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Summary
Unexpected in-flight safety events often require pilots to rapidly assess the situation and
respond appropriately. Such events may also elicit startle and surprise, which can severely
impair pilot cognitive performance. A significant scientific gap remains, however, in the
ability to measure and quantify startle and surprise in a systematic manner, specially within
ecologically-valid task environments. This dissertation addresses this gap by developing and
validating self-report measuring instruments designed to quantify startle and surprise. To
achieve this, the research focused on investigating three key components: 1) the conceptu-
alization of cognitive processes underlying pilot decision-making in unexpected situations;
2) the investigation of how existing self-report measures of startle and surprise, relate to
personality traits and flight experience; and 3) the development of new self-report measures
for startle and surprise and their validation in an ecologically-valid setting.

To conceptualize and describe cognitive processes underlying pilot decision-making and
actions in unexpected situations, Chapter 2 describes pilots’ decision-making and actions
in two real-world incidents, Loganair Flight 6780 and US Airways Flight 1549. Both
incidents were examined through the lens of three cognitive models: the Landman model
of startle and surprise, the perceptual cycle model and the three-level model of situation
awareness. The strengths and limitations of each model in explaining pilot decision-making
in emergency situations were critically assessed. In addition, the role of schema/frame
selection and modification, stress, and pilot flight experience in shaping decision-making
during the incidents were explored. The application of these cognitive models reveals key
distinctions that carry implications for pilot training in high-stakes, critical situations.

In Chapter 3, we examined whether existing self-report measures of cognitive and
affective responses relate to personality traits, across seven startling and surprising scenarios
performed in motion-based simulators. A dataset of 89 airline pilots from four studies was
analysed. The personality traits included trait anxiety, decision-related action orientation,
and failure-related action orientation. Pilot cognitive and affective responses in scenarios
were standardized by obtaining Z-scores of perceived startle, surprise, stress, and mental
workload. Results show that pilots with higher trait anxiety reported higher level of stress
in response to startling and surprising events, highlighting a potential vulnerability in
cognitive performance and emotional regulation under pressure. No significant effects of
action orientation, or flight hours were found on pilots’ responses. This could indicate that
existing, non-validated measures of startle and surprise are lacking in accuracy. And the
possible benefit from targeted training interventions for mitigating effects of high stress,
startle or surprise could be obtained for both novice and experienced pilots.

To establish psychometrically sound self-report measures for startle and surprise, a
structured and iterative process of development and validations was conducted. Chapter 4
outlines the three-phase construction of the Startle and Surprise Inventories (Startle-I;
Surprise-I) and Visual Analogue Scales for Startle and Surprise (Startle-VAS; Surprise-
VAS). In Phase 1, 14 items for surprise and 7 items for startle were derived from foundational
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and applied literature. These items were evaluated for content validity by seven experts in the
field, with retention determined by a minimum of 50% agreement on the relevance. In Phase
2, 81 participants rated the retained 19 (of 21) items nine times, each time immediately after
watching a video clip. Construct validity was assessed using multilevel exploratory factor
analysis (ML-EFA) with an oblique, direct oblimin rotation. In Phase 3, the concurrent
validity of the Startle-VAS and Surprise-VAS was tested by comparing with the Startle-I
and Surprise-I scores, respectively. The first two phases yielded an 11-item two-factor
solution, corresponding to the constructs of Startle-I and Surprise-I, with Cronbach’s 𝛼

ranging from 𝛼 = 0.714 to 𝛼 = 0.929 for Startle-I, and 𝛼 = 0.843 to 𝛼 = 0.955 for Surprise-I,
indicating acceptable to excellent internal consistency. These results support the Startle-I
and Surprise-I as validated and reliable self-report measures of startle and surprise, with the
single-item Startle-VAS and Surprise-VAS as efficient alternatives.

Building on the factor structure, the construct validity of the Startle and Surprise In-
ventories was further investigated in Chapter 5, in a more ecologically-valid setting, using
a multilevel confirmatory factor analysis (MCFA). A sample of 26 professional pilots was
exposed to eight different in-flight startling and surprising scenarios in a motion-based sim-
ulator. Results show that the two-factor model, comprising the factors Startle and Surprise,
demonstrates a superior and acceptable fit compared to a one-factor model. Additionally,
all items demonstrated significant factor loading at both the within-scenario and between-
scenario level in the two-factor model. Reliability estimates, as measured by McDonald’s
𝜔, ranged from 𝜔 = 0.88 to 𝜔 = 0.96 for the Startle-I and 𝜔 = 0.77 to 𝜔 = 0.96 for the
Surprise-I across scenarios, indicating acceptable to excellent internal consistency. These
findings provide the first evidence for the validity and reliability of the Startle and Surprise
Inventories in a relatively ecologically-valid setting, corroborating the findings in Chapter 4.

To establish criterion-related validity, the effects of startle and surprise on pilots’
information-processing performance during simulated in-flight events was investigated in
Chapter 6. Pilot information-processing performance was assessed using a secondary au-
ditory cognitive task administered within the same experiment used to examine the factor
structure of the Startle-I and Surprise-I in Chapter 5. Linear mixed-effects models were
used to analyse the relationships between self-report startle and surprise, and information-
processing performance, while accounting for individual differences and scenario variability.
Results show that heightened startle significantly impaired the secondary task performance,
whereas surprise did not show a significant effect. This finding suggests that, within the
tested scenarios, startle imposed a more immediate and disruptive influence on pilot infor-
mation processing than surprise. Since the expected impact of surprise was not confirmed,
criterion-related validity of the Surprise-I remains to be established.

In conclusion, the Startle and Surprise Inventories represent the first systematically-
validated self-report measuring instruments for startle and surprise in response to specific
stimuli or events. This offers a robust foundation for quantifying startle and surprise in an
operationally-relevant aviation context. The application of the Startle and Surprise Inven-
tories within structured simulation environments enables systematic tracking of operators’
responses to unexpected events in aviation and other safety-critical domains. This, in turn,
can inform the refinement of training protocols or interventions to better support cognitive
resilience and emotional regulation in high-stakes situations involving unexpected events.
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1
Introduction

Since the advent of commercial jet air transport in 1958, the rate of fatal accidents has
steadily declined, despite a significant growth in air traffic over the past 65 years [1] (Figure
1.1). Safety has improved tremendously and many causes for accidents have been eliminated.
Currently, Loss of Control In-flight (LOC-I) is the leading cause of fatal accidents in the
worldwide commercial jet fleet between 2004 and 2024 [1] (Figure 1.2). This highlights the
need for understanding the causes of LOC-I and developing targeted interventions to reduce
the number of fatal accidents by addressing the contributing factors of LOC-I [2].

LOC-I refers to flight conditions that are outside the normal operating envelopes, not

Figure 1.1: Yearly rates of fatal accident per million flights (adapted from [1]).
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1 2 1. Introduction

Figure 1.2: Fatal accident distribution per accident category 2004-2024. Source: [1] (CFIT = Controlled Flight Into
Terrain; RE = Runway Excursion; SCF = System/Component Failure or Malfunction; USOS = Undershoot/Over-
shoot; RI = Runway Incursion; ARC = Abnormal Runway Contact).

predictably altered by pilot inputs, and characterized by nonlinear dynamic effects, high
angular rates, and the inability to maintain stable flight [3]. It is quantitatively identified when
an aircraft exceeds three or more of five defined flight envelopes relating to aerodynamics,
attitude, structural integrity, and control response (pitch and roll control).

Despite substantial advancements in flight systems and automation, unexpected events
such as system failures, software anomalies, bird strike and adverse weather still require
human intervention [4–6]. Such situations, when they occur, are cognitively demanding
and emotionally stressful. Accident investigations have frequently cited inappropriate or
delayed pilot control inputs or actions as contributing factors in LOC-I [7].

Among the various operational challenges, a particularly pervasive issue in modern
cockpits is automation surprise [8]. Unlike external disturbances, automation surprise
reflects mismatches between the pilot’s mental model and automation behaviour, rather
than a system malfunction per se. A field survey involving 200 airline pilots reported an
average of three automation surprise events per pilot per year [9]. While 90% of the 180
recorded automation surprise cases did not result in undesired aircraft states and only 1%
led to consequential damage, the frequency of such events underscores persistent cognitive
mismatches between pilots mental models and automation behaviour. Notably, 89% of
these events were self-discovered, with pilots often becoming aware of the issue after it
had affected flight operations or even safety. The cognitive mismatches could increase
cognitive workload and diminish trust in automation systems, especially under high-stress
or high-demand conditions [8, 10, 11].

While automation surprise represents a cognitive disruption unique to highly-automated
environments, it shares essential characteristics with other in-flight unexpected events. In
particular, such anomalies require pilots to rapidly assess the situation, interpret abnormal
sensor data and system information, and take actions to maintain control of the aircraft. These
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events may induce startle and surprise responses, which could impair situation recognition
and delay recovery [12], thereby contributing significantly to LOC-I. The cognitive demands
associated with startle and surprise could also elevate stress levels, further degrading pilot
cognitive performance. This degradation may manifest itself as attentional narrowing,
breakdowns in crew coordination, rushed or unstructured decision-making, and neglect of
essential tasks [10, 13]. The definitions and operational implications of startle and surprise
are examined in the following section.

1.1. Startle and surprise
Recognizing the impact of startle and surprise on pilot performance, the European Union
Aviation Safety Agency (EASA) and the Federal Aviation Administration (FAA) have inte-
grated startle and surprise into the regulatory framework [12, 14] for Upset Prevention and
Recovery Training (UPRT). Their goal is to help pilots develop both the necessary flight
handling skills and the resilience to cope with sudden, high-stress events:

“The training focuses on applying correct and timely recovery strategies to
return the aeroplane to safe flight, whilst building the pilot’s resilience against
the associated psychological and physiological human factors (to better cope
with the startle and surprise effect)” (Page 12 [14])
“Because upsets that occur in normal flight operations are unplanned and
inadvertent, pilots may be startled or surprised, adversely impacting recog-
nition or recovery. Instructors need to plan scenarios to balance potential
for startle or surprise while applying sound judgment with respect to realism
and fidelity...” (Page 9 [12])

Although startle and surprise have been widely recognized as critical human factors
affecting pilot performance during unexpected situations, there remains a significant gap
in how these responses can be systematically measured and integrated into operational
contexts. While validated self-report measures exist for constructs such as stress [15, 16]
and (mental) workload [17, 18], there are currently no equivalent standardized tools for
assessing startle or surprise. In the context of enhancing resilience in response to startle
and surprise, it is challenging to holistically evaluate the effectiveness of targeted training or
interventions for UPRT, without clear methods to quantify the onset, duration and intensity
of startle and surprise.

Reliable and validated measuring methods would enable deeper insights into physiolog-
ical correlates, recovery dynamics, and task-specific vulnerabilities to startling or surprising
stimuli. In aviation, such methods are essential for identifying key factors that affect pilot
performance during unforeseen emergencies. By capturing real-time responses to unex-
pected events, these methods could support the development of evidence-based strategies to
prevent and mitigate adverse effects. Moreover, insights derived from validated measures
could inform the design of more effective pilot training protocols by identifying critical
performance limitations and adaptive capacities under stress. Together, these methodolog-
ical applications contribute to the advancement of training systems tailored to high-stakes
environments, enhancing safety and operational performance.

A critical step toward developing reliable and validated measuring methods is to clar-
ify the conceptual distinctions and overlaps between startle and surprise, which are often
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used interchangeably despite representing distinct cognitive, affective, and physiological
processes [19]. Following this, an overview of existing approaches to measuring startle
and surprise will highlight current limitations and inform the rationale for developing more
targeted measuring methods.

1.2. Definitions
Startle refers to a coinciding emotional and physiological response elicited by a sudden,
threatening, intense stimulus [20]. The startle reflex, evolving typically within 20-50 mil-
liseconds after a stimulus [21], involves the involuntary physiological reflexes and muscular
activities (e.g., eye-lid-closure, contraction of facial, neck and skeletal muscles [19, 20]),
which can prepare the body for protection against adverse circumstances [22]. If the threat
persists, it is followed by the generalized stress response activated within the autonomic
nervous system [23], including the release of cortisol, activation of the autonomic nervous
system, rapid breathing, accelerated heart rate, sensory arousal, increased systolic blood
pressure and dilation of the pupils [21, 24–26]. The response is more severe when an
individual’s arousal or stress level is already high (i.e., fear-potentiated startle [23]). Startle
can be triggered by acoustic (e.g., sudden noises), electrical (e.g., cutaneous shock), tactile
(e.g., air puff), or visual (e.g., lightning flash) stimuli.

