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Abstract

Socio-technical domains with control rooms, such as the Railway Industry, currently face a gap
between the implementation of rigorous user-oriented design and the pace at which
digitalization is required. Research has shown that quantitative Human Factors research
techniques through investigation of constructs such as Situation Awareness, can be useful, if
not essential, to user-oriented control-room design processes. This thesis consists of two parts,
the first of which is a conceptual framework based on a literature review, that focuses on the
interplay between different aspects of control room design and shows how these aspects could
be reconfigured to enable more user-oriented control-room design. The second part of this
thesis is a case-study, which aims to investigate the advantages of integrating quantitative,
Human Factors techniques into the control-room design process by demonstrating the
usefulness of a select range of quantitative, human factors, research techniques. Building on
this conceptual framework, the study asks, what is the plausibility of integrating quantitative
human factors technigues into usability research in control rooms?

Based on a review of various guantitative situation awareness measuring techniques, a
simulation with an existing and a novel interface for train traffic controllers was conducted, and
guantitative data was collected to assess various metrics through eye tracking, interval popup
gueries and a series of self-report questionnaires. Analysis of the ascertained data indicates
that eye-tracking measures are representative of situation awareness when looking at
associations with self-report and probe query measures. The results demonstrate that
guantitative, human factors research techniques are useful in the context of control room design
and should be implemented more extensively. Given the results of the case study in the current
thesis it is recommended that future research further investigates associations between
guantitative research techniques such as eye tracking measures and probe query measures
which assess situation awareness dynamically when investigating control room design.
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1 Introduction

1.1 Background

Control rooms are a critical feature in many workplaces involved in safety monitoring and logistical
organization and have a vast array of setups and uses depending on the industry. Control rooms
are utilized by a variety of industries such as the railway, marine, air, space-traffic-control,
security, military, and mass-transportation sectors (Bennet,1993). Control rooms are likewise
used in varying manners throughout these varying industries. In nuclear power plants there are
generally reactors with turbines, each of which has its own control room, inclusive of sound alarms
stationed by the control boards that have several different systems (Andersson, 2010).
Petrochemical control rooms have traditionally existed as a series of control rooms with separate
functions, each of which has a specialized setup (Kwekkeboom, 2012). In the case of naval
operations, maritime ship bridges are the rooms from which ships are commanded and controlled,
and often have one to several screens presenting an array of essential information (Hareide &
Ostnes, 2017). In the space sector, satellite control room operators must operate physical parts
of the satellite with a software that utilizes three individual screens, and have larger, more holistic
screens present at the center of the room (Berhaupt et al., 2007). And finally in the railway industry
controllers have a several screen setup with monitors positioned in a curved manner to allow
oversight into all areas, with larger and higher resolution monitors in more modern control rooms,
and a phone, and sometimes a radio microphone, for communication with the drivers (Lischke et
al., 2018). The systems present on these computers utilize self-control mechanisms, and allow
controllers to register events, have remote control of the trains and assist drivers in conducting
their operations in a safe manner (Kornaszewski, 2018). Generally, control room design has
indicated a proclivity towards digitization as technology has developed. Because controllers
largely operate systems remotely, the interface design is critical to their job because it serves the
purpose of conveying their highly important and safety-oriented tasks (Anderson, 2010).

Specifically in the Netherlands, traffic controllers (TTCs) working in railwayy control rooms work
with an eight-screen system which allots different applications by function on the different screens,
with the most active ones being centralized (Lo et al., 2017). In the railway industry TTCs are
required to monitor operations and identify abnormalities, alongside ensuring that railway
proceedings such as track logistics, track maintenance, and infrastructure and transport events
are apprehended and attended to in a timely manner, and thus play an integral role in the railway
operation industry. Given the importance of the role of TTC’s, it is crucial that TTC’s can work in
an appealing environment that allows them to execute tasks efficiently, effectively and with
minimal error and maximal reliability.

In the Netherlands the railway sector is expected to experience a sharp incline in train traffic soon
(Van Leijen, 2018), meaning that Dutch railway traffic control rooms will need to be adapted and
updated to cope with this change, with future traffic control room design needing both coherency
and precision. Effective railway control room design should ensure that salient features are
presented well through effective system design (Crawford, Toft and Lift, 2013). A range of
prototypes and setups have previously been investigated to promote the progression of railway
development in the Netherlands, to explore what the future workplace of a TTC could look like
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(Lo et al., 2017). Much of this prototyping has employed usability techniques to assess prototype
efficacy and has been conducted by the infrastructure company Prorail. At present however, there
is still a want for more widespread and unified implementation of human factors methods in control
room environments, particularly in the railway industry (Crawford, Toft and Kift, 2013). Also, while
human factors construct such as mental workload and situation awareness have been extensively
researched in a variety of domains, they have not had a uniform uptake in safety critical domains
such as railways control rooms, although they are deemed to have vast potential for modelling
human navigation of a complex environment (Kovedsi et al., 2018). It has thus been proposed
that traffic-control interface-design must be more extensively researched to support automatic
cognition and decision making in dynamic environments (Kauppi et al, 2006). Moreover, an
emphasis on human-in-the-loop (hereafter HITL) and user centered design in railway control
rooms through rigorous scientific investigation has been emphasized. These are thought to be
crucial factors for effective operator decision making under pressure (Kauppi et al., 2006). In the
same line, increased digitization of safety operator environments has been thought to result in
lowered operator situational awareness, and uneven cognitive workload distribution because
environments have been found to fluctuate between varying degrees of repetitive, automated
tasks, and high-pressure situations (Hareide & Ostnes,2017), making more in-depth investigation
into the interplay between these human factors constructs and design a necessity.

1.2 Purpose and Aim

When accounting for this dynamic state of control room operations at present, and the
process of rapid modernization as well as the want for optimization of control rooms, further
investigation of control room design, through a usability lens, is nhecessary.

The current thesis will thus present:

e A conceptual framework that presents an overview of system design and investigates
potential new methods for control room design analysis, focusing specifically on the role
that human factors can play in this. Subsequently this conceptual framework will be utilized
in a case study that addresses human factors measures relevant to assessing aspects of
control room design and usability.

e A case study to illustrate the conceptual framework, as a steppingstone for future control
room systems research and design, as well as to address the future state of the Dutch
railway industry, which will be the context in which the case study is conducted. The study
will investigate a new interface for TTCs and the efficacy of quantitative tooling.

The overall intention of the current thesis is to contribute to future control room design by exploring
guantitative research approaches in a control room systems context, and to investigate the theory
they are based upon.

Itis hypothesized that quantitative research methods can be used to assess control room systems
design more extensively. The results should be useful for human factors psychologists working in
the ergonomics field. Given that ProRail has previously tested a series of prototypes, the current
research will build on this research by assessing to what extent quantitative usability methods
and tooling are feasible in a control room environment, and representative of human factors
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constructs. Thus, it will ask, what is the plausibility of integrating quantitative human factors
research techniques more extensively into design methods in control rooms?

The current research will likewise add more dimensionality to control room research approaches,
by asking ‘what are the current, ubiquitous methods for analyzing in a control room design?’. This
appraisal will be integrated into a conceptual framework and will in turn assist in paving the way
for incorporating new approaches for control room usability research.

This first chapter of the thesis was intended to introduce the control room environment and give
an overview of design shortcomings and potential solutions, as well as a broad description of what
to expect from this thesis. The upcoming second chapter of this thesis will center around a
literature review which will assess the current state of Human Factors as a field, and the ways in
which it is highly applicable to control room design. The two parts of this chapter, 2.1 and 2.2
focus on relevant human factors constructs and aspects of system design pertaining to control
room environments. Building on this the latter section of the second chapter, 2.3, realizes these
many elements as a conceptual framework for future control room design processes. The
subsequent and final third chapter of this thesis consists of a case study conducted in an applied
research environment with train traffic controllers. The study uses the conceptual framework as a
basis and consists of a series of quantitative and qualitative measures to explore the nature of
control room interface design elements and processes.
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2. Human Factors and Safety Critical Domains

Human factors (HF) and ergonomics is the multi and interdisciplinary domain whereby scientific
and design theory and methods are applied to optimize human and object interactions and
outcomes in a range of settings (Karwowski, 2012). Historically the driving force behind the
accelerated development of the field of human factors was the development of technology. In
contrast to this, it is thought that proactive, verified design methods with the intent of
optimization should drive the development of technology in the future (Karwowski, 2012). For
this to occur, a larger emphasis should be placed on fitting design to work with natural
limitations such as human perception and operator fatigue so that it operates in a bottom-up
manner, rather than designing without consideration of natural constraints, and disregarding
technological ecology (which in the case of control rooms would refer to humans and the
technology/ machines at hand) and designing in a top-down manner (Karwowski, 2012).

The Human Factors and Ergonomics Society has advocated for rigorous application of
knowledge with regards to human characteristics, but the definition has often played out in a
limited scope and primarily dealt with spatial domains, such as ergonomic alteration of
workspaces to prevent poor posture for example (Karwowski, 2012). Karwowski (1997)
introduced the notion of human compatible systems investigation and design, whereby objective
and direct (e.g., psychophysiological measurements) next to subjective and indirect (that is
gualitative) metrics are applied to establish more clearly which specific human outcomes are the
result of specific HF contexts. Moreover, it is important to consider that the (re)design of control
rooms, is contextually dependent upon the symbiosis of the human, the technology, and the
organizations in which these changes are being implemented in which case a more holistic
approach may not also be feasible when considering time and monetary constraints, or safety
procedures and organizational policies (Karwowski, 2012; Johnsen & Veen, 2007). Thus, in line
with this notion, the current thesis will review the state of human factors implementation and
investigation in complex sociotechnical domains where safety critical work is performed.
Furthermore, this chapter is intended to illustrate the many components that are relevant to
improved control room design investigation. Each of these components has been subjected to
literature review and are outlined as single points below. At the end of this chapter the interplay
between these components will be illustrated with a conceptual framework diagram.

2.1 Systems Design

Historically, system design in a human factors context has involved a reductionist approach that
has been operationalized without extensive considerations for behavioral aspects of the
systems at hand and has instead primarily supported the application of engineering and
sociotechnical systems (Czaja & Nair, 2012). The systems approach to system design involves
the consideration of all system components and their interplay with regards to the system goals
for evaluating a specific concept (Czaja & Nair, 2012). However, systems currently in place in
safety critical domains are usually too complex for the integration of a set of individual
subsystems to support user experience and have resulted in suboptimal performance and
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design (Sage & Rouse, 2009). Likewise, systems have been found to fall short of the mark in
novel, unprecedented situations involving people (Gorman et al., 2010). These findings highlight
both the dire need for consideration of the human element to cope with these shortcomings and
the need for coordinated and critical implementation of subsystems.

There have been general trends towards control room modernization and redesign across
different sectors, to ensure that processes become more effective, efficient and standardized
(Kwekkeboom, 2012). As previously stated, the integration of human factors into control room
design has been proposed to be an important, if not essential, step in future control room
interface design (Dos Santos et al., 2007). In the petrochemical industry, there has been a push
to centralize control rooms into one facility, to increase efficiency and improve communications
(Millner et al., 2016), as well as a push for the implementation of a unified safety system
(Kwekkeboom, 2012). Nuclear power plant control rooms have seen increased digitalization of
traditionally analogue systems throughout the process of modernization (Salo & Savioja, 2006),
as well as a push for larger screens usage to attain a more holistic perspective of processes
occurring (Harrefors, 2008). In railway sectors there has been emphasis placed on user
centered design, with clean and integrated presentation of information being a key target, as
well as homing in on interfaces optimization for controller use (Elliot, 2010). Likewise challenges
have been presented with the increasing digitization of the environment with a want for system
redesign arising (Andersson et al., 1999). Control room operators thus often work with complex
systems in a fluctuating environment, making their profession a highly skilled and specialized
one (Kluge et al., 2014). Like any specialized profession, this can lend to difficulties in recruiting
and retaining operators.

Specifically in the Railway sector, insufficient integration of human factors into safety
management has been found to be a significant contributory factor for human to system
incompatibility (Crawford et al., 2013). Furthermore, in many countries there is no standardized
human factors tooling established for use in the context of a Railway control room setting
(Crawford et al., 2013). This has been thought to occur because of a lack of system unification
between different types of operations (such as metropolitan versus regional) as well as top-
down design that hasn’t sufficiently considered MMI clashes and differing organizational
standards between and within countries whereby there is no distinct human factors integration
policy (Crawford et al., 2013). Boring and Joe (2015) propose that control room modernization
guidelines are missing the mark by focusing on regulatory processes alone, rather than
assimilating ergonomics and usability baseline evaluations into their framework. These two
evaluation types consider systems currently in use and assess the operator performance and
potential design shortcomings respectively, to better inform design of replacement, subsequent
systems (Boring & Joe, 2015).

Furthermore, lack of ergonomics contribution in early control room design phases has too often
resulted in installation and instrumentation by technicians that have not considered the
requirements and procedures of the operator's job (Pikkar, 1992). It has also been emphasized
that future control room system design needs to be human-centric and based on clarified
workflow and user experience to allow tools and functions to coevolve (Mentler et al., 2018). In
the same line, Kovedsi et al (2017) place particular emphasis on the efficacy of eye-tracking
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measures for measurement and evaluation of control room modernization, suggesting that eye-
tracking metrics are an integral addition to the diverse set of tools that could be used to facilitate
future human-system interplay and system design in control rooms.

2.2.1 Automation

2.2.1.1 Automation and System Design

Varying degrees of automation are widespread in sociotechnical setups at present (Mentler et
al., 2018) and have been implemented in safety critical fields to reduce the overall mental
workload of the operator to take care of mundane, repetitive tasks (Bannon, 1991) and to
increase efficiency and system productivity (Andersson, 2010). Ideal automation in a human
machine interface functions symbiotically and uses features as a memory aid to guide operators
working under time pressure (Boy, 1995). Moreover, because MMI has been implemented at an
accelerated pace into control rooms, and because there is much more flexibility in design than
there is for traditional hardware setups, many automated systems lack a standardized design
framework, which would be ideal for implementation (Kitamura et al., 2005). Measuring these
setups is a very complex task with an unprecedented number of display possibilities and volume
of communication, as well as an increased number of formats and control modalities (such as
verbal commands) (Czaja & Nair, 2012). Also, latency in response to emergencies due to poor
alert signaling and thus poor perception of it from operators and difficulty in problem diagnosis,
combined withs the fact that these activities take time themselves before the emergency can be
attended to is where human error comes in to play because of the out of the loop performance
problem (Endsley & Rodgers, 1996). Likewise, usability comes into play in high responsibility
MMI environments given that intuitive representation of complex systems displayed information
is remarkably difficult (Endsley & Rodgers, 1996).

