SPADs occurred. If
the average proportion, for example, is 1*10~> SPAD per red aspect approach, then a bin with zero SPADs per 200,000 red aspect
approaches is more likely to be non-significant due to option A or B since 1,200,000 is 0.5*107°. A non-significant bin with zero SPADs
per 30,000 red aspect approaches is more likely to be non-significant due to option C since 1,/30,000 is 33*10~°. Non-significant bins
with zero SPADs should therefore not be interpreted as low-risk. Multiple two proportion z-tests or Fisher Exact tests were not used
because the desired comparison was not to test whether two bins deviated, but whether a bin could be from the overall average,
including that bin, violating the assumption of independence.

A chi-square test for independence was considered as an overall test before the described test, but was not possible because of the
violation of the assumption that the expected value per cell should be 5 or more in at least 80% of the cells, and no cell should have an
expected value of less than one. The Fisher Exact test provided an out-of-workspace error in R due to the large number of variables and
number of red aspect approaches. Other avenues to be able to perform the Fisher Exact test were not explored, since the statistical test
for bin testing would already provide the desired answers, regardless of a preceding overall test.

Therefore, a simulation approach has been used to test the above hypotheses.

3. Results
3.1. Yellow:number effect irrespective of window of correction

Table 1 shows that the number of SPADs is significantly higher for those approaches where the yellow signal was passed with a
yellow:number aspect over 350 times and less than 550 times in the last 14 days. The bins with a frequency of 0 and 1-50 have the
largest number of red aspect approaches and a SPAD percentage of respectively 2.00%10~% and 1.55*10~3. The two significant bins
have a SPAD percentage of 13.80*107> and 13.44*10~3, indicating not only a significant but also a large effect.

The absence of SPADs in the bin with frequency 251-350 is not in line with the hypothesis, but not surprising, given the relatively
low number of red aspect approaches in this bin.

3.2. Yellow:number effect in combination with size of window of correction

Table 2 shows that the number of SPADs is significantly higher for those approaches where the yellow signal was passed with a
yellow:number aspect over 350 times and less than 450 times in the previous 14 days and the window for correction was small. The
SPAD percentage of 15.18+10 2 is similar to the SPAD percentage in the previous analysis for the bin with the same 14-day frequency.
In the current sample, the bin with a frequency of zero was not included, leading to a higher average SPAD percentage, potentially
contributing to why the bin with frequency 451-550 is not significant in this analysis, apart from a lower, albeit still high, SPAD
percentage. The higher average SPAD percentage can also explain why the SPAD percentage of 1.16*107 in the bin with a frequency
of 1-50 is now significantly lower, whilst in the previous analysis it was also lower than average but not statistically significant.

No SPADs were measured in the category of approaches with a large window for correction. Only three out of twenty SPADs
occurred in the category of a medium window for correction, but it should be noted that the number of red aspect approaches was low
for this category and a 14-day frequency above 250.

4. Conclusions and discussion

The results indicate a significant and large effect of exposure in the previous 14 days in combination with a small window for
correction. This evidence supports the hypothesis that incorrect schema activation is a significant contributor in SPAD causation if
there is a small window for correction.

A limitation of this research was that the exposure frequency was calculated by train series and not by train driver. It would have
been preferable to measure how often the train driver had previously experienced the similar aspect, but information about the train
driver was not disclosed for privacy reasons. Despite suboptimal data, this research was still possible because it focuses on relative
changes. When a train series has a yellow:number frequency of 300 in the previous 14 days, it is likely that the specific train driver did
not pass a yellow:number aspect in that location all 300 times. However, the train driver is likely to have seen a greater number of
yellow:number aspects than in those cases where the frequency was only 100. The Netherlands has 28 work locations for drivers, with
each location having certain work packages, including some variation in routes but also repetition of routes by the same drivers
(Jacobs, 2016; Standplaats Available online, 2020; Slidestops Hoeveel trajecten rijdt een, 2352). Additionally, the authors analysed
Dutch SPAD reports and frequently noticed train driver statements such as ‘usually in this location there is aspect xyz’, further sup-
porting the notion that the Dutch train drivers indeed drive the same routes repeatedly.

Nonetheless, the research would be improved by replication using driver data. This would also give more insight into how often an
employee actually needs to be exposed to a certain situation for incorrect schema activation and execution to occur, which would give
better guidelines for SPAD prevention.
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Total sample
1,600,000 approaches
29 SPADs

!