Evidence suggests that, in aviation, the immediate psychomotor impact of startle may
induce brief disorientation and short-term psychomotor impairments [27]. The startle
response can inhibit cognitive processing and muscular activities, causing deterioration of
task performance with increased response time and lower response accuracy [28]. A skilled
motor task will be momentarily disrupted by the startle reflex but return to normal within
five to ten seconds. Although there are some short-term physiological changes, there is
little evidence on the impact of startle response on cognitive functions [29], especially in
operational aviation contexts.

Surprise is a cognitive and emotional response triggered by unexpected, schema-
discrepant events that are (momentarily) difficult to explain [30, 31]. Its primary evo-
lutionary function is thought to monitor the accuracy of one’s understanding of the world
[32, 33]. The ability to predict relevant events is essential for survival, and surprise reflects a
failure in anticipation and a state of unpreparedness. The unexpectedness interrupts ongoing
mental processes and redirects attention to the surprising events, which can be disruptive
and distressing due to the innate need for predictability [30, 31]. The experience of surprise
serves as an alert to cognitive discrepancy, and motivate deeper information processing or
schema revision, leading to improved cognitive flexibility and adaptability [34].

One’s understanding of the situation needs to shift in order for the unexpected new
information to make sense again. These so-called reframing efforts require effortful, goal-
directed attentional processing [35], which is more vulnerable under acute high stress [36].
However, if the discrepancy remains unresolved, the situation may be perceived as poorly
understood, hindering the ability to focus on the information related to the task, make
accurate projections, and execute appropriate actions.

Thus, although often used interchangeably, startle and surprise are distinct phenomena
that differ in their temporal dynamics, eliciting conditions, and effects on human perfor-
mance. Recognizing these differences, Landman et al. [35] proposed an integrated con-
ceptual model to explain how pilots respond to unexpected events on the flight deck, with
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Figure 1.3: Landman model of startle and surprise [35].

particular attention to the roles of startle and surprise (Figure 1.3). Drawing on insights from
perceptual psychology, sensemaking theory, and acute stress response, the model outlines
how startling or surprising stimuli can disrupt perception, appraisal, and action selection.
Building on this theoretical framework, the research presented in this dissertation extends
prior work by investigating reliable and validated measures of startle and surprise, with the
aim of more accurately characterizing their respective impacts on human performance.

1.3. Measures of startle and surprise

1.3.1. Measures of startle

The intensity of the startle response is generally measured through the eye-blink reflex.
This can be done with surface electromyographic (EMG) [37], by which action potentials
generated within the orbicularis oculi muscle can be detected. Other methods for capturing
eyelid movement include potentiometric sensors [38], photoelectric systems [39], vertical
electro-oculographic (vEOG) [40], and magnetic search coil techniques [41]. In addition
to the blink reflex, pupil dilation has been identified as a physiological correlate of startle
arousal [42]. Autonomic responses, such as increased heart rate and blood pressure, have
also been documented within 10 seconds of an acoustic startle, offering complementary
cardiovascular markers [26]. Despite the availability of objective physiological measures,
no self-report instrument to assess startle has yet been developed or validated [43].
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1.3.2. Measures of surprise
Surprise can be physiologically measured through the EEG P300 event-related potential
(ERP) [44], pupil dilation, and activation in subcortical regions associated with dopamine
[45]. The P300 ERP, originates from the anterior cingulate cortex, and peaks in ACC activity
occur in aversive defence responses in general [46]. Pupil dilation has been considered an
index of the brain’s global state during cognitive processing under stress, rather than being
exclusively elicited by surprise [47]. Nevertheless, pupil dilation related to surprise (at
maximum around 500 ms after the stimulus) has also been reported to be slower than pupil
dilation due to startle [48].

For subjective measures, the Differential Emotions Scale (DES-IV) [49] and the Positive
and Negative Affect Schedule-Expanded Form (PANAS-X) [50] have been developed with
subscales for measuring surprise. These two subscales consist of the same three items (i.e.,
How do you feel “surprised”, “amazed”, and “astonished”?), which are rated on 5-point
Likert scales pertaining to feelings in this moment or to a certain past time frame. In DES-
IV, surprise is considered a positive emotion among twelve fundamental affective states.
Factor analysis support the distinctiveness of the surprise construct [49, 51], with test-retest
reliability over six months reported at 𝑟 = 0.61 [52]. However, internal consistency is
moderate, Cronbach’s 𝛼 = 0.65, likely due to the limited number of items [53].

The PANAS-X conceptualizes surprise as a discrete, valence-neutral emotion. Its
internal consistency is slightly higher than that of the Surprise subscale in the DES-IV, with
Cronbach’s ranging from 𝛼 = 0.72 to 𝛼 = 0.80. The test-retest coefficient over a two-month
interval was lower when referring to the time frame “past week”, 𝑟 = 0.23, and higher to “in
general”, 𝑟 = 0.52 to 𝑟 = 0.56 [50]. The mean scores on Surprise were the lowest compared
to other affects in the PANAS-X over different samples [50]. Surprise was also the only
subscale for which self-ratings did not significantly correlate with peer-ratings, 𝑟 = 0.14.
Besides these multi-item subscales, researchers have employed single-item measures to
assess self-report surprise [54, 55], however, at the time of writing this dissertation, such
measures have not been validated in a systematic way.

1.3.3. Limitations to current measures
While physiological and current self-report measures have been widely used to assess
startle and surprise, several critical limitations remain. These limitations can be broadly
categorized into two areas, those related to physiological measures and those associated
with existing self-report instruments.

Physiological measures provide an objective, real-time assessments and overcome cer-
tain inherent biases, such as socially desirable answering pattern [56]. However, the above-
mentioned physiological measures are not specific to startle or surprise, but reflect broader
autonomic, neural activation, and affective responses [57]. While these techniques offer
high temporal resolution, they cannot distinguish between a startle response and similar
defensive reactions triggered by fear or stress [58].

In addition, physiological measures are also uneconomical for application to large num-
bers of participants [59], and some are impractical and invasive to apply in operational
settings. The measures obtained are often only meaningful in relation to an individual’s
own baseline, and were found to be inconsistent with the subjective experience of the re-
sponses [4]. For example, in a study testing the effect of surprise on pilots’ performance [4],
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participants were found to show nearly similar levels of heart rate yet reported significantly
different levels of startle and surprise in two conditions. Thus, similar to the literature on
experienced challenge and threat [60], validated self-report measures on startle and sur-
prise are necessary to complement physiological measures and contribute to the study of
relationships between physiological data, subjective experience and performance.

Self-report measures of surprise offer valuable insight into subjective experiences and
can complement physiological assessments [61]. However, there is no information available
on the loadings of the individual items within the Surprise subscale, nor is there peer-
reviewed reporting on a systematic methodology of items selection in DES-IV or PANAS-X.
Furthermore, these scales were not originally developed to assess responses to a specific
stimulus, even though the experience of surprise, unlike other affective states such as fatigue
or shyness, is inherently stimulus-dependent. The absence of specific eliciting events likely
contributes to the low reliability and low mean scores [50], and makes questions like whether
participants felt surprised “in general” difficult to interpret in a meaningful way.

Concluding, for measuring startle there has been no systematic attempt to develop and
validate a self-report measure. For measuring surprise, items in existing self-report scales
were not selected in a systematic manner and scales were not developed nor validated
to specific stimuli. Moreover, current approaches remain largely limited to physiological
measures, which may be insufficient or impractical in more applied contexts, outside the
laboratory. These limitations underscore the need for developing systematic, validated
methods that are both sensitive to the characteristics of startle and surprise and also feasible
for application in operational settings.
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1.4. Research objectives, approach and outline
The overarching aim of this dissertation is to investigate the following main question: How
can startle and surprise be quantified in an aviation operational context? Three research
objectives and five corresponding key questions have been formulated.

Main question
How can startle and surprise be quantified in an aviation operational context?

Research objective 1
Conceptualize the cognitive processes underlying pilot decision-making in unexpected
situations.

Key questions Chapters

1. How do different cognitive models represent pilot decision-making
and actions in unexpected situations?

Chapter 2

Research objective 2
Investigate the relationships between existing self-report measures of startle and surprise,
and personality traits and flight experience.

2. How do personality traits and flight experience influence pilot
cognitive and affective responses to simulated in-flight hazards?

Chapter 3

Research objective 3
Develop and validate psychometrically-sound self-report measures for startle and
surprise.

3. How can startle and surprise be quantified with self-report measures? Chapter 4
This question is addressed through the development of Startle and Surprise Inventories,
resulting in the following research questions:

4. How valid are the Startle and Surprise Inventories as measures of
startle and surprise in an ecologically-valid aviation context?

Chapter 5

5. How well do the Startle and Surprise Inventories predict pilot
information-processing performance?

Chapter 6

1.4.1. Research objective 1
The first research objective is to conceptualize and describe cognitive processes underlying
pilot decision-making in unexpected situations. This objective addresses Key question 1:
How do different cognitive models represent pilot decision-making and actions in unex-
pected situations? To address this, in Chapter 2, pilot decision-making and actions are
analysed using two flight safety events, Loganair flight 6780 and US Airways flight 1549,
with three cognitive models: the Landman model of startle and surprise [35], the perceptual
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cycle model [62] and the three-level situation awareness model [63]. The analysis demon-
strates how each model captures different facets of pilot decision-making and actions during
unexpected events, offering theoretical insights into the potential cognitive mechanisms
underlying startle and surprise. Furthermore, the comparison highlights each models’ dif-
ferential explanatory power and applicability, providing a conceptual basis for developing
reliable, validated, and non-obtrusive measures of startle and surprise.

1.4.2. Research objective 2
The second research objective is to investigate how existing self-report measures of startle
and surprise, relate to personality traits and flight experience. This leads to the Key
question 2: How do personality traits and flight experience influence pilots’ cognitive
and affective responses to simulated in-flight hazards? To address this, in Chapter 3, the
relationships between stable characteristics: trait anxiety, decision-related action orientation
(AOD), failure-related action orientation (AOF), flight experience (flight hours), and pilot
situational responses are investigated. The situational responses include perceived startle,
surprise, stress and mental workload during startling and surprising flight scenarios.

The analysis draws on a dataset of 89 airline pilots from four previous studies in startle and
surprise, providing a solid empirical foundation. Findings reveal how individual differences
among pilots affect their susceptibility to startling and surprising events, underscoring the
need for measuring instruments that can capture these responses in operational contexts.

1.4.3. Research objective 3
Building on insights from the first two objectives, the third research objective centres on the
development and validation of psychometrically-sound self-report measures for startle and
surprise. This objective is guided by three key questions: “How can startle and surprise be
quantified with self-report measures?”, “How valid are the Startle and Surprise Inventories
as measures of startle and surprise in an ecologically-valid aviation context?", and “How well
do the Startle and Surprise Inventories predict pilot information-processing performance?”.

To answer Key question 3, Chapter 4 presents the development and psychometric
validation of self-report measures for startle and surprise. The question is answered through
a systematic process in which the Startle Inventory, Surprise Inventory, as well as the
more time-efficient Visual Analogue Scales for Startle and Surprise are developed and
preliminarily validated.

Three sequential phases are identified, each designed to progressively refine and validate
the measuring instruments. First, an initial item pool is formulated based on a comprehensive
review of both fundamental and applied literature, with content validity established through
expert evaluation. Second, construct validity is examined using multilevel exploratory
factor analysis to identify underlying dimensions of the retained items, resulting in the
Startle Inventory and Surprise Inventory. Third, concurrent validity of the Visual Analogue
Scales (VAS) for Startle and Surprise is assessed by comparing VAS ratings with inventory
scores. Data from 81 participants, each of whom rated nine varied stimuli designed to elicit
varying levels of startle and surprise, provide a robust empirical basis for these analyses.
Through this three-phase process, reliable and valid self-report measures are developed that
are capable of capturing variations in the responses of startle and surprise.

Key question 4 is addressed in Chapter 5, in which the construct validity of the Startle
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and Surprise Inventories are evaluated in a more ecologically-valid operational context. To
this end, the factor structure identified in Chapter 4 is tested using multilevel confirmatory
factor analysis, based on data collected from 26 professional pilots exposed to eight flight
simulator scenarios varying in levels of startle and surprise.

In Chapter 6, Key question 5 is addressed by investigating the criterion-related validity
of the Startle and Surprise Inventories. The study examines whether self-report startle and
surprise are associated with the pilots’ information-processing performance, as indicated
by their performance on a secondary auditory task conducted concurrently with in-flight
events in the flight simulator. To assess these relationships, linear mixed-effects models were
employed, providing empirical support for the ability of the Startle and Surprise Inventories
to predict pilot information-processing performance in an operational aviation context.

