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Abstract
A sustained increase in air traffic has resulted in a greater workload for Air Traffic
Controllers (ATCOs). Researchers have tried to alleviate this issue by attempting to
introduce advanced intelligent decision aids for ATCOs, that are able to assist them in
operation. However, for an efficient integration of these autonomous tools into Air Traffic
Management (ATM) operations, ATCOs must use these decision aids appropriately. Even
though the predominant human factor that governs how ATCOs use their tools is trust, it
remains a field that has not been able to keep up with the pace of research in the more
technical aspects of ATM. Matching the pace of development is absolutely necessary in
order to gain a deeper insight into the nature of ATCO-Autonomous System interaction.
The research that has been conducted so far tends to treat autonomous systems as a
subset of automation, where they are considered to be a more evolved version of
automation tools. However, the added element of autonomy warrants further specialised
examination. Autonomy has progressed to the stage where it is starting to be viewed as a
legitimate teammate, rather than just technology. This shift in dynamic calls for ATCOAutonomous System Interaction to be analysed in its own right. The characteristic
autonomy that is present in these interactions suggests that there may be similarities with
Human-Human Interaction, which also involves an autonomous trustee. This brought
about the question of whether finding from Human-Human Trust can be applied to
Human-Autonomous System Trust. As such, the strength of the relationship between
Human-Human Trust and Human-Autonomous System trust was examined empirically in
the context of both Propensity to Trust, as well as Momentary Trust using less subjective
and more quantitative methods such as an oblique questionnaire. Furthermore, when
xiv

exploring the extent of the parallels between Momentary Human-Human Trust and
Momentary Human-Autonomous System Trust, a neuroergonomic approach was adopted
to improve the quality of data obtained. The results indicated a strong relationship
between Human-Human Trust and Human-Autonomous System Trust.
Subsequently, the similarities between them were assimilated into the development
of a robust model of ATCO-Autonomous System Trust that simultaneously juxtaposed
two opposing representations of trust and distrust. Past research presented the views that
trust and distrust could be on opposing ends of the same continuum, or mutually exclusive
of one another. The use of a novel and innovative quantum-inspired model reconciled both
of these perspectives, with objective neuroimaging data that was obtained from
experiments with ATCOs. This model was further calibrated with supplemental
behavioural data that was also collected. The development of this novel model
demonstrated the feasibility of utilising Human-Human Trust as a starting point to speed
up the growth of Human-Autonomous System Trust.
While they are by no means virtually indistinguishable, the empirically determined
similarities, such as similar interaction patterns and neural activity dictate that insights
from Human-Human Trust are certainly applicable to Human-Autonomous System Trust.
As such, this can certainly serve as a realistic and practical approach to accelerate the
growth of ATCO-Autonomous System Trust research and catch up to the development of
intelligent decision aids for ATCO use. A more comprehensive understanding of HumanAutonomous System Trust will likely lead to a smoother integration of the various
decision support tools that are being developed for ATCOs by ensuring appropriate use
through calibrated trust levels.
xv

Chapter 1 Introduction
1.1 Background
The International Civil Aviation Organisation (ICAO) defined Air Traffic
Management (ATM) as “the dynamic, integrated management of air traffic and airspace safely, economically and efficiently - through the provision of facilities and seamless
services in collaboration with all parties (ICAO, 2005). Based on the EU Framework
Regulation, the parties that are involved in conventional ATM consist of the people
providing airborne functions and ground-based functions. The airborne functions comprise
the supervision of aircraft along flightpaths, and ensuring infrastructure in place to prevent
collisions between aircraft in the air. The ground-based functions meanwhile, are made up
of Air Traffic Flow Management (ATFM), Airspace Management (ASM), and Air Traffic
Services (ATS), which in turn comprise the Air Traffic Control (ATC) services, alerting
services, search and rescue, air traffic advisory services, and flight information services.
The main functions of ATC services would be to prevent collisions between
aircraft, as well as between aircraft and other obstacles, and to facilitate and preserve an
efficient flow of traffic. In the context of this thesis, autonomous aids were regarded to be
a more sophisticated type of automation, as adapted from Hancock’s interpretation, will
increase by 4.3% annually from 2015 to 2035 (IATA, 2016), which will result in an
exponential rise in air traffic, and this trend is expected to continue past 2035, based on
similar forecasts by Airbus, who claim that air traffic volume will double every 15 years
in terms of Revenue Passenger Kilometre (RPK). This presents a challenge for current
ATM infrastructure, and current strategies to ameliorate this situation include making
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sectors smaller, free route airspace implementation, dynamic sectorisation and increased
automation with the use of Arrival Manager (AMAN) and Departure Manager (DMAN)
for example (Nava-Gaxiola & Barrado, 2016; Schmitt, Edinger, & Korn, 2011).
Despite being one of the more practical solutions, making sectors smaller comes
with definite limitations, such as number of controllers available for deployment, number
of radio frequencies available, and curbed tactical flexibility for controllers. Dynamic
sectorisation free route airspace implementation come with their own challenges of new
procedures that need to be certified. Increasing the level of automation, even to the point
of autonomy to assist with Air Traffic Controller (ATCO) tasks has a lot of potential due
to lower intrinsic limitations, like in the case of making sectors smaller, and ideally, will
create minimal disruptions to current operating procedures. This is especially relevant to
the aviation industry, where the human operators are predominantly responsible for the
consequences, and as such, the autonomous decision aids are simply a tool in their arsenal
(Billings, 2018).

1.2 Motivation
It is for this precise reason that human factors have been an essential component of
research pertaining to ATM, largely because it has to date, remained a largely humancentric system (Rodgers, 2017), where the major operational decisions are made by human
operators. Their automated aids are simply meant to supplement the decision-making
process. These automation aids could assist ATCOs with a number of tasks such as
boosting throughput, improving the management of arrivals and departures, as well as
conflict detection and resolution (Rodgers, 2017). In fact, automation tools are likely to be
the principal drivers of future operational ATM concepts (Metzger & Parasuraman, 2005).
2

This is especially vital, given that current ATM infrastructure is nearing its limits
(Tascón & Díaz Olariaga, 2021). Another key consideration that is unique to ATM is the
fact that safety is one of the predominant concerns due to the high cost of potential
mistakes (Sáez Nieto, 2016). Autonomous systems have the potential to display improved
performance as compared to even certified automated aids, without compromising the
user-centred dynamic that is characteristic of a safety-oriented field such as ATM (de
Visser, Pak, & Shaw, 2018). Particularly with autonomous tools being increasingly
characterised as a teammate rather than a standalone machine to be used (McNeese,
Demir, Cooke, & Myers, 2018), the very nature of human-machine interaction is likely to
evolve. For this reason, human factors have been a crucial research area in ATM to make
human-machine interaction more efficient.

An increased number of interdisciplinary

projects that involve fields like cognitive psychology, industrial design, and
neuroergonomics, have conceived a variety of methods to enhance the insight into humanmachine interaction in both ATM, and in other fields (Parasuraman & Rizzo, 2008).
There may be some limitations to autonomy that should not be ignored, such as
risk of operator being unaware of system malfunctions, or the system not providing
necessary contextual information (Endsley, 2017), not to mention a myriad of ethical
considerations (Hancock, 2017). However, the severity of these constraints is not as
extreme in the field of ATM due to the supremely safety conscious nature of the field.
Any technology that is due to be implemented in operation goes through multiple rounds
of certification and numerous redundancies also tend to be embedded within these
systems. As such, one can be fairly confident that automation tools used by ATCOs could
have higher levels of autonomy to them in the future. In the context of this thesis,
3

autonomous aids were regarded to be a more sophisticated type of automation, as adapted
from Hancock’s interpretation, where automation and autonomy were presented to be
“differing serial stages of computational evolution”, rather than entirely independent
concepts, with autonomy displaying the distinguishing property of learning, evolving and
permanently changing their operational capabilities with the addition of situation-specific
data (Hancock, 2017). As such, the very nature of human-machine interaction is likely to
change, and this must be taken into account in future studies that examine this truly
fascinating topic. Instead of simply treating autonomy as a subset of automation, further
examination in their own right is warranted.
(Langan-Fox, Sankey, & Canty, 2009) conducted a review of human factors
measurement tools with a view of how the aviation industry is changing and found a
distinct lack of extensive research especially in the area of trust, among other human
factors like stress and boredom. Trust is a particularly crucial human factor since it can
determine how ATCOs use the automation tools that are provided to them (Dzindolet,
Peterson, Pomranky, Pierce, & Beck, 2003). It was outlined by (Parasuraman & Riley,
1997), how an unwarranted high level of trust could result in misuse of tools, which refers
to an over-reliance on tools leading to complacency. Conversely, an unwarranted low
level of trust could result in disuse of tools, which refers to an under-reliance on tools due
to an excessive amount of false alarms. A prominent example of disuse occurs in aviation
in the case of the Traffic Collision Avoidance System (TCAS), which is switched off at
times by pilots due to false alarms. As such, levels of trust must be calibrated carefully to
ensure optimum performance, regardless of the quality and quantity of the tools available
to the operators. Furthermore, ATCOs often operate in a dynamic environment, where
4

they may be required to make decisions under uncertain conditions with finite time
pressures. Trust will likely dictate ATCO behaviour under these conditions.
The first step to calibrate levels of trust is of course, to measure it accurately and
precisely by identifying the constructs and dimensions that encompass trust. The earliest
attempt to model trust empirically was carried out by (Lee & Moray, 1992), who showed
through their experiments that human-automation trust is indeed very dynamic, and
changes with machine performance. This raises the question of the efficiency in obtaining
theoretical models of trust, and even measuring trust through questionnaires that provide
static representations of trust. Even though some measures of trust, such as the SHAPE
Automation Trust Index (SATI), developed by (Goillau, Kelly, Boardman, & Jeannot,
2003) ensured multiple readings with the questionnaires during a single run of simulation,
it still does not provide the full depiction of how trust changes with time. Furthermore,
these questionnaires depended heavily on Likert scales that are inherently subjective.
Results are likely to vary with different subjects, and this leaves the question on how trust
can be measured and calibrated accurately and precisely.
With the development of intelligent support tools progressing at an express pace,
the study of human factors and trust need to keep pace in order to ensure the safe and
efficient integration of these tools into operation (Salmon, 2019). He goes on to emphasise
the importance of involving human factors specialists even at the beginning of the design
process to ensure a more proactive approach, with more accurate models of human and
autonomous system performance, rather than a reactive one, where they are requested to
solve issues retroactively. Ensuring appropriate interactions and use by operators will
enable the harnessing of the enormous potential provided by these autonomous aids.
5

Disuse from operators on these powerful tools may simply render the significant resources
invested in them a waste. As such, speeding up the pace of Human-Autonomous System
Trust research, as well as achieving this objective with less subjective approaches, is an
urgent need. For example, a more objective measure of trust will be invaluable in the path
to calibrating Human-Autonomous System Trust levels in ATCOs in real time, to ensure a
more efficient and ideal performance.

1.3 Research Objective
This precipitates an interesting question: Is it possible to expedite the accumulation
of knowledge in Human-Autonomous System Trust? One of the ways to accomplish this
feat would be to draw inspiration from Human-Human Trust, where the trustee also
displays autonomy. Furthermore, Human-Human Trust researchers have employed the use
of neuroergonomics, which is the combination of two areas of research that border one
another: neuroscience and human factors. This approach has already led to breakthroughs
in the study of other human factors such as mental workload and vigilance (Parasuraman
& Wilson, 2008). Traditionally, human factors research has hinged on behavioural studies,
surveys, and performance analysis. However, with advancements in neuroscience, it is
only natural that neural activity becomes a novel basis to tackle the very same human
factors problems (Parasuraman, 2011).
Neuroimaging techniques such as Electroencephalogram (EEG), functional
Magnetic Resonance Imaging (fMRI), and functional Near Infrared Spectroscopy
(fNIRS), form a large group of neuroergonomics experiments (Parasuraman & Wilson,
2008), and this seems to be the best answer to the question raised earlier. Neuroimaging
techniques will allow an uninterrupted flow of data that not only shows neural activity, but
6

also changes in neural activity that were not as accessible previously. Furthermore, this
data will be more objective as brain activity is less open to interpretation, as compared to
self-reports. This will facilitate a more accurate and precise illustration of human factors
such as trust.
To summarise, determining the precise extent of the parallels between HumanHuman Trust and Human-Autonomous System Trust with a more quantitative approach
will allow for principles from the former to augment models related to the latter. The aim
of this thesis is to speed up the growth of knowledge in Human-Autonomous System Trust
by applying findings from Human-Human Trust, which will go a long way towards
developing more holistic and robust models that can be… trusted.

1.4 Scope
This thesis focuses solely on only autonomous systems, which were defined as a
more evolved form of automation. (Hancock, 2017; Parasuraman, 2000). It is
distinguished by the element of autonomy, which deterministic automation tools are
incapable of. In the context of ATM, the final authority remains with the human operator,
or the ATCO, and this archetype was established and maintained throughout the design of
the studies conducted for this report. Furthermore, the ratio of one ATCO (trustor) to one
autonomous system (trustee) was established for this report. The efficiency of this ratio is
out of the scope of this thesis, and the addition of more teammates can be examined in
future work. This will require more complex dynamics that can be built upon the
foundation of this report’s findings.
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Furthermore, the accurate and precise measurement of Human-Autonomous
System Trust with the aim of calibrating it is not within the scope of this report. Even
though this is the long-term goal that human factors specialists should look to work
towards, the emphasis of this thesis is to evaluate the feasibility of using the depth of
Human-Human Trust literature to accelerate the growth of Human-Autonomous System
Trust by assessing the strength of the relationship between them.

1.5 Report Organisation
The first chapter of this report provided a glimpse of the future challenges
involved in ATM, and in particular, the changing dynamic of human-machine interaction.
Current models and measures of trust are inadequate to fully explain the current state of
Human-Autonomous System Trust.
Further background information was provided in the second chapter, and the
existing measures of human-automation trust were examined. Past work regarding the
comparison between Human-Human Trust and Human-Autonomous System Trust were
analysed as well. A review of neuroimaging techniques was also included to justify the
neuroimaging techniques that were used in the subsequent studies.
This was followed by the third chapter that formulated the research questions to be
explored and showed the overview of this thesis.
The fourth chapter presented the results of a study that evaluated the strength of
the relationship between the propensity to trust humans and the propensity to trust
autonomous systems. This study was conducted with the use of an oblique questionnaire
that utilised indirect questions to reduce the subjectivity of the results.
8

The fifth chapter involved the use of neuroergonomics to evaluate the strength of
the relationship between Momentary Human-Human Trust and Momentary HumanAutonomous System Trust. Again, the use of neuroimaging increased the validity of the
data collected, and by association, the conclusions obtained from the data.
The sixth chapter utilised the findings from the previous chapter to present a novel
model of trust and distrust that coalesced two conflicting views in a coherent manner. In
doing so, the potential to accelerate the growth of Human-Autonomous System Trust by
applying valid findings from Human-Human trust was demonstrated.
Finally, this thesis concluded with the seventh chapter by providing some
conclusions and recommendations for future work.

9

Chapter 2 Literature Review
2.1 Background Literature
Technology has also evolved to a stage in time, where autonomous tools have
become an increasingly sophisticated and effective solution for current and future research
problems. Artificial intelligence applications have already been considered for various
industries such as healthcare (Hashimoto, Rosman, Rus, & Meireles, 2018),
manufacturing (Li, Hou, Yu, Lu, & Yang, 2017), and of course the more well-known
autonomous cars. There is no reason why artificial intelligence cannot be incorporated into
ATM, especially when considering autonomous systems are starting to be considered as
teammates, rather than simply a separate machine (Grimm, Demir, Gorman, & Cooke,
2018). Particularly when considering the strong situational awareness and higher order
cognitive processing abilities that ATCOs are required to demonstrate during operations
(Hedayati, Sadeghi-Firoozabadi, Bagheri, Heidari, & Sze, 2021), autonomous teammates
have the capability to ease the workload of ATCOs (Tran, Pham, Goh, Alam, & Duong,
2020; Tran, Pham, Goh, Alam, & Duong, 2019).
Furthermore, it has been suggested that autonomous teammates can assist with the
more mundane tasks of ATCOs so that their cognitive resources can be freed up for more
complex and higher order tasks that have a much larger cost associated with an incorrect
decision (Endsley, 2017), which is particularly important in ATM, where collisions for
example, may have extremely disastrous consequences. Essentially, the ATCO will
certainly exert supervisory control over an autonomous teammate in the context of a
Human-Autonomy Hybrid Team, which can be defined as a group of human operators and
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intelligent autonomous agents functioning as a symbiotic partnership in the pursuit of a
shared objective (O’Neill, McNeese, Barron, & Schelble, 2020). This team can also have
bi-directional communication (Lundberg et al., 2019). As such, one can be fairly confident
that automation tools used by ATCOs could have higher levels of autonomy to them in the
future. Thus, the very nature of human-machine interaction is likely to change, and this
must be taken into account in future studies that examine this truly fascinating topic.
Historically, the philosophy behind the study of human factors has enabled the
treatment of human operators as static beings in a closed system (Teperi, Leppänen, &
Norros, 2015). This may not always reflect the true nature of human operators, especially
in ATM, which is a complex system that has many external and environmental factors that
cause discernible changes in operation. However, the direction of research has shifted
from a deterministic human-machine system to a more robust analysis that focuses on the
dynamic interactions between humans and machines within a system (Amalberti, 2001;
Hollnagel, 2003).
(Wickens, Mavor, & McGee, 1997) claimed that the lack of coordination between
human factors specialists and system developers had resulted in a fragmented progression
of decision aid design in aviation. Existing models account largely for technological
implementation without considering the overall performance of ATCOs, in conjunction
with their decision aids. An example of the complex nature of human-machine interaction
in ATM is the finding of (Hilburn, Westin, & Borst, 2014), that there is a clear preference
in ATCOs towards conflict resolution strategies that they utilise personally, as compared
to solutions that are equally, if not more efficient. Conflict resolution aids that ignore this
crucial element will likely aim to provide a solution that may be the optimal strategy, but
11

not necessarily one that will be used by the ATCO, thus negating any tactical advantage
that the tool provides. In fact, it was found that human-automation interaction shares
parallels with human-human interaction, in that operators were drawn to automation tools
that reflected their own personality (Nass & Lee, 2001).
Particularly considering that ATCOs will likely wield the deciding vote regardless
of traffic situation or the quality of the systems they have at their disposal (Metzger &
Parasuraman, 2001), the nature of the interaction between ATCOs and automation tools
must be considered and analysed further to ensure a smooth and efficient transition to
future operational tools and concepts that allow ATCOs to cope with the increased traffic.
This transition will be made trickier by the fact that automation tools in ATM have
traditionally been designed to complete tasks that require low cognitive potency, such as
the projection of flight paths (Wickens, Mavor, Parasuraman, & McGee, 1998).
(Parasuraman, Sheridan, & Wickens, 2000) presented the 10 levels of automation,
varying from complete human autonomy to complete machine autonomy, in a humanautomation team. Under their model, any automation tool above level 6 would complete
tasks without consulting ATCOs and this is unlikely to be certified by any governing body
due to the human-centric nature of ATM. However, level 5 in particular, represents the
greatest area of interest for future ATM tools, since it refers to the autonomous tool
completing the task based on ATCO authorisation. Previous studies have shown that
autonomous tool acceptance by ATCOs reduced drastically when the responsibility for
decisions shifted away from the human operator, towards the autonomous tool (Bekier,
Molesworth, & Williamson, 2012). As such, Level 5 decision aids represent the greatest
potential for the incorporation of autonomy into the tools available to ATCOs, since the
12

tactical authority remains with human ATCOs. Any changes in operations remains
contingent upon ATCO approval, which is more appropriate for ATM applications.
Indeed, such autonomous tools could be one of the best ways to reduce ATCO workload.
Particularly to cope with rising traffic, it will become necessary for automation
tools to adopt higher order cognitive tasks such as Conflict Detection and Resolution
(CDR), which can be addressed by autonomous tools. Thus, the added autonomy in this
setup may cause the characteristics of Human-Autonomous System interaction to deviate
from the properties of Human-Automation interaction, which necessitates further
examination. A better understanding of the unique specifics of this relationship is crucial
for easier and more efficient integration of more sophisticated autonomous tools into
operation (Guleria, Tran, Pham, Durand, & Alam, 2021).
When interacting with intricate and intelligent systems, the predominant human
factor that determines the nature of this interaction is trust (Lee & See, 2004). Trust has
less of an influence in controlled and constant environments, where there is little
uncertainty. However, its importance increases exponentially in complex and dynamic
environments with multiple stakeholders. This is again reflected in Human-Human Trust,
where it is the determining factor when deciding whether to depend on someone under
uncertainty. Human-Automation Trust regulates the decision on whether to accept or
reject automation advisory under uncertainty (Hoff & Bashir, 2015), and it reinforces the
relevance and importance of understanding trust, especially in the domain of ATM.
Furthermore, the level of trust in an interaction should not be indiscriminately high
for any given situation in the context of Human-Automation Trust. If the level of trust
exceeds the performance of the trustee, the resultant over-trust will likely cause
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complacency and a lack of situational awareness (Parasuraman & Riley, 1997). On the
contrary, if the level of trust falls below the performance of the decision aid, the resultant
under-trust could cause a lack of usage by the operator. An ideal operational environment
will require the user to calibrate their trust levels accordingly to the system performance,
with good resolution (Sheridan, 2019). This relationship is illustrated by Figure 1, that was
obtained from (Lee & See, 2004).

Figure 1: Illustration of Operational Interactions (Lee & See, 2004).

Despite its significance, trust has not received the consideration it deserves.
(Langan-Fox et al., 2009) outlined how trust is one of the most crucial human factors to
ponder when it comes to future ATM operations, but it is one of the least studied as well.
Evidence of this is reflected in the number of measures developed, with only 3 available
for trust, as compared to 11 for workload, 8 for Situational Awareness, and 7 for
Motivation and Stress. This could be due to the complex nature of trust, with (McKnight
& Chervany, 2001a) using the analogy of 6 blind men feeling different parts of an
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elephant and describing it differently, to compare to how different researchers have
defined trust, and captured perhaps only fragments of this

multidimensional human

factor.
ATCOs are also required to carry out their tasks with the intrinsic constraint of
time limitations, which enhances the relevance of trust in the decision-making process in
ATCOs since they may not have the necessary time to patiently consider and evaluate all
options available. As such, automation tools have become almost an inevitably essential
component of ATM. The proliferation of automation tools is not only unavoidable, it
holds the potential to boost safety, efficiency, and capacity (Amaldi & Quercioli, 2016).

2.2 Human-Automation Trust
2.2.1 Constructs of Human-Automation Trust
When examining the definitions of automation in previous studies, (Lee & See,
2004) described it as “technology that actively selects data, transforms information, makes
decisions, or controls processes”. (Hoff & Bashir, 2015) claimed that the distinguishing
feature of automation was its proficiency in conducting multifaceted and recurring tasks
exclusive of mistakes. (Madhavan & Wiegmann, 2007), on the other hand, asserted that
automation tools aid the human operator in the process of making decisions in the absence
of complete information. Considering the diversity in these definitions, which tend to be
more specific, a broader definition is required, and it was provided by (Parasuraman et al.,
2000), who defined automation as an apparatus that completes a task (either wholly or in
part), that was previously handled by a human operator. Based on this definition, it is
evident that autonomous aids are not separate from automation tools. Rather, they are a
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subset of automation tools, that are likely to become more common in future ATM
operations.
However, before proceeding further, current constructs that encompass the concept
of trust must be established. Research on trust was first conducted in social psychology,
where the nature of human-human trust was explored. The earliest definition of humanhuman trust was based on confidence. (Deutsch, 1973) described trust as the conviction
that the trustor will obtain positive results from the trustee, as opposed to negative results.
(Scanzoni, 1979) updated this with the element of the trustor altering their behaviour due
to their confidence in the trustee providing them some form of positive fulfilment. (J. B.
Rotter, 1980) then established a component of reliability as a necessary influence in trust.
(Barber, 1983) was the first to identify the multifaceted nature of trust, and created a
generalised taxonomy of trust that had 3 underlying concepts:
•

Persistence, which referred to the overall anticipation of the trustee’s nature, based
on established rules that cannot be contravened.