2.2.1.2. Automation and human error

Historically in literature there has been a tendency to attribute the error in MMI environments
more towards human error, but it is more important to look more broadly to the overall
mechanisms of the environment at hand (Young & Stanton, 2002). It has been found that poor
automation system response arising out of outdated control equipment results in ad-hoc
adjustments by human operators, which should not be viewed as violations of reliability but
rather conditioned reactions to cope with unanticipated events in the system design
(DeCarvalho, 2005). It has likewise been found in traffic operator environments that all too often
system developers automate easy, monotonous tasks, and leave traffic operators with a mixed
bag of cognitively heavy tasks that after a period of sustained attention will promote fatigue
(Dadashi et al., 2013; Endsley & Rodgers, 1996). Mental workload in the automation
environment has been shown to be altered, with work underload due to automation can be as
detrimental and mental work overload, with environments that fluctuate rapidly between the two
being especially extreme (Young & Stanton, 2002). Moreover, because automated systems at
present can have more rules, decision pathways, and multiple controller regions it can be said
that operators must grapple with this burdening their MW level when interacting with a new
system, because lack of standardization requires operators to learn each design vision anew
(Czaja & Nair, 2012). With regards to situation awareness, it is proposed that three
mechanisms are at work with the impact automation has upon it, these being namely that
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automation alters the way in which operators receive feedback and each system varies in the
way it is presented (thus operators must be aware of this), also fluctuations between vigilance
and complacency occur more because operators must be continuously monitoring between
spurts of activity, and finally automation means that operators must take a more passive role
than prior to automation implementation leading to a more complacent, lowered state of
situational awareness overall (Endsley, 1996). It is proposed that especially in the case of
railway control rooms, intricate MMI workplace structures and processes need to be accounted
for in the planning of technological implementation (Dardashi et al., 2013).

Given that control rooms are likely to contain even higher levels of integrated automation,
because operators will need to cover more expansive track areas, automation is an important
element to consider when assessing system design of future control rooms. The concept of
levels of automation in a control room are important to the system design of the control room,
given that there is a risk that the tasks left for the human to control are either too simple or too
complex (as previously mentioned), meaning that often tasks which are very simple are too
expensive and seldom occurring to automate, and tasks which are very complex often need
updating and are too difficult to program (Andersson, 2010). If the human element level of
participation in the overall system is too little most of the time (that is, when performing more
passive and repetitive tasks) but alertness is suddenly needed when an emergency occurs,
operators will have to suddenly fluctuate between complacency and vigilance (Andersson,
2010). Likewise, a sense of control has been found to be intrinsic in control room operator job
satisfaction with too low a level leading to disenfranchisement to occupation (Reiman &
Oedewald, 2009). Also trust in automation is important in avoiding misuse and disuse (Lee &
See, 2004). Specifically in the context of train traffic management technology, human
automation design and continuous integration efforts have been highlighted as mechanisms of
risk to both safety and railway operations functionality (Crawford & Kift, 2018). Several key
trends have been found to be relevant to these automation issues in the railway control rooms,
which are namely, large scale changes in safety procedures because of technological change,
end user uptake of technological systems with rapidly increasing complexity, increasingly
sedentary work and increasing demand for data analytics to support process optimization
(Crawford & Kift, 2018). Moreover, investigation has shown that end user occupational
requirements are not being acknowledged or met due to a lack of time for implementation and
training (Crawford et al., 2014). Likewise, organizational factors such as slow adoption of
technology, lack of accountability and top-down project implementation were also shown to
diminish the adoption of technology to support resilient organizational processes in the railway
sector (Crawford et al., 2014). It is therefore important to examine the interplay these elements
of automation have when looking at control system learnability and design (Bannon, 1991,
Andersson, 2010).

2.2.2 Prototyping

An effective method for ensuring that a future system design is effective is prototyping, which is
a widespread method used in the display and testing of a new interface or system. Prototyping
typically involves the testing of concepts such as new functionalities and interface, in order to
develop and pilot new designs before they are implemented (Barbieri et al., 2013; Walker et al.,
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2014). Prototyping can utilize a selection of physical archetypes to allow participants to compare
features of different options (Barbieri et al., 2013). On the other hand, virtual prototype testing is
a method which allows for decentralized system design and development and allows
participants to manipulate the model through a screen (Kuutii et al., 2001). Prototypes can differ
in terms of high and low fidelity between and within their categories (Rudd et al., 1996), however
it has been found that level of fidelity is not necessarily integral to uncovering usability issues in
the process of system design (Uebelbacher et al., 2014).

2.2.2.1. Low fidelity prototyping

Low fidelity prototyping is advantageous because designers can easily and affordably generate
prototypes that can be discarded by clients without a big loss of resources and effort, whilst also
allowing designers to gauge user’s responses with a raw version of a prototype before investing
energy into creating a high fidelity version (Lewis, 2012). Low fidelity prototypes are created less
for appraising interaction and more for depiction of alternatives, setups, and conceptualizations
to inform users and clients of the overall basis for addressing the problem statement with this
rough design (Camburn et al., 2017). Low fidelity prototyping is pertinent to agile design
methodologies because they allow designers to draw from a large pool of iterations that evolve
and adapt over time to eventually form a higher fidelity prototype (Camburn et al., 2017). When
prototyping is performed well, the conceptualisation of a high-fidelity prototype features will be
grounded in previous iterations of low fidelity prototypes (Camburn et al., 2017). Low fidelity
prototyping done with simple tools such as pencil and paper has been theorised to be highly
effective because designers don't get bogged down in the technicalities of navigating software
and can thus have a higher output of iterations, making the path to the higher fidelity prototype
more efficient (Camburn et al., 2017).

2.2.2.2 Mockups and High-Fidelity Prototyping

Wireframes, storyboards, wire flows and mockups are important terms in the prototyping
lexicon. Wireframe refers to either the initial (low fidelity, usually static) series of sketches
representing the interface or environment setup being designed serving the purpose of a
blueprint, or high-fidelity wireframes which are used to test aspects or interface features usually
on a screen or between multiple screens (Camburn et al., 2017). Storyboards utilize simple
software like PowerPoint (but can also use specialized software or even be done in analog
format) and are a sequential flow of wireframes to establish a narrative for the user for the task
at hand and assist in elucidating features in the early stages of development (Camburn et al.,
2017). Wireflows also represent the sequential flow of wireframes but rather than a linear
representation it identifies user flow multidimensionally, allowing for multiple navigation paths
and representation of complex interactions and user paths (Camburn et al., 2017). Mockups are
a high fidelity, nonfunctional, static representation of a design that portray the aesthetic of the
final prototype and are often utilized after the wireflow stage of prototyping (Sauer et al., 2010).
These prototyping methods are pertinent to interactive design because they allow for
deliberated evolution of a system or product, ensuring that the most pragmatic outcome is
reached (Camburn et al., 2017), making higher fidelity testing more desirable in technical
environments where avoidance of human error is key to ensuring systems work optimally (Otto
& Wood, 2001). Simulation environments are applicable when other elements come into play,
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such as hardware, and a higher fidelity, emulated approach is required (Camburn et al., 2017).
Simulations are an important resource for informing system design in sociotechnical systems,
where they can be used to test out the knowledge and skills of operators, and use the results to
inform change, as well as allowing research teams to engage with stakeholders in company
contexts to ensure open communication about system design decisions based on the users (Lo,
2020).

2.2.2.3 Human in The Loop Mockup

In safety critical environments a common method for assessing usability involves testing a
prototype in a human in the loop (hereafter HITL) mockup, which is a methodology that was
established to both compensate for the constraints of human performance, as well as to
enhance human performance outcomes (LeBlanc, 2014). HITL prototyping is utilized to both
verify performance and safety standards as well as for testing different iterations of a prototype
at varying levels of fidelity before actual implementation (LeBlanc, 2014). HITL simulations
require validated simulator tools to create an accurate model which represents interactions
between elements which would occur in the actual work environment. Likewise, operators with
specific knowledge of local features should be engaged in the research to strengthen HITL
simulation validity (Lo, 2020).

It has likewise been theorized that in safety critical environments quantitative data is required to
accurately model operator performance and develop a system that accounts for HITL, so that
the system can effectively interpret and adapt to operator performance and is thus inherent to
human factors techniques (Hu et al., 2019). The reason that HITL prototyping is so prevalent in
safety critical settings, is that humans are adaptable to the dynamic nature of safety critical
situations, and that the adaptable behavior of humans is currently not automatable (Hu et al.,
2019). HITL simulators are used to show how higher fidelity, later prototypes with functioning
interfaces work correctly and cohesively (Hu et al., 2019).

2.2.2.4. Automated usability prototype testing

The idea of a simulator or prototype with built in, standardized usability assessment tools has
long been contemplated as an attractive alternative to traditional usability techniques, since it
would be more time efficient and less consumptive of resources (Chang & Dillon, 1997).
Traditionally automated usability has been conceptualized as a software which is installed on
the computer that automatically runs in the operating system in the background and can capture
the user’s interactions with an array of applications with full dimensionality (Chang & Dillon,
1997). More recently a need for remote automated usability practices has arisen alongside the
rapid process of agile software development, with software being developed that both allows
prototype creation and usability evaluation simultaneously, alongside remote testing of potential
users (Hosseini-Khayat, Hellmann & Maurer, 2010). In mobile applications, automated usability
tools have been developed into a recording framework whereby a specific pattern of interactions
is recognized and sent to a central server for analysis (Kluth, Krempels & Samsel, 2014). This
type of pattern-based GUI testing is usually based on a series of Human-Computer Interaction
test patterns that are configurable to different applications (Kluth, Krempels & Samsel, 2014;
Dias, 2017). However, not all tools labelled automated usability testing tools are testing for
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usability, with many tools depicting one dimensional results such as site abandonment or
screens visited without embedding the results into a more specific context (Dicks, 2002). In
sociotechnical domains where systems are designed to be technocentric, and basic usability
concepts and human centric design have not been adequately considered in the design process
(Meier & Merten, 2017), reaching automated usability is a two-step process whereby human
centered design and more traditional usability techniques would be the first step to gain insight
into the kinds of parameters that might be investigated. Likewise, it is also important to note that
the kind of automated usability that has been implemented in other domains, such as web
development, could manifest differently in the sociotechnical domain, and that automated
usability practices should be relevant and specific to the domain at hand (for example, train
traffic control).

2.2.2.5. Prototyping the future workplace of a train traffic controller

ProRail B.v. is the company where the majority of TTCs in the Netherlands work and is tasked
with handling the network railway infrastructure activities, railway traffic flow and rail allocation,
and is thus the employer of the vast majority of TTC’s in the Netherlands. ProRail has previously
investigated a range of prototypes to promote railway innovation in the Netherlands. The future
workplace of a TTC has been explored by developing a concept of a machine man interface (MMI)
that was based on the current system functionality and the current tasks of a TTC, with the
workplace of TTC’s in Zwolle being used as a pilot (Lo et al., 2017). A diverse range of materials,
methods and techniques were used to determine how the ideal workplace could look, and it was
found that intuitive interaction with the task environment alongside precise and clean delivery of
information and ergonomic aspects of physical space were all integral factors to be addressed
(Lo et al., 2017). It was emphasized that future development should be centered around user
friendly design, with this phase focusing primarily on envisioning the future workplace and
exploring ergonomic elements (Lo et al., 2017). Following these two rounds of a total of six varying
hardware setups were assessed (with applications and hardware making the demo up as a
whole), and an additional touchscreen which is not present in the current TTC workplace. This
phase utilized task analysis, interviews and eye-tracking to determine what the use of the current
system is and explored guidelines that had to be fulfilled by the future workplace and resulted in
three sketch mockups which bigger screens within the ergonomic guidelines were ideal (Lo et al.,
2017).

The next stage of testing the future workplace will be conducted by means of the case study
presented in the subsequent chapter of the current thesis, which will center around the
comparison of the current interface with a new interface, which is under development for a new
system being developed. The case study will examine the efficacy of different human factors
methods in control room testing by gaining insight from quantitative data collection (such as eye-
tracking, situation awareness pop-up probes and simulation logging), as well as more contextual
guantitative methods (such as Likert scales, to assess usability, validity and user experience),
and qualitative open-end questions and debriefings.

2.2 Constructs



The Future Railway Control Room 15

Commonly utilized constructs in the human factors field are conceptualized as operating on a
cognitive level and manifesting themselves through behavioral and psychophysiological
outcomes (Durso & Alexander, 2010). They have likewise been shown to be distinct from other
kinds of ubiquitous psychological constructs such as memory through both a large body of
empirical evidence and theoretical frameworks (Durso & Alexander, 2010; Vidulich, 2012). Like
many scientific disciplines, the constructs and their interrelationships form a basis for human
factors as a discipline (Vidulich, 2012). Key constructs like mental workload (MW) and
situational awareness (SA) evolved out of a need to model the mental processes of operators
during man machine interaction (MMI), when the attainment of specific information surrounding
operator cognition was not possible (Vidulich, 2012). It has been argued there are many more
cognitive constructs can provide insight into complex MMI relations, such as human error
metrics, performance measures and decision-making models to name a few (Parasuraman et
al., 2008). However, it also has been argued that MWL and SA (they) serve a more operational
purpose as tools utilized in predicting outcomes in safety critical environments (DeWinter,
2014). Therefore, the current thesis will thus focus on these two key concepts that are
predominant at present in human factors literature.

2.2.1 Task Analysis

Ergonomic task analysis involves stripping a task back to its basic components, that is,
investigating who does what, and why, and how (Hollnagel, 2012). Ergonomic task analysis is
necessary to assess complex and collaborative activities at their primary components, as well
as the manners in which these primary components have interplay and to what extent each
component is represented by an autonomous mechanism (Hollnagel, 2012). Also, it is
necessary to assess interdependency among human elements as well as interaction in the
mastering of complex technological elements (Hollnagel, 2012). In control room environments
hierarchical task analysis (HTA) is a widespread task analysis tool that decomposes a primary
task into a series of subtasks until an elementary level of tasks is reached, with each subtask
having a goal, and each pathway through the HTA portraying a sequence that could occur as
the result of an interaction between the TTC/ operator and the system (Hollnagel, 2012).
Cognitive task analysis (CTA) is another type of task analysis which assesses the required
skillset and the mental demand of a task, with applied cognitive task analysis veering more in
the direction of the design world (Millitello & Hutton, 1998), and more general CTAs being
focused on high level operations (Schachak et al., 2009). HTA and CTA have been
differentiated by their outcomes, with HTA being more goal oriented, and descriptive of system
characteristics, and CTA being more attuned to identifying system constraints and potential
outcomes (Salmon et al., 2009).