The development and validation of the Startle and Surprise Inventories follow a struc-
tured, iterative process involving three types of validity assessment [64]. The validation starts
with the establishment of content validity through expert evaluation. Building upon this
foundation, construct validity is examined using multilevel exploratory analysis and multi-
level confirmatory factor analysis across different samples and experimental contexts. After
establishing a stable factor structure, criterion-related validity is assessed by analysing the
relationships between pilots’ self-report startle and surprise and their information-processing
performance. This systematic, iterative approach ensures the psychometric robustness and
operational relevance of the Startle and Surprise Inventories.

1.4.4. Synthesis and outline
Finally, in Chapter 7 the key findings from Chapters 2 to 6 are synthesized, systematically
addressing each research question and reflecting on theoretical and practical implications of
quantifying startle and surprise. Limitations of the current research project are identified
and recommendations for the future application of the Startle and Surprise Inventories in
both research and operational contexts are given.

This dissertation consists of three phrases and is structured into seven chapters (Fig-
ure 1.4). Each chapter addresses one of the key questions as stated in Section 1.4. Phase I
includes the exploratory phrase of the research, including an initial conceptual analysis
to understand the role of startle and surprise (Chapter 2), and a review of existing mea-
sures of startle and surprise (Chapter 3). Phase II contains the development phrase of the
self-report measuring instruments for startle and surprise (Chapter 4). Phase III includes
the construct validation and criterion-related validation of the measuring instruments in an
ecological-valid aviation context (Chapters 5 and 6).

1.5. Research scope
This dissertation focuses on the quantification of startle and surprise specifically in the
context of civil aviation. While startle and surprise can affect individuals across many
safety-critical domains [65–67], this research is confined to the aviation domain, where
pilots are responsible for managing unexpected emergencies. The dissertation is further
scoped to assess only individual pilot performance, with all experimental tasks performed
in single-pilot settings. By focusing on the single-pilot setting, the research engages with
the cognitive, emotional, and operational challenges pilots face when they are required to
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Figure 1.4: Dissertation outline.

handle surprising and startling events in the high-demanding environment all by themselves.
Given the aviation focus, the validation of the Startle and Surprise Inventories is con-

ducted in an ecologically-valid aviation context, rather than in highly-controlled but less
realistic laboratory environments. Conducting experiments in a high-fidelity, motion-based
flight simulator enhances ecological validity and allows researchers to capture pilot perfor-
mance under conditions that closely approximate real-world flight demands. This approach
provides a more accurate reflection of how startle and surprise manifest in the aviation
context and improves the practical applicability of the measures.

This research focuses on the development and validation of self-report measures to
capture pilots’ subjective experiences of startle and surprise. While physiological [37,
68, 69] and behavioural measures [70] are valuable to capture automatic and observable
responses, they provide limited insight into the cognitive and emotional dimensions [71,
72]. Self-report measuring instruments [73] are therefore essential for capturing components
such as the appraisal of unexpectedness, emotional intensity, and the lingering cognitive
effects of startle that may persist even after physiological responses have subsided.

Furthermore, the validation of the self-report measures in this research does not include
direct comparisons with physiological indicators. Although comparisons could contribute
to the relationships between subjective experience and physiological responses [71, 74], this
aspect lies beyond the scope of the present research. The validation efforts are therefore
limited to the psychometric evaluations of self-report measures.





2
Conceptualization of pilot

cognitive processes in flight
incidents

To conceptualize the cognitive processes underlying pilot decision-making in unexpected
situations, pilots’ decision-making and actions in two real-world incidents, Loganair Flight
6780 and US Airways Flight 1549 are examined. By analysing pilots’ decision-making
and actions through the lens of the model of startle and surprise, the perceptual cycle
model, and the three-level situation awareness model, this chapter aims to evaluate the
practical strengths and limitations of each cognitive model. In doing so, it sheds light
on how frame/schema activation/modification, stress, and flight experience influence pilot
behaviour in high-stakes environments.
The chapter is structured as follows: Section 2.1 provides an overview of the three cognitive
models. Section 2.2 and Section 2.3 present case analyses of the Loganair Flight 6780 and
US Airways Flight 1549, respectively. A summary of the models and implications for pilot
training are discussed in Section 2.4.
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2.1. Introduction
To better understand the cognitive processing underlying pilot decision-making and actions
that may contribute to or prevent Loss Of Control In-flight (LOC-I), several cognitive models
have been effectively applied to this domain due to their relevance to human cognitive
performance, each with their own emphasis and target applications.

This chapter focuses on three cognitive models, the Landman model of startle and
surprise [35], the perceptual cycle model [62] and the three-level situation awareness model
[63]. We explore their applicability to two real-world aviation incidents, to illustrate how
these frameworks capture different facets of pilot cognition and decision-making. These
models have been widely employed in the literature to analyse pilot decision-making and
actions, including the identification and interpretation of cognitive errors [35, 75, 76].

It is worth noting that all three models contain a similar cognitive structure called frame
or schema (or the plural form as schemata). The frame in the model of startle and surprise
is presented as:

“an explanatory structure that defines entities (data) by describing their
relationship to each other" (Pages 118-120 [77])

While, the definition of schema in the perceptual cycle model is considered as:

“an organized mental pattern of thoughts or behaviors to help organize world
knowledge" (Page 230 [62])

From the perspective of obtaining and maintaining situation awareness, schemata in the
three-level situation awareness model are defined as:

“coherent frameworks for understanding information, encompassing highly
complex system components, states, and functioning" (Page 317 [78])

In general, frame synthesizes concepts from schemata, mental models, scripts, and other
types of knowledge structures in long-term memory. These structures represent both generic
and context-specific situations, including how things work, how events are sequenced, and
indicate which actions and behaviour are appropriate. In the model of startle and surprise,
frames modification (i.e., re-framing) is triggered by the mismatch between expectations
and environment cues [11] and are further shaped by the sensemaking process [79–81].
The three-level situation awareness model emphasizes schema activation based on pattern
recognition. The perceptual cycle model does not explicitly account for any mechanism
underlying schema modification. Nevertheless, frame and schema share the following
characteristics in the analysis of pilot decision-making and actions:

1. Cognitive structures guide how individuals perceive information.

2. Cognitive structures influence how individuals interpret and integrate information.

3. Cognitive structures can be activated through pattern-matching between environmen-
tal cues and elements within an internal model (e.g., connecting data with a frame).

4. Cognitive structures can be activated through situation comprehension.

5. Cognitive structures are formed through past experiences and prior knowledge.

6. Cognitive structure are dynamic and can be expanded or modified over time.
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This chapter aims to evaluate the potential merits and limitations of applying cognitive
models to pilot decision-making and actions in aviation operational contexts, and to outline
potential implications for pilot training.

2.1.1. Model of startle and surprise
The Landman model of startle and surprise [35] conceptualizes pilot performance as a
dynamic process influenced by physiological startle and cognitive surprise, and the guidance
of cognitive frames. As shown in Figure 2.1, the model emphasizes the distinction between
startle and surprise, concepts which are often used interchangeably in aviation literature
[19]. The model draws upon the data-frame theory of sensemaking [77] and the cognitive-
psychoevolutionary model of surprise [30].

Frames can be represented in various meaningful forms, such as stories, maps or organi-
zational diagrams, guiding both sequential and parallel cognitive processes. The model of
startle and surprise poses that the information processing is directed by active frames. When
an hypothesis derived from active frames aligns with perceived information, highly auto-
matic and low-effort information processing will be triggered (i.e., fast appraisal). However,
if a mismatch arises that exceeds a relevance threshold [30, 82], the individual experiences
surprise, prompting the need to update or modify the active frame (i.e., reframing).

The reframing process is cognitively demanding and is characterized by switching from
a fast, automatic appraisal loop to a slower, more deliberate processing loop. The slow
appraisal involves sensemaking activities [77] and knowledge-based reasoning [83] to in-
terpret the cause of the mismatch between the observed data and expectations. In addition
to resolving inconsistencies, slow appraisal enables anticipation of potential challenges,
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Figure 2.1: Landman model of startle and surprise [35].
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supporting decision-making and effective actions. In the model, frames are positioned “be-
hind” the perception-appraisal-action cycle rather than being embedded within it, signifying
that frames influence the cycle to varying extents. When reframing is initiated, previously
inactive frames are activated as hypothetical or tentative structures, which need to be tested
in the slow appraisal loop.

The startle response typically includes the startle reflex, which is a physical reflex to
intense stimuli [19], and the appraisal of the potential threatening stimulus [84]. These
processes are mediated by two distinct neural pathways, the subcortical and cortical routes
[85]. The subcortical pathway is rapid and automatic, transmitting sensory information
unconsciously from the thalamus to the amygdala. This route is also responsible for initiating
the “fight or flight” response, a rapid hormonal and autonomic response to potential danger
[23]. In contrast, the cortical pathway, often referred to as the slow pathway, involves more
complex processing within the hippocampal and cortical circuits. It requires additional
synaptic transmission and conscious awareness, enabling a more refined appraisal of the
stimulus, albeit with a longer latency [86]. Moreover, the intensity of startle response can
be heightened under condition of fear or stress, known as fear-potentiated startle [23].

2.1.2. Perceptual cycle model
The perceptual cycle model (PCM) is a cognitive and decision-making model [62], grounded
in the schema theory [78] and interpretations of information-processing mechanisms. It
comprises three core elements, schema, exploration and world, which interact within both an
inner perceptual cycle circle and an outer exploratory circle, as illustrated in Figure 2.2. The
model proposes that information processing operates in a cyclical manner, where existing
schemata guide exploration, exploration samples information from the environment, and
the information in turn modifies the schemata. The PCM highlights the dynamic, reciprocal
relationships between the external environment and internal cognitive structures.

Schema of 
environment

Present
environment

(available
information)

Perceptual 
exploration

World
(potentially 

available
information)

Individual cognitive 
map of the world

Repertoire
of possible

actions
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Figure 2.2: Perceptual cycle model (adapted from [62]).
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In the inner perceptual cycle, environmental information can trigger the activation of
the schemata, a process typically understood as bottom-up. In contrast to the model of
startle and surprise, the PCM was not designed to account for responses to unexpected
events, and thus does not explicitly distinguish between surprising/startling and routine
situations. The PCM mentions automatic, continuous adjustments of schemata in response
to incoming information, without the explicit involvement of surprise. This also contrasts
with the model of startle and surprise, which centres on cognitive disruption caused by
stimuli. In the PCM, schemata exert a top-down influence on perceptual exploration [87],
guiding how individuals direct attention, interpret environmental cues, and integrate new
information. These perceptual actions, in turn, shape the interaction between the individual
and the environment. The information gathered through exploration is treated as perceptual
samples that contribute to the construction of situational understanding.

The model’s outer cycle represents a more general exploratory process, involving a
broader repertoire of actions aimed at acquiring information not immediately available in
the environment. This process draws on the individual’s broader cognitive knowledge and
understanding of the external world and its possibilities [88].

2.1.3. Three-level situation awareness model
The three-level situation awareness (SA) model, originally proposed for dynamic decision-
making contexts [63], conceptualizes SA as an information-processing framework (Fig-
ure 2.3). In this model, situation awareness is defined as a cognitive state of knowledge
achieved through a hierarchical process at three levels. First, the perception of relevant
elements’ status, attributes, and dynamics (Level 1 SA). Second, the comprehension of the
situation based on this perceived information (Level 2 SA). Third, the projection of future
status and behaviour of the elements in the environment (Level 3 SA).

Salient environmental characteristics are initially processed in parallel through pre-
attentive processing, which provides cues for attention allocation [89] and serves as the
foundation for Level 1 SA. Attention allocation is essential not only for accurate perception
and comprehension of information, but also supporting later decision-making and action
execution. However, the capacity for attentive processing is inherently limited, constraining
an individual’s ability to manage complex decisions or multitask effectively in dynamic
environments. To mitigate potential overload from attention demands, strategies such as
information sampling [90], physiological arousal mechanisms [91], and automaticity [92]
have been suggested.