•

Technical Competence, which referred to the trustor’s anticipation of the trustee’s
ability to complete a given task, based on expertise or past performance.

•

Fiduciary Responsibility, which referred to the trustor’s anticipation that a trustee
would simply complete their task due to a previous promise or the nature of their
duty.
One of the most important breakthroughs in trust was then achieved by (Rempel,

Holmes, & Zanna, 1985), who were the first to recognise the dynamic nature of trust, and
proposed a progression model where predictability of trustee determines trust during
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initial interactions, followed by dependability of trustee, and finally faith in trustee after
rapport has been built in the interaction.
Both (Barber, 1983)’s and (Rempel et al., 1985)’s work was central in the
development of the very first model of human-automation trust that was proposed by
(Muir, 1994), who identified the relevant elements of human-human trust from previous
work that can be applied to machines. Subsequently, a review of trust studies conducted
by (McKnight & Chervany, 2001a) revealed that 92% of all proposed descriptions of trust
in literature contained some combination of 4 constructs:
•

Benevolence, which refers to the trustee’s willingness to act favourably towards
the trustor, instead of being unscrupulous.

•

Integrity, which refers to the trustee honouring their promises and only providing
factual information.

•

Competence, which refers to the trustee being able to perform the tasks that they
were supposed to do.

•

Predictability, which refers to the trustee’s behaviour being uniform under
different conditions.
This was followed by a shift away from using specific constructs to define trust to

first defining trust in more macroscopic ways. (Sheridan, 2002) distinguished between
trust as a cause of trustor’s actions and trust as the effect of the automation’s features. (Lee
& See, 2004) outlined how trust could be a “belief, attitude, intention, or behaviour”.
(Mayer, Davis, & Schoorman, 1995) indicated that a willingness of the trustor to take a
chance with the trustee is the defining characteristic of trust. This property in particular, is
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very relevant to ATM, since ATCOs perform their tasks in highly dynamic environments,
with possible uncertainty due to many external factors that cannot be controlled, such as
weather, multiple stakeholders - each with their own agendas, and fluctuations in traffic
across different periods.

2.2.2 Trust vs Distrust
One of the first models of human-automation trust was put forward by (Muir,
1994), where the definition of trust was adapted from both (Barber, 1983) and (Rempel et
al., 1985). The resultant model portrayed trust and distrust at opposite ends of the same
spectrum. This was reiterated by empirical studies conducted by (Goillau et al., 2003;
Jian, Bisantz, & Drury, 2000). In fact, (Schoorman, Mayer, & Davis, 2007) claimed that
after doing a review of conceptualisations of distrust in the literature, they found no
reliable proof that trust and distrust could be separate concepts with distinct constituent
constructs. They did admit however, that most studies that compared trust to distrust did
so by evaluating the constructs in a sequence individually as opposed to unanimously.
This discounts any potential interaction between the constructs and the resultant
behaviour.
Moreover, it must be noted that these studies utilised self-reports of ATCOs and
university students to come to these conclusions, which have the intrinsic drawback of
echoing the researchers’ biases in the wording of the questions, ambiguity in the phrasing
of questions that may lead to inaccurate interpretations, and trouble with the
comprehensive representation of complex concepts (Demetriou, Ozer, & Essau, 2014). As
such, despite being empirical, these results must be taken with the perspective of being
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gained from subjective data, and possibly, from the subjects’ perception of trust and
distrust, rather than reflective of the true nature of this relationship.
Furthermore, there are also researchers who posit that trust and distrust are
separate constructs, independent of one another (Lewicki, McAllister, & Bies, 1998;
McKnight & Choudhury, 2006). This was explained using the narrative of “Trust but
Verify”, where the trustor necessarily validates the information from the trustee, even if
there is a large amount of trust between both parties. The most undisputable way to prove
that trust and distrust are independent constructs is by proving that they have dissimilar
precursors (McKnight & Chervany, 2001b).
In addition, when considering Human-Human Trust studies, (Dimoka, 2010)
concluded that distrust has a larger emotional component than trust, which was the reason
trust takes time to build, while it can be lost instantaneously. It is unclear at this point,
whether this applies to human-automation trust. Furthermore, it is also unclear whether
this is a confirmation of the hypothesis that trust and distrust are entirely independent
constructs. Pilot tests conducted as part of this project yielded results that suggested that
trust and distrust can be represented such that they are simultaneously opposite of one
another and independent of each other (Pushparaj, Ky, Ayeni, Alam, & Duong, 2021).
Further experiments are required to test and validate this notion. Identifying the nature of
the relationship between trust and distrust is paramount for the development of a model of
trust.
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2.2.3 Measures of Human-Automation Trust
An interesting point to note is that to date, there have been only 3 measures of
trust, within the context of Human-Machine Interaction that have been developed. In
comparison, there are 7 measures for motivation and stress, 6 measures for vigilance, 10
measures for workload, and 8 measures for situational awareness (Langan-Fox, Sankey et
al. 2009). The three trust measures are firstly, The Human Computer Trust (HCT)
instrument that was developed by (Madsen & Gregor, 2000) from Central Queensland
University which only explored trust. Secondly, The Trust in Automated Systems Scale
(TASS) developed by (Jian et al., 2000) from United States Air Force Research
Laboratory, and finally, the SHAPE ATM Trust Index (SATI) developed by (Goillau et
al., 2003) from EUROCONTROL, which is a measure of trust that was developed
specifically for ATCOs. Before proceeding any further, the existing measures of trust
must first be analysed in detail.
Human Computer Trust Instrument
The authors defined Human-Computer Trust (HCT) to be “the extent to which a
user is confident in, and willing to act on the basis of, the recommendations, actions, and
decisions of an artificially intelligent decision aid” (Madsen & Gregor, 2000). Based on
this definition, the Nominal Group Technique developed by (Delbecq, Van de Ven, &
Gustafson, 1975) was utilised on a sample of 4 subjects, who were all proficient with the
use of a computer, which was the automation tool of interest when developing this
measure of trust. The subjects distilled 10 components of trust that they felt was most
relevant for trust in computers, which were subsequently whittled down to nine, as shown
on Table 1 below, after considering the scope of their study and merging similar
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constructs. These nine constructs were further distilled into five constructs, each of which
had five components, as shown on Table 2 below using the Thurstone scaling technique.
Table 1: Initial Nine Constructs of Trust Adapted from Their Literature Review.

Construct of trust

Meaning

Reliability of System

Dependably recurrent performance.

Robustness of System

Evident versatile performance in diverse conditions.

Familiarity

Understandability

Explication of Intention

System has an interface, and operational methods that the
operator is well acquainted with.
Operator is able to visualise a “mental model” and foresee
upcoming system performance.
System exhibits an unambiguous and clear behaviour.

Technical Competence System is able to conduct its tasks in a precise and
of System

Integrity of System

appropriate manner.
System is able to bounce back from mistakes by the operator
or internal problems without any data being corrupted.

Personal Attachment to Operator enjoys using the system and develops an affinity
System
Faith

for it.
Operator has confidence in the future performance of the
system.
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Table 2: Final Constructs of HCT.

Construct of trust

Components
•

System provides relevant recommendations.

•

System performs dependably.

•

System responds similarly in similar conditions at

Perceived Reliability

separate times.
•

of System

Operator is able to depend on system to operate
appropriately.

•

System scrutinises situations using the same methods
every time.

•

System utilises correct techniques to arrive at a
resolution.

•

System has comprehensive ability to solve the issues it
is designed to solve.

Perceived Technical
Competence

•

The resolutionary recommendation provided by the

of
system is comparable to what a very capable

System
stakeholder will provide.
•

System utilises data provided accurately.

•

System uses all of its resources to come up with an
appropriate recommendation for a situation.

Perceived

•

Understandability of
System

Operator is able to predict how system will behave
because they fully comprehend how it performs.

•

Operator comprehends how the system will support the
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operator in the decision-making process.
•

Even if operator is not aware of how system operates,
they know how to utilise it in the decision-making
process.

•

It is simple to pursue the system’s operational
procedure.

•

Operator understands what is required to acquire a
recommendation from the system for a subsequent
utilisation.

•

Operator adheres to system’s recommendation, even
when in doubt over the accuracy of recommendation.

•

When operator is uncertain about a choice, operator
chooses system’s recommendation over themselves.

•

When operator is uncertain about a choice, they believe
that

the

system

will

deliver

the

optimal

recommendation.
Faith
•

When

the

system

recommendations,

provides

operator

unconventional

believes

that

the

recommendation is accurate.
•

Even if an operator has no cause to believe the system
can give a good recommendation for a particularly
tough situation, they still have complete confidence that
it will.
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•

Operator would experience a feeling of deficiency if
the operator does not have access to system.

•

Operator experiences a bond with the system.

•

Operator believes the system is compatible with their

Personal Attachment

working approach.
•

Operator prefers to utilise the system for its
recommendations in the process of making choices.

•

Operator has an individual affinity for working in
tandem with the system.

Based on the hypothesis that perceived understandability, perceived technical
competence, perceived reliability, personal attachment, and faith were the five constructs
of trust, the strength of each construct was tested using operational Taxi Dispatch
Systems. The tools used to do so was Cronbach’s alpha, as well as Principal Component
Analysis (PCA) under a Single Factor Model, Two Factor Model, and a Five Factor
Model. It was found that perceived technical competence had the poorest convergence
under all the methods mentioned above and the authors advocated for a rephrasing and
revalidation of this construct. One of the limitations identified by the authors is the fact
that their sample size was not big enough to conduct an ideally comprehensive PCA.
Trust in Automated Systems Scale
It was noted that prior to this study, the surveys utilised to compute trust levels
have always used constructs that were obtained from hypothesised models of trust, instead
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of experimental evidence. Furthermore, preceding papers modelled trust and distrust to be
on extreme contrasting ends of the same linear spectrum, without any overlap between
them (Jian et al., 2000). Moreover, the differences in trust in the context of human-human
interaction and human-machine interaction had not been explored before. Admittedly,
previous work on human-machine interaction had incorporated notions of trust from
papers based on human-human interaction even though there was no experimental
evidence to suggest that both types of trust are congruent to each other.
A three-part study was performed to tackle these issues by delving into the
fundamental components of trust, and as a result, create a better method to measure trust
in automation. This framework was based on a study performed by (Zhang, Helander, &
Drury, 1996) to create a measure of comfort, which is also a multifaceted construct, very
much like trust.
The first part entailed a study in which 138 words were evaluated by 7 subjects
with a background in linguistics, on their relationship to trust in the context of humanhuman interaction, human-automation interaction, as well as the overall concept of trust.
The subjects were also allowed to supplement the initial list of 138 words. 38 words were
added to the preliminary list based on the input by the 7 subjects. Furthermore, words
from the preliminary list that were indicated to have been “not related to trust” by at least
4 of the subjects were removed. Some words were also indicated to be equivocal by the
subjects when some subjects indicated that they word had a positive relationship with
trust, while others indicated a negative relationship with trust. These words were also
removed. It was posited that they were deemed to have both types of relationships with
trust because they could be interpreted to have either relationship, depending on the
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circumstances. Overall, 60 words were removed, and the intermediate list included 96
words that had a singular relationship with trust.
The second part involved whittling down the intermediate list to a smaller final list
that was more manageable. Moreover, the constructs of trust and distrust needed to be
evaluated on whether they have an inverse correlation, in addition to their similarities
across human-human trust, human-automation trust, and the overall concept of trust. 120
student subjects were involved in this part of the study and they were asked to evaluate the
words from the intermediate list. The construct of trust was perceived to have a strong
inverse relationship with distrust based on the correlation coefficient. Furthermore, a set of
15 words that were most directly related to trust, and a list of 15 words that were most
inversely proportional to trust were compiled into a smaller final list. However, as to the
issue of whether trust is truly inversely proportional to distrust, there is an inherent bias in
the way the data is collected. When asking the subjects to rate the same words for trust
and distrust, it is human nature to give directly opposing answers. As such, the
experimental design skewed the results collected.
However, a regression analysis revealed that there was an observable difference
between human-human trust, human-automation trust, and the overall concept of trust. It
was posited that the reason for this difference was that the subjects were more at ease with
perceiving human-human trust, with reference to trust, as compared to distrust. It could be
far easier to perceive distrust with reference to inanimate objects, and this could be the
reason for the observed statistical difference. Further research is required to verify this
relationship.
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The third part included a pairwise evaluation, a factor analysis, and a cluster
analysis on the final small list obtained from the previous part to distil a multi-factor
measure of trust. 30 student subjects were given a task to evaluate the 30 words from the
small final list against each other pairwise using a Likert scale, with the extremes being
“Totally different” and “Almost the same” respectively. The scores were compiled using a
30 by 30 matrix for each subject and assessed using the difference between the sum of
squares. Such an analysis indicated that the ratings for most participants were similar.
The reason why a cluster analysis was included after the factor analysis was
because, a similar level of correlation between 2 factors to trust or distrust does not
necessarily mean that the 2 factors are connected to each other. Thus, a cluster analysis
will assist with the further analysis of words that have a similar level of correlation, and
that is one of the strengths of this study. Subsequently, 12 elements emerged as the
factors affecting human-machine trust, as shown below on Table 3.
Table 3: Factors Affecting Human-Machine Trust.

Number

Element

1

How “deceptive” the machine is

2

Machine operates in a sneaky manner

3

Doubt about the goals of machine

4

Scepticism over machine

5

Severity of consequences in case something goes wrong

6

Confidence in machine

7

Protection that machine gives

8

“Integrity” of machine

9

“Dependability” of machine

10

“Reliability” of machine
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11

Trustworthiness of machine

12

“Familiarity” of machine

However, it must be noted that these 12 elements were distilled from a word
elicitation study, and thus, may not fully represent the constructs that encompass humanmachine trust. A more rigorous approach is required, particularly if objective data can be
used to identify the antecedents of human-automation trust.
SHAPE ATM Trust Index
(Goillau et al., 2003) claimed that there is a likelihood that trust has some elements
in common with other human factors such as Situational Awareness and Teamwork. This
is backed up by (Muir & Moray, 1996), who conducted experiments that showed that a
higher level of trust in automation coincided with lower levels of monitoring of the same
automation. This will lead to a lower level of situational awareness, which will affect the
collective situational awareness of operators in a team-based environment, like in air
traffic control, which will have operational implications.
SATI, which was developed specifically for ATCOs, adopted its dimensions of
trust from (Madsen & Gregor, 2000)’s literature review, which yielded 10 dimensions of
trust. These 10 dimensions were reduced to 7, after their own literature review, as well as
further refinement to reduce the vagueness of some of the initial constructs. These 7
constructs, which formed the basis of SATI, are represented in the Table 4 below:
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Table 4: Constructs of Trust Used in SATI.

Construct of
trust

Meaning

Reliability

The degree to which the automation tool is repeatedly dependable
for assistance with operator’s duties.

Accuracy

The level of perfection to which operator is able to perform their
duties with the help of automation tool.

Understanding

Level of comprehension operator has for how the system will
support them in the decision-making process.

Faith

The degree to which operator considers automation tool will assist
in operator’s duties under different conditions in the time ahead.

Liking

Operator has an individual affinity for working in tandem with the
system and prefers to utilise the system for its recommendations in
the process of making choices.

Familiarity

Automation tool has an interface, and operational methods that the
operator is well acquainted with.

Robustness

Level of versatility of automation tool to perform under diverse
conditions.

Experiments were carried out at EUROCONTROL Experimental Centre to
evaluate SATI using 2 real-time simulations. These experiments revealed that SATI was
straightforward enough to be used to measure trust but required further enhancements in 3
categories: Viability for real-time simulations, required enhancements, and ATCOs’
perspective on trust. They concluded that multiple measurements during simulations are
compatible with the use of SATI. Since trust is a dynamic human factor, ease of multiple
measurements is an important aspect of any measure (Freedy, DeVisser, Weltman, &
Coeyman, 2007). Ease of use was also noted by the subjects involved.
With regards to enhancements, subjects claimed that the terminology involved in
the SATI surveys were required to be simpler to cater to ATCOs from diverse
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backgrounds, who may not have an excellent command of English. Furthermore, the
terminology used in SATI also needed to be refined a little to make it more precise.
Another recommendation was that some refinement may be needed to make the
questionnaire fit with other type of simulations, and that some parts of the questionnaire
needed to be simulation-specific instead of purely trust-specific. Moreover, if the
questionnaire did not target every single aspect of the automation tool, the overall trust
levels measured would be based on the least trusted aspect of the automation tool. A need
to update existing constructs of trust was also discussed. Dialogues with ATCOs revealed
that current models of trust did not fully encapsulate the intricate nature of trust, and also
the role that emotions can play in trust.
While construct validation was achieved, one of the biggest drawbacks of SATI,
was that it was not empirically validated against independent quantitative performance
measures such as frequency of interaction (Goillau et al., 2003). They also recommended
a validation process that can be based on self-reports. However, this may not be feasible,
since trust may not be as binary a concept as ATCOs seemed to think it was. In fact, one
of the recommendations for future work indicated that they would rephrase the
questionnaire to be more binary, which may not necessarily be an accurate representation
of the relationship between trust and distrust.
Comparison of Human-Automation Trust Measures
Though all three of these previous instruments demonstrated construct validity and
clear reliability, they are not without their flaws (Chien, Semnani-Azad, Lewis, & Sycara,
2014). For example, (Jian et al., 2000)’s automated systems scale developed their scale
without using a framework based on an actual system. Secondly, though HCT’s reliability
30

has been proven with a validation study, their lack of including a final factor analysis
confirming the dimensions of human-machine trust did not allow insight into the true
dimensionality of human-machine trust. Finally, although the SATI is the most robust
measure of human-machine trust to date, it still did not utilise any psychometric testing to
validate its construct and content validity (Chien et al., 2014).
Yet another research gap that was identified was the fact that previously mentioned
measures did not consider individual predisposition to trust or distrust, which has been
suggested to influence the propensity of a human operator trusting or distrusting their
tools at any given time (Lee & See, 2004; Merritt & Ilgen, 2008), especially so for the
initial stages of interaction between them. Propensity to trust is by nature, stable and it
refers to an individual’s willingness to trust without any prior information about the
trustee (Nambudiri, 2012). However, due to its stable nature, it is very difficult to induce a
change in it and then measure. This is in line with the tripartite expressions of trust put
forward by (Schaefer, Chen, Szalma, & Hancock, 2016). A summary of the limitations of
current measures of trust can be found below on Table 5.
Table 5: Summary of Limitations in Existing Trust Measures.

Empirically
Derived

Objective
Data

Validation

Trust vs
Distrust

Propensity to
Trust

HCT

Yes

No

Yes

Unexplored

Unexplored

TASS

Yes

No

No

Opposites

Unexplored

SATI

Yes

No

No

Opposites

Unexplored

Measure
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2.3 Human-Autonomous System Trust
2.3.1 Conceptualising Human-Autonomous System Trust
Much of the constructs explored earlier for Human-Automation Trust can also be
considered to be relevant for Human-Autonomous System Trust, given that the latter is a
subsection of the former. Nonetheless, the added levels of autonomy will likely cause
some overlap with Human-Human Trust as well. As such, some elements of trust will be
common for all three types of trust. For example, trust will determine how the trustor (The
former in Human-X Trust, where X can be Human, Automation, or Autonomous System)
interacts with, and utilises other trustees (The latter in Human-X Trust, where X can be
Human, Automation, or Autonomous System) (Ferronato & Bashir, 2020). With humanmachine interaction, there are some congruencies once again, such as improved teamwork
and performance when the trustor is aware of system limitations (Lewandowsky, Mundy,
& Tan, 2000). However, examining Human-Autonomous System Trust explicitly is
crucial in the development of robust models of trust governing the interaction between
autonomous systems and human operators.
One of the properties that is unique to Human-Autonomous System Trust is that of
reciprocity. When an operator is interacting with an automated system, the relationship is
unidirectional, with the trustor being the human operator, and the trustee being the
automated system. However, given an autonomous system, there is the possibility of twoway trust, with both teammates involved in a symbiotic relationship (Lewis, Sycara, &
Walker, 2018). In fact, autonomous systems have even been designed to take advantage of
this phenomenon, known as inverse trust (Floyd, Drinkwater, & Aha, 2014), by
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endeavouring to adapt its performance based on the operator’s interaction to build a more
efficient team (Floyd, Drinkwater, & Aha, 2016).
(Nahavandi, 2017) put forward a framework for trusted autonomy consisting of the
characteristics of human operator, the autonomous system, and the operational
environment, in the context of a human supervisor overseeing an Autonomous System
which operates independently.
•

Human Operator Characteristics: Individual differences, such as demographic
factors, cultural factors, and experience level will determine trust levels, building
on the work of (Hoff & Bashir, 2015).

•

Autonomous System Characteristics: System capabilities, as well as transparent
rationalisation of decision made is necessary for not only Human-Autonomous
System, but also for cooperation. This transparency will allow for engaged longterm collaboration in operation, and also facilitate trust repair if necessary (Fisher,
Dennis, & Webster, 2013).

•

Operational Environment Characteristics: Autonomous Systems need data from
the operational environment in order to modify their performance accordingly. The
capability to comprehend and respond to changes in the environment is crucial in
the long-term implementation of Human-Autonomous System teams.
The triadic model of trust proposed by (Schaefer et al., 2016) on the other hand,

was based on a meta-analysis of trust studies. This model included 3 parts:
•

Propensity/Predisposition to Trust: A subject’s generalised long-standing
predilection to trust, that is more stable across time.
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•

Momentary Trust: A subject’s trust behaviour response to trustee based on
environmental conditions, including learning more about trustee characteristics.
This property tends to be more transitory and unstable.

•

Evolution and Interaction of Components Above: Trust behaviour is inevitably
dynamic, and the way momentary trust develops or erodes over time, and the way
it interacts with propensity to trust will be a key determinant of trust behaviour.
This model was an extension of the work done by (Merritt & Ilgen, 2008), who

also put forward two components of trust that were more based on the perspective of when
each of these components becomes more dominant:
•

Dispositional Trust: A general anticipation of a specific trustee trustworthiness that
is based on a stable characteristic trait. The distinction between dispositional trust
and propensity to trust is that the latter refers to any generic trustee, while the
former deals with a specific trustee. This type of trust was found to be more
dominant during the initial interactions between trustor and trustee

•

History-based Trust: The amount of trust that is a result of past interactions with
trustee. Every cumulative interaction with trustee provides supplementary data to
the trustor, that makes it possible to envisage future trustee behaviour more
accurately. Thus, this type of trust was found to be more dominant during the later
interactions between trustor and trustee.
The significance of these components lies in the fact that in a trust relationship, the

characteristics of both the trustor and trustee matters (Merritt & Ilgen, 2008). There is a
significant amount of literature on the trustee’s characteristics, such as reliability,
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predictability, and ease of use. However, trustor characteristics, and in the context of
ATM, ATCO personality traits also play a part in Human-Autonomous System Trust,
especially at the beginning of the relationship. As such, a robust model of trust should
account for both the propensity to trust, which entails the trustee characteristics, as well as
Momentary Trust, which accounts for trustor characteristics and external environmental
factors.