Split sample according to pre-defined bins of frequency in past fourteen days.

|

0 times 1-50 times 51-150 times 151-250 times 251-350 times 351-450 times 451-550 times >550 times
900,000 510,000 55,000 40,000 25,000 37,000 31,000 2000
approaches, 13 || approaches, 5 approaches, 0 approaches, 2 approaches, 0 approaches, 5 approaches, 4 approaches, 0
SPADs SPADs SPADs SPADs SPADs SPADs SPADs SPADs
Segment proportion is 0.98*10% (5/510,000), which is lower than the expected
value of 1.8*10 (29/1,600,000) under the assumption that all SPADs are
evenly distributed.
But is 5 out of 510,000 actually unlikely if the 29 SPADs out of 1,600,000 are
distributed evenly?
Randomly draw 510,000 times (segment size) from a variable with 29 SPADs and
. 1,6000,000 red aspect approaches, without replacement. Is the number of drawn
Repeat 100,000 times

SPADs 5 or less? Then record TRUE: our observed value of 5 is attained under H;
of even distribution of SPADs. If not, then record FALSE.

Number of times TRUE divided
by 100,000 is the p-value.

Fig. 5. The p-value is calculated per segment by comparing the observed number of SPADs with the number of expected SPADs if the SPADs are
distributed evenly.

Table 1
SPAD percentage is significantly higher for a frequency of yellow:number aspects between 351 and 550 times
in previous 14 days.

# times in 0 1-50 51-150 151-250 | 251-350 | 351-450 | 451-550 | >550

previous 14

days

# SPADs 13 5 0 2 0 5 4 0

# RAA 649,738 | 323,313 | 48,057 31,053 20,082 36,227 | 29,752 1,443

% * 103 2.00 1.55 0 6.44 0 13.80 13.44 0

p-value N.S. N.S. N.S. N.S. N.S. 0.002 0.006 N.S.
Table 2

SPAD percentage is significantly higher for a frequency of yellow:number aspects between 351 and 450 times
in previous 14 days and a small window for correction.

Window for | Frequency: | 1-50 51-150 | 151-250 | 251-350 | 351-450 | 451-550 | >550
correction:
Large #SPADs 0 0 0 0 0 0 0
(<0.6 m/s?) #ZAA_g 544,037 | 103,675 | 45,036 | 38,098 |29,311 |17,002 | 351
%* 10 0 0 0 0 0 0 0
p-value N.S. N.S. N.S. N.S. N.S. N.S. N.S.
Medium #SPADs 2 0 0 0 0 1 0
(0.6-0.8m/s?) m:AA_3 245,326 | 30,958 | 13,325 | 7,996 13,654 | 8,063 211
%* 10 0.81 0 0 0 0 1240 |0
p-value N.S. N.S. N.S. N.S. N.S. N.S. N.S.
Small #SPADs 4 0 3 1 6 3 0
(>0.8m/s?) #EAA_S 345,537 | 61,080 | 40,157 | 24,695 |39,520 | 34,545 |1,928
%* 10 1.16 0 7.47 4.05 15.18 8.68 0
p-value 0.001 N.S. N.S. N.S. <0.001 | N.S. N.S.
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Another avenue for future research is including the distribution between different types of exposure. Our independent variable was
how often the yellow:number aspect was present in the past fourteen days, for a location where there was currently a yellow aspect.
This gave no information about how often that specific signal was yellow (followed by a red aspect) in the past fourteen days. In
general, the yellow:number aspect as part of a scheduled approach are more frequently present at a given location than the un-
scheduled approach with a yellow. This gave rise to the labeling of yellow:number as the ‘standard’ approach and the ‘yellow’
approach as the ‘deviating approach’. It was however not explicitly taken into account how often train drivers are exposed to the
deviating approach in addition to the exposure to the standard approach. When this information is taken into account in future
research, it could also be relevant to include the sequence of exposure. A train driver might be exposed to the standard approach during
90 approaches and to the deviating approach during 10 approaching, but does it matter if the train driver is exposed to all 90 in a row
before being exposed to a deviating approach versus for example 10 standard approaches followed by 1 deviating approach followed
by a number of standard approaches and then a deviating approach again? Especially when including the latter variable, data on train
driver level rather than on train series level is recommended.

Based on the results of the current study, locations with a higher probability of a SPAD can be identified in Dutch rail if the
following questions are all answered with ‘yes’:

- Are there situations where yellow:number-yellow-red aspect sequences can also be yellow-red in the same location?

- Is the yellow:number aspect frequently present for that location?

- Is there a small window for correction, i.e., is there a large difference between the required deceleration during the yellow:number-
yellow versus the yellow-red approach?’