In the three-level SA model, schemata function as essential long-term memory structures
that can be activated by salient environmental cues, guiding the selection of information to
be perceived. Scripts, derived from schemata, represent sequenced, schema-based patterns
of appropriate decision-making and actions [93]. These scripts allow individuals to respond
automatically to familiar situations, eliminating the need for deliberate action planning at
every iteration of the cognitive cycle. Schemata and scripts are dynamic and can be updated
based on feedback from actions, provided that the feedback is accurately perceived and
interpreted. The core processes of situation awareness all occur within working memory,
encompassing the perception of environmental information, comprehension of its integrated
meaning, projection of future states of relevant elements.

Building on the three-level situation awareness model, SA could be influenced by a
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Figure 2.3: Three-level situation awareness model (adapted from [63]).

complex combination of individual, system, and task-related factors. At the individual level,
attributes such as prior experience, training, cognitive capacity, and goals significantly shape
the effectiveness of one’s ability to perceive, comprehend, and project information. System
design elements, such as interface design, automation level, information accessibility, and
workload, play a critical role to support or hinder SA. Additionally, task-related factors, such
as stress, time pressure, and task complexity impose cognitive burdens that compromise SA,
particularly in high-stakes environments.

To obtain more insights into the differences between these models and their potential
application in analysing pilots’ decision-making and actions in startling and surprising
situations, the three models were applied to examine two real-world aviation incidents,
Loganair flight 6780 [94] and US Airways flight 1549 [95]. These two incidents were
selected because they involve distinct cognitive processes, and in both cases, the flights were
successfully recovered by the pilots.

The analyses in the following sections are based on official investigation reports. Some
inferences concerning the pilots’ internal cognitive or affective states are necessarily inter-
pretive. These interpretations are guided by the introduced theoretical frameworks, and are
intended as plausible reconstructions rather than psychological conclusions.
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2.2. Loganair Flight 6780
2.2.1. Synopsis
On 15th December 2014, a Saab AB 2000 was inbound to land on Runway 27 at Sumburgh
Airport following a routine flight from Aberdeen. During the approach phase at an altitude
of 2,000 ft, the aircraft was struck by lightning (indicated by the vertical dashed line on the
left in Figure 2.4). In responses, the captain aborted the approach, and initiated a climb using
nose-up pitch trim and manual pitch inputs. However, during the climb, the captain noticed
that his pitch control inputs did not produce the expected aircraft response. Upon reaching
4,000 ft, the pitch attitude suddenly shifted toward a nose-down orientation, initiating a rapid
descent with a peak rate of 9,500 ft/min. Although the captain applied maximum manual
control input in an attempt to recover due to the control forces he felt were higher than
normal, the airplane continued to pitch nose-down and descend. The descent was finally
stopped, and the aircraft began to climb again when it reached just 1,100 ft above sea level.

It turns out that the unique design of the Saab 2000’s autopilot system prevented both
the lightning strike and the captain’s manual pitch inputs from disengaging the autopilot.
It was later determined that the abnormal control forces experienced by the captain were
caused by the autopilot continuously counteracting his inputs. At the time of the lightning
strike, the autopilot was engaged in both heading select and altitude hold modes, which
commanded the pitch trim to maintain the preselected altitude of 2,000 ft. The autopilot
remained engaged until the aircraft descended to 1,100 ft, at which point an unintended Air
Data Computer (ADC) fault triggered autopilot disengagement. Only then did the captain’s
nose-up pitch trim inputs take effect, allowing the aircraft to recover.

At the time of the incident, the captain had accumulated 4,640 flight hours on the Saab
340 and only 143 flight hours on the Saab 2000, a stretched derivative of the Saab 340.
Despite their visual similarity, this generation upgrade from the Saab 340 to the Saab 2000
introduced substantial changes in aircraft systems and performance. Notably, one of the most

Figure 2.4: Relevant flight data from Loganair 6780 (adapted from [94]).



2.2. Loganair Flight 6780

2

21

critical differences is that, in the Saab 2000, neither force applied to the control column
nor pitch trim inputs can override the autopilot. During previous training on the Saab
340, the captain had completed a Line-Oriented Flying Training (LOFT) exercise involving
a simulated lightning strike that triggered a temporary loss of engine-driven generators,
resulting in automatic autopilot disengagement. However, after transitioning to the Saab
2000, the captain had neither encountered an actual lightning strike nor received any training
scenarios involving such an event in the context of the new model.

2.2.2. Thematic analysis
Model of startle and surprise
The Loganair Flight 6780 incident illustrates how high levels stress could impair cogni-
tive performance, which leads to cognitive tunnelling [96], inattentional deafness [97] and
disruptions in the reframing process [98]. These effects are consistent with research indi-
cating that evaluated stress narrows the range of perceptual cues, resulting in a constricted
attentional field [10, 90, 99–101].

From the perspective of the model of startle and surprise, the simulated lighting strike
training for the Saab 340 may have contributed to a frame on lightning strike effects that is
not applicable to the Saab 2000. The captain might assume that a lightning strike would:
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1) lead to autopilot disconnection, as he experienced during the Saab 340 training, and
2) potentially cause system damage, an expectation which was reinforced by the abnormal
control forces. This incorrect frame could have been corrected (i.e., reframe) by cross-
checking cockpit instruments to assess the actual status of the aircraft. In this case, a visual
“mistrim” caution message on the Primary Flight Display (PFD), accompanied by single
aural chimes, indicating that the autopilot remained engaged while the pilot was exerting
manual control in opposition to the autopilot’s pitch servo. Ideally, such cues should have
prompted the pilot to reconsider the situation.

However, if the captain’s active frame assumed that the autopilot was indeed discon-
nected, there may have been no impetus to allocate additional cognitive resources to reading
information on the PFD [90], leading to the inadvertent filtering of conflicting cues. Fur-
thermore, if the captain believed that the flight path was unmanageable due to presumed
system damage, his attention was likely to be directed toward resolving the perceived issue
rather than reassessing the autopilot engagement.

The high level of stress may have further impaired the captain’s ability to reframe the
situation. During the initial approach, the air traffic controller (ATCO) informed the flight
crew that the antenna for ATIS1 at Sumburgh had been struck by lightning. This message
may have reinforced preconceptions that lightning could be encountered, thereby increasing
the stress levels. According to the flight crew’s recollection, the captain reported that his
briefing following the communication with ATCO included considerations for dealing with
a potential lightning strike. While the briefing probably increased the crew’s preparedness,
it may also have elevated their stress levels (Number a in Figure 2.5).

The lightning strike might have triggered a startle response due to both its sudden
loudness and brightness. The fear-potentiated startle may have been exacerbated by pre-
existing stress related to the weather conditions. The intensified startle reaction (Number b ),
combined with the perceived threat of the lightning strike (Number c ), might in turn
contribute to a heightened stress level [23]. Additionally, the aircraft’s lack of responsiveness
to control inputs, resulting in the inability to manage the flight path, may further elevate the
captain’s stress (Number d ).

Taken together, stress arising from the ATCO advisory, the lightning-induced startle,
the perceived threat, and the loss of flight path control might have significantly impaired
the perception of display cues and aural alerts (Number e ) and the reframing process
(Number f ). In summary, the application of the model of startle and surprise on the
Loganair 6780 case could suggest that the cognitive processes involved in responding to the
startling stimulus are highly susceptible to the effects of stress, increasing the likelihood of
cognitive failures and impaired decision-making.

Perceptual cycle model
From the perspective of the perceptual cycle model, Figure 2.6 illustrates the possible logical
causal relationships between the captain’s actions and environment inputs in the Loganair
6780. The primary cause of the incident was the captain’s misjudgment regarding the
engagement status of the autopilot system. This misjudgment likely resulted from a discrep-
ancy between the encountered situation and the captain’s prior training and experiences.
The captain appeared to have initially activated an incorrect schema related to the autopilot
1ATIS stands for Automatic Terminal Information Service.
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Figure 2.6: Perceptual cycle model (adapted from [62]) annotated to show inferred causal relationships between
the captain’s actions and environment inputs in Loganair 6780 (Arabic numerals refer to processes associated with
the incident, as described in the text).

system through a data-driven pattern-matching process, likely triggered by the ATCO’s pre-
liminary warning about the weather conditions, and reinforced by the subsequent lightning
strike (Steps 1 to 3 in Figure 2.6). During his Saab 340 training, the captain had devel-
oped an understanding of how lightning strikes typically affected aircraft systems. When the
lightning strike occurred during the actual flight in a Saab 2000, he may have assumed that
the autopilot system had disconnected, reflecting expectations shaped by his prior training
experience. However, the real-world situation diverged from his prior experiences. Al-
though the aircraft was struck by the lightning, it had no impact on aircraft performance, and
the autopilot remained engaged. This resulting situation, partly novel due to the unexpected
autopilot behaviour and partly familiar based on prior training and experiences, may lead
the captain to activate an inaccurate schema regarding the autopilot’s status. The captain’s
inaccurate schema subsequently resulted in inappropriate decision-making and actions, as
illustrated from Steps 3 to 4 in Figure 2.6. Believing incorrectly that the autopilot had
disengaged, the captain manually intervened with flight controls (Step 4 in Figure 2.6) and
then perceived abnormal forces from the control column (Step 5 in Figure 2.6).

The captain’s limited experience with the Saab 2000 could prompt him to activate an
inaccurate schema regarding the abnormal forces felt through the control column (Steps 5
to 6 in Figure 2.6). He misinterpreted these abnormal forces as indicative of a flight control
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malfunction triggered by the lightning strike. In reality, the unnatural forces were due to the
autopilot actively counteracting his manual inputs. The captain demonstrated a tendency
to selectively seek information that confirmed his expectations, known as confirmation
bias [102], and to be unresponsive to evidence contradicting his established beliefs (i.e.,
anchoring heuristic [103, 104]). In this case, the captain maintained a preconceived notion
that the lightning strike had compromised the aircraft, causing the autopilot to disengage
and result in flight control malfunctions. Thus, the schema concerning the flight control
malfunction could misdirect his perceptual exploration, causing him to overlook critical
visual and auditory warning cues (Steps 6 to 7 in Figure 2.6).

Applying the perceptual cycle model to this incident highlights its explanatory strengths
and limitations in the context of human-environment interactions under complex operational
conditions. The model effectively captures the causal relationships between environment
cues and schema activation, which in turn shapes perception and guides exploratory be-
haviour. However, a key limitation lies in its lack of an explicit account for cognitive and
affective responses, particularly acute stress triggered by startle. Such responses could tran-
siently impair cognitive functioning, disrupt schema-guided perception, and hinder effective
interaction with the environment in high-stakes, critical situations.

Three-level situation awareness model
Figure 2.7 illustrates the way to interpret the Loganair 6780 with the three-level situation
awareness model. The cues from the lightning strike together with the advisory from
ATCO were possibly matched to the schema, in which a lightning strike could cause system
failures and lead to autopilot disengagement (Number I in Figure 2.7). The schema,
likely established during the captain’s Saab 340 training, may have been retrieved from
long-term memory. The captain’s incorrect interpretation of the environmental information
appeared to have been influenced by the activated schema and its associated scripts. The
captain responded with a manual nose-up pitch input (Numbers II in Figure 2.7). He also
allocated a disproportionate share of attentional resources to executing control actions. This
narrowed attentional focus limited his capacity to perceive other critical information, such as
cues from the mode control panel which could have corrected his misjudgment regarding the
autopilot’s status. However, the captain’s pitch control input did not produce the expected
aircraft response, and the aircraft continued to descend (Numbers III in Figure 2.7).

Unlike the other two models, the three-level situation awareness model offers a valuable
lens for analysing pilots’ decision-making from the perspective of SA and attention distribu-
tion. Incomplete perception and inaccurate comprehension of real-time information could
undermine SA, hindering the captain’s ability to form an accurate mental representation of
the system state. When the captain encountered abnormal control forces through the control
column, he misinterpreted it as flight control malfunctions due to the lightning strike. The
lack of expected feedback upon this input from the aircraft further reinforced his belief that
the lightning strike had severely affected the aircraft and manual intervention was required,
deepening the mismatch between his mental model and the actual system state.

Given the limited capacity of attention resources, the captain allocated more attention
to manual control issues that were driven by stimuli [98]. As a result, less attention was
directed toward task-relevant cues, such as visual and auditory warnings on autopilot status
presented in the cockpit. This over-allocation of attention to aircraft attitude further degraded
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the captain’s overall situation awareness.
Stress, potentially triggered by the captain’s uncertainty or a startle response (Num-

bers IV in Figure 2.7), may have disrupted the process of building and maintaining situation
awareness, impairing attentional control [98, 101], reducing working memory capacity [36,
105], and interfering with effective pattern-matching for schema selection.