2.3.2 Propensity to Trust
Propensity to Trust does not seem to have been given as much attention as
Momentary Trust by researchers (Lazányi & Maráczi, 2017), which could be a result in
the focus on calibrating decision aid features for optimal performance, which could also
be perceived as being simpler than altering user characteristics. That being said,
propensity to trust could also rely on how the operator characterises the decision aid’s
trustworthiness. Increased clarity in the system’s capabilities could boost the operator’s
comprehension of its aptitude (Uggirala, Gramopadhye, Melloy, & Toler, 2004), and
contextualised potential shortcomings (Bagheri & Jamieson, 2004), thus enhancing the
transparency of the decision aid (Hoffman et al., 2009), by conveying its spectrum of
operation thoroughly right from the start of the relationship between trustor and trustee
(Lee & See, 2004).
Moreover, autonomous aids have demonstrated the ability to modify its
recommendations to suit the individual operator, to boost their approval rates (Merritt &
Ilgen, 2008), even in the field of ATM (Tran et al., 2020). Particularly when considering
the human-centric paradigm that is likely to be adopted in future ATM, where an ATCO
can assume a supervisory responsibility working in tandem with autonomous decision
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tools, propensity to trust was revealed to exert a significant influence on overall team
function (Bernerth & Walker, 2009). As such, propensity to trust needs to be studied
further, and understood better, to establish efficient and effective ATCO-Autonomous
System teams in the future.
(Hoff & Bashir, 2015) claimed that gender, age, personality traits, and culture were
the dominant demographic factors that influence propensity to trust. However, they also
recognised that other elements, especially those related to socioeconomic indicators may
also have an influence. It must be pointed out that this postulation was based on a review
of previous work, and not through empirical analysis. Nonetheless, their assertions do
prompt a query on the similarities between the propensity to trust humans and the
propensity to trust autonomous systems. Comparable trustor characteristics have an effect
on both, and especially given the prominence of propensity to trust in the beginning of the
relationship, there could be some parallels.
It was found that operators who have a higher propensity to trust anticipated that a
decision aid would function the way it was supposed to (Merritt & Ilgen, 2008). They
tended to have expectations aligned with more dependable tool functionality, and the
reverse is true for operators with low propensity to trust technology. System performance
that deviated from these expectations tended to stand out particularly to these operators.
The higher the magnitude of the propensity to trust, the more aggressively the operators
compared tool performance to their expectations. The magnitude of the deviations in turn
determined the severity of trust degradation in operators. In this study, the magnitude of
propensity to trust was determined using the Automation-Induced Complacency Potential
Rating Scale developed by (Singh, Molloy, & Parasuraman, 1993).
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Furthermore, when considering team dynamics, it was found that unmatched
Propensities to Trust could result in weak and inefficient team performance, as shown by
Figure 2 below, which was presented in (Ferguson & Peterson, 2015). This underlines the
importance of calibrating the Propensities to Trust of teammates in an operational
environment.

Figure 2: Model Displaying Downward Spiral of Trust in Groups Obtained from (Ferguson & Peterson,
2015).
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When considering propensity to trust, it is unclear in the literature whether the
other end of the spectrum is a low propensity to trust, or a high propensity to distrust. It is
also unclear if propensity to trust and propensity to distrust are independent of each other.
One claim that was indeed put forward in the literature though, was that operators with
greater (Propensity) to trust calibrate their (Momentary) Trust levels more appropriately
according to the performance of decision aids (Lee & See, 2004).
This led to investigations by (Pop, Shrewsbury, & Durso, 2015), who used a
combination of self-report questionnaires to measure trust, and found that individuals with
a higher propensity to trust were demonstrably more sensitive in this aspect, but they were
not always able to better adjust their momentary trust levels. The optimal calibration of
Momentary Trust levels as described in Figure 1, occurred when system performance was
high. There was degradation in their ability to regulate their trust levels when the decision
aid turned out to be less accurate. In the context of ATCO operations, where most if not
all the technology that is implemented have to be put through exhaustive testing and
certification, this suggests that ATCOs with a higher propensity to trust will be more
suitable to operate new autonomous tools, at least at the beginning of the implementation.
This could also potentially suggest that two different types of training programmes may be
required for ATCOs with high propensity to trust, and for ATCOs with low propensity to
trust.

2.3.3 Momentary Trust
The dynamic nature of trust largely derives from Momentary Trust. In fact, (Hoff
& Bashir, 2015) considered the primary distinction between “initial learned trust”, and
“dynamic learned trust” to be the fact that the latter occurs only when the trustor is
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actively interacting with the trustee. That was one of the reasons why the literature
recommended that there should be multiple measurements of trust throughout any
experiment (Merritt & Ilgen, 2008), because the Momentary Trust levels are volatile, and
likely to change with time, system performance, and other environmental factors. Ideally,
continuous data should be used to evaluate trust levels (Yang, Unhelkar, Li, & Shah,
2017), instead of the discrete data that questionnaires provide, even if there were multiple
points during which the survey was given, especially because of the volatile and dynamic
nature of Momentary Trust. Even with drawbacks such as noise, continuous data would
provide a more holistic view of how Momentary Trust evolves, as compared to multiple
snapshots in time that discrete data provides. The various factors that are within the realm
of influence for Momentary Trust also increases the complexities involved in constructing
a robust model of Momentary Trust.
Contextualised with how trust determines whether operators use, misuse, or disuse
their decision aids (Parasuraman & Riley, 1997), previous work have also even
approximated trust to be equated to the amount of control given to, or withdrawn from the
trustee behaviourally (Gremillion et al., 2016). This was deemed valid regardless of
whether the trustee was a human, an automated system, or an autonomous system.
Increased reliance being interpreted as a stronger indication of trust was backed by the
pervasiveness of reliability as one of the constructs in the preceding models of trust (Lee
& See, 2004).
Another point to consider was the fact that it was the perception of system
characteristics, rather than genuine system performance, that was found to drive the
development of Momentary Trust (Merritt & Ilgen, 2008). As such, individual personality
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traits and characteristics of the operator may have an effect on the interaction between
trustor and trustee. Indeed, deviations from perception and reality could be the reason for
uncalibrated misuse and disuse. This also explains in operator preference for particular
strategies suggested by autonomous tools in operation, regardless of solution accuracy
(Rooijen, Ellerbroek, Borst, & Kampen, 2020; Westin, Borst, & Hilburn, 2016). As such,
for efficient operations, the gap between perceived system performance and actual system
performance needs to be reduced, if not eliminated.
There is some work that claims that Momentary Trust levels stabilise after
sufficient interactions between operators and their decision aids, particularly if there is
increased system transparency that can help to mitigate false alarms (Yang et al., 2017).
Admittedly, adequate iterations with a teammate can cause an individual to understand
and respond to them in a predictable manner. However, this fails to account for possible
environmental factors that could also cause significant disturbances. The closed-system
perspective presented may not be practical or applicable in a dynamic and complex
environment that ATCOs may encounter on a daily basis.
This was also supported by (Hoffman, 2017), who claimed that while trust levels
can provisionally be stable under certain conditions, this stability will not last forever. No
technology has been shown to be entirely failproof, just like humans. As such, even in a
closed system, there will be instances of failure that will relaunch periods of instability,
where the decision aid will be required to rebuild Momentary Trust.
Moreover, the severity of mistakes made by the decision aid and the perception of
its intentions were found to play an important role in Momentary Trust (Salem, Lakatos,
Amirabdollahian, & Dautenhahn, 2015). The recognition of the nuances involved in the
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development and dissolution of Momentary Trust is crucial to the development of robust
models that are able to not only explain these nuances but also portray them effectively.
Particularly when considering the intentions of the decision aid, that are specifically
applicable to autonomous systems, transparent communication and actively displaying it
would go a long way towards building Momentary Trust in the long term.
Furthermore, due to the fact that the dominancy of propensity to trust declines as
the operator learns more about their decision aids, it is likely that after in the long term,
the overall trust that an operator has for their autonomous tools can be estimated by
simply measuring their Momentary Trust levels alone. Current trust measures that were
identified in previous sections leverage the measurement of Momentary Trust to measure
overall trust, with the use of questionnaires. This distinction is significant for operational
purposes, as measuring the Momentary Trust levels of ATCOs will enable the supervisor
to make any operational changes that may be required. This is especially relevant in the
case of machine error, and the subsequent rebuilding of trust levels.

2.3.4 Evolution and Interaction between Propensity to Trust and
Momentary Trust
It is pertinent to note that as the duration and quantity of interactions between
operator and autonomous tools increases, the prominence of history-based trust or
Momentary Trust becomes more of a determining factor in establishing trust levels. As
such, even ATCOs with a low propensity to trust will eventually learn to use reliable and
competent autonomous tools with an appropriately calibrated level of trust. It will simply
take them longer to get to a point, where the decision aid establishes indubitably to the
ATCO that it is indeed highly capable. As such, in the short run, propensity to trust will
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govern ATCO trust levels, while in the long run, when Momentary Trust becomes the
dominant component of trust, autonomous tool accuracy is the paramount determinant of
ATCO trust levels (Dzindolet et al., 2003). However, the exact nature of this evolution
of trust distribution has not been quantified. It is not known whether it is a linear
relationship, or something that is more complex. This certainly warrants further
investigation in future studies.

2.4 Human-Human Trust to Human-Autonomous System Trust
2.4.1 Human-Autonomous System Teams
The presence of automation tools is not new in aviation. Innovations such as flyby-wire technology and the Flight Management System have contributed to easing the
workload on pilots and flight engineers. More recently, Changi Airport in Singapore
introduced an entirely automated check-in process and immigration in its newly
inaugurated Terminal 4 to improve passenger experience. When focusing on ATM
automation tools, computerised flight strips, radar displays supplementing the information
provided by pilots, and remote digital towers are all examples of how certain aspects of
ATM have been automated. These efforts to introduce more automation into ATM have
only increased globally, since they present one of the best strategies to cope with the
increasing air traffic.
When examining the definitions of automation in previous studies, (Lee & See,
2004) described it as “technology that actively selects data, transforms information, makes
decisions, or controls processes”. (Hoff & Bashir, 2015) claimed that the distinguishing
feature of automation was its proficiency in conducting multifaceted and recurring tasks
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exclusive of mistakes. (Madhavan & Wiegmann, 2007), on the other hand, asserted that
automation tools aid the human operator in the process of making decisions in the absence
of complete information.
Considering the diversity in these definitions, which tend to be more specific, a
broader definition is required, and it was provided by (Parasuraman et al., 2000), who
defined automation as an apparatus that completes a task (either wholly or in part), that
was previously handled by a human operator. Hancock on the other hand, described
automation and autonomy as signifying “differing serial stages of computational
evolution”, instead of entirely independent concepts, and went on to emphasise that
autonomous systems had higher versatility and potential to be deployed in a variety of
industries (Hancock, 2017). This perspective was deemed accurate and complete enough
to be adopted in the context of the studies that will be described in subsequent chapters.
However, the fact that the human-centric paradigm is essential to ATM operations must
not be ignored.
In 2019, the Single European Sky ATM Research (SESAR) Joint Undertaking
published a solutions catalogue that outlined some future technological tools that could
facilitate smooth and efficient future ATM operations. This catalogue included
autonomous aids such as a digital ground assistant, intelligent queue management, as well
as 4-dimensional trajectory prediction, among a plethora of autonomous systems that
could assist ATCOs in a variety of aspects of ATM (SESAR, 2019). This is a testament to
the versatility and the potential that autonomous decision aids can provide to ATCOs.
Indeed, the enormous potential afforded by advanced autonomous systems in
assisting future ATCO operations has seen significant investment and research conducted
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in this area (Rooijen et al., 2020). However, the pace of developments in the technical
aspects of autonomous system research far outstripping that of trust research, and other
human factors research for that matter, can be concerning (Hancock, 2017). Trust research
must catch up to facilitate the smooth and safe integration of advanced autonomous
support tools into everyday operations in any field. The significant capabilities of
innovative autonomous aids can be harnessed to address the pressing infrastructure
concerns in ATM, if robust and accurate principles from trust research are incorporated
into the design and operation of these tools, thus boosting ATCO acceptance of these
decision aids.
When considering conventional teams, they were described to be two or more
associates cooperating to achieve a shared objective (Salas, Dickinson, Converse, &
Tannenbaum, 1992). Human-Autonomous System teams on the other hand, were
explained to be one or more humans working in partnership with one or more autonomous
agents (McNeese et al., 2018). With the expanded proficiencies and flexibility that
autonomous systems are able to provide, it was postulated that they can progressively
evolve to eventually be considered teammates and partners, rather than just a tool (Grimm
et al., 2018). One thing to note at this juncture is the fact that mutual cooperation and
collaboration is intrinsic to the very structure of a team. As such, underlying intentions
and goals must be shared by ATCOs and their decision aids in order to ensure smooth and
efficient operations.
Despite the potential for operators collaborating with autonomous tools, a recent
meta-analysis study found that human teams seemed to consistently perform better than
humans collaborating with autonomy due to greater quality of communication between
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teammates (O’Neill et al., 2020). However, they also found that autonomous systems that
were able to anticipate the needs of the operator more quickly and accurately, fared better.
This highlights the difficulties involved in moving towards operational HumanAutonomous System teams. However, a better understanding of trust within the context of
Human-Autonomy Teaming would certainly aid these endeavours, which underlines the
need for innovative experimental designs that can glean new insights into HumanAutonomous System Trust.

2.4.2 Comparison between Human-Human Trust and HumanAutonomous System Trust
(Larson & DeChurch, 2020) claimed that “we are quickly approaching a time
when digital technologies are as agentic as are human counterparts.” While they may not
be entirely interchangeable, it certainly gives the impression that having a human
colleague could one day be as commonplace as having an intelligent system as a
teammate. This makes some of the older conceptualisations of trust less accurate, as they
fail to account for the higher levels of automation.
A higher degree of autonomy in automation tools will change the very nature of
operator trust and these changes need to be taken into account. For example, low level
automation tools tend to be more predictable, while higher level automation tools could be
more unpredictable. This could be due to complexity or lack of a transparent decision
support system. A glimpse into this new dynamic could be provided by human-human
trust, since it involves two fully autonomous beings. There will be differences of course,
because their dynamics are rather different, which results in divergences in the formation
of trust (Madhavan & Wiegmann, 2007). However, it can serve as a good starting point to
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explore autonomy in a trust relationship. In the context of this thesis, Level 5 automation,
where an autonomous system has to seek approval from the operator before executing any
actions, was deemed to be the most suitable for ATC operations.
One of the key areas where inspiration can be taken from human-human trust, is
that of propensity to trust, which is defined as the personalised character trait that depicts
an individual’s overall expectations about an external party’s trustworthiness (Ferguson &
Peterson, 2015; Rotter, 1967). The importance of propensity to trust lies in the fact that it
is a key precursor to trust that determines trust behaviour (Gill, Boies, Finegan, &
McNally, 2005), especially in the beginning of the relationship, when the trustee’s
characteristics are unknown. Translating this personality trait to human-automation trust,
operators with a high propensity to trust will presume that their automation tool is
trustworthy overall, while operators with a low propensity to trust will be far more careful
and doubtful, when first utilising their automation tool.
Humans were also found to employ the social behaviours, such as politeness, that
they exhibited in their interpersonal relationships, towards machine interaction, which led
to this phenomenon being described as ethopoeia (Nass & Moon, 2000). Their trusting
behaviours when operating a tool were found to be based upon the markers of trust that
they had learnt from prior social relationships with other people. As such, autonomous
systems that display social markers associated with trust could improve the chances of
them being accepted during operation. This led to recommendations for auditory alerts to
adopt human properties such as grammar, structure, and even accents (Madhavan &
Wiegmann, 2007).
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Moreover, the neural basis for Human-Human Trust was also shown to have some
similarities with Human-Automation Trust (Hoff & Bashir, 2015). Similar brain
activations were unearthed by previous studies that attempted to evaluate the similarities
between both types of trust (Dimoka, 2010; Riedl, Hubert, & Kenning, 2010). This raises
the query on whether these parallels exist for Human-Autonomous System Trust too,
which will be examined in later chapters.
Implementing lessons learnt from Human-Human Trust in the setting of HumanAutonomous System Trust has been done in the past, in the context of trust repair (Quinn,
Pak, & de Visser, 2017), measuring propensity to trust with the use of multiple
conventional context-specific surveys (Jessup, Schneider, Alarcon, Ryan, & Capiola,
2019), and even explicitly demarcating the responsibilities of each partner in a humanautonomy team (Lyons, Clark, Wagner, & Schuelke, 2017). Drawing parallels and
identifying more similarities between Human-Human Trust and Human-Autonomous
System Trust can be utilised to extend knowledge in the domain of Human-Autonomous
System Trust, thus resulting in a more efficient allocation of resources, while also saving
crucial time, which can be devoted to developing decision aids that can encourage a
greater acceptance rate from ATCOs.
However, one of the biggest stumbling blocks for this adaptation is the difference
in intention (Lee & See, 2004). When considering Human-Human trust, (Rempel et al.,
1985) claimed that the attributive property of trust, is one of its antecedents. The
attributive property can be best explained as the expectation of how an episode will
unfold, based on the subject’s prior principles, character traits, and inclinations
(Madhavan & Wiegmann, 2007), that will mould the view of the trustee’s intention.
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However, the scope of perception of an external party’s intentions is much simpler for
humans, as compared to autonomous systems, as evidenced by greater quality of
communication in human teams that led to a consistently better performance (O’Neill et
al., 2020). The intention of technology generally tend to reflect that of their developers
(Collier, 1999). Furthermore, the nature of the trustee is not entirely identical, when
considering both types of propensity to trust. As such, the extent of the parallels in
propensity to trust humans and automation is murky at best.
One of the most crucial distinctions between human-human trust and human
machine trust is that of reciprocity, which refers to the two-way nature of trust between
trustor and trustee (Schoorman et al., 2007). This was explained by the following
statement in the study mentioned previously: “A can trust B, but B may not trust A”. This
is of course irrelevant when considering most automation tools, as the only type of trust
that is of interest is that of human to machine. However, when considering purely
autonomous tools, it was postulated this reciprocal nature can indeed exist (Abbass,
Scholz, & Reid, 2018). However, for the confines of the studies described in subsequent
chapters, only human to autonomous system trust was considered, since reciprocity was
outside the scope of this thesis, particularly because this issue becomes far more pressing
at higher levels of automation, where autonomous tools may be allowed to operate
independently. Since Level 5 automation, where the autonomous tool requires approval
from ATCO before executing any actions, was identified as the ideal setting for ATC
operations, reciprocity becomes a less urgent issue in the context of this thesis.
Another key difference is the fact that humans are able to change their behaviour
to be more trustworthy, if they want the dynamic of their trust relationship to change, but
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that is not always possible for automation (Mayer et al., 1995). Machines without any
autonomy do not have the capability to change the way they operate, and machines with
different levels of autonomy remain true to their designer’s intentions, even if they are
indeed able to adapt certain characteristics like suggesting strategies ATCOs have used in
the past for current conflict for example (Hilburn et al., 2014). These differences must be
accounted for when revising the conclusions from Human-Human Trust literature to
Human-Autonomous Trust.

2.5 Neuroergonomic Approach
2.5.1 Background
Neuroergonomics is nothing but the merging of two fields that border one another:
neuroscience and human factors. This is the next logical phase of ergonomic studies in
ATM, as it has the potential to discover the fundamental nature of not just trust, but any
human factor, using principles grounded in neuroscience. It also serves as an avenue for
obtaining higher quality objective neural data, that culminates in the final observed
behaviour that is more easily observed and recorded, instead of relying solely on
subjective questionnaire data. The benefits of such an approach lie in the fact that this will
provide an opportunity to confront trust-related problems at the very root, rather than at a
secondary stage of operation, when it may be too late to address the problem.
Neuroergonomics was shown to be particularly useful in the study of equating
corporeal behaviour to the underlying neural processing that occurs (Raz et al., 2005).
Ergonomic studies traditionally had to rely on the kinaesthetic behaviour alone as
individuals had to mainly interact with the physical world (Mehta & Parasuraman, 2013).
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However, as the field progressed and the antecedents of behaviour came into prominence,
neuroergonomics is able to facilitate a glimpse into the cognitive processing that results in
the interaction with the physical realm. Particularly when considering that the use of some
neuroergonomics techniques does not compromise the mobility of participants, it can
certainly be a powerful tool for investigations.
Neuroergonomics was also been shown to draw inspiration from other fields such
as computer science and physiology, which may explain its versatility in being applied in
very diverse settings, as shown below on Figure 3, which was obtained from (Dehais,
Karwowski, & Ayaz, 2020). The figure illustrates how the roots of neuroergonomics were
based on various disciplines, which may explain its feasibility in multiple areas of
research. For example, the utilisation of a neuroergonomics approach has been adopted in
numerous fields like the development of a brain-computer interface in the context of
autonomous car operations (Zander et al., 2017), evaluating cognitive loads (Roy, Bonnet,
Charbonnier, & Campagne, 2016), and even to reduce response times during flight
simulations (Callan, Terzibas, Cassel, Sato, & Parasuraman, 2016). Adopting it to the
needs of specific research questions can be a challenge due to its versatility, but certainly a
worthwhile approach to explore in the study of human factors, and more specifically, trust.
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Figure 3: A Portrayal of the Roots and Branches of Neuroergonomics from (Dehais et al., 2020).

The use of objective data to derive the inherent mechanisms of trust became a
priority after a comparison between existing measures of trust, which used theoretical
constructs of trust that were not always tested for construct validity. The urgency for this
approach became clearer after consulting Human-Human Trust literature, where the use of
neuroergonomics has led to a better understanding of the fundamental nature of trust
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(Pushparaj et al., 2021). Current Human-Automation Trust literature has illuminated the
factors that influence trust, such as reliability of automation tool. However, the intrinsic
antecedents of trust are yet to be traced. Furthermore, studies targeting HumanAutonomous System Trust were fairly scarce, with this area being given attention only
recently.

2.5.2 Neuroimaging
Neuroimaging has been one of the most commonly used aspect of
neuroergonomics (Parasuraman & Wilson, 2008) due to the large variety of versatile
neuroimaging tools that are more easily available now. There are 2 types of neuroimaging
tools that are predominantly used in research:
•

Hemodynamic: Tools such as functional Magnetic Resonance Imaging (fMRI) and
the functional Near Infrared Spectroscopy (fNIRS), track the flow of oxygenated
blood into different parts of the brain that are utilised more during specific
cognitive tasks (Parasuraman, 2011).

•

Electromagnetic:

Tools

such

as

Electroencephalography

(EEG)

and

Magnetoencephalography (MEG), tracks electromagnetic brain activity during
specific cognitive tasks (Parasuraman, 2011).
This intuitively suggests that in general, hemodynamic neuroimaging tools will
provide a better spatial resolution, while electromagnetic neuroimaging tools will provide
a better temporal resolution. The exact trade-offs involved were represented by Figure 4
that was obtained from (Parasuraman, 2011). As seen from Figure 4, the fMRI is the
neuroimaging tool that provides the best spatial resolution. This could be the reason why a
52

large portion of the Human-Human Trust studies that attempted to identify the regions of
the brain associated with trust employed the use of the fMRI (Baumgartner, Heinrichs,
Vonlanthen, Fischbacher, & Fehr, 2008; Delgado, Frank, & Phelps, 2005; Dimoka, 2010;
King-Casas et al., 2005; Krueger et al., 2007; Riedl et al., 2010; Riedl & Javor, 2012;
Winston, Strange, O'Doherty, & Dolan, 2002).

Figure 4: Graph Illustrating Spatial and Temporal Resolution of Various Neuroimaging Techniques
(Parasuraman, 2011).

Applying neuroimaging techniques in ATM is not entirely revolutionary. The EEG
has already proven to be very popular, especially for studies about ATCO workload due to
its ease of assimilation into an operational environment (Aricò et al., 2017; Liu et al.,
2017; Trapsilawati et al., 2017). Admittedly, the fMRI does not allow for the collection of
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neuroimaging data in an operational environment. However, the isolation of the regions of
the brain that are associated with trust and distrust, and hence the constructs of trust
associated with trusting and distrusting behaviour was deemed to be of paramount
importance in the context of this thesis, and this was a necessary trade-off. However, for
future studies, the need for empirical validation using performance measures in an
operational environment cannot be ignored, and alternative techniques that provide an
acceptable compromise between portability and spatial resolution must be sought.
Using the fMRI in any Human-Autonomous Trust study in the context of ATM
was entirely unprecedented (Pushparaj et al., 2021). As such, the initial reference point for
similar studies had to be obtained from human-human trust studies. A meta-analysis of the
human-human trust studies conducted with the use of the fMRI yielded the following
regions of the brain, shown in Figure 5 (Pushparaj et al., 2021), that were strongly
associated with trust across different studies with different methodologies (Riedl & Javor,
2012), which advocated for their construct validity.
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Figure 5: Regions of the Brain and Respective Constructs Associated with Human-Human Trust (Pushparaj
et al., 2021).