2.2.2 Usability Testing, Interactive Design and User Experience

Usability is a widespread construct that is commonly used in the quest to find optimal design
strategies. It is determined by the synergy between the user and tools, in the context of the task
and environment (Schackel et al., 2009). Usability assessment is conducted with the aim of
conforming visual and tactile aspects of a systems design to make them intuitive to functionality
and purpose (Sulaiiman et al., 2009), thus making it a valuable tool for analyzing control room
design in safety critical contexts such as the TTCs work environment. Usability research
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techniques are employed to probe design efficacy by assessing to what extent users can reach
end goals (Schackel et al., 2009). Usability was created because of two diverging necessities,
the first of which emerged from the intention to correct deficiencies in existing technology, and
the other of which emerged from the intention to intervene early in the design process and
ensure design was intuitive to future user’s requirements (Lewis, 2012). With regards to human
factors and usability specifically, successful testing methods have mostly involved case studies
done in an iterative manner, with careful documentation and interpretation of results (Lewis,
2012). Usability is a process integrated into design practices in both Human Factors and User
Experience fields to ensure that products are relevant and intuitive to users (Furniss et al.,
2018).

2.1.5.1. User Experience

User experience (UX hereafter) is a relevant but distinct field to human factors, that is
sometimes confounded with it, and that also utilizes usability as a testing construct and aims to
uncover valid pitfalls in design, amend them and test them in an iterative manner (Barnum,
2019). UX was born out of a need for a pragmatic, user centered approach in real world
business settings, such as web development (Rajanan et al., 2017). Shortcomings in the UX
field have been outlined as a lack of valid research approach, real user participation and/ or a
shortfall in moderator skill (Barnhem, 2019). Likewise, a focus on only consistency of outcome
rather than effective practices, as well as UX democratization (whereby processes are
standardized to a point where methods can no longer be tailored to specific contexts, and quick
outcomes are expected) has led seasoned UX practitioners to postulate that UX practice is
becoming more diluted and potential downfalls of design could be overlooked (Barnem, 2019).
On the flipside there has also been an emphasis placed on the need to standardize UX design
to promote ethical practices and consult academic research from fields dealing in cognition and
psychology, to avoid UX design that is able to manipulate users in an unsavory manner, such as
social media platforms with features like endless scrolling that are designed to be addictive
(Gray et al., 2018).

2.1.5.2. User Experience and Human Factors

While both UX and human factors fields focus on adapting environments to be more human
centric, UX diverges from Human Factors in that UX practitioners work in contexts primarily
consisting of interactive systems which are used in a broad range of contexts such as mobile
apps, websites, and physical spaces, whereas human factors practitioners generally work in
more technical settings such as safety critical ones (for example, in control rooms) (Furniss et
al., 2018). Both UX and human factors fields have been confronted with the issue of being
interpreted as solely aesthetic design in some industries, but UX has in general had a higher
uptake, likely because it is seen as more pragmatic and implementable, and Human Factors is
generally interpreted as being more solely academic and applied in academic and technical
settings specifically (Fraser & Plewes, 2015; Hassenzahl, 2008). However, it is important to note
that these two fields could be a subset of each other, and that academia has generally conflated
the two terms such that they are sometimes used interchangeably and sometimes semantically
different because of the different contexts they appear in (Fraser & Plewes, 2015; Hassenzahl,
2008).
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Moreover, investigative trends in UX tend towards more qualitative approaches and the human
factors field has generally used a combination of both. UX commonly utilizes subjective
interpretations of a system or interface which allows for precise and personalized analysis.
Current and retrospective ‘think aloud’ and open-ended queries allow users to clarify their
comprehension of, and interaction with an environment or prototype, with task based versus
open exploration qualitative setups allowing for different usability perspectives to emerge in real
time (Sulaiman et al., 2008; Fabo & Durikovic, 2012; Kuutii et al., 2001). While these methods
give a large range of responses that can be difficult to interpret in a concise, resource efficient
manner, they allow for a diversified range of responses and exploratory learning and can be
useful in fine tuning bottlenecks because users can elaborate on their subjective experiences
critically (Sulaiman et al., 2008). Qualitative research methods have been shown to produce
problems such as self-report bias and secondary task distraction (Schiessl et al., 2003).

2.1.5.3. Interaction Design

Interaction design is also a widespread term relevant to usability, and is the application of
usability techniques, with emphasis placed upon the concept of active users (that is users as
agents for whom the design is instrumental in achieving an outcome) and has been employed
as a term in the fields of human factors and human computer interaction (Bannon, 1991).
Interaction design occurs in both technical and other environments looking at user experience
and can be thought of as the confluence of science, engineering, and artistic design practices to
reach pragmatic, scientifically sound and effective outcomes (Zimmerman et al., 2007).
Affordances are an important example of a notion present in the interaction design field that
depict how interaction design is pertinent to technical environments such as control rooms by
referring to what a specific design characteristic offers a user (Hartson, 2003). Hornbaeck and
Stager (2006) pointed out that the fusion between usability engineering and interaction design
has been frequently suboptimal, and suggest that either clear usability evaluation and
interaction design roles need to be established to better ensure that no steps in the process of
ensuring that relevant concerns fall through the cracks, or that the two types of roles are
integrated together and performed by practitioners with knowledge of the significance of both
roles in good design.

2.1.5.4. Usability research in the Sociotechnical environment

Sociotechnical environment-based usability research has consisted of both qualitative and
guantitative research methods used both separately and in conjunction with one another in
control rooms (Greenberg & Buxton, 2008; Sulaiman et al., 2008). Both methods are crucial to
safety critical environments because the complexity of the systems and their tasks leaves
investigation prone to reliability issues when just one type of method is used (Lewis, 2012).
While control rooms previously had usability issues regarding physical distance between
equipment and heavy physical strain sometimes, depending on the line of work, currently there
is thought to be more issues surrounding information presentation, with such an influx of
information being available to operators that a funnel effect is thought to occur whereby only a
small amount of information being presented can be processed by the operators themselves
(Rassmussen & Laumann, 2014). Interaction design in control rooms at present involves not
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just consideration of the user but also the safety procedures (Boring et al., 2005). Thus, it is
important that control room usability investigation today promotes effective tactics for presenting
salient information and address pitfalls such as lack of unification for aspects such as
procedural protocol, color coding and semantic control room elements (Rassmussen &
Laumann, 2014).

2.2.3 Situational awareness (SA)

SA is formally understood as the mental blueprint of the operator at a specific point in time in a
given work environment (Endsley, 2012). SA is conceptualized as a three-level procedure
whereby aspects of an environment are perceived, comprehended for their meaning, and
subsequently projected for their future status, and responded to accordingly (Endsley, 1996).
Attention is closely intertwined with SA and is a multifaceted construct that is in continual
interplay with many cognitive processes, with different types of attention being confined to
different parts of the brain in terms of cortical activation (Vidulich & Tsang, 2012). In line with
this, safety critical settings such as those experienced by TTCs have environments with
subtasks that demand similar attention, creating competition for attentional resources. Also,
attention allocation is thought to be somewhat strategic and voluntary, with prioritisation of
attention changing with changing task demands in safety critical settings (Vidulich & Tsang,
2012).

Also, it is important to note that SA is closely tied to working memory, and timely perception of
patterns and objects are not possible without ease of contact to prior knowledge, and thus both
declarative and procedural knowledge retrieval from long term memory must occur by means of
working memory (Vidulich & Tsang, 2012). Because of this SA can differ between operators
who have accumulated differing levels of knowledge and expertise (which is largely learned, by
means of deliberation) over time (Lo, Sehic, Brookhuis & Meijer, 2016; Vidulich & Tsang, 2012).
On the same note, experts tend to have more structured knowledge in their long-term memory
(through practice and association), so it is more efficient for them to retrieve it (Vidulich &
Tsang, 2012). Strategic management is a quality thought to be present in operators who exhibit
a high level of SA, and involves continuous chunking, strategizing, and reshuffling of
information, alongside the inhibition of non-salient information (Vidulich & Tsang, 2012). Thus,
SA itself is a distinct construct that, while related to other more broadly applied psychological
constructs, cannot be solely defined by them in a reductionist manner. Moreover, good operator
situational awareness can be thought of as the operators and the environment's abilities to
facilitate operator sustainment of attention as well as support the operator in coping with and
perceiving fluctuating elements in a complex environment.

High responsibility domains, such as those used in the Railway sector by TTCs, require highly
complex systems which accumulate a mass of data to execute tasks such as railway traffic
management. More specifically, a TTC must first perceive elements of their environment, such
as what is occurring on the planning screen and the service screen, where different trains are
positioned, what subtasks are waiting to be performed. Level two SA would involve the TTC
going beyond being solely aware of these elements, and considering how they are instrumental
to specific goals, and comprehending salient features to form a holistic notion of the
environment. For example, the TTC may have to perceive what level of danger a specific track
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disturbance presents and what they can do to mitigate the seriousness of the situation's
outcome. Level three SA would involve the TTC being able to project what will occur in the near
future given what disturbance has occurred at present, which is achieved by means of
mastering the first two levels of situational awareness and having a knowledge of the situation
and dynamics at hand. Good railway TTC system design recognizes that it is beneficial to
enhance situational awareness for train traffic controllers, both through physical (for example, by
use of haptic feedback) and cognitive facilitation. The integration of highly complex systems
usually results in an overload of information conveyance through channels, which is where
human error usually comes into play (Endsley, 2012). In the case of high responsibility domains,
it is important to recognize that true SA exists within the operators own mental model and
design should be centered around this (Endsley, 2012). Thus there is a need necessitated for
the investigation into how SA can be better promoted by control room design, and how it can be
better used as a tool to inform control room design, given that it is mental workload and situation
awareness are considered two of the strongest tools in identifying human-system performance
mechanisms (Vidulich & Tsang, 2015) .

2.2.4. Mental workload (MWL)

Mental workload is conceptualized in a variety of ways. The simplest definition conceptualizes it
as the mental cost of completing a given task at hand (Fallahi et al., 2016). More elaborately
put, it is the balance between the cognitive resources, such as working memory and attention,
required by a specific task, and the availability of those resources from the operator completing
the task, in a supply and demand type of interplay (Parasuraman et al., 2008). Another
conceptualization of MWL is made through two key determinants; the exogenous task demands
(such as specified task features like contextual factors, priority and difficulty) and the
endogenous supply of cognitive resources (such as planning, memorizing and making and
executing decisions), which is mediated by the individual's innate aptitude as well as expertise
and skills (Vidulich & Tsang, 2012). Moreover, MWL is thought to be an intervening variable that
is inferred from performance measures and is thought to causally influence performance
outcomes (Kantowitz, 2000). When MWL is either too high or too low, it is thought to result in
error in performance (Kantowitz, 2000; Foy & Chapman, 2018).

It is important to recognize that MWL and SA have a high degree of interplay in complex, safety
critical settings, and there are many elements to cognition simultaneously interacting with one
another (Vidulich & Tsang, 2012). While SA refers to the state of vigilance that the operator can
sustain in the control room and the cognitive mechanisms at work, MWL generally refers to the
workload demand relative to the resources available to cope with it and the quantitative amount
of these resources required (Stephens et al., 2015; Wickens, 2003). Moreover, SA can be
thought of as competing with MWL in the case that performance may be sacrificed to maintain
longevity of SA, but on the other hand working hard and being engaged could also assist in
sustaining SA (especially in the case of higher expertise) in which case having a higher MWL
can assist in having higher SA (Vidulich & Tsang, 2012). Also having a poor SA does not
necessarily have to impinge on performance outcomes, in the case of repetitive, easy tasks,
and a poor SA could also cause accumulation of workload which would require SA to increase
again (Vidulich & Tsang, 2012).MWL can also be differentiated from attention, in that attentional
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resources are fuel allowing the task to be completed and mental workload is the object that the
fuel must transport to get the task status from impending to completed (Vidulich & Tsang, 2012).
Likewise, the metrics that represent MWL best differ from those that are best for situational
awareness and attention, because while all three constructs correlate to an extent, they are
distinct. Because of the distinct, yet interrelated nature of situational awareness and mental
workload, investigation of mental workload as a viable design assessment tool through both its
reliability and whether it can be alleviated for operators through better design is necessary to
more human centered control room design.

2.2.5 Human Error

Human error is a key human factors concept that assesses the human element in complex
systems, such as control rooms, to investigate how dangerous events occur and what can be
done to avoid them (DosSantos et al., 2008). In the human error community, reliability models
generally aim to avoid mistakes, which naturally results in a requirement of the system to direct
or control the fluctuation of human behavior (Reiman & Oedewald, 2009). However, in the case
of human error models it is important that the parameters for what constitutes normal human
behavior doesn’t become overly restrictive, given that the majority of the time most workers
have the best interest of their occupation in mind and will work towards optimizing outcomes
and processes (Reiman & Oedewald, 2009). In control room settings human reliability analyses
(HRA) are predominantly used for the quantitative assessment of the reliability of human
operators and utilize hierarchical task analyses to split a set of tasks into subtasks in order to
analyze the most fine-grain components of the system (Pouya et al., 2017). While human error
is a prevalent human factors construct, it has been proposed that human error would be
somewhat negated by more human centric design (Czaja & Nair, 2012). Furthermore, it has
been emphasized that the intricate relationship between humans, technology and organizational
factors such as regulatory and managerial processes need to be adequately considered when
appraising human error in a given context (Reiman & Oedewald, 2009).

2.3 A Conceptual Framework for Control Room Design

ProRail is the Dutch railway infrastructure manager and is tasked with handling the network
railway infrastructure activities, railway traffic flow and allocation and is the employer of the vast
majority of TTC’s in the Netherlands. ProRail has thus previously investigated a range of
prototypes to promote railway innovation in the Netherlands. The future workplace of a TTC has
been explored by developing a concept of a machine man interface (MMI) that was based on the
current system functionality and the current tasks of a TTC, with the workplace of TTC’s in Zwolle
being used as a pilot (Lo et al., 2017). A diverse range of materials, methods and techniques were
used to determine how the ideal workplace could look, and it was found that intuitive interaction
with the task environment alongside precise and clean delivery of information and ergonomic
aspects of physical space were all integral factors to be addressed (Lo et al., 2017). In particular
future development that is centered around user friendly design was emphasized, with this phase
focusing primarily on envisioning the future workplace and exploring ergonomic elements (Lo et
al., 2017). Following this research two rounds of a total of six varying hardware setups were
assessed (with applications and hardware making the demo up as a whole), and an additional
touchscreen which is not present in the current TTC workplace. This phase utilized task analysis,
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interviews and eye-tracking to determine what the use of the current system is and explored
guidelines that had to be fulfilled by the future workplace, and resulted in three sketch mockups
which bigger screens within the ergonomic guidelines were ideal (Lo et al., 2017). Thus, an
interface that can not only support cognitive processes, but enhance SA and alleviate the burden
of a hefty MW is thus an ideal outcome of usability testing in both control room simulation and
mockup (Vidulich, 2012). However, as is the case with many research techniques, usability
investigation in the safety critical domain is evolving and fluctuating and there have been
contradictions and theoretical gaps in the investigation of usability in safety critical domains and
the implementation of human factors methods to improve it.