Notably, the mechanisms of schema modification are not explicitly represented within
the structure of the three-level situation awareness model. While the model of startle and
surprise suggests that stress can hinder interaction within the environment by obstructing
information perception and schema modification (i.e., reframing).

2.3. US Airways Flight 1549
2.3.1. Synopsis
On January 15 2009, US Airways Flight 1549, operated by an A320, departed from La-
Guardia Airport (LGA) and experienced an almost complete loss of thrust in both engines
after encountering a flock of birds. The aircraft was subsequently ditched into the Hudson
River. The bird strike was accompanied by audible thumps and airframe vibrations.

Approximately 12 seconds after the strike, upon realizing the loss of both engines,
the captain assumed control of the aircraft, stating “my aircraft” to which the first officer
responded, “your aircraft”. The first officer initiated the Engine Dual Failure Checklist
and attempted to restart the engines, following the captain’s instruction to “get the QRH2

loss of thrust on both engines”. Simultaneously, the captain communicated with LaGuardia
Departure Control to identify a feasible landing site. The LaGuardia Departure controller
stated, “if we can get it for you do you want to try to land runway one three [in Teterboro

2QRH stands for Quick Reference Handbook.
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Figure 2.8: Passengers standing on the wings of US Airways Flight 1549 after its emergency landing in the Hudson
River. Source: [106].

Airport (TEB)]” to which the captain responded, “we’re unable. We may end up in the
Hudson”. After evaluating the situations, the captain ultimately chose the water landing,
which was successfully executed (Figure 2.8).

At the time of the incident, the captain had accumulated 19,663 flight hours, including
4,765 hours on the A320, and also had prior military flying experience. His flight simulator
training included dual-engine failure scenarios, however, these did not encompass failures
resulting from bird strikes. Standard dual-engine failure training for the A320 typically oc-
curs at cruising altitudes around 25,000 feet, in accordance with Airbus recommendations
and industry norms. At such altitudes, pilots have sufficient time to assess the situation,
determine a landing location, and complete required checklists. Under these training con-
ditions, pilots are also able to maintain the aircraft at the optimum relight airspeed of
approximately 300 knots before deciding on an emergency landing strategy. Additionally, in
all training scenarios, it was assumed that at least one engine could be successfully restarted,
meaning that pilots never reached the point of having to execute a forced landing or ditching.
While the flight crew received theoretical instruction on ditching procedures during ground
school, practical ditching scenarios were not included in the simulator training curriculum.
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2.3.2. Thematic analysis
Model of startle and surprise
US Airways Flight 1549 may serve as a compelling example of how extensive experience
and training influence the selection and execution of decision-making and actions guided by
an adaptive frame under startling and surprising situations (see Figure 2.9). After observing
a flock of birds through the windshield, the captain immediately called out “Birds” and
noticed a change in engine noise and frequency. The crew was likely startled by the bird
strike, as suggested by the first officer’s spontaneous remark, “uh oh”. However, the captain’s
subsequent actions suggest a rapid recovery from the initial startle and surprise responses,
likely supported by his previous experience. He appeared to shift attention to the Engine
Indicating System and to initiate perceptual and cognitive appraisal processes to assess the
situation. Through more deliberate, reflective appraisal, he subsequently recognized that
both engines had lost thrust resulting from the bird strike.

The unexpected dual-engine failure caused by a bird strike likely elicited a surprise
response, prompting the captain to reframe the situation, from managing a routine climb in
a normally functioning aircraft to confronting a dual-engine failure situation (Number a in
Figure 2.9). This cognitive shift of frame may have facilitated the captain’s rapid assessment
of the emergent scenario, his communication of feasible landing options with the LaGuardia
departure controller, and his coordination with the first officer in executing the Engine Dual
Failure Checklist. The potential alternatives included returning to LaGuardia (“...Cactus
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fifteen thirty-nine, hit birds. We’ve lost thrust in both engines. We’re turning back towards
LaGuardia”), diverting to Teterboro Airport, (a response to “you wanna try and go to
Teterboro?”), and ditching in the Hudson River (“we’re gonna be in the Hudson”). After
evaluating the aircraft’s position, heading, altitude, and sink rate, the captain determined
that ditching in the Hudson to be the safest course of action.

The bird strike and sudden loss of thrust in both engines at low altitude likely elicited
startle and surprise responses in the captain, given the abruptness and severity of the event.
Combined with intense time pressure, these factors created conditions typically associated
with elevated stress levels, which may have disrupted with cognitive processes such as slow
appraisal and reframing. However, the captain’s extensive experience and apparent sense of
control over the situation may have mitigated the cognitive impairments typically associated
with high-stress conditions [107]. Notably, the captain’s substantial flight experience,
comprising 4,765 hours as pilot-in-command in A320 and military experience, combined
with training on dual-engine failures and ditching scenarios, likely contributed to his ability
to assess the situation and to take appropriate actions within an adaptive frame. The captain
also explicitly acknowledged the role of experience in his performance, stating: “...I’ve been
making small regular deposits in this bank of experience: education and training, and on
January 15, the balance was sufficient so that I could make a very large withdrawal.” [108].

The case of US Airways Flight 1549 illustrates that the reframing process, as outlined
in the Landman model of startle and surprise, could be triggered by sudden and unexpected
events. More importantly, it demonstrates that flight experience and training could signifi-
cantly influence decision-making and actions, enabling the individual to make sense of the
situation and respond effectively under extreme time pressure.

Perceptual cycle model
Figure 2.10 indicates the interaction between captain’s exploration and the environment, as
represented within the framework of the perceptual cycle model. This interaction was likely
guided by a schema related to the dual-engine failure. After the pilots noticed the birds
strike, a noticeable reduction in engine noise and frequency, and engine-related numerical
changes on the dashboard, the captain quickly identified the situation as a dual-engine failure
(Steps 1 to 3 in Figure 2.10).

Although the captain had received dual-engine failure training in A320 simulators, the
context of the real-world event differed from the training scenarios. In this case, the dual-
engine failure caused by the bird strike occurred at an altitude of only 2,818 ft, considerably
lower than the 25,000 ft typically applied in a simulator training. After the bird ingestion, the
aircraft’s maximum airspeed was 214 knots, making it impossible to maintain the prescribed
300 knots or to strictly follow the procedures in the QRH.

Rather than adhering mechanically to the checklist, the captain appears to have integrated
his existing schema with real-time situation assessment. He initially followed prescribed
procedures by completing engine ignition (Step 4 ) and activating the APU3 (Step 5 ).
However, he then bypassed the procedural step of achieving optimal airspeed and instead
immediately coordinated with ATCO to identify a viable landing location (Steps 6 to 11 ).
When it became evident that an emergency landing on the Hudson River was the only viable
option, the captain appears to have drawn upon a ditching schema for situations without
3APU stands for Auxiliary Power Unit.
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engine power (Steps 11 to 12 ). This schematic knowledge may have supported his ability
to carry out the water landing (Steps 12 to 13 ).

This case underscores a limitation of the perceptual cycle model, which does not explic-
itly account for factors that may influence schema activation. For example, in the Loganair
incident, the pilot’s limited experience and training on the specific aircraft type may have
led to the activation of an inaccurate schema and the execution of inappropriate actions.
In contrast, the captain of US Airways Flight 1549, drawing on his extensive experience,
was likely able to rapidly activate accurate schemata and make practical, adaptive decisions
beyond the constraints of standard procedures.

Three-level situation awareness model
From the perspective of situation awareness, the US Airways 1549 could underscore the
importance of maintaining a high level of situation awareness for making effective decisions
in startling and surprising situations (Figure 2.11). An accurate schema may have been
rapidly activated after the captain perceived and categorized critical environmental cues
into a coherent mental representation, such as a flock of birds visible through the windshield
and a noticeable decrease in engine noise and frequency (Number I in Figure 2.11).

Guided by the activated schema, the captain appeared to focus selectively on relevant
information from the engine instruments and the PFD. This perception of key system infor-
mation likely supported Level 1 SA. The captain appeared to integrate these perceived data
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into a comprehensive picture of the aircraft condition, reflecting Level 2 SA, including the
knowledge of the aircraft’s position, altitude, airspeed and engine status. This understand-
ing, possibly shaped by the activated dual-engine failure schema, supported the recognition
that the standard checklist could not be applied under the given conditions.

To determine the most appropriate landing site, the captain appears to have projected
the aircraft’s future state under different landing strategies (Level 3 SA). This projection
was likely informed by his perception and comprehension of environmental information
(Number II in Figure 2.11). He considered three potential options, each associated with
distinct risks. Returning to LGA was deemed unfeasible due to the aircraft’s current sink
rate. The captain assumed that he would not be able to line up the aircraft with the runway
or might risk collapsing the landing gear, potentially resulting in a post-crash fire. Similarly,
a forced landing at TEB was dismissed, as the aircraft’s altitude and airspeed were too low
to land safely. In contrast, the Hudson River appeared to be a viable option. Its length,
width, and smooth surface offered a realistic chance for a successful water landing. After
rapidly projecting the potential outcomes of each options within the limited time available,
the captain chose and executed the ditching on the Hudson River (Number III in Figure 2.9).

In addition to guiding the formation of situation awareness in the dynamic environment,
the activated schema may have activated relevant scripts. These scripts provided a framework
for action, including taking over the aircraft, contacting the ATCO, coordinating with the first
officer, and performing the ditching. The captain’s extensive experience and training likely
supported the integration and comprehension of information, particularly under conditions
of extreme time pressure and stress. Through flight training and accumulating experience,
he may have developed a repertoire of schemata and associated scripts for a wide range of
potential scenarios. This knowledge base, combined with a strong pattern-matching ability,
may have enabled him to recognize and respond to unfolding events with efficiency.

Overall, a high level situation awareness may have enabled the captain to comprehend
information in an integrated form and accurately project the aircraft’s future state under
different strategy, probably guided by an activated schema and associated scripts. His
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extensive experience and training may have further supported this process by facilitating
rapid pattern-matching and information integration under intense time pressure [109, 110].

2.4. Discussion
The captain’s decision-making and actions in the incidents involving Loganair Flight 6780
and US Airways Flight 1549 have been analysed through the lens of three cognitive models.
Each model is rooted in broader theories of cognitive functioning, yet emphasizes distinct
aspects. The model of startle and surprise incorporates the effects of startle and surprise into
the perception–appraisal–action loop. The model particularly describes the effect of startle
and surprise on perception, appraisal and actions guided by active frames. It highlights the
process of frame modification (i.e., reframing) triggered by mismatches between perceived
information and the active frame. However, the model does not account for the initial frame
selection process, which is essential in situations where no surprise occurs. Additionally,
the model does not depict the possibility of multiple perception–appraisal–action loops that
may emerge when hypotheses derived from several potential frames are compared [111].

The perceptual cycle model offers a process-oriented framework that causally explains
how internal schema interact with environment information in a cyclical manner, and how
exploration emerge from the activated schema. Its elegance lies in its conceptual parsimony,
as it omits the influence of external factors such as stress or fatigue. However, unlike the
other two models propose bi-directional interactions between schema/frame and cognitive
processes like perception and comprehension or appraisal, PCM presents the influence of
schema as a one-directional process. As a result, it does not clearly differentiate between
schema selection through pattern-matching and schema modification based on information
processing. Furthermore, schema selection or modification driven by internal factors, such
as individual experience also appear to be absent from the model.

The three-level situation awareness model integrates the role of situation awareness,
working memory, long-term memory and attention into the decision-making process. Be-
sides, the influence of internal as well as external factors affecting these cognitive compo-
nents can be inferred directly. Unlike the perceptual cycle model, the situation awareness
model does depicts schema selection. However, it does not explicitly account for potential
schema modification at Level 2 or Level 3 SA. The schema serves only to guide compre-
hension and projection at these levels, without accounting for the possibility of schema
modification based on the evolved level of SA. This stands in contrast to the model of startle
and surprise, whose premise is that higher levels of SA (i.e., slow appraisal) are vulnerable
to the effects of stress. Consequently, schema selection or reframing processes that depend
on these levels may be significantly hindered under stress circumstances.

The application of different cognitive models has revealed distinctions with implications
for training practices. In particular, sensemaking in response to startle and surprise can be
categorized into two distinct processes. The first involves rapid pattern-matching, where
perceived information is quickly aligned with existing schema. Through this mechanism,
individuals recognize the situation and associated action possibilities based on prior expe-
rience and knowledge. Training interventions that support this capability include repeated
simulator exposure to varied scenarios [112], the review of past occurred incidents in a sim-
ulated environment, and didactic approaches that encourage exploratory or problem-based
learning [113]. However, this form of sensemaking may lead to errors when training sce-
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narios are overly stereotyped, with unrelated events consistently co-presented, potentially
distorting pattern recognition [114].