The fMRI has an unparalleled ability to pinpoint the regions of the brain
that experience activation for specific cognitive tasks (Smith, 2004). The Blood
Oxygenation Level Dependent Contrasts (BOLD) signals are analysed in the duration
before and during the specific cognitive activity to identify differences in brain activity.
The regions of the brain that are associated with the cognitive activity will experience
greater neuronal activation, which will require a greater supply of oxygenated blood in
those regions (Smith, 2004). As such by comparing the flow of oxygenated blood before
and during trusting behaviour to different regions of the brain, the neural areas that are
associated with Human-Autonomous System Trust can be unearthed and subsequently
compared to those associated with Human-Human Trust.
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2.6 Summary
Overall, general trust research in ATM has not yielded models that are able to
represent ATCO behaviour comprehensively. Particularly, the relationship between trust
and distrust is unclear at this point. Furthermore, the growth of Human-Autonomous
System Trust research has fallen behind the pace of numerous autonomous decision aids
that are being developed for ATCO use. A lot of the research done in this area treat
autonomy as an evolved form of automation. However, research specific to autonomous
systems is categorically required in order to accurately represent the nuances and
subtleties that are unique to Human-Autonomous System Trust. As such, Human-Human
Trust may serve as an expedient starting point due to the autonomous nature of the trustee
in both types of trust. The feasibility of this approach needs to be examined and
demonstrated by investigating the extent of the parallels between Human-Human Trust
and Human-Autonomous System Trust. Furthermore, the innovative approach of utilising
neuroergonomics in this venture will likely lead to more valuable insights through the
enhanced quality of data obtained from this method.
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Chapter 3 Problem Formulation
In the previous chapters, the strong relationship between trust levels and ATCO
reliance strategy (acceptance versus rejection), as well as the need for trust research to
keep pace with the technical developments in intelligent decision aids was established. In
the context of this thesis, autonomous systems that were characterised by Level 5
automation were chosen to be the focus, as recommended by the literature. Sophisticated
autonomous tools, which have the potential to reduce the workload of ATCOs, have not
necessarily been accepted easily by ATCOs. Understanding the nature of ATCO trust,
during the interaction between ATCOs and autonomous aids, with time constraints, is
crucial to address this issue. As such, the constructs of trust that were identified in
Human-Automation Trust were described before drawing corresponding comparisons with
Human-Autonomous System Trust. Even though previous empirical studies have found
moderate congruencies between Human-Human Trust and Human-Automation Trust, a
similar approach has not yet been implemented for similarities between the former and
Human-Autonomous System Trust.
This could be due to autonomous tools being considered to be a subdivision of
automation. Nonetheless, there is a need for trust dynamics when utilising intelligent
decision aids to be specifically studied due to the autonomous nature of these tools, which
may render them closer to Human-Human Trust than Human-Automation Trust, where
ATCOs are interacting with an autonomous agent in both cases. Applying the findings
from Human-Human Trust towards Human-Autonomous System Trust can accelerate the
development of trusted intelligent decision support tools that ATCOs can use during
operations. However, the strength of the relationship between Human-Human Trust and
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Human-Autonomous System Trust must first be empirically determined in order to
establish the degree to which results from the former can be applied to the latter.
When ascertaining the definition of trust in the context of this thesis, the long-term
goal of trusted autonomy was the predominant consideration. With much of the past
literature demonstrating a strong link between operator trust levels and dependence on
support tools, the behavioural reliance that experimental subjects exhibited shifted into
focus as the determining factor. While trust and conformance to machine
recommendations are not entirely identical, a strong bond between both was indeed
validated in previous studies. Furthermore, appropriate reliance from trustor on the trustee,
without over-trust or under-trust would result in the ideal conditions in ATCO-Autonomy
teams, which warranted the emphasis on acceptance of system recommendations.
Past studies also outlined two distinct types of trust; propensity to trust and
Momentary Trust, the properties of which are drastically different. As such, both needed
to be analysed separately when it came to determining the degree of resemblance between
Human-Human Trust and Human-Autonomous System Trust. Furthermore, there were
contradictory conclusions on the relationship between trust and distrust. Hence, this
research gap needed to be addressed as well by establishing the possibility of
amalgamating two inconsistent representations of the trust/distrust relationship.
Another observation from past literature was that much of the findings were based
off self-report questionnaire-based data that could have influences from external biases or
even from the way the questions were phrased. In order to increase the validity of the
presented results, a conscious effort was made to reduce the subjectivity of the data
collected through the use of an oblique questionnaire and neuroimaging techniques. More
specifically, the oblique questionnaire was utilised to identify the statistical effect of the
58

propensity to trust humans on the propensity to trust autonomous systems, while the fMRI
was used to identify brain regions that are associated with both Momentary HumanHuman Trust, and Momentary Human-Autonomous System Trust. Despite the lack of an
operational environment, the fMRI, which was used substantially in Human-Human Trust
studies, was selected for the spatial resolution that it can provide, which cannot be
matched by more commonly used neuroimaging techniques like the EEG or fNIRS, as
shown in Figure 4. This is particularly crucial for this experiment due to the fact that brain
activity in regions such as the amygdala, which is situated in exceedingly subcortical
locations, needed to be examined. These techniques were designed to address the gaps
identified in the literature for models and measures of trust, as shown in Table 5.
Subsequently, the results obtained laid a blueprint towards the construction of more robust
models of Human-Autonomous System Trust at a rapider pace, by drawing from HumanHuman Trust, which was also demonstrated in this thesis.
In summary, a review of past work culminated in the following Research
Questions (RQs):
RQ1: What is the strength of the relationship between the propensity to trust
humans and the propensity to trust autonomous systems?
RQ2: What is the strength of the relationship between Momentary Human-Human
Trust and Momentary Human-Autonomous System Trust?
RQ3: What is the nature of the relationship between Trust and Distrust?
RQ4: Can the findings from RQ1, RQ2, and RQ3 contribute towards building a
more robust model of Human-Autonomous System Trust?
An overview of the problem formulation, as well as this thesis can be found below,
on Figure 6.
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Chapter 4 Propensity to Trust Questionnaire
4.1 Experimental Methodology
This study required Institutional Review Board (IRB) endorsement due to the
involvement of human participants, and it was acquired from Nanyang Technological
University IRB (IRB-2020-07-004) prior to carrying out this experiment. The objective of
this experiment was to evaluate the strength of the relationship between the propensity to
trust humans and the propensity to trust autonomous systems. An initial power analysis (α
= 0.05, 95% confidence level), with the sample meant to represent the entire population,
as conducted in (Abdulahi, Esaya, & Hailu, 2011), with a priori unknown means
comparison for 2 factors in the same sample, revealed that a minimum of 384 participants
were required to ensure that the sample size was representative of an entire population.
Due to the large sample size required, as well as the COVID-19 pandemic, the decision
was made to carry out the study using an online platform, known as Prolific. This platform
has not only been used in previous studies, but is also considered to be a better alternative
to other platforms like Mturk due to its superior functionality, and verification process of
participants, which yields a higher quality of data collected by eliminating uninterested or
duplicitous participants (Palan & Schitter, 2018).
As discussed before, the stability of propensity to trust makes it appropriate to be
measured with the use of a questionnaire. However, the absence of a verified and
universal method to measure propensity to trust (Ferronato & Bashir, 2020), as well as the
intrinsic constraints of self-report questionnaires, which are not limited to simplifying
complex constructs, a lack of clarity in the phrasing of survey questions, and unintended
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bias (Demetriou et al., 2014), called for a more nuanced approach. Thus, a less biased
oblique questionnaire was constructed by removing the use of self-reports. Instead, an
oblique questioning approach was adopted to reveal the inherent intent of the experimental
subjects by removing the ambiguity in phrasing questions and bias through the indirect
approach, where the impact of these elements can be reduced (Werner, 2015). Developing
a precise measure of propensity to trust was not the intention of this study. Instead, the
objective was based on empirically determining the strength of the relationship between
the propensity to trust humans and the propensity to trust autonomous systems by utilising
participants’ behavioural response to the stimuli provided by the oblique questionnaire to
estimate levels of propensity to trust human and autonomous systems. While the
methodology outlined below may not yield the most sensitive results, the measurements
will be normalised by design, leading to a more valid comparison between the propensity
to trust humans and the propensity to trust autonomous systems.
The survey, which can be found in Appendix A, consisted of three portions. One
portion included 20 mathematical probabilistic questions that were deliberately counter
intuitive, like the Monty Hall Problem. These questions were designed such that if the
subject provides an incorrect answer, they will be guided to an advisory provided by a
non-specified autonomous tool, as illustrated by Figure 7. Participants were intentionally
not furnished with the specifications and characteristics of the autonomous tool such that
their decision to alter their response, or not, was determined by their intrinsic
predisposition to reject or accept the advisory. If their response was correct on their first
attempt, the advisory question will not be presented to the participants.
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Figure 7: Flow of 2 Portions of Questionnaire.

Another portion of the questionnaire was designed to elucidate the propensity to
trust humans. These questions were designed such that the experimental subjects were
given 20 questions pertaining to the probability of adverse events occurring. If they
answered a question incorrectly, they would be prompted with a recommendation from a
demographically matched group of peers, as depicted in Figure 7. If they were able to
conduct the task without the participation of an autonomous tool, that would render the
tool obsolete. Thus, only incorrect answers were of interest in this study. Participants’
initial inclination to accept or reject the advisory is inextricably linked to the definition of
propensity to trust, which was why this approach was adopted. This design was inspired
by the work of previous studies, which used a similar approach to explore optimism
(Kappes, Faber, Kahane, Savulescu, & Crockett, 2018; Sharot, Korn, & Dolan, 2011),
who used 30 and 80 questions respectively. A total of 40 questions were used in this study
to ensure sufficient data points for each participant, without letting the task run too long.
Negative events were intentionally used to ensure that there is an induced response.
Previous work has shown that adverse events invoke a stronger inherent response, as
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compared to positive events (Taylor, 1991). The human-centric operational model that
was necessitated by the primary concern of safety in ATM (Billings, 2018), was utilised in
the first two sections, by leaving the option of accepting or rejecting the suggestions by
the trustee with the participants.
Yet another part of the survey entailed the accumulation of demographic data, in
addition to self-reported amounts of various constructs of trust in literature, with the use of
a Likert Scale. The constructs, and use of Likert scales were adapted from (Jian et al.,
2000) because these constructs were obtained through empirical means and served as the
base for other trust studies in the past, including the development of SHAPE ATM Trust
Index, which was developed specifically for ATCOs.
The phrase “oblique questionnaire” was coined for this study due to the fact that
only the act of specifically altering their response after receiving an advisory was deemed
to signify propensity to trust. An active response to change their answers like the prompt
suggests, following an incorrect answer is reflective of a participant’s acceptance of the
advisory without prior knowledge of the autonomous tool. This was equated to a higher
level of propensity to trust. Conventional questionnaires rely on participants passively
answering questions. The more active and indirect component in this survey is what sets it
apart as an oblique questionnaire. As such, in this study, if a participant did not actively
accept the advisory, their propensity to trust was not deemed to increase.
Participants’ responses were then transformed to a percentage score to facilitate a
fairer comparison between participants, and between the propensity to trust humans and
the propensity to trust autonomous systems. (For example: If a subject gave the wrong
answer for 16 questions out of 20, and they accepted the advisory in 8 out of the 16
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questions, and actively changed their answers, their percentage score will be 50%).
Admittedly, the propensity to trust in individuals may not be a linear scale, as was adopted
in this experiment. However, with the afore-mentioned lack of an established and
validated measure of propensity to trust, as well as with the consideration that this study
was meant more to compare between two types of propensities to trust, and not as an
explicit measure of propensity to trust, this methodology served as a good starting point.
Future studies could build on the findings of this work and refine it further if necessary.

4.2 Experiment Participants
An online questionnaire was uploaded onto Prolific, where participants, whose
identities were anonymised, as required by IRB stipulations, were given the opportunity to
take part in this study. However, with the large number of participants required for this
study, it became impractical to recruit that many ATCOs for this study physically in
Singapore. Moreover, subjects with careers in fields that utilise technology more often
were found to be more likely to share analogous trust behaviours, with increased
likelihood of acceptance (Lee & See, 2004). Hence, a compromise was made by adopting
a pre-screening option to specifically recruit participants who regularly use advanced
automation in their profession to ensure the subjects were comparable to ATCOs, with
regards to their use of technology for their profession. Each participant was renumerated
£5, and by then end of the experiment, a total of 394 participants from 46 countries had
completed the survey. This allowed for a varied pool of subjects, which led to a richer set
of data, that is also more representative of the multicultural population of ATCOs
worldwide. As such, the findings of this study could potentially be applied to other
countries, as well as other professions.
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4.3 Preliminary Experiment Results
Initially, a total of 435 responses were collected. The first step after completing the
experiment was to clean the data, by excluding participants who either failed to complete
the study or withdrew consent to using the data they provided at any part of the
experiment. This resulted in the number mentioned earlier, with 394 complete responses
from 46 countries, all of whom gave explicit consent for their anonymised data to be used
for the purposes of this study. The full aggregated results can be seen in Appendix B.
Subsequently, the percentage scores for each participant, and for each type of
propensity to trust, were calculated and collated. A means for a direct pictorial comparison
between the propensity to trust autonomous systems and the propensity to trust humans
was required. As such, graphical portrayals of the distribution of data, in the form of both
a scatterplot and a box and whiskers plot were generated before proceeding with further
analysis, as shown below on Figures 8 and 9. Figure 8 shows the comparison between the
propensity to trust autonomous systems and the propensity to trust humans for each
participant in the study, and this revealed no clear trendlines between the propensity to
trust humans and the propensity to trust autonomous systems. The mean score for the
propensity to trust autonomous systems was 34.94%, while the mean score for the
propensity to trust humans was 31.50%. The median score for the propensity to trust
autonomous systems was 33.33%, while the median score for the propensity to trust
humans was 30%.
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Figure 8: Scatterplot of Propensity to Trust Autonomous Systems against Propensity to Trust Humans.
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Figure 9: Box and Whiskers Plot of 2 Types of Propensity to Trust.

This was succeeded by a paired t-tail test to statistically examine the relationship
between the propensity to trust autonomous tools, and the propensity to trust humans. This
revealed a statistically significant difference in means between both scores, with a test
statistic of 2.54, and a p-value of 0.012, when α = 0.05. The variance was also calculated
as a by-product of the paired t-tail test, and it revealed a variance of 598.91 for the
propensity to trust autonomous systems, and a variance of 537.06 for the propensity to
trust humans. Subsequently, a Pearson Correlation test was also carried out to evaluate the
strength of the relationship between both types of propensities to trust, which unveiled a
coefficient of 0.363, which can be interpreted as a positive, moderate, linear correlation
between the propensities to trust autonomous systems and the propensity to trust humans,
that does imply a statistical link between them (Dancey & Reidy, 2007).
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4.4 Further Results and Discussion
The initial examination of results showed that both types of propensities trend
toward the lower side of the continuum. The implication is that subjects will have a
penchant for being more cautious in the preliminary phase of the relationship, with both
autonomous systems and humans. This caution will also eventually be affected by
momentary trust, which will subsequently become the overriding type of trust (Schaefer et
al., 2016). As such, factors like trustee characteristics and environmental factors will
eventually become the predominant determinant of trust levels. Nonetheless, the wariness
during the beginning of the relationship must be taken into consideration by autonomous
tool designers when they are building autonomous aids for ATCOs, who are particularly
careful. A bad impression in the beginning of the interaction could prove a significant
hurdle to overcome. Thus, trust repair is another research area that requires more studies.
The experimental subjects also exhibited a marginally higher mean and median
score for the propensity to trust autonomous tools, than humans. This, combined with the
results of the paired t-test, which indicated a statistical difference between both means,
implies that the propensity to trust autonomous systems is higher than the propensity to
trust humans in the same subject. This could be attributed to the proliferation of advanced
technology into multiple aspects of both personal and professional life. Another factor to
consider is that the experimental subjects in this study were comfortable with technology.
The fact that the participants were recruited online, also suggests a level of comfort with
technology in a professional context. As such, the participants who were being monetarily
incentivised for participating in an online study could be more comfortable with
technology like autonomous systems, as the data suggests. The higher variance could be
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due to the ambiguity in the specific repercussions for the individual vocations’
constitution and nature.
The Pearson Correlation Coefficient of 0.363 does indicate a moderate correlation
and strength of relationship between the propensity to trust humans and the propensity to
trust autonomous systems, which suggests some space for components of the propensity to
trust autonomous systems, that are not present in the propensity to trust humans. Some of
these components could possibly consist of differing willingness to try new experiences
(Alarcon, Capiola, & Pfahler, 2021), differing degrees of estimated risk (Stuck,
Tomlinson, & Walker, 2021), or perhaps simply personal preferences or bias (Clare,
Cummings, & Repenning, 2015). As such, both types of propensities to trust are
statistically congruous to a moderate extent; but are also statistically dissimilar enough to
have distinctive components. As such, insights from literature regarding propensity to
trust humans may not necessarily be readily applied to propensity to trust autonomous
systems. Future studies could explore these differences and set clearer boundaries between
the propensity to trust humans and the propensity to trust autonomous systems.
To further explore the statistical relationship between both types of propensities to
trust, the statistical effect size of the propensity to trust humans on the propensity to trust
autonomous systems was computed with the use of a paired t-tail test using Cohen’s D,
which is calculated as the difference between the means of each propensity to trust scores,
all divided by the standard deviation of the data. This led to a large effect size of 0.78,
which indicates a strong statistical relationship between both propensities to trust. This
also suggests a stronger relationship than the Pearson Correlation test did, which could be
due to the fact that the sample size was very big, which may have diluted the correlation
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coefficient. A pairwise comparison may have also resulted in the high effect size, as
compared to the correlation coefficient.
Furthermore, with the establishment of this effect size as a reference point for
comparison, effect sizes of demographic factors, as well as generalised components of
trust, both of whose specific features were obtained from literature, were computed and
collated, as shown below in Figure 10. The demographic constructs used in this study
were obtained from (Hoff & Bashir, 2015), who postulated that socioeconomic
background was likely to play a role in the propensity to trust, while the latter was
obtained from (Jian et al., 2000), who empirically determined the constructs of trust. One
thing to note is that r2, which is calculated by squaring the correlation coefficients, was
used to obtain these effect sizes because Likert scale scores obtained in the third part of
the oblique questionnaire were used to compute the effect sizes. Comparing percentage
scores of the propensity to trust autonomous systems to Likert scale scores, and using
Cohen’s D would exaggerate effect sizes unfairly, while leaning towards methods to
calculate effect sizes using only ordinal data would diminish effect sizes. The use of r2
could explain the small effect sizes. Another important finding is the confirmation that the
constructs of trust previously described in literature are less relevant for the propensity to
trust, which in turn suggests that they could be more relevant for momentary trust, and
correspondingly, the more mature stages of human-autonomous system interaction
(Schaefer et al., 2016). This conclusion was reached since this study revealed these
constructs of trust had a weak relationship with the propensity to trust autonomous
systems despite these constructs being empirically determined to be associated with trust
in the literature, which suggests that they have a stronger link with Momentary Trust.
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Figure 10: Model Showing Effect Size.

Even if the effect sizes of the demographic factors, and constructs of trust from the
literature are omitted, it is undeniable that there is a big statistical effect on the propensity
to trust autonomous systems, by the propensity to trust humans, as evidenced by the
classification of a Cohen’s D effect size of greater than or equal to 0.8 as large
(Sawilowsky, 2009). The strength of the statistical affiliation between them suggests that
the propensity to trust humans can indeed have some bearing on the propensity to trust
autonomous systems and may even serve as a marker for prediction. Moreover,
considering the verified relationship between an individual’s propensity to trust and their
positive trustworthy behaviour when collaborating with the trustee (Jones & Shah, 2016),
operators who function well as a teammate in traditional human-human teams will also be
expected to execute their tasks better in human-autonomous system teams. Translating this
into the setting of ATC operations, ATCOs who have lesser difficulty in collaborating
with other ATCOs are expected to be able to cooperate with a teammate, who is an
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autonomous tool. Thus, teamwork skills should be a paramount consideration when
recruiting ATCOs or can even serve as a vital part of ATCO training curriculum.
Even though there seems to be a strong statistical connection between both
propensities to trust, based on the statistical effect size of propensity to trust humans on
propensity to trust autonomous systems, it must be reiterated that they are not completely
congruous. The traits of the trustees in both cases are not absolutely indistinguishable.
While there are some similarities in the characteristics of humans and autonomous
systems, such as autonomy, their motives and conduct can be incongruous in some
situations. However, the parallels that can be found between them, as well the strong
statistical relationship imply that some of the conclusions formed from studies regarding
the propensity to trust humans could likely be directed towards the propensity trust
autonomous systems, which will only lead to proficient ATCO-autonomous system teams
more quickly through the faster development of trusted autonomous decision aids.
The small effect sizes that were calculated for the features of trust from (Jian et al.,
2000) was anticipated, since they were likely to be more associated with momentary trust.
However, when looking deeper into the individual constructs, perceived reliability and
trustworthiness of the autonomous aid were found to have the highest statistical effect
sizes, among all the constructs evaluated. This implies that these constructs have the
strongest link with the propensity to trust autonomous systems. As such, based on the
assumption that ATCOs will exhibit similar trust behaviours as the participants, as
postulated by (Lee & See, 2004), ATCOs having a positive impression of autonomous
tools would likely lead to a stronger ATCO-autonomous system team in the infancy of
their interactions.
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The small statistical effect sizes, that were calculated through r2 for the
demographic factors were not anticipated. As mentioned before, the small effect sizes, as
can be seen in Figure 10, could be due to the difference in nature of the data, when
comparing numerical values to ordinal data. Nonetheless, income level seems to have a
magnitude higher statistical effect on the propensity to trust autonomous systems, as
compared to education level. This could be due to careers integrating progressive
technology offering higher renumeration, which implies that irrespective of the age group,
or socioeconomic background that ATCOs come from, there is no statistical drawbacks in
employing and training operators to collaborate with autonomous tools, and work in
ATCO-autonomous system teams. As outlined above, ATCOs who have a higher
propensity to trust humans, and collaborate well with other ATCOs would likely display a
better preliminary reception towards autonomous systems as a colleague that they can
team up with.
However, it must also be noted that the varied sample that was utilised for this
study, where participants from 46 countries were recruited, could also have led to the
small statistical effect sizes for demographic factors. Cultural influences have been shown
to play an important role in propensity to trust (Ferronato & Bashir, 2020; Hoff & Bashir,
2015). Moreover, a portion of the experimental subjects had parents or grandparents, who
were immigrants, who have rather distinctive cultural traits due to the duality in their
cultural influences. As such, the planned diversity in participants could have inadvertently
counterbalanced the statistical effect that demographic factors had. This could imply that
cultural identities could have a far more significant effect on the propensity to trust, than
demographic factors. Cultural identity can certainly be a rather challenging concept to
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enumerate in a scientific setting, but there is undoubtedly some significance in
investigating this idea.
ATCOs operate in tandem with advanced technology during every single shift, and
this research is particularly applicable to them due to the way it was designed for a similar
group of participants. The study being conducted online may have skewed results in such
a way that it was more appropriate for professions that are comfortable with technology.
As such, the findings are especially relevant to similar professions that follow a similar
paradigm, in a myriad of industries such as aviation, manufacturing, or medicine.
However, it must be noted that these findings may not be relevant to other professions,
such as artists, chefs, or professional athletes.