Given all this, the components of this chapter detail both the control room environment and
design process show control rooms to be dynamic, systematic environments that involve
operator/system interaction, in a high responsibility organizational context to complete tasks
effectively in a time efficient manner. The trend of multiple sociotechnical domains working
towards achieving human machine symbiosis imply changes to system design which in turn
implies changes to interface design. There is at present a need to introduce HF research early
in the design process, rather than devoting resources to solely usability-based research, as well
as a need to develop usability research so that it involves quantitative and qualitative measures
to enrich the decision-making process for design related outcomes.

These HF concepts and constructs, alongside the UX concept of usability and the focus on
guantitative tooling and measurement form the core structure of the current conceptual
framework and will be the basis for which the case study in the next section is both designed
and operationalized.

Fig 1. Conceptual Framework for Control Room (CR) design
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Fig 1. CR design process grouped into three segments, with factors and characteristics of the process clustered into relevant groupings
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2.3.1. Actual system design characteristics are intended to depict the broad factors in the
control room environment which can be thought of as the pillars of the entire testing process
and are steadfast prior to testing. These characteristics represent the limitations of the real-
world settings on the design process and give a more well-rounded perspective of the control
room environment, and the external environment (organizational and societal) in which it is
embedded. Given that high risk organizations are best represented as dynamic systems through
a human, technology, organization lens (Karltun & Karltun, 2019), the current conceptual
framework has utilized this model to provide a global perspective of the three overarching
constraints within which Railway control rooms operate.

2.3.2 Changeable system design characteristics are the many elements that are possible to
alter and test that can be grouped under the three overarching constraints.

These elements are intended to be conceptualized as characteristics that are prone to
fluctuation or likely to change over time. For example, this can be a particular iteration of a
prototype of a system interface, and its specific characteristics such as visual features or
functional features. It can also be the manner of, and extent to which technology is implemented
in each railway control room. Also, it could be the operator competency or individual operator
aptitude sets at a given point in time or in each testing session, or through a given measure. Or
it could be the organizational standards, which play a role in research outcomes, but are
changeable over time.

2.3.3. The Research Phase

This section represents all the variables to be considered in the development of a control room
usability analysis method, and details how to (quantitatively and qualitatively) measure a new
interface design in a high responsibility organization context. The research phase is subdivided
into a series of groupings, each of which categorizes measures and methods that are used to
probe different outcomes and phases in the control room usability analysis process. Suggested
measures are discussed in more detail in the following chapter.

2.3.3.1 Desktop Research

Desktop research is the research that is intended to qualitatively delve into the processes
operators undergo whilst navigating the system and provide insight into the experience of the
operators. Desktop research can be thought of as both research that outlines what is to be
expected when operators navigate a given system or simulation, as well as what could be
expected given specific qualitative insights.

2.3.3.2 Mockup and Simulation Research

Mock-up and simulation research incorporates human factors constructs into the framework to
give a well-rounded representation of what is occurring quantitatively when an operator
navigates a novel system environment. The methods and measures in this grouping are
intended to give the usability investigation more grounding in terms of objectivity and accuracy,
as well as to make results more generalizable and thus promote the unification of some design
methods in control room setups, making it a particularly significant aspect of the conceptual
framework given that these testing methods are still somewhat preliminary in a usability
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investigation context. Influencing factors to the mockup / simulation stage which might represent
confounding factors during testing are accounted for, with variable factors such as operator
mental state or technological difficulties such as bugs during singular simulations.

2.3.3.3 Automated control room output

The automated control room output represents the culmination of all the other conceptual
framework elements into a multidimensional output and is intended to show what the future
state of control room assessment could be. Automated CR output is conceptualized as being
like the patterned based GUI testing techniques mentioned in 2.2.2.3, but with more complex
analysis tools integrated into it (such as, for example, eye tracking), and with an output more
specific to the control room context in which the research is being conducted. The output would
consist of a range of validated tools and measuring and analysis techniques (for which
parameters can be adjusted according to the experimental design at hand), through which data
can be fed and recorded, to both generate and output analysis that provides insight into specific
design features.

2.3.4. Influencing Factors

The influencing factors that feed into the research phase is intended to portray the possible
fluctuating variables which could vary on a given day or in each research environment and
influence the outcomes from prototyping or mockup or simulation research.
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3. Train Traffic Control ERTMS Simulation Study

3.1 Introduction
The conceptual framework in the previous chapter was constructed to demonstrate the process
of control room system testing and design, and the ways in which human factors methods could
be implemented to improve the design process. Specifically, it is thought that the introduction of
human centric design methods would greatly facilitate the development of more safe and
effective control room design and assist in moving away from purely technocentric design (Toft
& Kift, 2013; Kovedsi et al., 2018). The eventual goal of automated usability testing based
specifically on the procedures and environments used by TTCs in railway control rooms was
emphasized in the conceptual framework. It is the intention of the case study presented in this
chapter to address a subsection of the conceptual framework and utilize a range of different
tooling pertinent to this subsection. The current case study can be thought of as a steppingstone
towards future control room design based upon the conceptual framework, by assessing a small
cross section of TTCs who work in the ProRail environment. This chapter incorporates a
subsection of the conceptual framework by investigating situation awareness using a mixture of
gualitative and quantitative tooling in the context of new and old interface comparison.

The current case study was conducted in the context of the European Rail Traffic Management
System (ERTMS) during the Covid 19 period. ERTMS is currently undergoing widespread
testing and implementation throughout the EU and will be implemented as a technology in
coming years by the many socio technical organizations, such as ProRail. ERTMS aims to unify
international EU train travel systems by using in-cab and trackside devices to enforce a
standard for safety by supervising speed and using European-wide standard signaling systems.
Additionally, ERTMS is also intended to enhance efficiency and cross-border train traffic flow
throughout the entire EU, making it a forward focused context to appraise the workplace and
way TTC’s will be working in the future. ERTMS is currently used in the Netherlands on HSL
lines (a high-speed line between Amsterdam with the Thalys train) and is also going to be more
widely used (for example between Rotterdam port and Germany). Because TTCs will work with
an ERTMS area and a regular area, the case study was used to investigate the ERTMS
simulator interface compared to the current workplace interface, in terms of both usability and
SA enhancement. Given that scenario one was designed to be simpler than scenario two, and
that many features of the ERTMS interface were novel, it was hypothesized that participants
would perform better in terms of all metrics and in the directions of what would indicate elevated
SA levels in scenario one as opposed to scenario two, and in the current interface as opposed
to the ERTMS interface.

3.2. Method
3.2.1. Experimental design
3.2.1.2 Simulator
The current experiment utilized a simulator with two interfaces, of which one represented the
current interface, and one represented the future ERTMS interface. The simulator consists of
an interface with tracks located in Oudenbosch, which is in the vicinity of North Brabant in the
southern region of the Netherlands. The simulation setup for both interfaces consisted of four
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screens, with the left screen containing the planning screen, the middle the service area with a
service menu at the top, and the right two screens containing an overview of the geographical
area (called an oversight screen) which the operator can manipulate to gain insight into what is
occurring, and a zoomed in area of the oversight screen where scenarios were occurring. Both
interfaces had a dark screen background, with grey lines representing tracks, and rectangles
with numbers representing trains. The new European Railway Traffic Management System
(ERTMS) interface features facilitated TTCs having access to more information surrounding the
trains, such as train mode, and specific speed and location. Also, TTCs were given more
flexibility in controlling features such as implementation of speed or speed limitations in either
track sections, or the entire track, with the possibility to fill out reasons for the implementation.
Likewise, the idea of the new interface was to support a more extensive shared mental model
between the TTC and driver, by giving both parties access to the same information, which
allowed for more efficient communication. Because the ERTMS interface was used to introduce
a new visual system in which different color schemes are used to represent different things
(such as a feature that shows colored tracks indicating different levels of control drivers have) it
had generally more color than the current interface.

Figure 2. The Interface: Planning screen (left) and Service Screen (right).

3.2.1.3. Conditions

Four conditions were made for the current experiment. Two scenarios of varying complexity
were developed (scenarios one and two), both of which were presented on the simulator in both
the current interface and the ERTMS interface, which made up the total four conditions (see
table one below for an overview). Scenario one was split into a training segment at the start of
fourteen minutes, as well as a normal service (which consisted of shunting and monitoring
activities) and a light disturbance segment which consisted of the additional two tasks of giving
instructions in abnormal situations and entering reports into the interface. The training segment
allowed operators to acquaint themselves with the new service area in the current interface
(since the service area differed from the one, they worked with daily), and to acquaint
themselves with the ERTMS functionalities in the ERTMS interface. Scenario two required TTCs
to complete all the previous tasks in addition to coping with a large disturbance and more
delays, making it a medium to heavy workload level. All conditions took a total of twenty-eight
minutes to complete from the time they started. Both conditions with scenario one always ran in
the order of current interface followed by ERTMS interface, to minimize the effect of the new
service area on performance by allowing exposure to the new service area before introducing
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ERTMS. The order of scenario two was shuffled per participant to minimize confounding
variables.
Table 1. Conditions

A. Current Ul B. ERTMS Ul
Scenario 1. (Light to medium delays) la 1b
Scenario 2. (Heavy delays, disturbance to service) 2a 2b

The scenarios had SA probe queries occurring every seven minutes to get a dynamic snapshot
TTC SA. Because scenario one consisted of a training period at the start, there were only two
SA probe pauses with a total of six questions per pause, to maximize time efficiency. Scenario
two had three pauses with a total of four questions per pause. In total, per condition, twelve
probe questions were administered. The scenario structure and the embedded probe query
structure represented a trade-off for each other, in that both had to be adapted meticulously for
complex events to occur how they would in the field, whilst ensuring that probe queries could
occur punctually to ensure rigorous experimental design.

3.2.2. Participants

Nine fully trained TTC'’s, with previous ERTMS experience (relating to a dual signaling area)
working at the Zwolle train traffic control center participated voluntarily in the current study. The
participants had on average M*= 12.5 (SD? = 10.5) years of experience as TTCs, and M = 13.5,
SD = 11.5 years of experience in the rail sector.

3.2.3. Metrics

As detailed in the conceptual framework, the integration of highly complex systems (such as the
control rooms where TTCs work) usually results in an overload of information conveyance
through channels, which is where human error and other human factors constructs come into
play (Endsley, 2012). In the case of high responsibility domains, it is important to recognize that
true SA exists within the operators own mental model and design should thus be centered
around this (Endsley, 2012). SA will thus be the linchpin for the experimental design of the
current case study, with the setup exploring tools for SA measurement.

3.2.2.1. Situation Awareness Eye Tracking Measures

Eye-tracking measures have been pivotal in the development of quantitative assessment of
interface environments and have been used in the human factors research field in conjunction
with subjective HF construct measuring tools for the most part, as well as probe queries to a
lesser extent (see Table 1 for a review in the appendix). However the distinction between which
eye-tracking metrics translate more to mental workload and which ones translate more to
situation awareness has been oftentimes unclear, given that many experiments investigating
this phenomenon have used either one subjective measuring tool to associate the construct
level with the eye-tracking metric, or a probe query, or another type of physiological measure,
and rarely have all four types of metrics been integrated together, with both MWL and SA
subjective measures as a comparison. Zhang et al. (2020) conducted a systematic review that
concurred with this notion, but found that overall, more conscious, and goal-oriented eye
movements (such as fixation, and dwell metrics) had a stronger relationship with SA measures
than more unconscious eye movements (such as blink and pupil metrics). Given that there is no
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precise standard at present the current study will incorporate measures that have been
traditionally thought to be associated with both MWL and SA, to tease out which eye-tracking
metrics represent SA and to what extent. See table three in the appendix for a broad overview
of eye-tracking metrics which are deemed to be pertinent to quantitative human factors
assessment of control room design, and their definitions and predominant usage.

Several more conscious eye tracking fixation measures (fixation duration, rate, and proportion)
were utilized in the current experiment to assess to what extent they represent SA, which is in
line with previous research (see tables one and two in the appendix). Fixation duration is
conceptualized as prolonged focus of attention (that is when the gaze remains fixed), pinpointed
to a specific area, and has previously been found to represent adaptation to novel situations, as
well as significant association to self-report SA and MWL measuring tools (Ikuma et al., 2014;
Petersen et al., 2019). Fixation proportion and rate, both of which are numerosity measures and
will be measured per trial (during the parts where the scenario is running, and not when the
probe queries occur), and have been shown to be negatively related to level of experience, as
well as performance (Argyle et al., 2020; Holmquist & Nystrom, 2011; Coyne & Sibley, 2015;
Bracken et al., 2019, Di Flumeri et al., 2018). The current experiment also investigated a range
of less conscious, saccade measures (saccadic velocity, saccadic amplitude, and saccadic
duration) to assess to what extent less conscious eye tracking metrics can account for SA.
Saccadic velocity is calculated using the average velocities of saccades occurring during a
specific time window and has previously been thought to be inversely associated with target
predictability (Holmquist & Nystrom, 2011), making it pertinent to comparison between the
interfaces. Saccadic amplitude is conceptualized as the displacement of gaze, in pixels, and has
previously been thought to be inversely associated with focused inspection of an environment
(Tatler & Vincent, 2008; Recarte & Nunes, 2003). Saccadic duration is defined as the time
which passes between two smooth pursuits (which is when the eye remains fixed on a moving
target) or fixations when the eye remains fixed within a specified area for a specified period),
and were measured in the current experiment in order to assess the nature of their relationship
with SA since it has previously been studied with MWL only, and found to have a negative
association to increased levels of MWL (Marandi et al., 2018; Holmquist & Nystrom, 2011). The
saccadic and fixation events were processed using a robust event classification algorithm,
REModNaV, which uses velocity-based eye movement event classification, and is based on the
algorithm of Nystrém and Holmquist (2010). REModNaV defines fixations as a time period in
which a stimulus is focused upon, with the minimal threshold for a fixation duration being 0.04
seconds (or 40 milliseconds), with fixations being events that are higher than this threshold
value and do not qualify as pursuit or saccade events (Dar, Wagner & Hanke, 2020). Saccades
are conceptualized by REModNAV as moments in which eye movement occurs towards a new
target region and visual intake is subdued, with the minimum duration for a saccade qualifying
as 0.01seconds (or ten milliseconds), and the minimal inter saccadic duration being 0.04
seconds (Dar, Wagner & Hanke, 2020). These values and definitions are in line with previous
validated research done by Nystrom and Holmquist (2010).