The second encompasses more deliberate, conscious cognitive processes, such as eval-
uating potential options, projecting outcomes, or systematically applying troubleshooting
procedures. Target training should focus on enhancing pilots’ conscious knowledge and
meta-cognitive skills. This may include the use of memorized mnemonic strategies for
managing stress [115], as well as theoretical instruction or stress exposure training designed
to improve stress recognition and coping abilities [116, 117].
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Building on the theoretical insights from Chapter 2, in this chapter, it is investigated if
and how personality traits and flight experience influence pilots’ cognitive and affective re-
sponses. The responses of startle and surprise are collected across seven in-flight startling
and surprising scenarios conducted in motion-based simulators. The analysis draws on a
dataset comprising 89 airline pilots across four experimental studies. The measured per-
sonality traits include trait anxiety, decision-related action orientation and failure-related
action orientation. The pilot’s self-report responses, perceived startle, surprise, stress, and
mental workload, are standardized by obtaining Z-scores for each scenario.
Section 3.1 outlines the relevant personality traits, and summarizes the findings from prior
research regarding their influence on performance under stress circumstances, which lead to
the hypotheses investigated in this chapter. Section 3.2 details the research design and data
analysis methods, followed by a presentation of results in Section 3.3. Section 3.4 discusses
the theoretical and practical implications of the findings, addresses the limitations, and
offers recommendations for future research.

The contents of this chapter have been published as: J. Chen, A. Landman, O. Stroosma, M. M. van Paassen, and
M. Mulder. “The Effect of Personality Traits and Flight Experience on Pilots’ Cognitive and Affective Responses
to Simulated In-Flight Hazards”. In: Aviation Psychology and Applied Human Factors 14.2 (2024), pp. 104–113.
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3.1. Introduction
Individuals exhibit considerable variability in their perception and response to stressful
stimuli [118], which could affect their ability to perform under stress. Neuroticism, one
of the Big Five personality traits, is characterized by emotional instability and sensitivity
to negative emotions [119]. This was found to be strongly related with severity of the
startle reflex [120], symptoms of prolonged state anxiety [121], psychological stress [122],
and impaired decision-making performance under pressure [123]. Conscientiousness, the
Big Five personality trait of being responsible, diligent and careful [119] was found to
be positively correlated with electrodermal stability when pilots encountered social stress
[124]. Not surprisingly, a combination of low Neuroticism and high Conscientiousness has
shown to be a favorable personality profile when it comes to coping with stress [125].

Compared to Neuroticism, trait anxiety represents a more specific facet of sensitivity to
negative emotions, as it reflects a consistent tendency to appraise situations as threatening
and to respond with heightened stress [126]. A meta-analysis found that pilots exhibiting
low levels of both Neuroticism and trait anxiety were more likely to succeed in military
aviation training, although additional factors are likely involved [127].

Another more specific trait than Neuroticism and Conscientiousness, which could be
relevant to pilot performance in startling and surprising situations, is trait self-control.
This is defined as one’s ability to alter or override dominant response tendencies and to
regulate behaviour, thoughts and emotions [128]. Trait self-control is associated with
stress-reducing coping styles [129]. Individuals with high trait self-control strength are able
to achieve desirable responses and inhibit undesirable responses, and are more successful in
achieving their goals [130]. Kuhl developed measures for action and state orientation. Action
orientation refers to the tendency to detach from irrelevant concerns, initiate goal-related
actions more effectively, and more persistently focus on tasks until these are completed. In
contrast, state orientation refers to the tendency to be distracted by alternative goals and
affective states, and have difficulty in initiating actions to achieve goals. Highly action-
oriented individuals were found to show increased down-regulating of stress and were able
to maintain more control over behaviour and attention in demanding situations [132–135].

The current chapter focuses on the effects of trait anxiety and self-control on pilots’
cognitive and affective responses to startling and surprising events. These traits could be
highly relevant, as these may affect pilots’ stress, and coping mechanisms in high demanding
situations. Flight experience may also be an important mitigator, therefore it is included
in the analysis. More insights into these relationships is useful for the development of
personalized training interventions for pilots. Three hypotheses were formulated:

H1: Higher trait anxiety is positively correlated with pilots’ perceived startle and stress in
simulated in-flight emergency events, due to increased sensitivity to threat.

H2: Higher action orientation is negatively correlated with pilots’ perceived startle, sur-
prise, stress and mental workload, due to an increased focus on tasks and goals and
less on emotional states, and distractions.

H3: More extensive flight experience is negatively correlated with perceived startle, sur-
prise, stress and mental workload, as unexpected situations would be less novel for
pilots, less demanding, and therefore less threatening.
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The second, more exploratory goal of the current chapter is to analyse the relationships
between pilots’ perceived surprise, startle, stress and mental workload during simulated
startling and/or surprising events. Insights into the strength of these relationships are useful
to better understand the processes associated with the responses of startle and surprise, and
for the development of measuring instruments for startle and surprise. Three additional
hypotheses were formulated and tested for this second objective:

H4: Startle was hypothesized to be positively correlated with stress, as startle is expected
to initiate a generalized stress response.

H5: Perceived mental workload was hypothesized to be positively correlated with stress,
as highly perceived demand is likely to induce stress, and because stress may cause
the mobilization of more mental effort.

H6: Perceived surprise was hypothesized to be positively correlated with perceived mental
workload, as solving a mismatch following surprise is expected to be effortful.

3.2. Method
3.2.1. Participants
The dataset was established from four previous experiments, which involved a total of 89
commercial airline pilots. These experiments will be referred to as Study 1 [4], Study 2
[112], Study 3 [115], and Study 4 [136]. The relevant characteristics of all participating
pilots are summarized in columns 2 to 4 in Table 3.1. All participants were required to hold
a valid commercial pilot license. All studies complied with the tenets of the Declaration of
Helsinki and informed consents were obtained from all participants.

3.2.2. Tasks and apparatus
An overview of the test scenarios is shown in Table 3.2. More detailed descriptions of the
apparatus, tasks and conditions can be found in the respective publications. All tasks were
performed in motion-base simulators, namely the Desdemona flight simulator in Study 1 and
the SIMONA Research Simulator in Studies 2, 3 and 4. Experimental procedures included
briefing, familiarization, pre-test, a ground theory session on startle and surprise (only for
Studies 3, 4), a training session (only for Studies 2, 3, 4), a test session and a debriefing.

Table 3.1: Characteristics of the participants.

Study Number of
participants

Age (years)
Mean (SD)

Flight hours (hrs)
Mean (SD)

Study 1 20 36.3 (7.9) 6,987 (3,804)

Study 2 20 41.2 (8.7) 8,441 (5,467)

Study 3 24 38.5 (12.0) 7,358 (5,580)

Study 4 25 43.2 (9.2) 9,930 (6,281)
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Some studies divided participants in an experimental group and a control group (Studies 2,
3 and 4), but since no significant effects of these treatments were found on the dependent
measures for the current chapter, participants in these studies are regarded as one group.

During the briefing, participants were instructed about the flight tasks, the aerodynamic
model, the simulator and its features. After this, they completed questionnaires on de-
mographic information, flight experience and personality traits (see Section 3.2.3). In the
training session for Study 2, participants in the experimental group were required to com-
plete tasks under more variations in the mixed order, which includes various wind directions,
wind strengths, and malfunction timings. The control group repeatedly conducted the same
task under one of the variations and performed task in a more repetitive sequence. During
the ground theory session of Studies 3 and 4, participants in the experimental group were
introduced about the theory of startle and surprise, and the rationale behind the experimen-
tal training intervention. The control group received only the introduction on startle and
surprise. After each test scenario in each study, participants were asked to indicate their
ratings on startle, surprise, stress and mental workload (see Section 3.2.4).
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Table 3.2: Test scenarios and personality traits in four studies.

Study Between-subject
factor Scenario Event description Scale on

personality trait

Study 1 None 1-1 Stall In the presence of a strong tailwind, the pitch
trim was adjusted toward 48% of its
maximum capacity in 3 s.

STAI Form Y-2;
AOF subscale;
AOD subscale

Study 2 High variability and
unpredictability training
session versus low
variability training
session

2-1 Airspeed indicator
failure

2-2 Single engine failure

2-3 Rudder failure

Upon rotation, the indicated airspeed
decreased with 1 kt/s from the actual
airspeed.
When the speed reached 55 kt, thrust in the
right engine dropped in 20 s to 40%.
The rudder effectiveness decreased to 20%
as the pilot rolled out of the turn towards the
downwind leg.

None

Study 3 Training session with the
experimental training
intervention or without

3-1 Flap asymmetry

3-2 False stall warning

3-3 Airspeed indicator
failure
3-4 Mass shift

When selecting Flaps 25, the left flap
remained UP.
When reaching 1,500 ft, a bird struck the
angle of attack vane and the stall warning
appeared.
Same as Scenario 2-1.

Upon rotation, a piece of cargo broke loose
and shifted towards the tail.

STAI Form Y-2

Study 4 Training session with the
experimental training
intervention or without

4-1 Flap asymmetry
4-2 Mass shift

Same as Scenario 3-1.
Same as Scenario 3-4.

STAI Form Y-2;
AOF subscale;
AOD subscale
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Table 3.3: Overview of personality traits and flight hours in four studies.

Study STAI-trait
Mean (SD)

AOD
Mean (SD)

AOF
Mean (SD)

Flight hours
Mean (SD)

Study 1 29.0 (6.2) 9.2 (2.4) 8.2 (3.0) 6,987 (3,804)
Study 2 N/A N/A N/A 8,441 (5,467)
Study 3 27.0 (9.2) N/A N/A 7,358 (5,580)
Study 4 29.1 (5.0) 9.0 (3.0) 8.2 (3.4) 9,930 (6,281)

Note. AOD = decision-related action orientation; AOF = failure-related action orientation;
STAI = State–Trait Inventory; N/A = not available.

3.2.3. Independent measures
An overview of the measured personality traits in each study, and mean values and SDs
obtained in the different samples, is shown in Table 3.3.

Action vs. state orientation
As measures of trait self-control, two subscales of the action control scale (ASC-90) were
used [132], namely: decision-related action orientation (AOD), and failure-related action
orientation (AOF). The third subscale of the ACS-90, on performance-related action orien-
tation (AOP), was not included. This scale relates more to intrinsic motivation to persevere
in tasks, and not to dealing with high demand and threat.

The AOD and AOF each consists of twelve items describing self-regulatory situations.
For each situation, participants indicated which of two alternatives best describes how they
would usually respond: an action-oriented or state-oriented option. To analyse the results,
scores are assigned (1 for action-oriented, 0 for state-oriented) and summed. Higher scores
indicate a stronger disposition toward action orientation, with a score of seven or higher
typically reflecting trait action orientation and a score of six or lower indicating trait state
orientation. Action-oriented and state-oriented individuals have been shown to be equally
well represented in general population [131]. The ACS-90 was reported to have sufficient
construct validity [137] and good internal consistency, Cronbach’s 𝛼 > 0.70 [138].

For the current sample (N = 45 in Studies 1 and 4), the AOD and AOF subscales had
high internal consistency, 𝛼 = 0.844 and 𝛼 = 0.821, respectively. Overall, our sample
significantly scored above the norm on AOD, M = 9.1, 𝑆𝐷 = 2.7, 𝑡 = 4.59, 𝑝 < 0.001, and
on AOF, M = 8.2, 𝑆𝐷 = 3.2, 𝑡 = 7.62, 𝑝 < 0.001, which indicates that pilots in this sample
were considerably more action-oriented than the general population.

Trait anxiety
Trait anxiety was measured by the Y-2 From (Trait scale) of the State-Trait Inventory (STAI;
[139]) in Studies 1, 3, and 4. Trait anxiety is defined as a relatively stable behavioural
disposition to respond anxiously to a wide range of threatening stimuli. Participants were
required to indicate how they generally feel on twenty statements on four-point Likert scales.
In previous studies, Cronbach’s 𝛼 for the scale ranged from 0.86 to 0.95 [140], the test-retest
reliability coefficients were found to range from 0.86 to 0.73 over a retest interval of 20 days
and 104 days, respectively [141].
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For the sample (N = 69 in Studies 1, 3 and 4), the trait anxiety scores, M = 28.3, 𝑆𝐷 = 7.0,
were significantly lower than the general population (i.e., 36.7), 𝑡 = -9.93, 𝑝 < 0.001.

Flight experience
Pilots listed their flight hours on large jet aircraft after briefing.