4.5 Summary
The objective of this study was to empirically determine the strength of the
relationship between the propensity to trust autonomous systems and the propensity to
trust humans, in a more generalised sample, before employing it to the exclusive sample
of ATCOs, as suggested by (Chien et al., 2014; Merritt & Ilgen, 2008). This study was
performed on an online platform due to the COVID-19 pandemic, as well as logistical
concerns with the large sample size. The intentionally implicit questions that made up the
oblique questionnaire resulted in a less subjective set of data collected, which made for
more valuable data. The results unveiled a moderate correlation between the propensity to
trust autonomous systems and the propensity to trust humans, with the latter having a
large statistical effect on the former. Due to the strong relationship between them, findings
from studies pertaining to the propensity to trust humans can be incorporated into the
propensity to trust autonomous systems, which can result in a more prompt, safe, and
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efficient assimilation of reliable autonomous aids into a plethora of industries that require
it, like ATM.
The results of this study are only applicable for industries that make use of
advanced technology frequently. Moreover, when building autonomous aids that will
work in tandem with such professions, like ATCOs, these findings should be kept in mind
so that such tools are more easily incorporated into operation. Problems in the initial
interactions between ATCOs and their autonomous tools, or in other industries for that
matter, could have a great deal of adverse implications further into the relationship.

76

Chapter 5 Momentary Trust Experiment
5.1 Experimental Methodology
Permission for this study to be conducted was granted by the IRB in Nanyang
Technological University (NTU IRBIRB-2018-12-002). Every experimental subject was
presented with a document that provided them with the details of the experiment, prior to
the study to keep them informed on what to expect. Every subject was also able and
willing to provide a signed consent form before the experiment after being briefed
together with the afore-mentioned document. Furthermore, it was made abundantly clear
that only anonymised data would be collected, without any individual identifiers to protect
their right to privacy.
This study was designed to focus on Momentary Trust, which has been shown to
be constantly changing as the interaction between trustor and trustee progresses. As such,
several measurements were recommended through the duration of an experiment (Merritt
& Ilgen, 2008). However, this study aimed to take it one step further, with the use of
continuous neuroimaging data, rather than discrete data that questionnaire studies provide
(Yang et al., 2017). This was achieved using the neuroimaging data collected with the use
of an fMRI, which has the best spatial resolution available (Parasuraman, 2011). Using
advanced techniques such as neuroimaging, after correcting for noise, would allow for a
more comprehensive as well as objective set of data that could provide valuable insights
into Momentary Trust, which traditional questionnaire-based data may not be able to
provide.
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The EEG has been used successfully in the past for human-in-the-loop
experiments involving ATCOs due to its superior temporal resolution, as well as its
portability, that allows for the replication of an operational ATC environment (Aricò et al.,
2017; Aricò et al., 2015; Di Flumeri et al., 2019). However, the objective of this study was
to explore the parallels in Momentary Trust between Human-Human Trust and HumanAutonomous System Trust, with the use of neuroimaging, which demands that spatial
resolution be prioritised in order to analyse data from even the subcortical regions of the
brain, like the amygdala. This is not possible with the EEG, which is only able to collect
data from the cortical regions of the brain. As such, even though an operational
environment cannot be maintained with an fMRI, it was deemed as the best option to
achieve the objective of this study.
The fMRI technique is also significant in its ability to specify in real-time, brain
activity in target regions of the brain with activation, particularly in relation to the task
being conducted for the duration of the experiment (Smith, 2004). The activation of brain
regions while the task is being conducted will likely suggest that there is a link between
both. As such, analysing the brain activity when the ATCOs are attempting to decide
whether to accept the recommendation from the autonomous tool will be an indication of
the regions of the brain associated with Human-Autonomous System Trust.
More specifically, the fMRI uses the differences in Blood Oxygenation Level
Dependent Contrasts (BOLD) signals prior to, and during the specific assignment being
carried out by experimental subjects during a study to evaluate the changes in brain
activity for the duration of the task. As a participant’s brain concentrates on a particular
cognitive undertaking, the brain regions associated with those tasks will demand
78

additional neurons to fire, and this leads to higher amount of energy needed by those
neurons. This translates to a higher amount of blood and oxygen flowing to those regions
of the brain, which is then detected by the fMRI. The flow of blood and oxygen in a
specified brain region is evaluated when the experimental task is being carried out, also
known as the test condition, and when the experimental task is not being carried out, and
the participant is at resting state, also known as the control condition. The differences in
both conditions reveal the brain regions that show a statistically significant activation
when the task is being performed. Thus, these brain regions’ association with Momentary
Trust can be determined.
For the purposes of this study, a Siemens 3-Tesla MAGNETOM Prisma MRI
scanner manufactured by Siemens Medical Solutions, Erlangen, Germany, was located in
the Cognitive Neuroimaging Centre at Nanyang Technological University was utilised for
this experiment. This is shown in Figure 11, together with the experimental setup with a
participant. The conventional 64-channel head/neck receive-array coil was used. Control
condition scans were completed prior to the start of the experiment, while test condition
BOLD sensitivity functional acquisitions were founded on scans when the participants
were actively conducting the conflict detection task, using a T2-weighted ascending
sequence, consisting of 128 sagittal slices (1.6 x 1.6 x 1.6mm), TR/TE 2400.0/ 2.28 ms,
flip angle of 8 degrees, and an echo time = 7.6ms. The transmission of a pre-prepared
simulation was facilitated using a mirror that delivered the stimuli to a screen that is
visible inside the fMRI. Participants’ head movements were also regulated with the help
of padded clamps to diminish noise in the fMRI data collected.
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Figure 11: fMRI With Participant Conducting Experimental Task.

This study consisted of five air traffic scenarios of varied difficulty levels that were
generated with the help of ATS-Cap software, and subsequently encoded and transmitted
into the fMRI screen in the form of a video, with the use of E-Prime. The screen will
allow the experimental subjects to view these air traffic situations while lying down inside
the fMRI. The flight plans encoded were realistic, and included waypoints, as well as
other key points like an airport, as shown on Figure 12, which will influence the decisions
that ATCOs will make. Each air traffic scenario lasted for two to three minutes to ensure
that the experimental subjects had sufficient time to familiarise themselves with the
situation. Figure 12 shows a snapshot taken during one of such pre-recorded air traffic
scenarios. These air traffic situations were constructed in a non-specific airspace that had a
light traffic density, as can be seen on Figure 12.
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Figure 12: Ambiguous Traffic Condition in Scenario.

This was done intentionally to ensure that the decisions that experimental subjects
had to make were not too straightforward. Loss of separation became hard to predict, and
that would make the advisory provided by an arbitrary autonomous conflict detection tool
more valuable. If the decision was too obvious, then there was no need to refer to the
advisory provided by the autonomous tool, as the decision would be automatic, and the
data collected would not be as valuable. Furthermore, the equivocality of these air traffic
scenarios would also enhance the chances of various regions of the brain associated with
Momentary Trust, being activated, thus providing a more comprehensive picture of brain
activity during Momentary Trust.
Following each air traffic scenario, a prompt was displayed on the screens within
the fMRI, with a recommendation on conflict being detected by the autonomous tool
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between 2 specific aircraft, as shown in Figure 13. This advisory was displayed for 10
seconds, within which the experimental subjects had to make a decision. The time limit
was set to mimic the temporal pressures that are inherent within an ATCO’s job scope. A
specific autonomous conflict detection tool was not used in this experiment due to the
difficulty in connecting an autonomous tool to the fMRI machine, but participants were
not aware of this, and were told that the prompts were generated by an autonomous system
in order to preserve the experimental protocol. Experimental subjects, then had to decide
on whether the autonomous system’s recommendation was to be accepted or not.

Figure 13: Prompt Advisory Example.

The experimental subjects subsequently specified whether they wanted to reject or
accept the autonomous tool’s recommendation with the help of a binary remote device that
was located inside the fMRI with them. As mentioned before, they had to do this within
the 10 second window that the advisory prompt lasts for. The brain activity during this
window would be analysed subsequently. Preparing the air traffic scenarios and advisories
beforehand facilitated the synchronicity of the scans with the recommendations provided
during the experiment, which was verified in a test run a week before the experiment took
place. As such, the brain activity during the test conditions and control conditions could be
reliably analysed. Each participant was also given 2 test runs before the start of the
simulation to ensure they were familiar with the flow of the experiment.
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Human-in-the-loop experiments involving ATCOs inside an fMRI are entirely
unprecedented, at least in the field of ATM. As such, participants were given several
practice runs to familiarize themselves with the experimental protocols. Furthermore, the
novel experimental setup in this study also had the potential to unearth new insights,
particularly when comparing between Human-Human Trust and Human-Autonomous
System Trust, since there had been multiple fMRI-based studies on Human-Human Trust
(Riedl & Javor, 2012). These studies served as a starting point in terms of the regions of
the brain to be evaluated in later sections of this chapter. This would serve as the means of
comparison between Human-Human Trust and Human-Autonomous System Trust, in the
context of Momentary Trust. This will be elaborated upon in subsequent sections in this
chapter.

5.2 Experiment Participants
There were five experimental subjects in this study, out of which two were
previously licensed ATCOs, and three were student ATCOs. The student ATCOs were
familiar with ATCO operations, but had no prior operational experience, nor held any
relevant licenses. Out of the three student ATCOs, one was female, and all other
experimental participants were male. Unfortunately, a male student ATCO’s data had to
be excluded from analysis because even though there were no technical issues in
collecting his data, the subject had problems in understanding and carrying out the tasks
given to him during the experiment. As such, the final experimental design consisted of a
total of four experimental subjects, with two former licensed ATCOs and two student
ATCOs. All of the experimental subjects’ dominant hand was their right hand, and their
mean age was 39.75 years old. Due to the study being of an exploratory nature, a limited
83

number of participants were involved in this study. However, measures to mitigate these
circumstances, such as including results that were only common across all participants
were taken, as described in Section 5.3.

5.3 Experiment Results
The analysis of the neuroimaging data collected from the experiment was
performed with the help of Statistical Parametric Mapping 12 (SPM12) and the
Connectivity Toolbox (CONN). The unprocessed raw neuroimaging data had to be
converted into a different file format using SPM12, and this intermediate data was then
pre-processed with the conventional refinement steps that were inherently within CONN.
These steps comprised of amending for head movement artefacts, spatial and temporal
normalisation in Montreal Neurological Space (MNI), and brain smoothing utilising a
Gaussian kernel with an isotropic kernel of 8mm. Correction for artefacts related to
movement and spiking, that could result in false positives was carried out with the use of
CONN’s artefact detection capability. This feature recognises principal components linked
with white matter and cerebrospinal fluid for each experimental subject. Cerebrospinal
fluid, white matter, and repositioning constraints were entered into CONN as first-level
analysis confounds, that were then processed with a band-pass filter of [0.008 to 0.09Hz],
which helped to normalise the data.
Functional connectivity between a pair of regions in the brain may be interpreted
as connectivity in the confines of a network, or connectivity involving two distinct
networks (Joel, Caffo, van Zijl, & Pekar, 2011). Thus, seed-based connectivity, and by
connection, a seed-based correlation analysis (SCA) is an established method to evaluate
functional connectivity within the brain. Taking a seed voxel, or a principal brain Region
84

of Interest (ROI) as a base, seed-based connectivity is determined as the degree of
correlation between the time series for other voxels or brain regions. Hence, in order to
examine the activations in the regions of the brain associated with Human-Human Trust,
seed-based functional connectivity analysis in the form of SCA was carried out with the
help of the COLNN toolbox, utilising the standard weighted general linear model (GLM),
which can be taken as an enhancement of the linear regression statistical method.
More specifically, the GLM procedure employed in fMRI studies utilises a similar
base equation (Y = Xβ + ε) as a simple linear regression example (Y= a + bX+ ε). The
GLM interprets Y as the observed fMRI signal from a single voxel, as a function of time,
and expresses this variable as a function of one experimental variable (X), or multiple
experimental variables, each of which is augmented with a weighting factor (β), and a
random error (ε). This procedure was employed for the fMRI data collected from all four
participants so as to confirm that only the brain regions displaying statistically significant
activation across the data, with an effect size, d greater 0.6 throughout all four participants
were disclosed after the analysis.
The basis of comparison for correlated statistically significant activation were
brain regions that were associated with Human-Human Trust. If these brain regions had a
statistically significant activation during the experiment, it is highly likely they would be
associated with Human-Autonomous System Trust as well. As such, brain regions
associated with Human-Human Trust were consequently evaluated with the use of ROIto-ROI analysis in CONN. Threshold seed ROIs was computed using F-tests, with onesided positive seed level correction and permutation tests. Statistical significance was
determined through the use of False Discovery Rate (p-FDR) hypothesis testing, with a p85

FDR value of less than 0.05 being calibrated as the threshold. Although Bonferroni
correction is widely used in fMRI studies to reduce the chances of Type 1 errors, in the
context of this study, where only 4 experimental subjects were involved, use of Bonferroni
correction could be far too conservative and limiting. Several important findings could be
missed as a result, and that is why p-FDR is preferred for this study (Pushparaj et al.,
2021).
After pre-processing and setting the threshold for analysis using p-FDR, the data
was ready for SCA to be carried out. The next step was to identify a seed, which would
serve as a reference point for statistically significant correlated activation for the first level
analysis. The anterior cingulate cortex was chosen to be the first seed due to its strong
association with cognitive conflict in the brain, linked with Human-Human Trust
(Botvinick, Cohen, & Carter, 2004; Pushparaj et al., 2021; Riedl & Javor, 2012).
Cognitive conflict was posited as likely to be present in Human-Autonomous System
Trust, particularly in the context of this experiment, due to its intentional uncertainty in
the design of the air traffic scenarios. For this initial analysis, the neural activity present
during the prompts from the autonomous tool, as well as during the air traffic scenarios,
which were described in 5.1, was analysed to obtain a clearer picture of the brain activity
during the experiment. This neural activity was then compared against the resting state
neural activity to determine the statistically significant activation in different parts of the
brain during these periods. This also allowed for examining the differences in brain
activity that ATCOs experienced under near-operational conditions. The results of this
analysis are shown below, in Table 6.
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Table 6: Brain Regions with Statistically Significant Activation.

Seed: Anterior Cingulate Cortex Network
Scenario

Areas where p-FDR <

Prompt

Areas where p-FDR <

Number

0.05

Number

0.05

Scenario 1

Insular Cortex Network

Prompt 1

Insular Cortex Network

Scenario 2

-

Prompt 2

Scenario 3

Insular Cortex Network

Prompt 3

-

Scenario 4

Insular Cortex Network

Prompt 4

-

Scenario 5

Insular Cortex Network,
Putamen

Prompt 5

Insular Cortex Network,
Amygdala, Putamen

Insular Cortex Network,
Nucleus Accumbens

The insular cortex network seemed to have recurrent statistically significant
activations, as can be seen from it being highlighted in 4/5 scenarios, as well as 3/5
prompts. As such, the insular cortex, which is highly associated with risk and uncertainty
linked to Trust (Huettel, Stowe, Gordon, Warner, & Platt, 2006; Pushparaj et al., 2021;
Riedl & Javor, 2012), was consequently set as the base for a subsequent first level analysis
to reveal the functionally correlated brain regions, and these results can be found below in
Table 7.
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Table 7: Brain Regions with Statistically Significant Activation.

Seed: Insular Cortex (Atlas)
Scenario

Areas where p-FDR <

Prompt

Areas where p-FDR <

Number

0.05

Number

0.05

Prompt 1

-

Prompt 2

Insular Cortex Network

Prompt 3

-

Prompt 4

-

Anterior Cingulate
Scenario 1

Cortex Network, Insular
Cortex Network

Scenario 2

Anterior Cingulate

Scenario 3

Cortex, Insular Cortex
Network, Putamen

Scenario 4
Scenario 5

Insular Cortex Network,
Nucleus Accumbens

Prompt 5

Posterior Cingulate
Cortex Network

Subsequently, supplementary SCA was carried out, using the regions of the brain
highlighted in previous analysis as the seeds, to further explore any statistically significant
functionally correlated brain regions. In this secondary analysis, brain activity during the
prompts was the only data considered, as a more specific context of the window within
which the experimental subjects made a choice on whether to trust and adhere to the
recommendation provided by the autonomous tool, was required. This brain activity
would eventually culminate in the final acceptance decision that the experimental subjects
made.
The first brain region to be used as the seed was the amygdala, as it showed
statistically significant activation in one instance when the anterior cingulate cortex
network was used as the seed, and it is also known to be associated with negative
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emotional salience, which can also be linked to trust (Dimoka, 2010; Pushparaj et al.,
2021; Riedl & Javor, 2012). As such, due to the parallels in association, the decision was
made to compare the results to the SCA with the Insular Cortex, which is associated with
risk and uncertainty, as the seed. The results of this analysis are reflected below in Table
8.
Table 8: Statistically Significant Activation when Amygdala was the Seed, and Comparison with
Statistically Significant Activation when Insular Cortex was the Seed.

Seed: Amygdala

Seed: Insular Cortex (Atlas)

Prompt

Areas where p-FDR <

Prompt

Areas where p-FDR <

Number

0.05

Number

0.05

Prompt 1

-

Prompt 1

-

Prompt 2

-

Prompt 2

Insular Cortex Network

Prompt 3

-

Prompt 3

-

Prompt 4

-

Prompt 4

-

Prompt 5

-

Prompt 5

Posterior Cingulate
Cortex Network

Subsequently, the hippocampus was also considered as a seed even though it did
not show any statistically significant activation previously because it is closely associated
with memory (Maguire, Intraub, & Mullally, 2016) and was likely linked to the historybased trust paradigm that is inherently connected to Momentary Trust (Pushparaj et al.,
2021). Furthermore, it was also found to be associated with Human-Human Trust in
previous studies (Delgado et al., 2005; Riedl et al., 2010; Riedl & Javor, 2012). As such,
there was some curiosity in whether there was any statistically significant functionally
correlated activation in other brain regions, with the hippocampus as the seed. In addition,
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due to the ambiguous nature of the air traffic scenarios designed for this experiment, the
decision was made to compare the brain activity when the anterior cingulate cortex was
the seed, as there was likely to be some cognitive conflict linked to the ambiguous history
of the air traffic scenarios and consequent recommendations from the autonomous tool.
The results of this analysis is shown below, in Table 9.
Table 9: Statistically Significant Activation when Hippocampus was the Seed, and Comparison with
Statistically Significant Activation when Anterior Cingulate Cortex was the Seed.

Seed: Hippocampus

Seed: Anterior Cingulate Cortex
Network

Prompt

Areas where p-FDR <

Prompt

Areas where p-FDR <

Number

0.05

Number

0.05

Prompt 1

-

Prompt 1

Insular Cortex Network

Prompt 2

-

Prompt 2

Insular Cortex Network,
Amygdala, Putamen

Nucleus accumbens,
Prompt 3

caudate nucleus,

Prompt 3

-

Prompt 4

-

putamen
Prompt 4
Prompt 5

Caudate nucleus,
amygdala

Prompt 5

Insular Cortex Network,
Nucleus Accumbens

A two-sample t-test was also carried out to differentiate between the brain
activation of the licensed ATCOs and student ATCOs. However, this analysis failed to
yield any statistically significant results. This could have been due to the fact that this
study had a limited number of participants (two experimental subjects in each group).
Non-parametric tests were not appropriate for this study because functional connectivity
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comparisons are done by comparing specific voxels between regions, which means that
there are sufficient data points for a parametric test. However, there could be differences
in individual brain activity and due to the small sample sizes, these differences could be
magnified, which may have resulted in a lack of statistically significant results. Despite
the risk of possible missed activations, the relatively conservative approach of only
including statistically significant correlated activation across all four participants was
adopted to ensure the empirical validity and integrity of the results.

5.4 Discussion
Neuroimaging techniques are particularly applicable for Momentary Trust studies
due to its capricious nature (Pushparaj et al., 2021). In the previous chapter, Propensity to
Trust was examined, and neuroimaging techniques are not as suitable for the work done in
that study, because Propensity to Trust is far more stable (Schaefer et al., 2016), and it
would be much harder to induce an observable change in brain activity for a component of
trust that is far more established and unwavering. As such, observing the fluctuating brain
activations observed in this study with low traffic density suggests that these brain regions
are indeed associated with Momentary Trust due to the volatility in the brain activity
across all subjects. Leveraging specifically on the changes in brain activity is what sets
this study apart from other studies that could be attributed to Propensity to Trust.
To identify commonalities between Human-Human Trust and Human-Automation
Trust using a neuroimaging paradigm, the regions of the brain associated with HumanHuman Trust needed to be identified. Fortuitously, a meta-analysis conducted in the
literature allowed for a consolidation of all such brain regions (Riedl & Javor, 2012).
These brain regions served as a basis for comparison when attempting to achieve the
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objective of drawing parallels between both types of trust, in the context of Momentary
Trust. To recap, the brain regions of interest were the insular cortex, amygdala, anterior
and posterior cingulate cortex, striatum, thalamus, hippocampus, and para hippocampal
gyrus. It must be noted that the nucleus accumbens, caudate nucleus, and putamen are
parts of the striatum. These were the only ROI that were analysed for statistically
significant correlated activation in the context of this experiment, as SCA analysis
requires that the ROI be specified. Statistically significant correlated activation of these
regions during a functional task related to Momentary Trust would signify that these brain
regions were also associated with Momentary Human-Autonomous System Trust.
Based on the results of the analysis, all of the regions associated with HumanHuman Trust, with the exception of the thalamus and para hippocampal gyrus were shown
to have statistically significant functionally correlated activation during at least one of the
prompts. As such, the insular cortex, amygdala, anterior and posterior cingulate cortex,
nucleus accumbens, caudate nucleus, putamen, and hippocampus are likely associated
with Human-Autonomous System Trust, in the context of Momentary Trust as well.
It must be noted that the same brain activity shows different statistically significant
functionally correlated activation for the same prompt when different seeds are used. The
anatomy of this phenomenon is shown below in Figures 14 to 16. Figure 14 shows the
statistically significant functionally correlated activation for Prompt 5, when the Insular
Cortex was used as the seed, while Figure 15 shows the statistically significant
functionally correlated activation for the same prompt, when the hippocampus was used as
the seed, and Figure 16 shows the statistically significant functionally correlated activation
for the same prompt as well, when the anterior cingulate cortex was used as the seed. This
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is likely due to the small sample size of experimental subjects, where even though the
number of data points, which are voxels, are very large, slight changes in brain activity for
even one participant can cause the aggregate data to fail to meet the required threshold for
p-FDR. That is why multiple seeds were explored, to acquire a more comprehensive
representation of the brain activity during the prompts. This can certainly be remedied
with the use of more experimental subjects in future studies. An alternate explanation is
that Momentary Trust can be further segmented into different types of Momentary Trust,
and that each seed could correspond to their respective segments. This postulation will be
explored further in Chapter 6.

Figure 14: Statistically Significant
Correlated Activation with Insular
Cortex as the Seed (Prompt 5).

Figure 15: Statistically
Significant Correlated Activation
with Hippocampus as the Seed
(Prompt 5)

Figure 16: Statistically
Significant Correlated Activation
with ACC Network as the Seed
(Prompt 5).

Overall, the results do suggest that there are indeed some commonalities between
Human-Human Trust and Human-Autonomous System Trust, in the context of
Momentary Trust, as evidenced by the brain regions associated with the former showing
statistically significant functionally correlated activation in this experiment, which
suggests the same regions are also associated with the latter. Brain regions, such as the
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insular cortex, putamen, caudate nucleus, nucleus accumbens, anterior and posterior
cingulate cortex, hippocampus, and amygdala were identified in multiple studies in the
literature to be associated strongly with Human-Human Trust. The results of this study
proved through SCA that these same regions showed statistically significant functionally
correlated activation, which suggests that these same regions also have a strong
association with Human-Autonomous System Trust. However, both types of trust are not
entirely identical since some regions, such as the thalamus and para hippocampal gyrus do
not show any activation in this experiment. This could be because those regions were not
stimulated by the conditions in this experiment, or they could possibly not be associated
with Human-Autonomous System Trust, even though they are associated with HumanHuman Trust.
Furthermore, similar to the findings of the previous chapter, some brain regions
could be associated with Human-Autonomous System Trust but have no association with
Human-Human Trust. This study is not designed to identify such regions, as the study
design was meant to identify if there is a relationship between the two. The same
experimental setup, with more sophisticated air traffic scenarios, and more advanced fMRI
analysis techniques could be used to identify these brain regions in future studies. The
strength of the relationship between both types of trust, in the context of Momentary Trust
is also unclear at this point, as the other brain regions associated with HumanAutonomous System Trust are unclear for now. This can be addressed in future studies.
However, there is no denying that there is indeed a connection between them. This could
help to speed up work done in Momentary Trust if there can be cross pollination of ideas
between research work on Human-Human Trust and Human-Autonomous System Trust.
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With the amplification in the complexity and capability of autonomous tools being
developed for ATCOs, Human-Autonomous System Trust considerations are becoming an
especially pivotal component of ATM operations. A broader and deeper understanding of
Momentary Trust in particular, will allow for more apposite operational tools to be
developed, even from the infancy of a project, as opposed to dealing with acceptance
issues after the tool has been completed, or deployed. (Aricò et al., 2017). Adopting
principles of Human-Human trust that are relevant to Human-Autonomous System Trust,
in the context of Momentary Trust could accelerate the development of robust and
applicable models of Trust for ATCOs, at a lower cost. This will only facilitate a more
streamlined and efficient integration of autonomous tools for ATCOs in the future.