3.2.2.2. Situation Awareness Probe Queries
Conventionally situational awareness has been measured in control rooms with explicit
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measures such as the situational awareness global assessment (SAGAT), which is a query
used in real time, human in the loop simulations in design evaluation contexts (Endsley et al.,
2000). The SAGAT responses correspond to the SA three levels (perception, comprehension,
and projection), and are attained by freezing the interface at random moments and querying
operators about their perception (Endsley et al., 2000). Another similar measurement called the
situation present assessment method (SPAM) can be differentiated from the SAGAT because it
uses response delay as the dependent variable to assess vigilance and was developed with the
rationale that it isn’t obtrusive because the task and interface aren't frozen (Bakdash et al.,
2020). SPAM is advantageous because it dynamically assesses the SA while the situation is
occurring by using the response time (Miramontes, 2017). Recently a meta-analysis on the two
query types found both to be equally predictive of performance, but found that SPAM resulted in
problems with intrusiveness, but that the SAGAT (while overall was found to be more sensitive
and reliable) had problems with memory reliance (Endsley, 2019). However, it is also arguable
that SAGAT is less appropriate to measure something as dynamic as SA since the operator is
out of the loop and the display is frozen (Nachtwei, 2016). Moreover, it has been found that
TTC’s in the Netherlands have low SAGAT levels but high performance on a series of
performance measures in simulation experiments, making it an inaccurate tool for SA analysis
in the TTC control room (Lo et al., 2017). It is theorized that the discrepancy in outcomes is
related to implicit processes that are conditioned through experience (Lo et al., 2017). On the
other hand, since SPAM creates additional workload by adding a secondary task, and SAGAT
likely reduces workload by taking the operator out of the loop, it is important to consider the
implications of this with regards to assessing workload in control room settings (Nachtwei,
2016). More recently it was found that SAGAT resulted in higher workload in simulation settings
than SPAM, and that query outcomes were better for SPAM queries than SAGAT queries
(Fujino et al., 2020). Given that SAGAT has already been trialed in a similar environment (Lo et
al., 2016) and is associated with poorer query response, it was decided that an adapted SPAM
with questions corresponding to the three levels of SA would be used in the current experiment.
For an overview of previous implementation of SPAM, please refer to table two in the appendix.

3.2.2.3 Situation Awareness Self Rating Measures

Self-rating measures provide insight into the subjective rating the participants have of
themselves for a particular construct. In the case of SA, the most widely known measures used
are the Situation Awareness Rating Technique, which has had widespread use in conjunction
with experiments which have aimed to assess eye tracking measures and SA (see table one in
the appendix), and uses ten dimensions to assess SA (Salmon, 2006). The Mission Awareness
Rating Scale comprises questions based upon the three level SA model (Endsley, 1995) and is
administered after mission completion. Although MARS elicit responses which correspond to the
Endsley (1995) three levels of SA, SART has been much more frequently applied to studies
which also utilized SAGAT and eye tracking. The current experiment utilized MARs because of
this, since the SPAM probe queries were adjusted to correspond to the three levels of SA
(identification, comprehension and projection), and also since it was developed for applied
research settings (Salmon, 2006).

3.2.4. Materials
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3.2.4.1 Eye-tracker

The eye tracker used in the current case study was an immobile eye tracker from Sweden, the
Smart Eye Pro Eye-tracker with version 9.1 software. Five lenses were positioned
symmetrically, and adjusted for resolution and brightness, and a coordinate system was
constructed through a series of calibration procedures to create a tracking space within the
remote eye tracker setup. A combination of lenses of 8mm and 6mm were used in order to
attain the best accuracy of data without compromising the headbox space, which could have
ramifications for both data quality and operator comfort.

3.2.4.2. Hardware
Four Dell U2515H monitors were used to display the simulation of both interfaces and were set to
1920 x 1080 resolution.

3.2.4.3. Questionnaires:

i) Probe Queries

The probe queries presented at intervals throughout the simulation consisted of both the SPAM
gueries, with response times and accuracy of responses as SA measures, and SA and MWL
self-report items which were presented following this. An adapted version of Durso et al. 's
(1999) Situation Present Assessment Method was used in order to assess SA dynamically, in
the moment at which it was occurring. The probe itself was presented in the form of a popup
icon that would appear once participants clicked on another icon. The questions were created
with the support of two subject matter experts (TTC’s) and were modelled from what was
occurring in the situation. Each freeze probe contained either four or six multiple choice
questions, of which there were always questions addressing Endley’s (1999) levels one, two
and three situation awareness states. The intention was to spread the different levels as evenly
as possible across different points in the scenarios to provide an accurate cross-section of
TTCs’ SA, but due to the nature of the content, it wasn’t always possible to have an even
number of questions for each level in each scenario. However, there was no strict guide that
dictated that levels of questions had to be spread totally evenly across scenarios in terms of
levels, since SPAM doesn’t normally address levels of SA, making it justifiable to incorporate
dynamic SA level testing.

The questionnaire items presented following the SPAM queries consisted of four items from
Matthew and Beals (2002)'s Mission Awareness Rating Scale, a subjective self-rating scale that
has been found to be significantly related to performance outcomes in safety critical
environments (Hong et al., 2015; Matthews, 2011; Salmon, 2008), as well the integrated
workload scale, which has been shown to be a verified subjective mental workload tool that has
been previously applied in Dutch railway settings and captures the multidimensional nature of
train traffic controller MWL with items addressing effort, demand and time (Kramer et al., 2016 ).

i) Debriefing questionnaire

A debriefing questionnaire was created to address the mental state of the TTCs post testing, as
well as collect subjective measures and validity measures. This can be found with the at the end
of the appendix. The questionnaire items served the purpose of controlling whether the
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simulator was more mentally demanding (due to the difference in service area), as well as
addressing how quickly TTCs could adapt to the simulator and how valid it was in terms of how
TTCs work day to day. Additionally, two questions were posed to address operator experience,
their ratings for additional worth of the simulator and a box for suggestions for the sort of
educational material they might like to have to prepare for an ERTMS workplace in the future. A
further ten questions based on Lankveld et al. (2017)’s study on Gaming Simulation Validity
addressed the statistical validity of the simulator with items relating to process validity,
Psychological reality and structural validity. Usability was assessed with another thirteen
guestions using the System Usability Scale, which has been found to be reliable in applied
research settings (Peres et al., 2013; Kaya et al., 2019). Likewise, a ranking question was
included, in which TTCs ranked various ERTMS functionalities in terms of usefulness in order to
allow for collection of further qualitative insight. At the end of the questionnaire there was a
guestion for qualitative insights into the experiment, and operators also participated in a think
aloud debriefing with the simulator operator and the researchers. All questions were translated
by a native Dutch speaker with experience in the matter or used from previous validated
research in which the questions had been posed in Dutch.

3.2.5. Procedure

Prior to the experiment participants were given an instructional PowerPoint which both detailed
what to expect in terms of the simulator content and visual representation of ERTMS and served
the purpose of refreshing operator ERTMS knowledge prior to the actual experiment in order to
alleviate learning workload that would occur throughout the scenario. Likewise, TTCs had
access to the ERTMS instruction module via E-learning. On the test days themselves there was
an initial introduction period, during which the aims of the research, the testing schedule, and
the impact the research would have on the development of ERTMS were explained. There was
also a series of instructions given to the TTCs partaking in the study about the way the eye-
tracker worked, how their privacy would be protected, and how it was imperative that they move
as little as possible to allow for accurate data collection. Likewise, the way the probe queries
would work was clarified. Following this the eye-tracker was calibrated for each TTC, and the
four scenarios took place for a duration of three hours, during which the probe queries occurred.
Separate eye tracking recordings were taken for each condition to minimize the amount of
excess data collected, and a roughly twenty-minute break was taken between scenarios. At the
end of which participants filled in the questionnaire. Three participants did not complete one of
the conditions, due to time restraints with the scheduling (this is accounted for in the results).
The current experiment also utilized informal current and retrospective think aloud (in the form
of a debriefing), with educated moderators collecting and processing the qualitative data.
Likewise, the first ten-minute interval of scenarios 1a and 1b incorporated somewhat open-
ended introductory phases to allow the TTCs to become both acquainted with the system and
give preliminary feedback from a novel perspective. Following the simulation all collected data
was anonymized prior to analysis, and the eye tracker data that was recorded during the probe
queries in each condition was removed (since the scenario wasn'’t occurring during these
periods). The SPAM data was analyzed by the researchers and subject matter experts to
determine how accurate each of the TTCs was in scoring.

3.3. Results
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3.3.1. Eye Tracking Results

Prior to assessing eye-tracking measures, the data per scenario was filtered so that the time
during which SPAM probe queries were occurring was filtered out (since the scenario wasn’t
occurring during this period and this would confound SA findings). Table 2. below depicts the
eye-tracking metric averages per condition. Fixation rate and duration were higher in the current
interface than the ERTMS interface in scenario one, but lower (or equivalent in the case of rate)
in scenario two. Saccadic measures generally didn’t show surface level patterns when eye-
balling the means and standard deviations. To assess whether participants performed
significantly differently on the same eye tracking measures between conditions paired samples
t-tests were conducted for each measure between each condition. Fixation duration averages
were found to be significantly higher in the ERTMS interface than the current interface in
scenario 2 (1(6)=-2.76, p=0.03*), as well as being significantly higher in the current interface in
the more difficult scenario two than in the easier scenario one (t(5)=2.46, p=0.05*). Moreover,
average saccadic velocity was found to be significantly higher in scenario two than scenario one
in the current interface (t(5)=-5.58, p=0.003*) and significantly higher in the ERTMS interface in
scenario one (1(7)=2.416, p=0.046%).

Table 2. Means and standard deviations for eye-tracking measures, per scenario and interface.

Current Ul ERTMS Ul
M SD M SD
Scenario 1 Fixation Duration (ms) 150 5 140 3
Fixation Rate (per min.) 22.92 4.28 21.80 4.94
Saccadic Duration (ms) 31 0.5 295 0.5
Saccadic Velocity (°.sec) 0.15 0.01 0.17 0.02
Saccadic Amplitude (°) 0.003 0.0005 0.008 0.016
Scenario 2 Fixation Duration(ms) 120 3.6 140 4.5
Fixation Rate (per min.) 25.60 5.41 25.60 3.43
Saccadic Duration (ms) 30 0.4 40 0.1
Saccadic Velocity (°>.sec) 0.17 0.007 0.16 0.014
Saccadic Amplitude (°) 0.002 0.000 0.003 0.000

3.3.2. Probe Query (SPAM and Reaction Time) and Self Report (MARS) Results

Depicted in table three below are the average SPAM scores, reaction times and experienced
SA both per scenario and per interface. A marked difference is noticeable between scores for
both interfaces and scenarios, with a trend of scores being higher in scenario two for both
interfaces, and the ERTMS interface for both scenarios. Paired samples t-tests demonstrated
significantly better reaction times (t(7) =2.9, p = 0.02) and significantly higher self-rated SA on



The Future Railway Control Room 32

average (t(7) =2.9, p = 0.02) for the ERTMS Ul in scenario one. On the other hand, paired
samples t-tests conducted on scenario two results showed that only the SPAM scores differed
significantly (t(6) = 2.63, p = 0.04.), although overall patterns were the same, with ERTMS Ul
again having a better score, lower reaction times, and higher self-rated SA.

Table 3. Mean SA scores, relevant reaction times and experienced SA.

Current Ul ERTMS Ul
M SD M SD
Scenario 1 SA score (%) 67.9 25.8 84.4 16.6
Reaction Time SA score 32.4 8.9 21.3 9.7
Experienced SA (1-4) 3.1 0.3 3.3 0.3
Scenario 2 SA score (%) 72.3 17.6 91.8 10.6
Reaction Time SA score  23.9 0.2 21.6 0.2
Experienced SA (1-4) 3.1 7.9 3.4 7.5

Table four depicts the average scores per SA level for SPAM questions and their respective
reaction times and self-rated SA and shows consistently higher scores for the ERTMS Ul with
regards to the SA scores, reaction times and SA self-ratings. A striking result is that the level
two scores are higher than the level one scores in scenario one, and the level three scores are
higher than the level two scores in scenario two. According to the SA model, level one scores
should be the highest since perception is the basest level of the model. However only the
difference between levels two and three in scenario two was significantly different when looking
at paired samples Wilcoxon tests (t=0.00, p=0.022.)

Table 4. Per SA level: SA scores, Reaction times and self-rated SA.

Current Ul ERTMS UI
M SD M SD
Scenario 1 Level 1 SA score (%) 64.6 354 86.8 21.9
Level 1 Reaction-time score 29.9 6.6 224 10.3
Level 1 Self-rated SA (1-4) 2.4 0.5 34 0.3
Level 2 SA score (%) 62.5 17.6 89.0 14.0
Level 2 Reaction-time score 38.0 11.9 26.1 7.7
Level 2 Self-rated SA (1-4) 3.1 0.2 3.4 0.1
Level 3 SA score (%) 56.3 8.8 67 13.8

Level 3 Reaction-time score 27.8 4.3 22.8 8.9
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Level 3 Self-rated SA (1-4) 3.2 0.1 29 0.0
Scenario 2 Level 1 SA score (%) 76.0 14.3 96.3 6.4
Level 1 Reaction-time score 22.2 3.9 14.9 14
Level 1 Self-rated SA (1-4) 3.1 0.0 3.4 0.2
Level 2 SA score (%) 57 6.4 89.0 5.7
Level 2 Reaction-time score 26.5 11.7 22.0 5.7
Level 2 Self-rated SA (1-4) 3.2 0.3 3.4 0.3
Level 3 SA score (%) 82.4 19.1 91.2 9.0
Level 3 Reaction-time score 23.3 5.5 24.4 10.4
Level 3 Self-rated SA (1-4) 3.2 0.2 3.3 0.1

Correlations between the three SA variables, reaction time, SPAM accuracy score and self-
rated SA for the entire experiment went in the expected directions when looking at Pearson
correlation coefficients, with non-significant negative correlation between reaction time and both
SPAM and MARs results (r=-0.20, p=0.61 and r=-0.41, p=0.27 respectively), confirming that
longer reaction times is an indicator of lowered SA. Also, a significant, high positive correlation
was found between the SPAM accuracy and MARS ratings (r=0.75, p=0.021).

3.3.3. SPAM, MARS and Eye Tracking results

Given that previous research has shown Pearson correlation coefficients to be an appropriate
measure for assessing the nature of the relationship between eye tracking metrics and both
exploratory SA measures and subjective measures (De Winter et al., 2019; Hasanzadeh et al.,
2016), and given the small sample size of the current experiment, the overall relationship
between SA metrics and eye tracking metrics was assessed using Pearson correlation
coefficients. These were done between each eye tracking metrics and each SA metric for the
entire experiment, as well as per interface and per scenario, between each eye-tracking metric
and each SA metrics. Overall, the only significant correlations when looking at Pearson
correlation coefficients were exhibited between reaction time, and both fixation duration (r=-
0.83, p=0.00) and fixation rate (r=0.82, p=0.01).