3.2.4. Dependent measures
Perceived startle and surprise
Startle and surprise were measured in Studies 1, 3, 4 using non-validated 0-10 Likert scales
ranging from 0 (“not at all”) to 10 (“extremely”) by answering the questions: “How startled
were you by [the stimulus]?” and “How surprised were you by [the stimulus]?” ([the
stimulus] was substituted by the potentially startling/surprising event in the scenario). In
Study 2, a nonvalidated 5-point Likert rating scale was used instead to collect responses to
the same questions, with 1 representing “not at all” and 5 representing “extremely”.

Perceived stress
Ratings of acute stress were measured using the anxiety scale [142]. The anxiety scale
applied in Studies 1 and 4 was the 11-point Likert-type version ranging from 0 to 10, while
a continuous visual analogue scale version was applied in Studies 2 and 3. The visual
analogue version scale was 10 cm long horizontal line, with tick marks at 1 cm intervals
labelled 0 and “not at all” at the left endpoint, and 10 and “extremely” at the right endpoint.

Perceived mental workload
In Study 1, mental workload was measured using a unidimensional scale ranging from 0
(“very low workload”) to 100 (“very high workload”) [143]. Considering that the task (e.g.,
stall recovery) required little physical effort, the score was used as an indication of mental
workload. In Study 2, mental workload was rated using the mental demand subscale of
the NASA-TLX [18], a 21-point scale ranging from 0 (“low”) to 100 (“high”). In Studies
3 and 4, the English version of Rating Scale Mental Effort (RSME; [17]) was used as an
indication of perceived mental workload. The RSME consists of a 150 mm line marked
with nine anchor points, each accompanied with a descriptive label indicating a degree of
effort. Participants were instructed to indicate their invested effort by placing a cross on the
continuous line, resulting in a score between 0 to 150.

If participants invest less mental effort than the workload required for completing the
task successfully, mental effort can differ from mental workload. In all four experiments,
however, all pilots declared beforehand that they would do their best to perform well in
the test, which leads us to assume that their invested mental effort coincides with one’s
perceived workload imposed by the task. Similar conclusions were found in NASA-TLX
validation study [18], where the factor “mental effort” was consistently related to overall
workload from single cognitive laboratory tasks to simulations in motion-based simulators.

3.2.5. Statistical analysis
For each of the dependent measures, Z-scores were calculated per participant per scenario.
This means that each score reflects how a pilot responded relatively to other pilots in the same
scenario, and that we corrected for different ranges of different scales. To investigate the
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effects of personality traits and flight hours on dependent measures, the averaged Z-scores
of startle, surprise, stress and mental workload were obtained for each pilot by averaging
scores in different scenarios. Then, we calculated Spearman’s correlations between the
independent measures: STAI-trait, AOD, AOF, flight hours, and the dependent measures:
Z-scores of perceived startle, surprise, stress and mental workload.

With regard to relationships between the dependent measures obtained in the repeated-
measures conditions, the “between and within formulation” [144] was applied. The working
principle of this formulation is that the total sample variances can be decomposed into
within-individual variance and between-individual variance. Both between-individual and
within-individual correlation matrices were obtained from the Z-scores of perceived startle,
surprise, stress and mental workload per participant per scenario.

3.3. Results
3.3.1. Effects of personality traits and flight hours
Table 3.3 shows the averaged AOD, AOF, STAI and flight hours in the four studies. Table
3.4 summarizes the means and SDs of pilots’ responses in each scenario performed in
four studies. The measures show that most of the scenarios were experienced as startling,
surprising, or both, as most of the mean scores are above the midpoint of the scales.

Table 3.5 lists the Spearman’s correlations between STAI-trait, AOD, AOF scores,
flight hours, and the Z-scores of the pilot responses, and Table 3.6 shows the Spearman’s
correlations between STAI-trait, AOD, AOF scores and flight hours. The STAI-trait score
was significantly positively correlated with perceived stress. Pilots with higher trait anxiety
levels reported higher stress with regard to the simulated events. Neither AOD nor AOF
was significantly correlated with the dependent measures. No significant correlations were
observed between flight hours and any of the pilot responses.

Table 3.4: Means and standard deviations of the cognitive and affective responses.

Study Scenario Surprise
Mean (SD)

Startle
Mean (SD)

Anxiety
Mean (SD)

Mental workload
Mean (SD)

Study 1 Scale range [0-10] [0-10] [0-10] [0-100]
1-1 8.0 (1.8) 3.9 (2.1) 3.7 (1.6) 66.0 (15.4)

Study 2 Scale range [1-5] [1-5] [0-10] [0-100]
2-1 3.6 (0.7) 2.9 (1.1) 5.1 (2.1) 67.3 (19.4)
2-2 2.4 (0.6) 2.0 (0.7) 3.6 (2.0) 57.0 (16.7)
2-3 3.2 (1.0) 2.8 (0.9) 5.8 (2.0) 72.3 (14.9)

Study 3 Scale range [0-10] [0-10] [0-10] [0-150]
3-1 6.3 (2.5) 5.3 (2.3) 4.4 (2.1) 56.8 (20.7)
3-2 6.4 (2.3) 7.0 (2.0) 4.2 (2.3) 51.5 (18.8)
3-3 6.3 (2.4) 4.8 (2.5) 3.7 (2.2) 55.1 (20.8)
3-4 7.2 (2.3) 6.3 (2.3) 5.5 (2.1) 69.8 (23.2)

Study 4 Scale range [0-10] [0-10] [0-10] [0-150]
4-1 5.5 (2.2) 4.6 (2.0) 3.7 (1.8) 64.8 (17.8)
4-2 7.2 (1.7) 6.7 (2.0) 5.7 (2.1) 80.3 (16.7)
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Table 3.5: Correlations between STAI-trait, AOD, AOF scores, flight hours, and Z-scores of the cognitive and
affective responses.

Z(Startle) Z(Surprise) Z(Stress) Z(Mental workload)

STAI-trait 𝜌 0.183 -0.048 0.332* 0.188
p 0.132 0.694 0.005 0.122

AOD 𝜌 0.045 0.067 -0.116 -0.019
p 0.771 0.660 0.448 0.899

AOF 𝜌 0.005 0.175 -0.070 -0.115
p 0.975 0.249 0.650 0.452

Flight hours 𝜌 -0.141 -0.095 -0.051 -0.161
p 0.188 0.373 0.638 0.132

* p < 0.05 (2-tailed).

Table 3.6: Correlations between STAI-trait, AOD, AOF scores, and flight hours.

STAI-trait AOD AOF Flight hours

STAI-trait 𝜌 1.000
p -

AOD 𝜌 -0.444** 1.000
p 0.002 -

AOF 𝜌 -0.447** 0.347* 1.000
p 0.002 0.019 -

Flight hours 𝜌 -0.069 -0.035 0.189 1.000
p 0.576 0.821 0.215 -

** p < 0.01 (2-tailed). * p < 0.05 (2-tailed).

The STAI-trait scores were significantly negatively correlated with the AOD and AOF
scores. These results suggest that pilots with higher trait anxiety also tended to have lower
decision-related and failure-related action orientation Moreover, the AOD and AOF scores
were significantly positively correlated. Pilots who were more action-oriented in AOD are
more likely to be action-oriented in AOF, and vice versa.

3.3.2. Correlations between pilot responses
The pooled within-individual correlation matrix is shown in the top panel of Table 3.7.
The within-individual correlation matrix shows the average correlations between four cog-
nitive and affective responses for each pilot. The estimated between-individual correlations
presents the correlations between responses based on the average responses across all pilots,
as shown in the bottom panel of the Table 3.7.

For within-individual correlations, the strongest significant correlations were observed
between Z-scores of mental workload and Z-scores of stress, and between Z-scores of mental
workload and Z-scores of surprise. This means that pilots who rated a certain scenario as
more mentally demanding, also were likely to rate it as more stressful and surprising. For
between-individual correlations, the highest significant correlations were observed between
Z-scores of surprise and Z-scores of startle, and between Z-scores of mental workload
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Table 3.7: Correlation matrices of the cognitive and affective responses.

Z(Startle) Z(Surprise) Z(Stress) Z(Mental workload)

Within-individual correlation matrix
Z(Surprise) 0.316** -
Z(Stress) 0.265** 0.236** -
Z(Mental workload) 0.258** 0.454** 0.469** -

Between-individual correlation matrix
Z(Surprise) 0.673** -
Z(Stress) 0.569** 0.536** -
Z(Mental workload) 0.402** 0.492** 0.695** -

** p < 0.01 (2-tailed).

and Z-scores of stress. This means that pilots who generally scored higher than others on
surprise, also generally scored higher than others on startle, and pilots who scored generally
higher than others on mental workload, also scored generally higher than others on stress.

3.3.3. Missing values
In Study 2, three cases of stress ratings were missing. In Study 4, three scenarios were
presented incorrectly for three respective participants, leading to loss of all their responses’
data in these scenarios. All missing values were replaced by the mean value of the available
responses of the rest of participants in the corresponding scenario. The substituted values
were 2.65% of stress ratings and 1.33% of surprise, startle, and mental workload ratings,
with regard to the total number of data.

3.4. Discussion
For the main objective, in line with hypothesis H1, trait anxiety was found to correlate
significantly and positively with perceived stress during simulated in-flight events. Pilots
with higher trait anxiety experienced more stress during these events. This relationship
supports the basic hypothesis from the Interaction model of stress [145], in that trait anxiety
could interact with the stressful situation (i.e., the unexpected failure) leading to an increase
in acute stress. Given that increased stress could disrupt the balance between a pilot’s
goal-directed and stimuli-driven system [98], it could be more difficult for pilots with higher
trait anxiety to manage their attention effectively.

This finding highlights the importance of personalizing pilot training to individual
differences. For instance, pilots with higher trait anxiety may benefit from specialized
stress interventions, such as repeated exposure to simulated high-stress scenarios, to reduce
sensitivity to unexpected events [146, 147]. No evidence was found, however, that trait
anxiety affected mental workload in the presented situations.

An analysis of pilot performance was considered beyond the scope of the current chapter,
as differences between scenarios made it difficult to standardize and pool pilots’ performance
metrics. In addition, most of the included four studies did not involve a control condition
where baseline measures of pilot performance without startle or surprise were obtained.



3

44 3. Effects of personality traits and flight experience on perceived startle and surprise

Contrary to hypothesis H2, our findings did not indicate that higher action orientation
was associated with lower ratings of startle, surprise, stress, or mental workload in the
scenarios. One possible explanation is that action orientation perhaps did not impact
the pilots’ responses themselves, but instead contributed to better coping mechanisms to
these responses. However, the absence of significant correlations may also be caused by
the homogeneity of our sample (see Table 3.1). The participated pilots exhibited lower
trait anxiety and higher action orientation (both AOD and AOF) compared to the general
population, and standard deviations were relatively small. All participants were active
commercial airline pilots, and they volunteered for a study they knew would assess their
ability to cope with in-flight failures. This self-selection likely resulted in a sample with
generally high action orientation, even relative to the average pilot. Similarly, contrary to
hypothesis H3, we found no significant correlation between flight experience and surprise,
startle, stress, or mental workload. This could indicate the existing non-validated measures
of startle and surprise are lacking in accuracy. And the possible benefit from targeted training
interventions for mitigating effects of high stress, startle or surprise could be obtained for
both novice and experienced pilots.

For the secondary objective, in line with hypotheses H4, H5 and H6, significant corre-
lations were found between all dependent measures, both within individuals and between
individuals. The strongest within-individual correlations emerged between stress and men-
tal workload, and between surprise and mental workload. This indicates that pilots who
rated a certain scenario as more mentally demanding, were also highly likely to rate it as
more stressful and surprising. One explanation is that stress may increase mental effort
invested in task performance, enhancing focus on task-relevant rather than threat-related
stimuli [98]. Also, if certain pilots experience difficulty with responding to the failures, this
may increase both high mental workload and stress. In the case of surprise, the cognitive
effort required to make sense of the situation and reframe it following an unexpected event
likely contributed to increased mental workload [35].

Interestingly, the within-individual correlation between startle and stress was not one
of the strongest correlations. It seems that stress in the scenarios was affected by other
factors besides startle, such as task difficulty. For the between-individual correlations
between dependent measures, the strongest correlations were observed between startle and
surprise and between stress and mental workload. The strong correlation between startle
and surprise implicates that the propensity to be startled is possibly related to the propensity
to be surprised. It could also be caused by the fact that we did not manipulate startle and
surprise separately in the presented scenarios. The strong correlation between stress and
mental workload implies that pilots who tend to experience more stress are also those who
experience the highest workload, possibly due to being less skilled. However, the latter was
not substantiated by significant correlations between flight hours and mental workload.