5.5 Summary
The objective of this study was to verify if the brain regions associated with
Human-Human Trust are also associated with Human-Autonomous System Trust, in the
context of Momentary Trust, and in doing so, identify the strength of the relationship
between both types of trust. The investigations involved 4 participants who were given
conflict detection tasks in conjunction with an autonomous tool with 5 distinct air traffic
scenarios of varying difficulty levels, while their brain activity was recorded by an fMRI
to ensure a higher quality of data that is both continuous and objective.
Several steps were taken to mitigate the effects of the small sample size in this
study. Firstly, padded clamps were utilised to minimise noise, and correction for motion
artefacts and spikes were made. Secondly, functional connectivity, and SCA was utilised
to identify brain regions that were only associated with the functional task provided to the
subjects, which was based on accepting or rejecting an autonomous system’s advisory,
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which in turn, was linked to Momentary Trust. Thirdly, only statistically significant
correlated activation that was observed in all four participants was reported to ensure
validity. The subsequent analysis of the fMRI data revealed that there are indeed
numerous brain regions associated with Human-Human Trust, that are also associated
with Human-Autonomous System Trust, in the context of Momentary Trust.
With this established relationship, the higher quality of data also enabled the
exploration of whether Momentary Trust could be further segmented into different types
of Trust. This investigation will be elaborated upon in the next chapter.
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Chapter 6 Quantum-Inspired Model of Momentary Trust
6.1 Quantum Cognition and Trust/Distrust Relationship
In the previous chapter, regions of the brain associated with Human-Human Trust
were identified, which served as a base for comparison with Human-Autonomous System
Trust, in the context of Momentary Trust. Each of these brain regions was also found to be
associated with a specific construct of trust (Riedl & Javor, 2012). This relationship was
illustrated in Figure 5.
The relationship between trust and distrust was also explored in previous chapters,
with some claiming that they are on opposite ends of the same spectrum, and others
characterising them as being independent of each other. Both these perspectives have
empirical evidence supporting them, which suggests that elements from both viewpoints
should be considered in the context of this study. However, assimilating these
diametrically opposed schools of thought concurrently presented a unique challenge,
especially because such an attempt was inconsistent with existing literature, which only
presented one or the other. One of the reasons for this singular approach in past work
could be due to the prevalent use of questionnaires, which may not have been able to
sufficiently incorporate the sophisticated intricacies and dynamism that is especially
characteristic of Momentary Trust. Consequently, the dyadic properties of the
trust/distrust relationship needed to be accounted for, to present a more robust model of
Momentary Trust, and trust in general.
In order to address this challenge, an innovative approach was adopted by drawing
inspiration from the field of quantum physics. More specifically, the principle of
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superposition, which is a central idea in quantum physics, was adopted to reconcile two
concurrently opposing views. Furthermore, quantum properties were also useful for
modelling the inherent complex and dynamic nature of trust, as well as the resultant
cognitive struggles and uncertainty (Wang, Busemeyer, Atmanspacher, & Pothos, 2013),
that a trustor is subjected to prior to them making a decision on whether to accept or reject
advisory from an autonomous tool.
Quantum cognition models have already been employed in a variety of humanhuman settings, such as memory (Brainerd, Wang, & Reyna, 2013), modelling irrational
decision processes (Pothos & Busemeyer, 2009), and depicting human perception of
semantics in language (Bruza, Kitto, Nelson, & McEvoy, 2009), amongst a plethora of
cognitive constructs. There was even one study, which examined the trust that
experimental subjects had for images, evaluating it with the use of quantum cognition and
the principle of superposition, where the cognitive setting of trust for the authenticity of
the picture was juxtaposed with trust for the individual in the picture (Bruza & Hoenkamp,
2018). Using a related approach, the opposing incompatible paradigms for the relationship
between trust and distrust could be simultaneously coalesced without compromising the
characteristics of either philosophy.
When considering classical cognitive models, two types of frameworks tend to be
adopted (Bruza & Hoenkamp, 2018):
•

“Heuristic” framework, and a

•

“Rational” framework.

98

Quantum cognition models have the unique capability to absorb characteristics
from both frameworks and have a particularly large potential in the context of representing
ATCOs’ Momentary Trust behaviours by facilitating the concurrent modelling of a
reasoned and logical approach by the trustors, as well as a more unpredictable approach
that could be necessitated by environmental factors during the decision-making process,
such as insufficient time to make decisions. This is especially applicable to ATCOs,
whose operational decisions often must be made promptly, which could lead to deviations
from logical trust models that have been developed before. Lesser time restrictions would
probably encourage a more rational framework, whereas increased time restrictions could
incite operators leaning towards a quicker but fallible heuristic framework. Utilising a
quantum model, or a quantum-inspired model that is able to incorporate both, by
leveraging the principle of superposition, will result in a more holistic and robust
representation of Momentary Trust.
In quantum theory, the principle of superposition refers to an object being in all
conceivable states simultaneously when it is not possible to pinpoint the state that the
object is in without measurement. A popular representation of this principle is of course,
Schrodinger’s Cat, which involved fortifying a cat within a secure box with a container of
a toxic substance. In this context, the specific state of the cat being alive, or dead cannot
be determined definitively without unlocking the box, and as such, the cat is deemed to be
both alive and dead simultaneously.
This principle of superposition is also suitable for quantum computing
applications, which utilises quantum bits, or qubits, that are simultaneously 0 and 1,
instead of the classical deterministic binary bit system that is used in conventional
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computers, where bits can only be 0 or 1. As such, using the lens of quantum cognition to
characterise the trust/distrust relationship in the context of Momentary Trust was
particularly appropriate to comprehensively model the mechanisms of the neural activity
prior to the final acceptance decisions made by ATCOs in the previous chapter.

6.2 Generalised Quantum-Inspired Momentary Trust Model
In order to unite the incompatible philosophies, a single qubit model was deemed
insufficient because it cannot encompass all possibilities from both schools of thought. A
2-qubit foundation on the other hand, comprising four vectors facilitates the juxtaposition
of all four extreme possibilities, with everything in between. The resultant variables of
trust and distrust from both perspectives are as follows:
•

| 11⟩, as pure trust

•

| 00⟩, as pure distrust

•

| 10⟩, as reciprocal distrust

•

| 01⟩, as reciprocal trust,

when pure trust and pure distrust represent the perspective where they are individually
separate and unconnected constructs, whereas reciprocal trust and reciprocal distrust
represent the perspective where they are on exactly opposing ends of the same continuum,
and as such, exhibit an inverse relationship. These variables can consequently be unified
under the quantum state | ψ⟩, and be expressed as:
| ψ⟩ = α | 11⟩ + β | 00⟩ + γ | 01⟩ - γ | 10⟩

(1)

100

where α, β, and γ, are complex variables, whose square modulus are the probability
amplitudes. When considering the probability amplitudes of reciprocal trust and reciprocal
distrust, the very nature of the relationship between the variables is intrinsically inverse.
As such, their probability amplitudes are mathematically opposing each other, as reflected
by the complex coefficients of reciprocal trust and reciprocal distrust (γ and – γ). This
relationship does deviate from the way a theoretical pure quantum model is defined.
However, the Born rule dictates that the modulus of the respective probability amplitudes
refers to the likelihood of resulting in each of those conditions. As such, the modulus of
the complex coefficients can be equated as:
|α|2 + |β|2 + 2|γ|2 = 1

(2)

The principle of complementarity is another property that is significant to quantum
theory because it is a fundamental driver of the superposition principle. It prescribes that
there must inevitably be two or more incompatible states in a quantum system. The origins
of this principle can be trailed to the renowned scientist, Niels Bohr, who established
complementarity as the determining factor to differentiate between a quantum system and
a system governed by conventional probability theory. The harmonious synchronicity of
such incompatible states is elegantly reconciled by the principle of superposition.
It is this approach that can allow both incompatible sets of previous work on the
relationship between trust and distrust to coexist, and deems both valid, possibly under
different situations. The specifics of these circumstances are not explicitly clear at this
juncture. Furthermore, verifying the coexistence of both philosophies empirically through
behavioural experiments could prove to be challenging. However, the use of neuroimaging
techniques could be an advantageous strategy to observe the principle of superposition, if
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the experimental protocols were designed in a way to induce a possible quantum state that
can be identified through ascertaining the brain regions associated with the respective
variables involved in the quantum state equation defined above in (1). If the cognitive task
undertaken by the experimental subjects require both pure trust/distrust and reciprocal
trust/distrust, the statistically significant activation of the brain regions associated with the
respective variables will be empirically evident in the subsequent analysis.
In order to utilise this approach, the regions of the brain associated with HumanHuman Trust that were found to have relevance for Human-Autonomous System Trust as
well in the previous chapter, served as a base once again. This allowed for the
circumvention of the challenge presented by a scarcity in neuroimaging studies pertaining
to Human-Autonomous System Trust in ATM. These regions needed to be classified into
the respective Momentary Human-Autonomous System Trust variables, and subsequently
calibrated with observed behavioural data, to evaluate if the quantum-inspired model can
be used to present a more robust and accurate representation of Trust.
The classification of the identified regions on the other hand, presented another
challenge to the development of this model due to its novelty. As such, inference and
deduction had to be utilised, and the following classification was made (Pushparaj et al.,
2021):
•

Insular Cortex: Associated with risk and uncertainty (Baumgartner et al., 2008;
Riedl et al., 2010; Riedl & Javor, 2012) and therefore, expected to signify Pure
Distrust.
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•

Amygdala: Associated with negative emotional salience, (Dimoka, 2010; Riedl
& Javor, 2012; Winston et al., 2002) and therefore, expected to signify Pure
Distrust.

•

Putamen: Associated with reward (Delgado et al., 2005; King-Casas et al.,
2005; Riedl & Javor, 2012) and therefore, expected to signify Pure Trust.

•

Nucleus accumbens: Associated with reward (Delgado et al., 2005; King-Casas
et al., 2005; Riedl & Javor, 2012) and therefore, expected to signify Pure Trust.

•

Anterior and Posterior Cingulate Cortex: Associated with cognitive conflict
(Baumgartner et al., 2008; Krueger et al., 2007; Riedl & Javor, 2012) and
therefore, expected to signify Reciprocal Distrust and Trust.

•

Hippocampus: Associated with memory and learning (Delgado et al., 2005;
Riedl & Javor, 2012; Winston et al., 2002) and therefore, expected to signify
Reciprocal Distrust and Trust.

Negative emotional salience, risk, and uncertainty consist of mostly negative
behavioural elements, which resulted in the brain regions associated with them to be
classified as likely to signify Pure Distrust. Reward consists of mostly positive
behavioural elements, which resulted in the brain regions associated with them to be
classified as likely to signify Pure Trust. Cognitive conflict, memory, and learning
consists of both positive and negative behavioural elements, which resulted in the brain
regions associated with them to be classified as likely to signify Reciprocal Distrust and
Trust.
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The behavioural data used for the purposes of contextualising the neural activity
was also obtained from the previous experiment discussed in Chapter 5. The final
acceptance data from all the participants offered a method of gauging the culminated level
of trust that they experienced as a result of the neural activity that arose from the stimulus
of the advisory prompt provided in the experiment. While acceptance and trust are not
entirely identical, the latter is a key driver of the former (Molnar et al., 2018). As such, the
direct relationship between both was leveraged in this study. The acceptance data obtained
during the experiment in Chapter 5 is displayed below, on Table 10.
Table 10: Behavioural Acceptance Data.

Prompt 1
Prompt 2
Prompt 3
Prompt 4
Prompt 5

Subject 1
Reject
Reject
Reject
Accept
Accept

Subject 2
Reject
Accept
Reject
Accept
Reject

Subject 3
Reject
Reject
Accept
Accept
Reject

Subject 4
Reject
Reject
Accept
Accept
Reject

6.3 Application of Quantum-Inspired Model to Acceptance Data
In the experiment, Subjects 1 and 2 were the student ATCOs, while Subjects 3 and
4 were licensed ATCOs. Prior to considering the neuroimaging data, an examination of
the behavioural data reveals some preliminary trends. Every experimental subject only
accepted 40% of the advisories despite them being accurate, under an ambiguous air
traffic setting that was intentionally prepared. Furthermore, within this limited sample
size, the licensed ATCOs exhibited identical acceptance behaviour, as can be seen from
Table 10, which could imply that their experience and vocational training moulded them
to collaborate with autonomous systems in similar ways under an operational
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environment. Comparing the neural fMRI data with the base of the collected behavioural
data would allow for important insights to be gleaned into the building blocks of
Momentary Trust that concluded in the acceptance decision taken by the experimental
subjects.
While the small sample size of participants prevented more sophisticated statistical
analysis, the preliminary results certainly have yielded some interesting insights with
reference to the quantum-inspired model of Momentary Human-Autonomous System
Trust presented before. SCA was again deemed to be the most appropriate way to
determine statistically significant correlated activation of the individual brain regions, and
the associated variables of Momentary Trust outlined above. Using SCA ensured that only
the brain activations precipitated by the conflict detection task in tandem with the
autonomous system were considered for analysis, and p-FDR was utilised as the threshold
once again.
When the regions associated with Pure Trust, which are the putamen and nucleus
accumbens, were utilised as the seeds, there was an absence of statistically significant
correlated activation in other trust-related brain regions. This could be a result of the
limited number of participants in this experiment, and the ambiguity of air traffic
scenarios, which could have prevented the subjects from experiencing a sense of reward
from making the acceptance decision. This sense of reward was deduced to be indicative
of Pure Trust, could be possibly induced in more straightforward air traffic situations, or
possibly with more operational repetitions to build history-based trust between ATCOs
and their autonomous system teammates (Schaefer et al., 2016).
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Tables 8 and 9 display the results when regions of the brain associated with Pure
Distrust and Reciprocal Trust/Distrust respectively, were utilised as the seeds. As can be
seen by comparing both tables, there was observably more statistically significant
correlated activation when brain regions associated with Reciprocal Trust and Distrust
(Anterior and Posterior Cingulate Cortex and Hippocampus) were utilised as the seed,
than when regions of the brain associated with Pure Distrust (Insular Cortex and
Amygdala) were utilised as the seeds. This indicates that when the trustor is collaborating
with the trustee in ambivalent conditions, Reciprocal Trust and Distrust are more
prominent, while Pure Trust and Distrust could govern more forthright settings.
Subsequently, a more numerical approach was adopted to calibrate the quantuminspired model presented before. The behavioural data displayed on Table 10 was
translated to the model as follows:
•

Prompt 1: All participants rejected the autonomous aid’s advisory, and hence, a
state of Pure Distrust.

•

Prompt 3: Half the participants rejected the autonomous aid’s advisory, while the
other half accepted it, and hence, a state of Reciprocal Trust/Distrust.

•

Prompt 4: All participants accepted the autonomous aid’s advisory, and hence, a
state of Pure Trust.

As such, the complex coefficients in Equation (1) were inferred as:
•

Prompt 1: 𝛼 = 0, 𝛽 = 1, 𝛾 = 0

•

Prompt 3: 𝛼 = 0, 𝛽 = 0, 𝛾 =

1
√2
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•

Prompt 4: 𝛼 = 1, 𝛽 = 0, 𝛾 = 0

When deciphering the complex coefficients α and β for prompts 2 and 5, they were
estimated based on behavioural data from Table 10, and the γ complex coefficient was
subsequently computed based on Equation (2). As such, the arbitrarily selected coefficients
were:
•

Prompt 2: 𝛼 = 0.1, 𝛽 = 0.5, 𝛾 ≈ 0.61

•

Prompt 5: 𝛼 = 0.2, 𝛽 = 0.4, 𝛾 ≈ 0.63

In addition, the beginning and ending resting states, signifying prior the
commencement and the termination of the experiment, were considered a neutral resting
1

state, where the complex coefficients were defined as 𝛼 = 𝛽 = 𝛾 = 2. With the complex
coefficients computed for all the prompts, and with the assumption that the tangents for
every prompt point were horizontal, along with the interpolation of all data points with the
use of a cubic polynomial, Figure 17 was generated, as shown below.
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Figure 17: Initial Results for the Quantum Coefficients with a Cubic Interpolation.

The cubic interpolation was chosen to ensure that the quantum coefficients and
their respective gradients could be expressed as continuous functions. Adopting the
assumption that the tangents were horizontal at each prompt also facilitated the generation
of the cubic interpolation in Figure 17. As such, these tangent values were arbitrarily
assigned, and may warrant subsequent correction. However, due to the fact that the γ
coefficient was processed with the use of Equation (2) instead of the cubic interpolation,
there are inconsistencies associated with discontinuity in the gradients of the curve for
prompts 1 and 4 in Figure 17, which could be adjusted with later refinement. These
inconsistencies were particularly apparent when the gradient curves for each quantum
coefficient were generated, as shown below in Figure 18.
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Figure 18: Initial Results for the Gradients of the Quantum Coefficients with a Cubic Interpolation.

These preliminary results portrayed the approximate fit of the mathematical model
to the previously estimated data points for the respective prompts. To obtain a better fit,
additional improvements were required. The model needed to be alterred to be expressed
as a function of the acceptance and rejection rate. As such, another variable was
introduced and formulated as shown below:

𝑋𝑘 =

𝐴
∑𝑁
𝑗=1 𝑤𝑗 𝛿𝑗,𝑘

∑𝑁
𝑗=1 𝑤𝑗

𝑋𝑘 was defined as the weighted rate of acceptance for prompt 𝑘, where 𝑤𝑗 was the
weight ascribed to subject 𝑗, which took into consideration the experience of the controller
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𝐴
and the complexity of air traffic. Additionally, 𝛿𝑗,𝑘
was the Kronecker delta of acceptance,

which was described as:
1 𝑖𝑓 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑗 𝑎𝑐𝑐𝑒𝑝𝑡𝑒𝑑 𝑡ℎ𝑒 𝑎𝑛𝑠𝑤𝑒𝑟 𝑓𝑜𝑟 𝑝𝑟𝑜𝑚𝑝𝑡 𝑘
𝐴
𝛿𝑗,𝑘
={
.
0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
This previously outlined variable 𝑋𝑘 , displays the following relationships with
reference to quantum coefficients:
•

𝑋𝑘 = 0 -> state of pure distrust -> 𝛼 = 0, 𝛽 = 1, 𝛾 = 0.

•

𝑋𝑘 = 1 -> state of pure trust -> 𝛼 = 1, 𝛽 = 0, 𝛾 = 0.

•

𝑋𝑘 = 2 -> state of reciprocal trust/distrust -> 𝛼 = 0, 𝛽 = 0, 𝛾 =

1

1

.

√2

Subsequently, the quantum coefficients needed to be expressed as a function of the
weighted acceptance rate, while still fulfilling the previously defined conditions.
Equations (3) to (5), which can be found below were able to satisfy these criteria.
sin(2𝜋(𝑋𝑘 −1))

𝛼(𝑋𝑘 ) = |sinc(2(𝑋𝑘 − 1))| = |

2𝜋(𝑋𝑘 −1)

𝛽(𝑋𝑘 ) = 𝛼(1 − 𝑋𝑘 )
1

𝛾(𝑋𝑘 ) = √2 (1 − 𝛼(𝑋𝑘 )2 − 𝛽(𝑋𝑘 )2 )

|

(3)

(4)

(5)

Consequently, Figure 19 below displays the characteristics of the variables
described in Equations (3 – 5):
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Figure 19: Representation of the Three Quantum Coefficients in Function of the Weighted Rate of
Acceptance.

Subsequently, the new variables were applied with a variety of weights to test their
behaviour. When selecting the weights, only the experience levels of the experimental
subjects as an ATCO were accounted for, as air traffic complexity was not a consideration
in the context of this study. As such, the application of several arbitrarily selected weights
was carried out to glean a better understanding of these coefficients’ properties, and the
results can be seen below on Figure 20. The licensed ATCOs were continually assigned a
greater weight because their acceptance behaviour was grounded upon specialised training
and operational experience, which is particularly relevant in the context of this study. This
was further supported by the identical acceptance behaviour displayed by the licensed
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ATCOs during the experiment, as shown in Table 10. Further refinement, and a more
specific identification of these weights can be carried out in future work.

Figure 20: Analytical Application of the Quantum-Inspired Model for Several Sets of Weights.

These results were especially important due to the fact that the quantum-inspired
model was refined and further described analytically. Figure 20 in particular, was
generated by applying this model specifically to the acceptance data without any
preliminary modifications. If provided with a set of behavioural acceptance data from any
group of ATCOs, this model is also capable of predicting the levels of both Pure
Trust/Distrust, as well as Reciprocal Trust/Distrust of ATCOs in that dataset using the
same techniques shown in this chapter. As such, this quantum inspired model is certainly
equipped to identify and predict the levels of the different types of Momentary HumanAutonomous System Trust when solely considering just the behavioural acceptance data.
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6.4 Comparison between Quantum-Inspired Model and fMRI Data
Following the development of the analytical model, the presence of quantum
effects needed to be tested in the fMRI data. With the respective brain regions already
classified into the different types of Momentary Trust, an examination of the statistically
significant correlated activations did reveal quantum effects in some parts of the data. An
example of this was in during Scenario 3, with the Insular Cortex, which is associated
with Pure Distrust, as the seed, when statistically significant correlated activation was
recorded in the anterior cingulate cortex, putamen, and the insular cortex network, which
were associated with Reciprocal Trust/Distrust, Pure Trust, and Pure Distrust respectively.
This neural activity is depicted in Figure 21 below.