When appraising table five (below), scenario one in the current interface (that is condition 1a)
showed the highest number of low associations between the various eye-tracking measures and
the probe query and self-rate SA measures. Scenario two in the current interface (2a) had the
most moderate to high associations (between 0.5 and 0.75) and the highest (0.75-1)
associations, with a high associated value between the fixation duration and the SPAM score,
and a high association between aggregate saccades and the reaction time. Significant high
associations were also found in 2a between saccadic duration with both the reaction time, and
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self-rated MARS scores, as well as between aggregate saccades and the self-rated MARS
score (see table 4. below). In the same line, two significant associations were also found in
scenario 2b (the more difficult scenario with the ERTMS interface) between saccadic amplitude
and aggregate saccades and reaction time, as well as a negative significant correlation between
the MARS scores and aggregate fixations.

Saccadic velocity was the only eye tracking measure with no significant association to the other
measure types in all four conditions and was composed of half moderate to high associations
and half low ones. In terms of positive and negative associations, fixation duration was
negatively correlated (mostly moderately) with reaction time and MARS scores in all cases but
one throughout the four conditions, as well as being negatively correlated with SPAM in
scenario two in both interfaces. In three of the four conditions saccadic duration correlated
negatively with MARS scores, but only once significantly. Saccadic amplitude had either a low
positive or a moderate to strong negative association with reaction time in each condition, with
the strong negative association being significant. Overall aggregate fixations had either very
weak or strong negative associations to measures, with two significant negative associations
with SPAM scores in 1a and MARS score in 2b. Aggregate saccades always correlated
positively with SA measures and were moderate to high across all conditions except condition
la (scenario one, current interface).
Table 5. Correlations between Eye-tracking measures and SA measures per condition.

Current Ul ERTMS UI

SPAM score Reaction MARS score SPAM score Reaction MARS

(%) Time (s) (1-4) (%) time (s) score(1-4)

Scenario 1 Fixation Duration (ms) r=0.273, r=-0.46 , r=-0.054, r=0.10, r=-0.80, r=-0.157 ,
p=0.554 p=0.297 p=0.9 p=0.79 p=0.009* p=0.69
Fixation Rate (per min.) r=-0.78 , r=0.403 , =-0.32, r=0.225, r=0.55, r=0.44 ,

p=0.04*  p=0.37 p=0.48 p=0.56 p=0.12 p=0.24

Saccadic Duration (ms) r=-0.52, r=0.57, r=-0.19, r=0.15, r=-0.5, r=0.35,
p=0.23 p=0.214 p=0.68 p=0.70 p=0.16 p=0.35

Saccadic Velocity r=0.17 , r=0.19, r=-0.32, r=0.13, r=0.41, r=0.41,
(°.sec) p=0.71 p=0.69 p=0.49 p=0.74 p=0.28 p=0.27
Saccadic Amplitude (°) r=-0.311, r=0.20, r=-0.045, r=0.31, r=-0.32, r=-0.28 ,

p=0.497 p=0.62 p=0.923 p=0.41 p=0.40 p=0.46

Aggregate Fixations r=-0.73, r=0.136 , r=-0.297 , r=-0.48 , r=0.22, r=0.09,
p=0.05* p=0.771 p=0.51 p=0.92 p=0.57 p=0.83

Aggregate Saccades r=0.00, p= r=0.118, r=-0.17, r=0.44 , p= r=0.49, r=0.61, p=
0.99 p=0.8 p=0.71 0.24 p=0.18 0.08*
Scenario 2 Fixation Duration(ms) r=-0.90, r=-0.50, r=0.66 , =-0.32, =-0.29, =-0.33,

p=0.84 p=0.26 p=0.11 p=0.41 p=0.45 p=0.40



The Future Railway Control Room 35
Fixation Rate (per min.) r=-0.05, r=0.15, r=-0.58 , r=0.56 , r=0.29, r=-0.33,
p=0.91 p=0.75 p=0.17 p=0.19 p=0.45 p=0.38

Saccadic Duration (ms) r=0.28 , r=0.91, r=-0.83, r=0.33, r=0.15, r=-0.46 ,
p=0.544 p=0.004* p=0.002 p=0.38 p=0.71 p=0.21

Saccadic Velocity r=-0.25, r=0.50, r=-0.44 , r=0.02, r=0.44 , r=0.22,
(°.sec) p=0.59 p=0.26 p=0.32 p=0.96 p=0.24 p=0.57
Saccadic Amplitude (°) r=0.174 , r=0.28 , r=-0.22 , r=-0.41, r=-0.69 , r=-0.59,

p=0.71 p=0.54 p=0.63 p=0.27 p=0.042* p=0.09

Aggregate Fixations r=-0.02, r=-0.09, r=-0.24 , r=0.216 , r=-0.24 , r=-0.73,
p=0.97 p=0.85 p=0.61 p=0.56 p=0.531 p=0.03*

Aggregate Saccades  r=-0.05, r=0.71, p= r=-0.76, r=0.66 , p= r=0.84,p= r=0.65, p=
p=0.92 0.071 p=0.05* 0.05* 0.005* 0.05*

Significant findings are detailed with an *
3.3.5. Questionnaire Results
Participants rated their ERTMS knowledge as relatively good with regards to completing the
scenarios well (M = 3.5, SD = 0.9), and that they could acquaint themselves relatively quickly to
a different service area (M =3.6, SD = 0.9), but it was ascertained during the debriefing that they
experienced a higher mental workload due to getting used to a new service area. With regards
to the simulator, participants could acquaint themselves quickly to the environment (M = 3.8, SD
= 0.2.), and experienced the situation as relatively realistic (M = 4.4, SD = 0.5.). Also, the
participants found the second scenario as easier, because of completing the first scenario (M =
4.4, SD = 0.5), as well as finding the instruction material adequate as a preparation tool for the
simulation (M = 4.2, SD = 0.7). For the ERTMS usability analysis, an overall relatively high
positive rating was found once negated statements were converted (M = 4.0, SD = 1.1).
However, a striking finding was the relatively low trust score, for which participants still feel quite
unfamiliar with the ERTMS interface (M = 2.6, SD = 2).

3.4. Discussion
The aim of the current thesis was to firstly contribute to control room design analysis by
exploring relevant human factors techniques and processes pertinent to a human centric design
approach and control room control room design analysis, and to integrate this information into a
conceptual framework for future use by human factors professionals in the context of control
rooms. Secondly the current thesis aimed to explore a subsection of the conceptual framework
through the current experiment, which used human factors quantitative research methods to
compare two interfaces, in the context of control room railway design. The plausibility of
integrating quantitative human factors research techniques into design methods in control
rooms was investigated. It was hypothesized that the preliminary findings from the case study
would support the notion that more extensive use of quantitative human factors research
methods in control room design can add more dimensionality to control room design and
usability research. Furthermore, it was also hypothesized that participants would perform better
both in terms of reaction times and SPAM outcomes in conditions with scenario one, and in the
current interface as opposed to the ERTMS interface. Results from the current case study
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indicate that quantitative human factors techniques such as eye tracking and probe queries are
useful in the assessment of new interfaces and train traffic control procedures and contribute to
effective design investigation. It was also hypothesized that because scenario one was
designed to be simpler than scenario two, and because many features of the ERTMS interface
were novel, participants would perform better in terms of all metrics and in the directions of what
would indicate elevated SA levels in scenario one as opposed to scenario two, and in the
current interface as opposed to the ERTMS interface. This hypothesis was not supported since
participants performed overall better in scenario two than scenario one, and presented mixed
findings for the variety of measures between the two interfaces, with a slight inclination for better
performance in the ERTMS interface.

3.4.1. Main Findings

Overall a general trend was shown amongst fixation eye tracking measures (that is, duration,
rates, and aggregates) as being on average lower in scenario two than one. Furthermore, the
mean fixation duration values of scenario one in the current interface were found to be
significantly higher than in scenario two. Previous findings have demonstrated the plausibility of
using fixation duration as an eye tracking measure to represent SA, by investigating it alongside
self-rated SA and/ or probe query SA outcomes (Argyle et al., 2020; Bracken et al., 2019; Di
Flumeri et al., 2019). In line with this SPAM scores and self-rated SA were both higher in the
second scenario than the first, meaning that operators both rated their SA as higher and
performed better in this condition, which fits with previous findings. In the current interface this
pattern was also represented in reaction times, with longer reaction times in scenario one, which
represents a lowered SA. While this is in contrast to the hypothesis of the current experiment
that operators would perform better in the easier condition and in the current interface, it is in
accordance with the questionnaire finding that operators found it relatively cumbersome to
adapt to a new service area during scenario one in both interfaces.

In terms of correlational associations, SPAM accuracy results were found to have a high
association with the self-rated MARS results, which lends support to the notion that SPAM can
be used to assess situation awareness. This is in line with previous findings that validated self-
rating SA tools and SA probe query tools such as SAGAT and SPAM are positively associated
and can be utilised in the assessment of SA (Bracken et al., 2019; Strybel et al., 2008; Durso et
al., 2006). With regards to overall fixations versus saccadic event outcomes, both fixation
measures and saccade eye tracking measures had equal amounts of high correlation outcomes
overall when assessing correlations per condition, with equal amounts of significant outcomes.
Previously many findings have mainly focused on fixation measures when assessing SA using
eye tracking measures (Argyle et al., 2020; Desvergez et al., 2019; Petersen et al., 2019).
However, it should be noted that fifteen percent of the correlations done overall, when
assessing correlations between eye tracking measures and SA measures per condition, had
strong associations and/ or correlated significantly. Saccadic velocity had low to low-moderate
associations with the SA measures in all outcomes and all conditions, making it the weakest
associated measure. However, saccadic velocity did exhibit significantly different outcomes
between its means for scenarios one and two in the current interface and was significantly
higher in scenario one for the current interface. This suggests that it should not be disregarded
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altogether, but perhaps investigated more extensively when either comparing a new interface to
a control one in a learning condition, or a more difficult scenario to an easier one in a control
interface.

Overall, more eye tracking events were shown to occur in scenario two than one, and more
were shown to occur in the ERTMS interface than the current interface on average. This was an
interesting finding, given that overall performance on the three SA measures (MARS, SPAM
and SPAM reaction time) followed the pattern of having better outcomes in scenario two and in
ERTMS conditions. This was in line with the outcomes shown by correlations between
aggregate saccades and the SA measures in all conditions, whereby higher positive (and mostly
significant) associations with SA measures were shown in scenario two in both interfaces, and
lower non-significant associations were shown in scenario one where SA outcomes were worse.
This demonstrates that more saccades occurring, could be an indication of elevated SA.
Aggregate fixations on the other hand, had weak associations for the most part in all conditions,
except for two significant associations, making it the most ambiguous eye tracking measure for
representing SA in this experiment. However, fixation rate and duration had some high,
significant, negative correlations which indicates that the number of fixations occurring might be
irrelevant, but that length and frequency of these events could indicate SA levels. Since fixation
duration and frequency have both been previously found to be significantly related to SA probe
guery and self-rated SA (Miramonte, 2017; Ikuma et al., 2014; Moore & Gugerty, 2010) it is
assumed that a replication of the current study with a larger sample size could produce this
result in more conditions.

3.4.1.2. Per Scenario

With regards to the scenarios specifically, the only significant associations in scenario one
between SA measures and eye tracking measures were all fixation eye-tracking measures,
whereas in scenario two they were a mix of saccade based and fixation-based measures, that
tended more to saccades. This could suggest that fixations are more useful in assessing SA in
novel situations. However, since a pattern of higher associations was shown in the second
scenario for both interfaces, and more events also occurred in this domain, this finding should
be interpreted lightly. Moreover, seventy percent of the significant correlations between eye
tracking measures and SA measures occurred in the scenario two conditions. This could be due
to the learning portion of scenario one, whereby operators received instruction from the Game
Leader who was sitting behind them, which could have caused their gaze to wander from the
screen, and a loss of data and thus less data to indicate overall gaze behavior during this time
period. On the other hand, adaptation in scenarios 1a/1b to the new service area in the
simulator or the research environment could be reflected through the weaker associations
between eye tracking measures and SA measures, and the lesser number of events occurring
in the two scenario one conditions relative to the two scenario two conditions. Saccadic duration
was mostly moderate to strong in both scenario two conditions, with significant positive
associations to reaction time and MARS in 2a, suggesting that it could be a useful measure for
evaluating SA in a control interface which operators are accustomed to, and have experienced a
learning phase with. Since saccadic duration has been previously found to be non-significantly
associated with MWL (Di Stasi et al., 2010), it is recommended that in the future the association
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between saccadic velocity and SA measures as opposed to MWL measures is explored to
assess whether it can represent SA better.

3.4.1.3. Per Interface

When appraising the two interfaces, a broad finding was that more events occurred altogether in
the ERTMS interface than the current interface, although average reaction times, self-rated
MARS SA outcomes and SPAM outcomes were generally better in ERTMS, with the first two
being significantly better in scenario one. This finding and the finding that aggregate saccades
and SA measures exhibited strong to moderate correlations in the ERTMS conditions
encourages the notion that the number of saccades occurring is useful in determining SA.
These findings could also be useful in further investigation of the relationship between usability
and eye tracking measures since ERTMS usability outcomes were generally high and positive.
Furthermore, saccadic amplitude and SA measures correlated negatively and more moderate to
strongly in the ERTMS conditions, as well as more highly in both scenario two conditions which
suggests future use of saccadic amplitude in testing SA in a new interface, with a higher
amplitude suggesting a lowered SA. Previous research has likewise found saccadic amplitude
to be a promising SA eye tracking measure (Zu, Coster & De Winter, 2017). These findings
imply that saccadic amplitude and aggregate saccades are promising eye-tracking measures for
evaluating SA and usability outcomes when operators are navigating a new interface, to
compare both more easy and difficult new interface conditions, as well as control interface and
new interface conditions once operators have already experienced a sufficient learning period.