- Are there no other SPAD prevention mechanisms present such as the auditory warning system?

Interventions to prevent SPADs can be aimed at preventing wrong schema activation, increasing the opportunity for self-correction
and/or implementing intervention mechanisms. To prevent the possibility of the wrong schema activation leading to an error, the
infrastructure design can be improved via adjusted signal placement and/or track speed to make sure there are no locations where the
yellow:number-yellow-red aspect sequence can also be yellow-red in the same location and there is a small window for correction.
When this is not possible for a given location, the probability of wrong schema activation can be reduced by a) decreasing the fre-
quency of yellow:number aspects or b) increasing the dissimilarity between the yellow and yellow:number signal aspects. To increase
the opportunity for self-correction when wrong schema activation cannot be prevented, a) the window of correction can be increased,
b) measures can be taken to increase the probability that the red aspect is perceived from afar (e.g. visibility and line of sight), and c)
the braking power of the trains can be increased. Another option is employing other SPAD prevention methods such as an auditory
warning system or automatic intervention by technical systems.

The Dutch Railways started implementing the Orbit warning system in 2018. Initial results of in-company research projects within
ProRail and NS have shown indications that Orbit has helped to prevent SPADs, although future research is needed to provide evidence
that an auditory warning system such as Orbit can also prevent SPADs in which wrong schema activation occurred. Nonetheless,
understanding the causes of unsuitable deceleration behaviour remains important even when Orbit is also a useful safety barrier in
preventing these types of SPADs. The system simply does not cover all red aspect approaches because it is not implemented in all trains
yet and is not designed to cover all signals. Technical failures are also possible. We advocate the presence of multiple safety barriers,
including supporting the train driver to drive as desired by improving the infrastructure design.

Another reason that this research remains relevant despite technical advances is that it touches upon a larger topic, namely the need
to take previous exposure into account for optimal task design. If (visually) similar situations often require one type of behaviour and
sometimes require different behaviour, then the occurrence of an error should be considered. Employees can correct their own initial
error if they perceive a clear signal (such as a red aspect) in time. It is plausible that this effect does not only apply to the interaction
between the train driver and signal aspects along the tracks, but also during the interaction between the train driver and on-board
systems.

Funding

This research was funded by ProRail, the Dutch rail infrastructure manager.

! ProRail has requirements for minimum distance between signals per speed and speed reduction. In the case of a zero percent slope and a track
speed of 80 km/h, the size of the window for correction is 0.71 m/s? for the shortest possible distance in combination with a yellow:6 aspect. When
the automatic train protection system ATB-EG is present in the tracks, the signal distance must be larger and the size of the window for correction is
0.62 for the shortest possible distance in combination with a yellow:6 aspect. The size of the window for correction is 0.51 m/s? or 0.46 m/s> for the
shortest possible distance in combination with a yellow:4 aspect without and with ATB-EG presence respectively. At a zero percent slope and a track
speed of 60 km/h, the size of the window for correction is 0.45 m/s or 0.39 m/s? for the shortest possible distance in combination with a yellow:4
aspect without and with ATB-EG presence respectively. Thus, at a track speed of 80 km/h, the size of the window for correction is either large (<0.6
m/s?) or medium (0.6-0.8 m/s?) and at a track speed speeds of 60 km/h the size of the window for correction is always large (<0.6 m/s?).
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Appendix

R code for statistical test:
## Statistical testing: get p-value for 1 segment by comparing observed with expected
# below values for frequency bin 351-450 times in Error! Reference source not found.
SPADs<-13+5+0+2+0+5+4+0
RAA<-649738+323313+48057+31053+20082+36227+29752+1443 -SPADs
tot<-SPADs+RAA
values<-c(rep(1,SPADs), rep(0,RAA))
# example values in subset
SPADs_subset<-5
n_subset<-36227
# Prepare for 100000 runs
reps<-100000
result<-logical(length=reps)
# Check side: greater or lesser than; if greater than expected:
if(SPADs_subset>(SPADs/tot*n_subset)){

for(i in l:reps){

# draw random sample of subset size without replacement and check if as many or more
values in drawn as in measured

result[i]<-sum(sample(values, n_subset, replace = F)==1)>=SPADs_subset

}
}

# Check side: greater or lesser than: if lesser than expected:
if(SPADs_subset<(SPADs/tot*n_subset)){
for(i in l:reps){
# draw random sample of subset size without replacement and check if as little or less values in
drawn as in measured
result[i]<-sum(sample(values, n_subset, replace = F)==1)<=SPADs_subset
}
}

p<-sum(result)/reps
p
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