Figure 21: Incidence of Quantum Superposition.
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Quantum effects through the principle of superposition were also recorded during
Scenarios 1 and 5, with the insular cortex utilised as the seed, with the statistically
significant correlated activation of the anterior cingulate cortex, which is associated with
Reciprocal Trust/Distrust in Scenario 1, and the statistically significant correlated
activation of the putamen, which is associated with Pure Trust in Scenario 5. When the
anterior cingulate cortex was assigned to be the seed, the insular cortex network showed
statistically significant correlated activation in Scenarios 1,3,4, and 5, with the putamen
also showing activation in Scenario 5. As such, the quantum cognition paradigm of
Momentary Human-Autonomous System Trust that was inspired by the principle of
superposition is indeed evident based on the SCA analysis.
The breadth in neural activity during this experiment, even when only considering
ROI that were previously identified based on Human-Human Trust studies, illustrated the
dynamic and complex mechanisms underlying the final acceptance decisions made by the
experimental subjects, as reflected in Table 10. This is also indicative of the nature of
Momentary Trust, when a plethora of stimuli, both related to the autonomous tool and the
operational environment, can influence the efficiency of Human-Autonomous System
teaming.
The concurrence of the different types of trust in ambiguous conditions or
uncertainty will influence use, misuse, and disuse (Parasuraman & Riley, 1997). The
weights associated with each coefficient, and each type of trust will determine the
acceptance rate and type of use by the operators. If Pure Trust has an overriding effect,
misuse could be expected as the trustor’s comfort levels gradually increase to the point
where they may become over-reliant or complacent. On the other hand, if the weights of
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the variables of trust are evenly distributed, cognitive conflict will likely be the key driver
in the working relationship. Even though these postulations are yet to be verified through
experiments, the quantum-inspired model has the capability to not only explain, but also
analytically outline the mechanisms driving these decisions, where the interaction of
multiple variables culminate in a final observable acceptance decision.
When considering general trends for each type of trust, the results suggest that the
regions of the brain associated with Pure Distrust were more prominent across all seeds in
the beginning. This could be indicative of the participants being inclined to be distrustful
of autonomous tools under ambiguous and uncertain conditions, in the beginning of the
relationship. Nonetheless, this tendency did not last for long, with subsequent neural
activity displaying stronger trust components. The same phenomenon was observed in the
behavioural acceptance data, where earlier prompts seemed to be rejected, before a rise in
acceptance rate, albeit in a limited sample size.
Another point to consider is that the amygdala recorded statistically significant
correlated activation only twice during the study, even though it is strongly associated
with negative emotional salience linked to distrust (Dimoka, 2010). This could be a result
of the participants being entirely aware that the experiment was indeed a simulation,
where there was no real cost to making even disastrous decisions. As such, the neural
activity in the amygdala could have fallen below the set threshold.
When evaluating the neural activity during the first prompt, the statistically
significant correlated activation of the insular cortex network, with the anterior cingulate
cortex as the seed confirms yet another instance of quantum superposition between two or
more types of trust. Furthermore, the presence of Pure Distrust suggests that elements of
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Reciprocal Distrust could be stronger than Reciprocal Trust. The behavioural acceptance
data also supports this, since all four participants rejected the prompt delivered by the
autonomous aid. The data from this prompt was utilised in the preliminary calibration for
the generation of Figure 17, which explains the lack of Reciprocal Trust/Distrust in it.
Moreover, the limited number of four participants may not be sufficient to portray the
entire spectrum and subtleties of trust mechanisms, which could explain why the results in
Figure 20, which were generated entirely from the behavioural data, diverge marginally
from the neuroimaging data.
When considering the second prompt, quantum superposition of all three types of
trust was observed through the statistically significant correlated activation of the insular
cortex network, amygdala, and putamen, with the anterior cingulate cortex as the seed.
These correspond to Pure Distrust, Pure Distrust, Pure Trust, and Reciprocal
Trust/Distrust respectively. The larger representation of Pure Distrust was also manifested
in the behavioural data, where 3 out of 4 participants rejected the advisory, as well as
Figure 20, which predicted the presence of all three types of trust.
Quantum superposition of the various types of trust was observed in the third
prompt as well, when the hippocampus, which is associated with Reciprocal Trust/Distrust
was the seed. The nucleus accumbens, caudate nucleus, and putamen showed statistically
significant correlated activation, and all these brain regions are associated with Pure Trust.
This behaviour fits well with the results in Figure 20, especially with the diagram on the
left of Figure 20, where the difference in the weights between both types of ATCOs was
the largest. Figure 20 also forecasted a minor presence of Pure Distrust, which was not
reflected in the neuroimaging data. This could possibly be explained by the limited
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number of participants, which may have rendered the levels of correlated activation in the
brain regions associated with Pure Distrust below the set threshold for statistical
significance.
When evaluating the fourth prompt, none of the ROI displayed statistically
significant correlated activation, which could again be a result of the limited sample size.
The activation in those neural regions could have approached statistical significance
without traversing the set threshold. The behavioural data reflected that all participants
accepted the advisory, which suggests that Pure Trust regions were more likely to display
activation, and this is reflected in Figure 20. This could also be a result of other neural
areas, that were not identified in this study being associated with Pure Distrust. The
identification of these brain regions can be carried out in future studies.
Quantum superposition was yet again present in the fifth prompt, which resembled
the second prompt in some ways. Both prompts had a 25% acceptance rate, which is
reflected in Figure 20. When evaluating the neuroimaging data, the posterior cingulate
cortex, which is associated with Reciprocal Trust/Distrust showed statistically significant
correlated activation when the insular cortex, which is associated with Pure Distrust, was
utilised as the seed. When the hippocampus, which is also associated with Reciprocal
Trust/Distrust was established as the seed, the caudate nucleus, which is associated with
Pure Trust, and the amygdala, which is associated with Pure Distrust displayed
statistically significant correlated activation. Furthermore, when the anterior cingulate
cortex, which is associated with Reciprocal Trust/Distrust, was used as the seed, the
Insular Cortex Network and nucleus accumbens, which are associated with Pure Distrust
and Pure Trust respectively, demonstrated statistically significant correlated activation.
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However, it must also be highlighted that this was the final prompt, which could have
unintentionally induced activation of neural areas associated with reward, and
correspondingly Pure Trust (Riedl & Javor, 2012). This is also supported by Figure 20,
which predicts lower presence of Pure Trust. This does not change the fact that quantum
superposition is still observed in this prompt, with both Pure Distrust and Reciprocal
Trust/Distrust being present. However, this phenomenon could be addressed in future
studies, to prevent artificial reward-based neural activation prior to the end of the
experiment. An overview of the comparison between the model prediction and measured
fMRI data for each prompt can be seen below, in Table 11.
Table 11: Comparison Between Model Prediction and Measured fMRI Data

Prompt

Model Prediction

Prompt 1

Pure Distrust

Prompt 2

Prompt 3
Prompt 4
Prompt 5

fMRI Data
Pure Distrust and Reciprocal
Trust/Distrust

Pure Trust, Pure Distrust,

Pure Trust, Pure Distrust,

Reciprocal Trust/Distrust

Reciprocal Trust/Distrust

Pure Trust, Pure Distrust,

Pure Trust, Reciprocal

Reciprocal Trust/Distrust

Trust/Distrust

Pure Trust

NIL

Pure Trust, Pure Distrust,

Pure Trust, Pure Distrust,

Reciprocal Trust/Distrust

Reciprocal Trust/Distrust

Overall, instances of quantum superposition are evident in several prompts in this
study, which reiterates that this quantum-inspired model could very well be a solution that
allows for both competing philosophies to coexist, and in fact complement each other.
Uniting these theories does not seem to have been attempted before, and the analytical
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expression of this model certainly holds the potential to convey the dynamism,
complexities, and intricacies involved in Momentary Trust.
For a system to be classified as a quantum system, it needs to exhibit the principle
of complementarity, the principle of superposition, and the principle of uncertainty (Lahti,
1980). At this juncture, the first two principles have already been fulfilled. However, it is
unclear whether this model conforms to the uncertainty principle, which is why it did not
seem right to label it a quantum model. In quantum cognition, the principle of uncertainty
does not seem to have been addressed (Pushparaj et al., 2021). However, to err on the side
of caution, this model was categorised as a quantum-inspired model.
The data utilised in this study, which was obtained from neuroimaging techniques,
is more objective in nature. Furthermore, it allows a glimpse into the underlying
mechanisms behind trust, which culminate in the final acceptance decision by the
operator, instead of relying only on the behavioural component. This holistic view adds
value to the findings and sets it apart from previous questionnaire-based models that were
developed with the use of potentially subjective data. Furthermore, the ROIs that were
identified from Human-Human Trust literature allowed for this model to be calibrated,
which not only emphasises the parallels between Human-Human Trust and HumanAutonomous System Trust, but also illustrates how findings from the former can be
applied to the latter, thus highlighting its value to this field. As such, the quality of data
used, as well as the novel approach adopted to capture the capricious nature of Momentary
Trust renders this model more objective, robust, and… worthy of trust.
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6.5 Summary
A novel quantum-inspired model of Momentary Human-Autonomous System
Trust was proposed to integrate two opposing views of the relationship between trust and
distrust. This model was refined and calibrated with the use of behavioural acceptance
data, as well as neuroimaging data that was obtained from the Momentary Trust
Experiment, which leveraged on verifying the regions that are associated with HumanHuman Trust, that are also valid for Human-Autonomous System Trust. The scope of this
study was focussed on illustrating the value in drawing findings from Human-Human
Trust and applying them to Human-Autonomous System Trust. By using neuroimaging
techniques that proved to be advantageous in Human-Human Trust, as well as leveraging
the strength of the relationship between Momentary Human-Human Trust and Momentary
Human-Automation Trust to identify and classify brain regions associated with both types
of Trust, this model of trust was developed. Two incompatible philosophies of the
relationship between trust and distrust were merged coherently using a novel quantuminspired approach that made the model more robust by widening the realm of possibilities
in this field. Furthermore, a blueprint for how insights from Human-Human Trust can be
applied in Human-Autonomous System Trust was established. As such, it is evident that
findings from Human-Human Trust can indeed be used to accelerate the work done in
Human-Autonomous System Trust.
However, this transfer of knowledge can only be a starting point as both types of
trust are not entirely identical. There are likely properties that are unique to each type of
trust as well. Further refinement and validation of this model can be done in future work
to address this limitation.
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Chapter 7 Conclusion and Future Work
7.1 Conclusion
The aim of this study was to empirically determine the strength of the relationship
between Human-Human Trust and Human-Autonomous System Trust and leverage it to
accelerate the growth of knowledge in the latter in order to develop trusted autonomous
decision aids for ATCOs to utilise in operation. The research questions that were
endeavoured to be answered were as follows:
•

RQ1: What is the strength of the relationship between the propensity to
trust humans and the propensity to trust autonomous systems?

•

RQ2: What is the strength of the relationship between Momentary HumanHuman Trust and Momentary Human-Autonomous System Trust?

•

RQ3: What is the nature of the relationship between Trust and Distrust?

•

RQ4: Can the findings from RQ1, RQ2, and RQ3 contribute towards
building a more robust model of Human-Autonomous System Trust?

This was achieved by evaluating propensity to trust and Momentary Trust
independently. The results revealed a strong relationship, with the propensity to trust
humans found to have a statistical effect size of 0.78 on the propensity to trust
autonomous systems, even though the Pearson Correlation Coefficient was only 0.363,
which suggested a moderate relationship. Subsequently, 10 brain regions that were found
to be strongly associated with Momentary Human-Human Trust in multiple studies were
tested for association with Momentary Human-Autonomous System Trust. 8 out of the 10
regions showed statistically significant correlated activation across all four participants
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during at least one prompt window, which suggested a strong relationship between
Momentary Human-Human Trust and Momentary Human-Autonomous System Trust.
Consequently, the previous findings were applied towards developing a novel
quantum-inspired model of Momentary ATCO-Autonomous System Trust that was able to
juxtapose two opposing perspectives on the relationship between trust and distrust, in a
coherent manner that did not alter the properties of either philosophy, to improve
robustness of existing trust models by utilising objective and continuous neuroimaging
data to present a more holistic representation of the trust/distrust relationship. The fMRI
data collected confirmed the validity of this model with instances of quantum
superposition of brain regions associated with both philosophies evident in 4 out of 5
prompt windows. In doing so, the feasibility of applying findings from Human-Human
Trust towards ATCO-Autonomous System Trust was determined, and a blueprint for
future researchers to adopt principles from Human-Human Trust to apply in HumanAutonomous System Trust was established.
This thesis was focused specifically on the interaction between ATCOs and
intelligent support tools, which certainly requires additional attention in order to bridge
the gap between the machine side of ATCO-Autonomous System Interaction and the
operator side of it. Advanced autonomous decision aids are being developed at an
unprecedentedly rapid pace due to the urgency in increased demand for ATC services. The
appropriate use of these decision support tools, which can likely only be achieved through
the development of trusted autonomy, is essential in the long-term to cope with this
increased load. As such, these intelligent decision aids need to be designed with input
from updated, accurate, and robust trust models that are able to reflect the truly complex
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and dynamic nature of trust. The availability of a rich literature on Human-Human Trust is
a yet untapped resource at this stage, which is a shame because it is capable of yielding
valuable insights that may advance research in Human-Autonomous System Trust
precipitously.
It is important to reiterate at this juncture, that while the strength of the
relationship between Human-Human Trust and Human-Autonomous System Trust is
strong, they are not entirely identical. As such, while Human-Human Trust may serve as
an ideal starting point to expedite research into Human-Autonomous System Trust, that
cannot be the conclusion of it all. Further refinement and calibration, especially with
domain-specific adjustments must be carried out for a more accurate representation of
trust in a particular context.

7.2 Future Work
Responses for the oblique questionnaire were acquired from experimental subjects
from all over the world, whose technological interactions were likely to mirror that of
ATCOs due to logistical concerns with recruiting a large number of ATCOs for this
experiment. However, a further analysis, with only ATCO participants must be carried out
in order to identify trends in propensity to trust that may be unique to ATCOs.
One of the key areas in Human-Autonomous System Trust is that of trust repair.
No technology is immune to malfunction or failure. However, the consequent disuse by
the operator could possibly deteriorate the situation further. As such, neuroimaging
certainly has the potential to allow researchers to gain valuable insights into the neural
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mechanisms behind distrust and subsequent trust repair. In fact, various trust repair
strategies can even be evaluated for operation with various neuroimaging approaches.
Furthermore, a bigger pool of participants is also required for the Momentary Trust
experiment, with a more diverse set of scenarios under different operational conditions,
and varying decision tool reliability. This will certainly allow for a deeper insight into the
nuances in ATCO-Autonomous System Interaction that may not otherwise be evident. It
will also serve a secondary purpose as a confirmation study for these original findings, as
well as validating the quantum-inspired model of trust that was put forward.
It is important to point out at this juncture that the quantum-inspired model
proposed was not termed as a quantum model due to the lack of clarity in the validity of
the principle of uncertainty from quantum mechanics in this model. Other quantum
cognition models from the literature do not seem to have accounted for the principle of
uncertainty either. However, to err on the side of caution, a more precise taxonomy was
presented. However, the characterisation of the uncertainty principle in the context of a
quantum cognition model should certainly be explored in the future.
One of the main weaknesses of the Momentary Trust experiment was the fact that
it could not be carried out in an operational environment, which was necessitated by the
crucial spatial resolution provided by the fMRI. However, if neuroimaging technology
progresses to the point where excellent spatial resolution can be obtained from a portable
device, the quality of data will certainly increase due to the experiment being carried out
in an authentic operational environment.
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Appendix A: Oblique Questionnaire Utilised to Measure Propensity to
Trust Autonomous Systems and Humans
PARTICIPANT INFORMATION AND CONSENT

NAME OF STUDY: Measuring and Comparing Trust Across Demographics
INVESTIGATOR: Pushparaj Kiranraj

Thank you for your interest in this pilot study. You are invited to participate in a research
study on the trust that people have a tendency to feel for machines or people that they do
not know anything about. This study is conducted by Associate Professor Sameer Alam
from Nanyang Technological University under IRB-2020-07-004. This study will consist
of a simple electronic questionnaire, to be completed online. You will access the study via
the electronic link, and can complete it anywhere with an Internet connection.

Your participation in this study is strictly voluntary, and you have the right to withdraw
from this study at any time without any penalty. You may skip any questions that you do
not wish to answer. If you do not wish to complete this survey, just close the browser. Be
assured that your responses will be completely confidential, and you will remain
anonymous. Your IP addresses will not be collected to ensure anonymity. There are no
risks associated with this study, and again, participation is strictly voluntary. Potential
benefits from taking part in this study are that your responses will directly be used to
identify the propensity to trust others, which will be used to advance the understanding of
this topic, and helps us understand how such decisions are formed.
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Completing this study should take approximately 60 minutes. Do not hesitate to ask any
questions about the study either before, during, or after your participation by sending an
email to push0005@ntu.edu.sg or sameeralam@ntu.edu.sg, or by calling +65 6790 6906.

If, for any reason and at any point, you prefer not to complete the study, we respect your
choice to terminate your involvement and there will be no penalty for doing so. You do
not need to give a reason if you do choose to withdraw. Further, if you choose to withdraw
your data from the study at any point after the study, you have the right to do so and can
contact us via the above email address and we will do this. However, we hope, of course,
that you will decide to participate fully and complete the survey included in this study to
the best of your ability. We need your help for our research and your cooperation is
greatly appreciated!

We hope to use the data from this study to form an academic article for publication. All
data will be aggregated and in no way will any individual person be identified from the
results. The only people who will have access to this data are the present researchers listed
at the top of the page, and this data will be protected on the main investigator’s private
computer in the department. After the data is finished being collected it will remain on this
protected computer. If you agree to participate in this project, the research will be written
up as a thesis. On successful submission of the thesis, it will deposited both in print and
online in the University archives, to facilitate its use in future research.

This project has been reviewed and approved by the NTU Institutional Review Board.
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Questions regarding your rights as a participant in this research may be directed to the
NTU IRB at IRB@ntu.edu.sg or call +65 6592 2495.

Please print a copy of this consent form for your records if you so desire.

Please read the following declarations and if you agree and understand, please select
this option below.

 I have read and understand the participant information and I agree to take part in
this study.

 I do not wish to take part in this study.

Destination: Survey Submitted (Set in 1.1 (I do not wish to take part in this study.))

(End of Page 1 )
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First we would like to get to know you better!
What is your Prolific ID?
____________________

Is English your first language?
 Yes
 No

What is your age?
 Under 18
 18-24 years old
 25-34 years old
 35-44 years old
 45-54 years old
 55-64 years old
 65-74 years old

What is your gender?
 Male
 Female
 Other
 Prefer not to say
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What is your ethnicity?
 White
 Black
 Hispanic or Latino
 Native American
 East Asian
 Southeast Asian
 South Asian

What is your nationality?

____________________

What is the highest level or degree of education completed?
 Less than a high school diploma
 High school diploma or equivalent
 Bachelor's Degree
 Master's Degree
 Doctorate Degree

What is your current employment status?
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 Employed (40+ hours a week)
 Employed part-time (Less than 40 hours a week)
 Self-Employed
 Unemployed (Looking for employment)
 Unemployed (Not looking for employment)
 Student
 Retired

Which of the following best describes your current occupation?
 Air Traffic Controller
 Personal Care and Service Occupations
 Community and Social Service Occupations
 Business and Financial Operations Occupations
 Computer and Mathematical Occupations
 Arts and Design
 Healthcare Practitioners and Technical Occupations
 Legal Occupations
 Sales and Related Occupations
 Protective Service Occupations
 Office and Administrative Support Occupations
 Installation, Maintenance, and Repair Occupations
 Education, Training, and Library Occupations
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 Entertainment, Sports, and Media Occupations
 Architecture and Engineering Occupations
 Food Preparation and Serving Related Occupations
 Life, Physical, and Social Science Occupations
 Building and Grounds Cleaning and Maintenance Occupations
 Construction and Extraction Occupations
 Healthcare Support Occupations
 Transportation and Materials Moving Occupations

What is your marital status?
 Single (Never married)
 Married
 Divorced
 Widowed
 In a domestic relationship

What is your household income? (USD)
 Below 20k annually
 $20-35k annually
 $35-50k annually
 50-65k annually
 $65-80k annually
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 $80-95k annually
 Above $95k annually

(End of Page 2 )
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Welcome

This study will consist of two separate parts.

In this first part, we are interested in how people judge the expertise of an autonomous
AI probability system. You will be asked 20 probability and logical questions, in which the
AI system may sometimes recommend you to change your answer choice, which you
can choose to accept or not. We ask that you try your best in answering these questions,
but do not worry if you are unsure of your choice.

In order to familiarise you with the format of the probability questions, we will ask
two practice questions first.

You will now start with the first part.

❑ I understand that I will be answering probability and logical questions.
❑ I understand that an AI probability system will sometimes recommend me to
change answers.

(End of Page 3 )
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Imagine that a family has two children, one of whom we know to be a boy. What
then is the probability that the other child is a boy?
 50%
 33.3%
 25%

Destination: AI Recommendation P1 (Set in 4.1 (50%))
Destination: AI Recommendation P1 (Set in 4.1 (25%))

(End of Page 4 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 5 )
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Imagine you’re holding a postcard in your hand, on one side of which is written, “The
statement on the other side of this card is true.” We’ll call that Statement A. Turn the
card over, and the opposite side reads, “The statement on the other side of this card is
false” (Statement B). Which statement is true?

 Statement A
 Statement B
 Both statements are true
 Answer not provided

Destination: AI Recommendation P2 (Set in 4.3 (Statement B))
Destination: AI Recommendation P2 (Set in 4.3 (Both statements are true))
Destination: AI Recommendation P2 (Set in 4.3 (Answer not provided))

(End of Page 6 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 7 )

156

Congratulations!

You have now completed the practice questions, the actual survey questions will
begin in the next page.

(End of Page 8 )
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Assume that a room is equipped with three doors. Behind two are goats, and behind the
third is a new car. You are asked to pick a door, and will win whatever is behind it. Let's
say you pick door number 1. Before the door is opened, however, someone who knows
what's behind the doors opens one of the other two doors, revealing a goat, and asks you
if you wish to change your selection to the third door? (i.e., the door which neither you
picked nor he opened).

 No, keep original door.
 Yes, switch to the third door.
 Depends on other factors

(End of Page 9 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 10 )
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You and a friend each do math problems for fun on the weekend. Your friend answers a
higher proportion correctly than you on each of two days. Does that mean your friend has
answered a higher proportion correctly than you when the two days are combined?

 Yes
 No
 Depends on other factors

(End of Page 11 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 12 )
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You are a healthcare administrator and are asked to choose between two types of
surgeries (Advanced vs Traditional) to use for the treatment of kidney stones in two
different groups, (Large vs Small). The advanced surgical procedure outperforms the
traditional treatment in each group. With the cases, combined, which treatment would you
recommend to be the standard treatment?

 Traditional treatment
 Advanced treatment
 Depends on other factors

(End of Page 13 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 14 )
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You run an office that employs 23 people. What is the percent chance that two of your
employees have the same birthday?

 0%
 23%
 25%
 50%

(End of Page 15 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 16 )
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A gambler has a certain amount of money (M= $1000) and is playing a game of chance
with some win probability less than 1. Every time he wins, he raises his stake to a certain
fraction, 1/N, of his bankroll, where N is a positive number. The gambler doesn't reduce
his stake when he loses. Every time he wins, he will raise his stake to $M/N, When M=
$1000 and N=4, for example, he will gamble $250 each time going forward. Should he
win, he will raise it again. Should he lose, he will keep his stake at $250. If he keeps
playing, what are his expected winnings?

 $1
 $10
 $5
 $0

(End of Page 17 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 18 )
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Imagine you are an aircraft plane engineer tasked with reviewing damaged planes
coming back from the warfront. You have received an order to review the damage of the
planes to see which areas must be protected even more. Which areas should receive
more protection, the parts that are undamaged, or the parts that are heavily damaged?

 Undamaged areas
 Heavily damaged areas
 Depends on other factors

(End of Page 19 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 20 )
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Three cards are in a hat. One card is white on both sides; the second is white on one side
and red on the other; the third is red on both sides. The dealer shuffles the cards, takes
one out and places it flat on the table. The side showing is red. The dealer now says,
"Clearly this isn’t the white-white card. It must be either the red-white card or the red-red
card. I will bet $50 that the other side is red." Should you take this bet?

 Yes
 No
 Depends on other factors

(End of Page 21 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 22 )
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There are about 700,000 physicians in the United States vs 80,000,000 gun owners, are
you more likely to die via an accidental shooting, or by human error committed by a
doctor?

 Physician error
 Accidental shooting
 Depends on other factors

(End of Page 23 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 24 )
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Consider two games Game A and Game B, with the following rules: In Game A, you
simply lose $1 every time you play. In Game B, you count how much money you have
left. If it is an even number, you win $3. Otherwise you lose $5. What is the best longterm strategy?

 Play Game A then Game B
 Play Game B then Game A
 Only play Game A
 Only play Game B

(End of Page 25 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 26 )
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You’re in a room with two large metal containers. The containers are covered so you
can’t see inside them. But you know the container on the left contains 50 red marbles and
50 blue marbles. The container on the right also contains 100 marbles, but the ratio of red
to blue marbles is unknown, with every ratio as likely as any other. If you can draw a blue
marble in one pick, without looking, you win $100. Which container should you choose?

 Identical likelihoods
 Left container
 Right container

(End of Page 27 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 28 )
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You have 100 kg of potatoes, which are 99% water by weight. You let them dehydrate
until they're 98% water. How much do they weigh now?