3.4.1.4. Scenario two: Comparing ERTMS and Current Uls

Since it is possible that scenario one served the purpose of being a learning period given the
weak correlations and lesser number of significant findings, this section will address results
between scenarios 2a and 2b specifically. In scenario two both interfaces exhibited the same
number of significant correlations, but between different eye tracking measures and SA
measures. The current interface however showed almost twice as many high correlations as the
ERTMS one and had the three highest correlations of all conditions, which were between
saccadic duration and both reaction time and MARS score (both of which were significant), and
fixation duration and SPAM outcomes. The high negative correlation between fixation duration
and SPAM accuracy is supported by findings that longer fixations are representative of lower SA
(Petersen et al., 2019; Miramonte, 2017), and supports the idea of SPAM and fixation duration
representing SA. However, since this finding is not significant further investigation needs to be
conducted. With regards to the significant correlations occurring in both interfaces in conditions
2a and 2b, eye tracking measures only showed significant correlations with reaction times and
self-rated MARS scores. Specifically, between saccadic durations and both reaction times and
MARS, and between MARS and aggregate saccades in the current interface. In the ERTMS
interface significant associations were found between reaction time and both saccadic
amplitude and fixations, as well as between aggregate fixations and saccades. These findings
point to aggregate saccades and saccadic duration being promising SA measures for
comparing a control and new interface after a learning trial, but also raise the issue that since
SPAM didn’t significantly correlate with any of the eye tracking measures in these two non-
adaptation conditions, perhaps this is not the case especially since SPAM averages were found
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to significantly differ between the two interfaces in 2a and 2b. However, given that SPAM did
significantly correlate with MARS ratings, it is likely that further investigation with a larger
sample size would show more clear and sound associations.

3.4.3. Limitations

The current experiment was based upon a small sample size of train traffic controllers but given
that the current experiment was conducted during the period of Covid 19 only a small sample
size could be recruited and likewise tested during a specific time period and following specific
pandemic protocol. Likewise, all preparation for the study, including quite complex tasks such as
operationalizing the situations for the different conditions and constructing the SPAM
assessment all had to be conducted online, rather than in person between researchers. It is also
worth noting that the novel interface used in the current case study was based on what
operators are used to seeing at present in their day to day workplace, and thus only functional
ERTMS relevant design features were investigated in terms of visual salience. Finally the novel
service area operators worked in during the simulation seemed to have more of an impact than
was anticipated.

3.4.4. Summary and Future Recommendations

The use of qualitative human factors techniques alongside quantitative human factors
techniques gave a more extensive insight into how ERTMS can be developed for use in the
future, based on both clarified workflows as well as sound statistical conclusions. Support was
shown for SA measurement techniques such as self-rating measures and probe queries.
Additionally, support was shown for both saccadic and fixation eye tracking measures in
representing SA when assessing control room interface design. It is recommended that the
current study is replicated in the future with a larger sample size, and with more training
regarding unfamiliar service areas prior to testing to make the process more efficient. This
would likely have the positive effect of increasing end user (TTC) uptake and trust in the newly
implemented system. Likewise, it is recommended that the array of eye tracking measures used
in the current experiment are further investigated in control room contexts in association with SA
specifically, and also compared with MWL to further establish which measures tend more to one
construct or the other and to explore if the findings from the current experiment can be
replicated or more concretely explored.

3.5. Conclusion
This thesis presents a conceptual framework for integrating quantitative human factors
techniques into control room design for usability troubleshooting.

The conceptual model was developed by systematically appraising and arranging different
aspects of control room systems and human factors research techniques into a framework that
is suitable for guiding more human centered control room design. A subsection of the
conceptual framework has been used to analyze a novel interface compared to a control one
and demonstrated the plausibility of incorporating quantitative human factors research
techniques more extensively to support more effective control room design processes.
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The conceptual framework presented in the current thesis was intended for future use for
control room design processes by human factors engineers working in safety critical domains.
The application of this conceptual framework is intended to direct control room design towards a
more human centric focus, and thus ensure more effective and safe control room systems
design. This purpose was fulfilled through the ERTMS case study, which demonstrated the
usefulness of incorporating a wider range of research techniques, by adding dimensionality to
SA level outcomes for TTCs by showing trends in associations between eye-tracking metrics
and SA measures when comparing different interfaces. However this dimensionality would likely
be further demonstrated in a more controlled research setting with a larger sample size. It is
thus recommended that these findings are replicated in future control room research and that
the Conceptual Framework for Control Room Design is applied in its entirety in future research.
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Appendix
Table 1. Eye tracking Measures and SA and MWL in Safety Critical Research Environments
(workload,[SAY)
(*= significant result, IEVSISIOHSA)
Reference Scanpat Blink Blink Fixation | Fixation | Pupillom Gaze/ Saccade Dwell Other Measures
h rate Frequen rate / frequenc etry scan Amplitud (Gaze
cy proportio y (in Entropy e duration
n (in AOI)/ in AQI)
given refixatio
time ns
period)
Allsop et al. X
(2017)
Argyle et al. Freeze probe (SA)
(2020)
Bjorneseth et X X X X
al.(2012)
Bracken et al. SPAM, Bedford WL
(2019) scale, fNIRS sensor
Buettner et al. Random forest
(2018) method, Subjective
perceived task
difficulty
Coyne & Sibley Position based freeze
(2015) probe,
De Greef et X X*
al.(2009)
De Winter (2018)
Desvergez et al. SAGAT
(2019)
Di Flumeri et al. EEG, NASA TLX
(2018)
Diaz-Piedra X
(2019)*
Di Stasi et al. X X X Peak saccadic
(2009) velocity*, saccadic
duration, Ergonomics
evaluation g, Mental
workload test*
Di Stasi et al. X MWT, saccadic peak
(2010) velocity* and duration
Fabio et al. Time before correct
(2015) fixation
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Foy &
Chapman(2018)

Gartenburg,
Curry & Trafton
(2011)

X
(horizon
tal
spread
of
search)*

Ha et al. (2006) X

Hareide, Ostnes
& Mijelde (2016)

Hareide & X
Ostnes (2017)

Hazansadeh et
al.,, (2018)

Hooge & Camps
(2013~

Nasa TLX, HRV,
respiration skin
conductance*

Compared re- and
novel-fixations

Nasa TLX, Cooper
Harper scale

Entry time (duration
first fixation), hit ratio
(how many subjects
looked into AOI),
revisitors (how many
subj. Looked into
AOI>2)

Backtracks

lkuma et al.
(2014)

Fixation time (how
quickly fixates on an
AOI), SART

Arrow plot (avg scan

path), T50 (time until

half of P’s reach first
target AOI)

Igbal et al. (2004)

NASA TLX, SWAT,
SAGAT, mouse-
tracking

Katrahmani,
Ahmadi &
Romoser (2017)

Kearney et al.
(2018)

Kovedsi et al. X X
(2018)

“Subjective MW
ratings”, average
percentage change of
pupil size

SA verbal Erotocol.

Glancing (L1)- used
VP w ET to assess
levels

Saccadic velocity,
COOPANSs acoustic
alert, semantic alerts

Li, Chiu & Wu
(2012)

Matrix density,
scanpath length and
duration, blink
duration, verbal
protocol

NASA TLX,
(performance was SA)
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Lu, Coster & De
Winter (2017)

Mark et al. (2020)

Mclintre et al
(2014)

Miramonte
(2017)
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Self report self
sufficiency and task
difficulty

Cognitive testing,
fNIRS, EEG, ECG,
EOG, PPG, SA=task
difficulty

Pupil velocity

SPAM

Molina, Retamal X (electrodermal activity
& Lira (2018) (EDA),
electrocardiogram,
photoplethysmo-
graphy (PPG),
electroencephalogram
(EEG), temperature
Moore & Gugerty Spam/ SAGAT hybrid,
(2010) “scene fixations”
(entropy?), NNI
Noah & Rothrock X X* NASA TLX*, SAGAT
(2015) like probe
Nocera et al. AOlI transitions, Nasa
(2016) TLX, Cognitive
Failures Q.
Othman & Romli X* Nasa TLX,
(2016)
Orlandi & Brooks X ECG< Nasa TLX,
(2018)- MWL likert scale subj
rating
Petersen et al. SART, HRV, trust in
(2019) automation,
(monitoring frequency
switching AOIS)
Pfleging et al. X* NASA TLX, varying
(2016) light conditions
Recarte et al. X* X NASA TLX
(2008)*
Schulz et al. X* X* HRV*, Rating of
(2011)- Perceived Exertion
Schwalm, X* Nasa TLX, Index of
Keinath & Zmmer Cognitive Activity
(2008)
Schwerd & SPAM
Schulte (2020)
Stapel, SAGAT like
Hassnaoui & recognition based

Happee (2020)

method, first saccade
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Sturre et al.(
2015)

Szewczyk et al.
(2020)

Tokuda et al.
(2011)
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angle, duration
preceding fixation

SPAM

Gazeplots, heatmaps,
saccade frequency*

Van De Merwe
(2010)

“Subjective MWL
rating”

CARS, subjective SA

rating
Wanyan, Zhuang X* NasaTlx, ERP*, ECG
& Zhuang (2014)
Zhang et al. X* Surface
(2017) (correla electromyography
tions (sEMG) signals of the
signific bilateral trapezius,
ant for bicipital,
fatigue) brachioradialis and
flexor carpi ulnaris
(FCU) muscles
Zheng et al. X* X* Nasa TLX
(2012)

Q.= Questionnairre
Subj.=Subjective
w= with

=didnt look at SA or MW, but interesting enough to be included
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Table 2. Situation Present Assessment Method Usage in Research Environments
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Reference and Field Test Scenarios SPAM Qs SPAM results Other Methods and
(Number, modality, (Average Reaction Time, results
frequency) latency)
Bracken et al. (2019) 1.5 hour testing sessions, 2=nla n/a Eye tracking (AOls),
as well as information M=yes or no, or multiple Bedford WL scale, self
sessions about SA and WL choice report SA (likert four point,
and task (status check F=nl/a HbO (prefrontal
task, with secondary tasks oxygenated blood volume)
such as vehicle launching) and cardiac information
during activities with low
physical activity, System
Usability scale)
-One condt. More fixations
(suggesting lower WL), all
condt.s has different
usability scores
Durso (1999) SPAM in one of three N=6 L=~4 seconds -Nasa TLX, SART and

scenarios (one other with
SAGAT and one baseline)

M= Occurred when landline
was called (relevant to
task)

F=n/a

-Better outcome when
fewer remaining activities
at end, predicted subject

matter expertise well

SAGAT
-SAGAT=lower % correct
than SPAM
-TLX high intercorrelations
among items

Durso et al. (2006)

-SPAM in two of six
scenarios (two more had
offline queries and two
were control)

-Six memory span tasks for
air traffic control, whereby
accuracy indicated
performance

N= 6 per scen.
M=half heard with
earphones, half read in
lower right corner
-> responses binary, 2 or 8
options, all had warning
F=first 3-4 min of scen,
after every two min

RT=0-30 seconds (based
on that queries were
presented every 2.53 mins
depending on operator
activity)

L=30 s- 1 minute
-Sig. Better at predicting
performance than offline,
high incremental validity,
poorest for level 3 SA

-Cognitive, personality and
demographic variables,
and an offline query
-Variables had lower
incremental validity than
SPAM, offline query had a
high correlation (logical,
meant to measure same
construct)

Miramontes (2017)

-SPAM in all scenarios,
had queries differing in
specificity (general aircraft
questions vs specific ones)
and priority (high was
regarding conflicts or
position, whereas low was
regarding an aircraft not in
action)

N= 12/ scenario
M= binary response,
differed in specificity for
subj. matter, ready button
for operator and auditory
alert
F=every three minutes

RT=indicated WL
L=indicated SA
Both were significantly
longer for higher specificity
queries

-Four workload queries
also

-Eye tracking: fixation
frequency and duration at
target AOl,were more likely

to fixate on the display
during higher WL, scenario
and priority did not have a

sig. Effect on the

Pierce et al. (2008)

20 minute scenarios, with
first query occurring at
three minutes, used a
ready probe (auditorily), air
traffic scenarios test
context

N=7

M=verbal response,
indicated ready by pressing
space bar

F=every 2.83 minutes

RT=measured from ready
signal onset, used also for
list and shadowing
conditions

-similar outcomes to TLX
(highest in list condt.)

-In three of the outcomes
SPAM conditions had sig
poorer performance than
baseline g.

-word shadowing and list
recital (as separate
conditions to SPAM), and
two questionnaire
conditions (low fidelity)
-Nasa TLX (both SPAM
and shadowing ranked
lower than list recital for
task workload)

Pierce (2012)

First probe presented four
mins into scenario

N=6

M=Probe presented
auditorily, indicated ready
by pressing spacebar
F=2.83 mins

RT=Measured from onset,
length of time not stated

Nasa TLX, word
shadowing, list and two
baseline

-Same outcomes at Pierce
2008

Schwerd & Schulte (2020)

2 scenarios with training

M= threat node would be

RT=3 seconds (to report

-Eye tracking (used
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provided, SPAM like
probes occurred when
threats were present and
also for changes in
conditions

activated, had to be
reported

M= also measured time
until pilot reported altitude
as an adapted SPAM (for
changing conditions)

the presence of the threat
node for it to be correct)
-3 times it took over six
seconds

-Found that neither of the
SPAM methods worked
well since operators were
not fond of frequent
updates

fixations to indicate
contextual interface
features- found that it
supported SA investigation)
and SART (as a baseline
SA measurement)

Strybel et al. (2008)

20 minutes scenario, four
scenarios whereby pilots
could self pace, with an
easy and a hard condition,
and two with SAGAT and
two with SPAM

N=10 queries
M=computer based visual
guery (datalink with MACS
software)

F=every two minutes

L=predicted the indicated
airspeed (IAS) and thus
interfered with the
scenario, however
accuracy was still better in
SPAM than SAGAT

Nasa TIX and SART at the
end of every scenario, as
well as SAGAT as a
comparison (which was
found to be more intrusive
in subjective pilot ratings)

scenarios
Sturre et al. (2015) Four forty min scenarios N= 12 RT=N/a Eye tracking (looked at
ten min breaks between, M=Presented on a touch L=N/A fixations within target AOIs)
low and high priority probes | screen, given a ready
and general and specific prompt
probes F=3 minutes
Zhang (2016) Two scenarios, one with N= 8 total (four per scen) L=4 seconds Nasa TLX (no found to be

SPAM and one without

M=asked verball
F=every 3 mins

No significant differences in
errors found between
conditions

significantly different
between conditions)
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Metric Name and Definition

References

Notes

Movement direction measures (direction of movements in

stim space, also rel. to vision)

Anti-saccadic metric
Focusses on whether operators can inhibit / reverse

saccadic direction relative to a suddenly appearing/
distractor target.