 100kg
 99.8kg
 50kg
 55kg

(End of Page 29 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 30 )
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Three prisoners, A, B and C, are in separate cells and sentenced to death. The governor
has selected one of them at random to be pardoned. The warden knows which one is
pardoned, but is not allowed to tell. Prisoner A begs the warden to let him know the
identity of one of the two who are going to be executed. "If B is to be pardoned, give me
C's name. If C is to be pardoned, give me B's name. And if I'm to be pardoned, secretly
flip a coin to decide whether to name B or C." The warden tells A that B is to be executed.
Prisoner A is pleased because he believes that his probability of surviving has gone up
from 1/3 to 1/2, as it is now between him and C. Prisoner A secretly tells C the news, who
reasons that A's chance of being pardoned is unchanged at 1/3, but he is pleased
because his own chance has gone up to 2/3.Which prisoner is correct?

 Prisoner A
 Prisoner B
 Prisoner C

(End of Page 31 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 32 )
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In this problem, we consider the Earth to be a perfect sphere with radius R= 6370 km
approximately. A rope is tied tightly around its equator. Untie the rope and add an extra
1m (1 metre not kilometre) long rope to it and turn this modified rope into a circle and
place it around the Earth’s equator concentrically. Now as the circumference has
increased (added 1m to original circumference) there will be some gap between the rope
circle and earth. Which is the largest object that can pass through the gap between the
earth and the rope circle: a needle, a tennis ball, a rabbit, the Statue of Liberty.

 Needle
 Tennis ball
 Rabbit
 Statue of Liberty

(End of Page 33 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 34 )
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Is it possible for a horn that is infinitely long to have a finite volume?

 Yes
 No
 Depends on other factors

(End of Page 35 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 36 )
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100 people are boarding a plane in a line and each of them is assigned to one of the 100
seats on a plane. However, the first person in line forgot his boarding pass and as a result
decided to sit down in a random seat. The second person will do the following:

I. Sit in her seat if it still available.
II. If her seat is not available, choose a random seat among the seats remaining and

sit there.

Each following person sits according to the same rules as the second person. What is the
probability the 100th person will be able to sit in her assigned seat?

 25%
 50%
 75%
 85%

(End of Page 37 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 38 )
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Which freezes faster? Water at 90°C or 25°C?

 90°C
 25ºC
 Depends on other factors

(End of Page 39 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 40 )
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Take one cup of coffee, one cup of tea. Transfer one teaspoon of coffee to the tea cup.
Mix well. Transfer one teaspoon from the tea cup back to the coffee cup. Which is
greater, the amount of coffee in the tea cup or the amount of tea in the coffee cup?

 Amount of coffee in tea cup
 Amount of tea in coffee cup
 Same amount

(End of Page 41 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 42 )
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Consider two round coins of equal size. Imagine holding one still so that it does not move
and then rolling the other coin around it, making sure that it does not slip. The rims are
kept touching at all times. How many times will the moving coin have rotated after it has
completed one revolution of the stationary coin?

 Once
 Twice
 Three times

(End of Page 43 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 44 )

193

A set of three volumes of The History of Hungary sit on a book shelf. Each volume is 5cm
thick. A very hungry caterpillar starts at the outside of the front cover of volume one and
eats her way through to the outside of the back cover of volume three. After a wee nap
and more than a little dyspepsia, the caterpillar pauses to consider how far she has
travelled through the books. Assuming she travelled in a straight line, can you work out
how far she travelled through the books?

 1cm
 10cm
 0.5cm
 5cm

(End of Page 45 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 46 )
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A bat and a ball cost $1.10 in total.The bat costs $1 more than the ball. How much does
the ball cost?

 $1.00
 $0.99
 $0.10
 $0.05

(End of Page 47 )
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The AI system recommends you change your answer, would you like to?
 Yes
 No

(End of Page 48 )
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The 1st part of the study has now been completed. Before moving onto the 2nd
part of the study, you will complete a checklist on how much trust people should
have in automation.

 I understand that I will now complete a human-automation trust checklist.

(End of Page 49 )
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Checklist for Trust Between People and Automation

Below is a list of statements for evaluating trust between people and automation.
There are several scales for you to rate intensity of your feeling of trust, or your
impression of the system while operating a machine. Please note which best
describes your feeling or your impression when using the autonomous AI
probability system.

(Not At All =1; Extremely)
Question Text

Not At All

2

3

N e u t r

The system is deceptive









The system behaves in an underhanded manner









I am suspicious of the system’s intent, action, or outputs









I am wary of the system









The system’s actions wil have a harmful or injurious outcome









I am confident in the system









The system provides security
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The system has integrity









The system is dependable









The system is reliable









I can trust the system









I am familiar with the system









(End of Page 50 )
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Welcome

This study will consist of two separate parts.

In this second part, we are interested in how people judge the expertise of their
peers. You will be asked the likelihood of occurrence for 20 negative life events in which,
you will respond with a whole number. Afterwards, your peers will give you an overall
likelihood of occurrence and you will have to either agree or disagree with this
approximate value.

Note: No event will have a likelihood of occurrence greater than 77% or less than
3%.

In order to familiarise you with the format of the negative events questions, we will
ask two practice questions first.

You will now start with the two practice questions.

❑ I understand that these responses are from socio-economically matched
peers
❑ I understand that no value will be greater than 77% or less than 3%

201

(End of Page 51 )
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Likelihood of seeing a mouse or rat in a house?

____________________

(End of Page 52 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 58%

Would you like to change your answer?

 Yes
 No

(End of Page 53 )
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Likelihood of being stung by a wasp or bee?

____________________

(End of Page 54 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 45%

Would you like to change your answer?

 Yes
 No

(End of Page 55 )
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Congratulations!

You have now completed the practice questions, the actual survey questions will
begin in the next page.

(End of Page 56 )
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Likelihood of experiencing a computer crash with loss of important data?

____________________

(End of Page 57 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 68%

Would you like to change your answer?

 Yes
 No

(End of Page 58 )
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Likelihood of having a holiday cancelled?

____________________

(End of Page 59 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 58%

Would you like to change your answer?

 Yes
 No

(End of Page 60 )
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Likelihood of experiencing stomach pain?

____________________

(End of Page 61 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 70%

Would you like to change your answer?

 Yes
 No

(End of Page 62 )
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Likelihood of being stuck in traffic?

____________________

(End of Page 63 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 69%

Would you like to change your answer?

 Yes
 No

(End of Page 64 )
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Likelihood of being cut by a sharp knife?

____________________

(End of Page 65 )

216

Based on a group of demographically-matched peers, the likelihood of occurring is 65%

Would you like to change your answer?

 Yes
 No

(End of Page 66 )
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Likelihood of losing house keys?

____________________

(End of Page 67 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 61%

Would you like to change your answer?

 Yes
 No

(End of Page 68 )

219

Likelihood of having a gluten intolerance?

____________________

(End of Page 69 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 23%

Would you like to change your answer?

 Yes
 No

(End of Page 70 )
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Likelihood of experiencing skin burn?

____________________

(End of Page 71 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 58%

Would you like to change your answer?

 Yes
 No

(End of Page 72 )
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Likelihood of having car stolen?

____________________

(End of Page 73 )

224

Based on a group of demographically-matched peers, the likelihood of occurring is 22%

Would you like to change your answer?

 Yes
 No

(End of Page 74 )

225

Likelihood of being a victim of violence by a stranger?

____________________

(End of Page 75 )

226

Based on a group of demographically-matched peers, the likelihood of occurring is 25%

Would you like to change your answer?

 Yes
 No

(End of Page 76 )
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Likelihood of injury due to accident (traffic or house)

____________________

(End of Page 77 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 42%

Would you like to change your answer?

 Yes
 No

(End of Page 78 )
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Likelihood of having diabetes (type 2)

____________________

(End of Page 79 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 27%

Would you like to change your answer?

 Yes
 No

(End of Page 80 )
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Likelihood of being more than $10,000 in debt?

____________________

(End of Page 81 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 65%

Would you like to change your answer?

 Yes
 No

(End of Page 82 )
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Likelihood of experiencing insomnia?

____________________

(End of Page 83 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 40%

Would you like to change your answer?

 Yes
 No

(End of Page 84 )
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Likelihood of luggage being lost by airline?

____________________

(End of Page 85 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 38%

Would you like to change your answer?

 Yes
 No

(End of Page 86 )

237

Likelihood of asthma?

____________________

(End of Page 87 )

238

Based on a group of demographically-matched peers, the likelihood of occurring is 15%

Would you like to change your answer?

 Yes
 No

(End of Page 88 )
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Likelihood of being more than 15mins late for an important appointment?

____________________

(End of Page 89 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 70%

Would you like to change your answer?

 Yes
 No

(End of Page 90 )
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Likelihood of divorce?

____________________

(End of Page 91 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 50%

Would you like to change your answer?

 Yes
 No

(End of Page 92 )
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Likelihood of irritable bowel syndrome (disorder of the gut)

____________________

(End of Page 93 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 31%

Would you like to change your answer?

 Yes
 No

(End of Page 94 )
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Likelihood of chronic high blood pressure?

____________________

(End of Page 95 )
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Based on a group of demographically-matched peers, the likelihood of occurring is 29%

Would you like to change your answer?

 Yes
 No

(End of Page 96 )
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Congratulations!

You have now completed the survey, before we let you go, we just have a few
more questions.

(End of Page 97 )
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What do you believe were the goals of this study?
____________________

(End of Page 98 )
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To receive payment for your participation, please enter the following completion
code into Prolific.
 2209AE46

(End of Page 99 )
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Appendix B: Aggregated Results of Oblique Questionnaire

What is your age?
200
180
160
140

120
100
80
60
40
20
0
18-24 years old 25-34 years old 35-44 years old 45-54 years old 55-64 years old

What is your gender?
Prefer not to say

Other

Male

Female
0

50

100

150

200

250
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What is your ethnicity?
White
Southeast Asian
South Asian
Hispanic or Latino
East Asian
Black
0

50

100

150

200

What is the highest level or degree of
education completed?
Master's Degree
Less than a high school diploma
High school diploma or equivalent

Doctorate Degree
Bachelor's Degree
0

50

100

150

200
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What is your current employment status?
Unemployed (Not looking for
employment)
Unemployed (Looking for employment)
Student
Self-Employed
Retired
Employed part-time (Less than 40 hours
a week)
Employed (40+ hours a week)
0

50

100

150

200

250

What is your marital status?
Widowed
Single (Never married)

Married
In a domestic relationship
Divorced
0

50

100

150

200

250

300
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What is your household income? (USD)
Below 20k annually
Above $95k annually
50-65k annually
$80-95k annually
$65-80k annually
$35-50k annually
$20-35k annually
0

20

40

60

80

100

120

140
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Record ID
637652888177426635
637652893790970808
637652897332181949
637652900122540395
637652900612641811
637652901123522590
637652901827852765
637652902539210289
637652902849187720
637652903027997172
637652903036278512
637652903631973704
637652903681223209
637652903818080935
637652904001173221
637652905106631122
637652905862547807
637652905936857412
637652906711006703
637652907430596559
637652908340100591
637652908599427186
637652908765783246
637652909187556463
637652909236306873
637652909938350317
637652910210543289
637652911033413041
637652911245220453
637652911293194817
637652912085119230
637652913231710710
637652914745385041
637652915063188330
637652915362604845
637652915485573259
637652916184871607
637652916652771788
637652917068980129
637652917123522219
637652917447230186
637652917731328965
637652918033441413
637652918472922641
637652918600416554
637652920104824290
637652920402793641
637652921100015696
637652921195401356
637652921512803147

Human-Autonomous System
Trust Score
7.142857143
23.07692308
0
37.5
0
43.75
61.53846154
46.66666667
88.88888889
40
33.33333333
83.33333333
15.78947368
90.90909091
50
81.25
13.33333333
58.82352941
81.81818182
41.66666667
6.25
53.84615385
22.22222222
43.75
71.42857143
6.25
0
28.57142857
100
57.14285714
22.22222222
21.42857143
31.25
6.25
35.71428571
23.52941176
11.76470588
12.5
42.85714286
38.46153846
13.33333333
85.71428571
6.25
40
0
33.33333333
69.23076923
7.142857143
0
43.75

Human-Human
Trust Score
0
20
0
20
5
30
40
0
20
90
15
70
25
35
25
50
85
20
15
65
5
30
50
15
30
35
30
90
45
35
35
20
65
15
35
0
100
25
40
5
15
100
20
40
0
55
55
25
0
30

255

637652922192506332
637652922292603415
637652922451079635
637652922802452894
637652923243769408
637652923316414025
637652923362440520
637652923675094430
637652923716830387
637652923963824495
637652923996998719
637652924360142620
637652924544204669
637652924725396734
637652924745865261
637652924752427809
637652924765875072
637652925296189483
637652925308689844
637652925421098990
637652926013970546
637652926151266108
637652926180641626
637652926189391886
637652926283009282
637652926317551785
637652926334427195
637652926335677693
637652926570691761
637652926623121662
637652926665705037
637652926708206170
637652926760542272
637652927177262351
637652927269175039
637652927774431339
637652928328681762
637652928639269526
637652929145993325
637652929252767860
637652929360319007
637652929492334220
637652929608151649
637652929939333152
637652930203921884
637652930466009778
637652930664316591
637652931017413417
637652931070276099
637652931285032691
637652931510064448

16.66666667
0
56.25
25
37.5
23.52941176
58.33333333
26.66666667
7.692307692
33.33333333
50
12.5
50
30.76923077
27.27272727
31.25
62.5
86.66666667
33.33333333
12.5
31.25
0
16.66666667
37.5
29.41176471
0
23.07692308
45.45454545
100
14.28571429
50
17.64705882
16.66666667
28.57142857
16.66666667
7.142857143
18.75
100
0
12.5
66.66666667
46.66666667
5.882352941
93.33333333
5.882352941
50
53.84615385
38.46153846
8.333333333
23.07692308
8.333333333

0
0
80
5
0
0
70
25
30
45
30
35
40
95
5
5
75
30
25
35
70
0
0
15
5
45
25
30
70
20
50
50
40
45
25
0
40
35
0
40
5
0
70
35
10
40
35
10
0
15
30

256

637652931549362787
637652931784526867
637652931818151279
637652932068974735
637652932139304016
637652932685139658
637652932962273662
637652933012981130
637652933108056531
637652933190437185
637652933420877269
637652933435441532
637652933940355996
637652934087577994
637652934342201442
637652934387984033
637652934406580103
637652934459706588
637652934514638002
637652934682807702
637652934722809554
637652935072373948
637652935770205105
637652936070480574
637652936203452709
637652936210850344
637652936747378248
637652937117856975
637652937208952416
637652937511558408
637652937826646582
637652937843834634
637652937972695343
637652938097814471
637652938124845428
637652938240711790
637652938326669084
637652938649927709
637652938760447661
637652938853496399
637652938924537839
637652939286961633
637652939696332974
637652939774807068
637652939813453038
637652939823297089
637652940095112409
637652940165482960
637652940255521941
637652940288855398
637652940561725867

38.88888889
35.29411765
35.29411765
53.84615385
6.25
54.54545455
33.33333333
47.05882353
28.57142857
11.76470588
20
52.63157895
5.882352941
21.42857143
35.29411765
20
50
33.33333333
25
35.29411765
50
29.41176471
27.27272727
0
0
0
40
37.5
55.55555556
27.77777778
11.11111111
40
5.263157895
76.92307692
0
53.84615385
6.25
46.66666667
7.142857143
42.85714286
14.28571429
50
77.77777778
46.15384615
50
33.33333333
23.07692308
43.75
42.85714286
0
50

0
30
55
30
5
80
10
25
40
40
25
20
10
40
20
25
60
20
15
25
15
20
35
45
10
5
5
55
45
55
50
45
80
50
5
85
50
35
15
35
15
20
45
30
65
20
35
35
0
0
10

257

637652940635485917
637652940675018251
637652940797766555
637652940828302191
637652940871020732
637652940944075193
637652941014890899
637652941050704754
637652941126887812
637652941193764892
637652941406308131
637652941408651879
637652941557959084
637652941568198768
637652941580746006
637652941618588149
637652941673082782
637652941787930052
637652941831572789
637652941844859333
637652942194730552
637652942264327866
637652942485300982
637652942740863849
637652942787641824
637652942892216505
637652942905185410
637652943003085050
637652943102664055
637652943327305805
637652943363615655
637652943542821051
637652943630491883
637652943868244278
637652943937152352
637652944094322192
637652944124635683
637652944162011021
637652944221091594
637652944232401416
637652944308108971
637652944335175746
637652944557162198
637652944573735067
637652944631801742
637652944743507139
637652944807660948
637652944902387513
637652944904262745
637652945023298650
637652945067811841
637652945365706455

100
66.66666667
42.85714286
46.15384615
37.5
31.25
41.17647059
6.25
23.52941176
35.71428571
33.33333333
57.14285714
15.78947368
56.25
69.23076923
41.66666667
54.54545455
7.692307692
33.33333333
38.46153846
50
16.66666667
64.28571429
16.66666667
6.25
8.333333333
29.41176471
36.36363636
40
43.75
37.5
7.142857143
18.75
75
25
46.15384615
31.25
72.72727273
18.75
46.15384615
21.05263158
45.45454545
18.75
30.76923077
0
90
7.692307692
12.5
30.76923077
43.75
35.29411765
0

80
5
70
0
75
60
70
0
20
45
45
50
20
40
10
45
60
50
15
35
50
40
15
40
10
10
40
30
55
40
10
0
65
25
10
30
30
55
35
25
40
65
35
5
0
15
30
55
0
35
40
5

258

637652945445433397
637652945529367201
637652945615308122
637652945722852113
637652945830559532
637652945846966214
637652945879634714
637652945892291265
637652945975499304
637652946333741753
637652946570623602
637652946831935816
637652946890373750
637652946932590359
637652947001711357
637652947114540328
637652947346649676
637652947696335598
637652947986684062
637652948253736217
637652948492046481
637652948707367380
637652948757057985
637652948847333077
637652948896042800
637652949028124577
637652949143342795
637652949265715493
637652949493510686
637652949597197608
637652949683507719
637652949744607885
637652949814922785
637652949904133719
637652950076597716
637652950215904253
637652950307128735
637652950588150263
637652950824370058
637652950900030042
637652951096739755
637652951272836140
637652951374312752
637652951721222310
637652951868427659
637652952008489199
637652952273149156
637652952531866569
637652952700732571
637652953248284938
637652953259719593
637652953278001420

7.692307692
47.05882353
63.63636364
0
78.57142857
15.38461538
91.66666667
64.28571429
54.54545455
100
18.18181818
53.84615385
16.66666667
66.66666667
30
17.64705882
27.27272727
18.75
45.45454545
15.38461538
17.64705882
25
57.14285714
0
18.75
61.53846154
35.29411765
57.14285714
26.66666667
35.71428571
35.71428571
33.33333333
73.33333333
6.666666667
64.28571429
14.28571429
66.66666667
18.75
47.05882353
29.41176471
37.5
42.10526316
33.33333333
20
85.71428571
30.76923077
60
25
9.090909091
53.33333333
0
50

5
55
30
45
70
55
30
30
25
0
25
15
0
20
20
10
45
25
45
30
45
35
15
10
50
55
25
0
35
15
25
45
50
0
95
5
30
50
20
5
0
25
25
50
25
0
40
60
0
30
0
45

259

637652953312801466
637652953354247019
637652953397754999
637652953475578214
637652953492931798
637652953544155877
637652953599787360
637652953706679862
637652953773874027
637652953774811402
637652953782155285
637652953809814209
637652953977880803
637652954135590008
637652954152473152
637652954337836495
637652954341273961
637652954426469881
637652954451827785
637652954546619902
637652954613912255
637652954716729956
637652954923728195
637652954988531158
637652955267063682
637652955302840569
637652955361881874
637652955439056573
637652955534430105
637652955610718294
637652955620716759
637652955689378554
637652955713554915
637652955916748379
637652955945759666
637652955950915812
637652955956853388
637652956147592664
637652956150092575
637652956153217710
637652956198218401
637652956237664659
637652956270782222
637652956295066161
637652956398983005
637652956524963213
637652956591271462
637652956609240682
637652956627834704
637652956786139966
637652956903317016
637652956927536320

61.53846154
87.5
54.54545455
57.14285714
41.66666667
29.41176471
100
43.75
5.555555556
70
0
17.64705882
38.46153846
35.29411765
35.71428571
30.76923077
0
9.090909091
14.28571429
6.25
43.75
78.57142857
46.66666667
87.5
11.11111111
58.33333333
5.882352941
55.55555556
33.33333333
61.53846154
53.84615385
46.66666667
25
60
10.52631579
94.44444444
6.25
33.33333333
0
28.57142857
68.75
33.33333333
35.29411765
26.66666667
50
35.71428571
35.29411765
5.882352941
40
23.52941176
53.33333333
18.18181818

50
75
65
20
20
0
100
25
0
55
55
25
55
40
45
35
5
50
20
10
10
25
70
75
25
15
0
30
45
20
55
40
25
0
10
100
25
40
0
80
50
55
30
45
40
30
25
15
45
35
65
10

260

637652956930348876
637652957003136033
637652957039561991
637652957188297339
637652957440444485
637652957586601430
637652957646070203
637652957674083418
637652957833510459
637652957954929368
637652958002491705
637652958039808754
637652958054027871
637652958234066474
637652958419439034
637652958458301713
637652958466270378
637652958548859449
637652958549953217
637652958647456906
637652958701364046
637652958736520646
637652958790296485
637652958898769104
637652958963458266
637652959075647774
637652959083773631
637652959368935419
637652959520969756
637652959544252624
637652959699879869
637652959708317503
637652959858945687
637652959880821323
637652959924572001
637652959991135871
637652960177077415
637652960217391370
637652960373800341
637652960535366449
637652960577242080
637652960666185249
637652960713932734
637652961066883775
637652961098075388
637652961301399807
637652961346305143
637652961353805235
637652961461631957
637652961484601181
637652961530150248
637652961655130809

52.94117647
36.36363636
0
20
41.17647059
0
40
23.52941176
25
52.94117647
41.66666667
33.33333333
29.41176471
38.88888889
0
69.23076923
0
12.5
25
69.23076923
37.5
46.15384615
57.14285714
0
23.07692308
41.66666667
100
50
15.38461538
23.52941176
5.882352941
35.71428571
50
41.17647059
28.57142857
100
36.36363636
17.64705882
61.53846154
0
26.66666667
35.29411765
27.27272727
56.25
26.66666667
52.94117647
7.142857143
40
5.555555556
9.090909091
23.52941176
35.71428571

25
40
5
5
55
30
20
40
5
35
40
40
30
15
0
45
0
10
30
25
20
15
20
75
20
45
100
45
35
40
35
40
60
40
40
10
15
60
35
15
35
5
40
0
30
60
0
65
10
5
45
30

261

637652961844634646
637652961878086378
637652961934742974
637652961976343144
637652961990249637
637652962038069435
637652962130041340
637652962214511268
637652962232480013
637652962263272329
637652962271411408
637652963089478505
637652963248242905
637652965527343155
637652966425140815
637652967612731180
637652971975641297
637652974650098595
637652980482790245
637652980626554105
637652995655560811
637653002661573597
637653006258121951
637653009406683962
637653024353007403
637653033132427120
637653033348507045
637653033522824861
637653033532356376
637653042209610603
637653043663698962
637653046206857759
637653051105626840
637653051320769250

27.77777778
25
50
16.66666667
0
5
46.15384615
41.17647059
31.25
75
71.42857143
11.76470588
0
14.28571429
7.692307692
14.28571429
35
0
100
100
11.76470588
5.555555556
71.42857143
0
33.33333333
27.77777778
46.66666667
36.36363636
18.75
31.25
42.85714286
6.666666667
14.28571429
29.41176471

45
35
35
5
0
40
30
40
45
25
65
20
0
30
5
10
40
0
15
100
10
15
70
0
25
40
0
35
45
35
40
15
5
45

262