(Holmquist & Nystrom, 2011)

This metric is made-up of six sub-measures

Saccadic direction

To determine whether one of three of the following
saccadic movements occurs:

Backtrack/lookback (saccadic movement in the opposite
direction of previous saccade- counting events),
lookahead (saccadic direction moves towards upcoming
target AOI)

or leading saccade (which is related to upcoming eye-
movement and shown to occur when the saccade skips
over the target and slows down in order for the target to
catch up with the gaze)

(Holmquist & Nystrom, 2011)

Lookbacks are dependent upon the operational
definitions

Lookaheads occur in anticipation of event
occurrence, and fixation occurs before AOI, and
are shown to be less common than guiding
fixations, and take less time

Scanpath direction through AOI

Calculable using the first and final fixations within an
AOI coordinates during a defined period, in order to
determine the gaze orientation of operators

(Renshaw et al., 2003*)

Need to relate it back to task context and search
strategies to give it proper meaning

Movement amplitude measures (in terms of displacement or velocity)

Saccadic amplitude

Used to determine how far the gaze was displaced (in
pixels),with shorter ones indicating focussed inspection
of details (as opposed to scanning) or a high frequency
of visual information presentation, as well as increased
cognitive load and difficulty of task (in terms of
searching)

(Philips & Edelman, 2008; Tatler &
Vincent, 2008; Recarte & Nunes,
2003)*

Can differ per eye, need to be mindful for that.

Scanpath length
the sum of all the saccadic amplitudes in a scanpath

(usually calculated in Euclidean distance by algorithms)

(Holmquist & Nystrom, 2011)

Saccadic duration
the time between two smooth pursuits or fixations, that
is thought to represent a period of no visual input

(Holmquist & Nystrom, 2011)

Associated with increased levels of fatigue or
task difficulty

Scanpath duration
the sum of all fixation durations throughout a task or
task subsection

(Holmquist & Nystrom, 2011)

Myriad of operational definition, the one here is
chosen due to simplicity

Blink duration

the entire time taken to complete a blink from when the
eye begins to close to when it opens again, and is
thought to be proportional to task workload and
inversely proportional to state of vigilance.

(Kovedsi et al., 2017
Noah & Rothrock, 2015, Marquart et
al., 2015)

Saccadic velocity

calculated as the average saccadic velocities in a
specific period of time, with lower saccadic velocity
being associated with decreased vigilance, or target

(Holmquist & Nystrom, 2011)
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predictability (when an anticipatory saccade move in the
direction prior to target onset- and have been found to
be slower than reactionary saccades)

Pupil velocity

The speed at which the pupil expands and contracts in a
specified period of time (with expansion and contraction
being measured separately since constriction is faster)

(Holmquist & Nystrom, 2011,
Buettner et al., 2018)

Has been associated with increased vigilance
and higher workload

AOI and transition movement metrics

Order of AOI entries

Assessed by creating a table ordering the participants
AOI entries (ranked chronologically), and average each
AOIs value in order to ascertain the average order of
AOI entrance to show which AQls are perceived first.

(Holmquist & Nystrom, 2011)

Variation between rankings represents the
tendency to visit similar AOls between
participants) and

can be used to calculate kendall's coefficient of

concordance.

Transition matrices:

Hooge & Camps, 2013;
Blascheck et al., 2016

Two common methods of measuring are either
Create transition cells and make an arrow plot
(can also represent entropy) OR use transition
trees (see how AOls nested)

AOI transitions

The frequency of transitions between AOI's within a set
period of time. Shows how shifts in gaze represents
which AOIs are most salient at which point in time, and
how AOIs are related to each other.

Kovedsi et al.( 2017), Holmquist &
Nystrom (2011)

Scanpath Entropy

The degree of gaze guidance, with a high degree
occurring when the majority of participants (or
operators, in the case of the control room) have similar
scanpaths.

Hooge & Camps, 2013

Allows investigation into whether the system/
interface supports visual search efficiency by
assigning a target AOI in a top-down manner

Gaze Entropy
Uses an entropy calculation to represent the
randomness of gazing patterns.

(Van De Merwe et al., 2012; Moore &
Gugerty, 2010, Diaz-Piedra, 2019;
Allsop et al. (2017);Coyne & Sibley
(2015);Desvergez et al., 2019; Fabio
et al., 2015; Othman & Romli, 2016)

Higher entropy rates in the case of attending to
an abnormality resulted in fewer and more
random fixations as well as higher error margins,
and that teams with more structured gaze
patterns performed much better.

Higher SA being associated with more
systematic viewing patterns within a team

T50 measure

The time at which half of the operators would find the
target/ salient AOI or AOI subsection at a crucial
moment.

Hooge & Camps, 2013

Allows for comparison between interfaces and
interface features during crucial task moments
(with smaller T50 equating to better VSE
support)

Position measures (stillness of gaze in one or more positions)

Fixation

the average x,y coordinates from data falling within a
specified space over for a minimum of a specified time,
when the gaze is fixed.

(Holmquist & Nystrom, 2011)

Looking at basic fixations within an AOI makes it
possible to determine for example where
location, direction, guidance and checking occurs

Dwells

Dwells have the whole area of the AOI as their position
value, since they are an event, and are categorical
variables in nature

(Holmquist & Nystrom,
2011;Bergstrand, 2008; Van De
Merwe et al., 2010

Hasanzade et al., 2016)

Must be careful AOI isn’t too large, to avoid
inaccuracy
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Dwell duration
the time period over which the dwell occurs (in ms), that
is how long is attention fixated within an entire AOI

(Holmquist & Nystrom, 2011)

Has been shown to represent uncertainty and
poor SA in novice operators (with longer
duration), but also has been shown to represent
interest (rooted in task context)

Fixation duration

Differs from dwell duration in that it doesn't represent
the lingering of gaze within an entire AOI for a block of
time, but rather shows a more precise pinpoint of where
attention was focussed over time n.b. Is thought to
represent a variety of cognitive processes in different
contexts

(Argyle et al., 2020; De Winter, 2018;
Holmquist & Nystrom, 2011)

Longer durations represent:

-deeper level processing and environmental
adaptation (in novel situations)

-lowered vigilance in very familiar settings, in
which stimuli is low, or difficulty in extracting
information -complexity of information presented
-prolonged (on only salient areas) when
expertise is higher

Shorter durations are shown to indicate higher

operator stress.

Fixation density

How many fixations are occurring within a given field
Representation of the spread of fixation clusters in a
specific period of time- represents searching when not
dense? Counts the number of fixations and divides it up
over the area in which it has occurred- High MWL

(Holmquist & Nystrom, 2011)

Most simplistically represented either visually or
with NNI - nearest neighbour index (in pixels)

Glissadic aftermath duration

The slow, drifting eye movement at the tail end of the
saccade as it turns into the fixation, which could also
represent visual intake, and be important in determining
the true fixation duration period.

(Holmquist & Nystrom, 2011)

Usually missed by event algorithms

Skewness of fixation frequency distribution
Examines whether the fixations tend towards long or
short in a fixed trial or time period

(Holmquist & Nystrom, 2011)

Pupil diameter

The diameter of the pupil at particular snapshots
throughout the task time, represented through pixel
values.

Singh et al., 2017; Piquado, 2010;
Mclntre et al., 2014;Igbal et al., 2004;
De Greef et al., 2009; Mark et al.,
2020, Molina, Retamal * Lira, 2018)

Represents mental workload and anticipation
(larger) and fatigue (smaller), however it can be
very sensitive to fluctuating lighting conditions

Numerosity measures

Frequency measures
Can be applied to all key metrics () and come in the

format of spatial (i.e. how many in one area) versus
temporal (i.e. how many in one time period)- and are
again grounded in the task context

(Holmquist & Nystrom, 2011)

Temporal frequency measures are not to be
confused with rate measures- rate is how many
occurred per fixed unit of time, whereas temporal
frequency is how many occurred during a
specific period.

Glissadic proportion
The number of glissadic eye movements occurring per
saccade.

(Holmquist & Nystrom, 2011)

Shown to be associated with vigilance

Saccade numerosity measures

Frequency (from trial start to end), rate (the number per
second, during a set period) and proportion (the number
in a subgroup, divided by the entire amount)

Kovedsi et al.( 2017), Holmquist &
Nystrom (2011)

Blink rate and frequency

(Noah & Rothrock, 2015, Marquart et
al., 2015; Holmquist & Nystrom,

Both are associated with mental workload. Must
be careful that data taken from people wearing
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number of blinks occurring per minute (usually), and
has been shown to increase with mental workload and
fatigue- and are not a continuous measure.

Blink frequency also because it has been found to
increase steeply at the beginning of an increase in
workload, but remain steady throughout the later part of
a task (which is thought to indicate that some kind of
orientation phase could occur).

2011;Bjorneseth et al., 2012; Ha et
al., 2006; Kovedsi et al., 2018; Noah
& Rothrock, 201)

glasses doesn’t cause Smarteye to interpret
glinting (and thus a loss of pupil data) as a blink,
also need to be aware of individual differences
which are common with this measure.

Inter-blink interval
The amount of time occurring between blinks in
seconds.

(Holmquist & Nystrom, 2011)

Calculated as the inverse of the blink rate.

Fixation numerosity measures

frequency (from trial start to end), rate (the number per
second, during a set period) and proportion (the number
in a subgroup (for the current context, one AOI), divided
by the entire amount)

(Argyle et al., 2020, Holmquist &
Nystrom, 2011; Coyne & Sibley,
2015; Bracken et al., 2019, Di
Flumeri et al., 2018)

Frequency has been shown to be be negatively
related to search efficiency and level of
experience, and positively related to interest and
rate to be negatively correlated with scenario
difficulty, and correlated to performance)

Dwell numerosity measures
Frequency- usually measured as the amount of dwells

in each AOI,two consecutive dwells in the same

AOI being allowed (unless there is whitespace in the
stimulus), also common to look at proportion in a
specific time period and rate.

(Holmquist & Nystrom, 2011)

Signifies increased practice (a lower amount),
and semantic importance and complexity of
features (associated with more).

Proportion measures

Prop of participants that look at an AOI- to flesh out
which AQls are missed and to detail whether some
AOIs that might have long dwell times are being missed
by some participants- has been shown to signify
contextual predictability

Proportion of trials: looks at the proportion of trials in
which certain behaviours occurred, such as
proportionally how many fixations occurred in a
particular trial

(Holmquist & Nystrom, 2011)

Inspect the amount of times a specific criterion is
satisfied in order to give more dimensionality to
eye-tracking analysis in the context of the
experimental design.

Number of re-fixations In total always equals the
number of dwells minus one, but can instead be done
as a proportion also (whereby the number of re-fixations
are divided by all the targets which have been fixated
upon) to show which targets required more attention

(Holmquist & Nystrom, 2011)

Could also make a threshold for refixation time
limit, that is, all re-fixations which occurred within
thirty seconds

Fixation to importance ratio: measurable by looking at
individuals as opposed to cohorts average gaze
duration and number of fixations in specific AOls

(Kovesdi et al., 2015; Ha & Seong,
2007)

The manner in which an operator allocates their
fixation to an AOI in terms of its degree of
importance to the task (as determined by group
averages)

Latency (time delay) and distance (from one point to another) measures:

Eye-mouse distance
Expressed in pixels, and conceptualised as the distance
between the point of gaze and the mouse.

(Holmquist & Nystrom, 2011)

Used to signify to what extent mouse-tracking
can be used as a substitute for eye-tracking.

Saccadic gain

Measured as the distance between the ending point of
the saccade and the beginning of the target, and is
expressed as a percentage.

(Holmquist & Nystrom, 2011)

100% equates to landing in the target (and less
being under (undershoot) and more being over
(overshoot) when the measure is expressed
simplistically.
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Saccadic latency
The time after the onset of the target for which it takes

for the saccadic movement to being, thought to signify
reaction time

(Holmquist & Nystrom, 2011)

Shown to be positively associated with split
attention (distractors/ targets in multiple parts of
the visual field) and negatively associated with
anticipation and predictability of appearing
targets, and measured in ms.

Smooth pursuit latencyThe measure of reaction time
for targets which move in a smooth manner, have been
also shown to be negative in the case of anticipation

(Holmquist & Nystrom, 2011)

Difficult to calculate onset, and might need to be
done manually and by looking at individual trials.
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Questionnaire 1. Post testing Questionnaire.
Overall background information of Participants (not to be used individually)
1.  How much work experience do you have as a train traffic controller?

Completely disagree Completely Agree

1. The second scenario was easier because of prior 1 2 3 4 5 w.n.
experience with the first scenario

Usability

Please indicate to what extent you agree with the beneath statements.

1 = Helemaal mee oneens; 2 = Oneens; 3 = Niet eens/niet oneens; 4 = Mee eens; 5 = sterk eens; w.n. = niet van
toepassing/weet niet

Helemaal mee [Helemaal mee
oneens eens

1. | could easily acclimatise to the simulator. 1 2 3 4 5 w.n.
2. | could easily acclimitise to the new service area. 1 2 3 4 5 w.n.
3. | could easily acclimitise to the ERTMS UI. 1 2 3 4 5 w.n.
4. | would gladly use the ERTMS interface regularly. 1 2 3 4 5 w.n.
5. I think the ERTMS interface is unnecessarily complex. 1 2 3 4 5 w.n.
6. | think the ERTMS interface is easy to use. 1 2 3 4 5 w.n.
7. 1 require support from a technical person to use the ERTMS 1 2 3 4 5 w.n.
interface.
8. | think the various functionalities in the ERTMS interface are 1 2 3 4 5 w.n.
very well integrated.
9. | feel that there are too many contradictions in the ERTMS 1 2 3 4 5 w.n.
interface.
10. | could imagine that most ERTMS users can learn quickly to 1 2 3 4 5 w.n.
use the interface.
11. I find the ERTMS interface cumbersome to use 1 2 3 4 5 w.n.

10. | feel very familiar with the ERTMS interface 1 2 3 4 5 w.n.
11. | had to learn a lot before | could use the ERTMS interface 1 2 3 4 5 w.n.
easily

Simulator Validity
Completely agree Completely
disagree
1. | found the timetable display in the current simulation task to be 1 2 3 4 5 w.n.
completely realistic.
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match with processes in a comparable situation in my workplace

2.The simulation environment felt pretty much like my own 1 2 3 4 w.n
workplace

3.1 found the infra model in the current simulation task to be 1 2 3 4 w.n
completely realistic

4.1 couldn’t find all the necessary information in the simulator in 1 2 3 4 w.n
order to complete my task well

5. The train service process corresponds process wise to real train 1 2 3 4 w.n
service processes

6. The simulator consists of necessary functions that are required to 1 2 3 4 w.n
complete this task

7.The chosen scenario in the simulator represents a situation that is 1 2 3 4 w.n
encountered in the railway sector

8. The information that can be accessed through information sources 1 2 3 4 w.n
in the simulator can be altered in the same manner as in an
actual interface

9. The processes (interactions, communications) in the simulator 1 2 3 4 w.n

Intent and goal of game session

Completely disagree Completely
agree
1. The objective of the session was 1 2 3 4 5 w.n.
obvious
2. | can see the added value of this 1 2 3 4 5 w.n.
research
2. Theinstruction material was 1 2 3 4 5 w.n.
sufficient for preparation for the
scenarios in the experiment.

Do you still have observations?

Once again, many thanks for your participation!