When considering the findings of the current chapter, a number of limitations need to
be mentioned. First, a variety of different scenarios were used to obtain the dataset. Events
in the scenarios were considered, on average, to be moderately startling or surprising by the
pilots (i.e., scored around the midpoint of the scales). However, no complex flight system
failures or checklists were included, and all scenarios were flown manually at a relatively low
altitude. This limits the generalizability of results to those types of events. Also, many of
the presented scenarios differed from the pilots’ daily operational tasks. All scenarios were
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performed in a single-pilot setting and using a simplified twin-prop aircraft model that most
pilots had limited experience with. Apart from the unfamiliarity, high workload was induced
by requiring pilots to fly manually, instead of simulating complex tasks involving system
management, higher levels of automation, crew teamwork, and resource management or
emphasizing planning and navigation. Second, regarding the measures of the cognitive and
affective responses, the rating scales used for surprise and startle were not psychometrically
validated to provide insights for future research. Outcome responses were measured on
unidimensional scales, which might be generally less accurate than multidimensional scales.

A third limitation of this chapter is that we did not apply formal corrections to the
correlation analyses. While this decision was intentional to avoid overly conservative
adjustments that might mask meaningful relationships, it increases the risk of Type I errors.
This means that some of the significant correlations reported in this chapter could have
occurred by chance rather than representing true underlying relationships.

To address these possible biases, future research could possibly be performed in an
actual training environment, employing a simulated aircraft type that pilots are familiar
with. This allows for more complex, high-demand tasks. It is also recommended to
include a larger and more diverse sample of pilots to improve the generalizability of the
findings. Additionally, future studies should incorporate objective or real-time physiological
measures to investigate the potential causal relationships between startle, surprise, stress,
and mental workload. Moreover, correction methods are recommended to be applied, such
as Bonferroni correction, to strengthen the reliability of current findings.

In conclusion, the current chapter provides data on pilot responses for different simulated
emergency events which are useful for applications in future research. Within the aviation
context, data on effects of pilot personality traits on reactions in surprising situations are
scarce. The current chapter contributes to the literature by providing insights in effects of
trait anxiety and trait self-control.





4
Development and preliminary

validation of the Startle and
Surprise Inventories

Theoretical frameworks and empirical evidence presented in Chapters 2 and 3 underscore
the need for reliable, validated, and non-obtrusive measuring methods to assess startle and
surprise. In response to this gap, this chapter details the development and preliminary
validation process of the Startle and Surprise Inventories (Startle-I; Surprise-I) and the
Visual Analogue Scales for Startle and Surprise (Startle-VAS; Surprise-VAS), following a
structured three-phase process. In Phase 1, 14 items for surprise and 7 items for startle
are derived from foundational and applied literature. These items are evaluated for content
validity by seven experts in the field, with retention determined by a minimum of 50%
agreement on the relevance. In Phase 2, 81 participants rated the retained items nine times,
each time immediately after watching a video clip. Construct validity is assessed using
multilevel exploratory factor analysis with an oblique, direct oblimin rotation. In Phase 3,
the concurrent validity of the Startle-VAS and Surprise-VAS are tested by comparing with
the scores from Startle-I and Surprise-I, respectively.
The structure of the chapter is as follows: Section 4.1 introduces the scientific gap con-
cerning self-report measures of startle and surprise. Section 4.2 outlines the methodology,
including participants’ characteristics, experimental procedures, video stimuli, apparatus,
and statistical analysis. Section 4.3 presents the results of three validation phases. Section
4.4 interprets the findings, discusses operational implications of the newly developed mea-
sures, acknowledges limitations, and provides recommendations for future research. Section
4.5 concludes the chapter with a summary of key insights.

The contents of this chapter have been published as: J. Chen, A. Landman, A. Derumigny, O. Stroosma, M. M.
van Paassen, and M. Mulder. “Development and Validation of the Startle and Surprise Inventories and Visual
Analogue Scales”. In: Ergonomics (2025), pp. 1-14.
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4.1. Introduction
Both startle and surprise produce measurable physiological responses, and various methods
have been proposed to detect these responses. The intensity of a startle response is commonly
assessed via the eye-blink reflex, which can be measured using surface electromyography
(EMG) by detecting action potentials in the orbicularis oculi muscle [37]. Alternative
techniques for measuring eyelid movement include potentiometric [38], photoelectric [39],
vertical electro-oculographic (vEOG) [40], and magnetic search coil methods [41]. In
addition to the blink reflex, pupil dilation has been identified as a physiological correlate
of startle [42]. Cardiovascular indicators, such as increased heart rate and blood pressure,
have also been observed within ten seconds of an acoustic startle, providing complementary
autonomic indicators [26].

Surprise can be physiologically measured through the EEG P300 event-related potential
(ERP) [44], pupil dilation, and activation in subcortical regions associated with dopamine
[45]. The P300 ERP originates in the anterior cingulate cortex (ACC), and peaks in ACC
activity occur in aversive defence responses in general [46]. Pupil dilation was considered
to represent the global state of cognitive processing as an effect of stress rather than solely
elicited by surprise [47]. Pupil dilation related to surprise (maximum around 500 ms after
the stimulus) was also reported to be slower than pupil dilation due to startle [48].

Physiological measures provide objective, real-time assessments and can overcome
certain inherent biases, such as socially desirable answering patterns [56]. However, the
above-mentioned physiological measures are not specific to startle or surprise, but reflect
broader autonomic, neural activation, and affective responses [57]. While these techniques
offer high temporal resolution, they cannot distinguish between a startle response and similar
defensive reactions triggered by fear or stress [58]. They are also uneconomic for application
to large numbers of participants [59], and are impractical and invasive to apply in operational
settings. These measures are also often only meaningful in relation to individual’s own
baseline, and were found to be inconsistent with the subjective experience of the responses.
For example, in a study testing the effect of surprise on pilots’ performance [4], participants
were found to show nearly similar levels of heart rate, yet reported significant different levels
of startle and surprise between conditions. Thus, similar to the literature on experienced
challenge and threat [60], validated self-report measures on startle and surprise are necessary
to complement physiological measures and contribute to the study of relationships between
physiological data, subjective experience and performance.

For surprise, the Differential Emotions Scale (DES-IV)[49] and the Positive and Negative
Affect Schedule-Expanded Form (PANAS-X) [50] have been developed with subscales for
measuring surprise. These two subscales consist of the same three items (i.e., How do you
feel “surprised”, “amazed”, and “astonished”?), which are rated on 5-point Likert scales
pertaining to feelings at the moment or to a certain past time frame. DES-IV measures
twelve fundamental emotions, in which surprise belongs to positive emotional factors. A
principal component analysis with orthogonal varimax rotation [49] and a confirmatory
factor analysis [51] supported that these three items loaded on a separate construct referring
to other affects. The set of three items was stable across time, with a test-retest coefficient
of 𝑟 = 0.61 over a six-month interval [52]. However, the subscale only showed moderate
internal consistency (𝛼 = 0.65), likely due to the small number of items [53].

The same three items are also included in the PANAS-X to measure surprise, except that
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surprise is treated as a specific affect, neither positive nor negative. Internal consistency was
found to be slightly higher than the Surprise subscale in DES-IV, with 𝛼 = 0.72 to 𝛼 = 0.80.
Test-retest coefficient over a two-month interval was lower, 𝑟 = 0.23, referring to the time
frame “past week”, and higher, 𝑟 = 0.52 - 0.56, to “in general” [50]. The mean scores on
Surprise were the lowest compared to other affects in the PANAS-X over different samples
[50]. The Surprise subscale was also the only one for which self-ratings did not correlate
significantly with peer-ratings, 𝑟 = 0.14. The relatively low stability and mean scores for
surprise may be attributed to its nature as a transient emotional state typically triggered by
stimuli, which were not provided during these studies. For this reason, the question asked
whether participants felt surprised “in general” appears difficult to answer in comparison to
items in other subscales such as “Fatigue” or “Shyness”, which reflect more stable, trait-like
experiences. In addition, there is no peer-reviewed report on a systematic methodology for
the items selection in DES-IV or PANAS-X. Besides the use of these multi-item subscales,
researchers have used single-item scales to measure self-report surprise [54, 55], however,
these measures have not been validated in a systematic way yet.

For measuring startle, there has been to date no systematic attempt to develop and
validate a self-report measure [43]. For surprise, items in existing scales were not selected
in a systematic manner and scales were not developed nor validated to stimuli, even though
the concept of surprise, in contrast to other affects, only makes sense referring to a stimulus
or event. The goal of this chapter is therefore to systematically develop measures for self-
report startle and surprise. Accordingly, this chapter consists of three sequential phases
which describe the development and preliminary validation of the multi-item Startle and
Surprise Inventories (Startle-I; Surprise-I) as well as the single-item Visual Analogue Scales
for Startle and Surprise (Startle-VAS; Surprise-VAS).

4.2. Method
4.2.1. Participants
Participants were recruited from the student and employee population of Delft University of
Technology (N = 82). They were invited via flyers, and received a compensation gift worth 5
euros. Data of one of the participants was excluded because this participant did not read the
items accurately enough, and missed the reverse-coding of some items (remaining N = 81).
The participants ranged in age from 19 to 63 years, in which 74.1% were male (M = 27.2,
𝑆𝐷 = 7.9) and 25.9% were female (M = 25.0, 𝑆𝐷 = 3.1). All participants declared that they
possessed basic proficiency in English reading. The Research Ethics Committee of Delft
University of Technology approved the research design (No. 2718). Informed consent was
obtained from all participants.

4.2.2. Procedure
Phase 1: items set generation and content validity
An initial set of 14 items for surprise, and 7 items for startle (see Table 4.1) were formulated
based on a review of fundamental and applied literature on startle [20, 23, 148–150] and
surprise [19, 30, 35, 49, 77]. Among these, Items 1 and 8 were derived from the DES-IV [49]
and PANAS-X [50]. The item “amazed” was excluded due to its frequent association with
positive valence, as the term “amazing” is commonly interpreted as a positive expression.
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Table 4.1: Initial set of items and their relevance scores.

Item %

Initial set of items for surprise
1. It surprised me. 85.7
2. It was consistent with my expectation.𝑎 85.7
3. I was taken aback by it. 85.7
4. I did not understand why it happened. 100.0
5. I predicted it beforehand.𝑎 85.7
6. Initially, it made no sense to me. 71.4
7. I did not see it coming. 100.0
8. It astonished me. 85.7
9. Initially, I was confused about it.𝑏 85.7
10. It bewildered me. 57.1
11. It made my jaw drop.𝑐 42.9
12. I was not mentally prepared for it. 85.7
13. It was unexpected. 100.0
14. It made me feel wide-eyed.𝑐 28.6
Initial set of items for startle
15. It startled me. 85.7
16. It immediately made me feel scared or angry.𝑏 71.4
17. It shocked me. 85.7
18. It stunned me. 85.7
19. It made me physically flinch. 85.7
20. It caused my heart to suddenly beat harder or faster. 100.0
21. It immediately caused stress or frustration to me.𝑏 85.7

𝑎 Item is reverse-coded. 𝑏 Item was rephrased.
𝑐 Item was removed in Phase 1.

The goal was to construct a measure that could be applied consistently across surprises of
positive, negative, and neutral valence.

The content validity of each item was examined by letting seven independent experts in
the fields of Cognitive Science and Psychology review the items. Experts indicated whether
each item is relevant for measuring the experience of startle or the experience of surprise.
The relevance score for each item was then calculated as the percentage of experts who rated
the item as relevant. Experts were also invited to provide open comments on the formulation
of the set of items. An item was retained if at least 50% of the experts considered that item
to be relevant for its construct [64].

Phase 2: multilevel exploratory factor analysis
In Phase 2, the factor structure of the 19 items remaining from Phase 1 was explored by
letting participants complete these items nine times, each time immediately after watching
one of the nine video clips (see Tables 4.2 and 4.3). The retained 19 items were arranged
and presented in a randomized order, so that participants had no information on whether
items were intended to measure startle or surprise.

Participants sat in a secluded room, received verbal instructions outlining the experiment
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procedure, the concepts of startle and surprise, and the list of items. Startle was explained as
“a rapid, involuntary reaction to an abrupt and intense stimulus, that is typically perceived
as a threat”, and surprise was described as “a cognitive-affective response evoked by an
unexpected stimulus or event”. These definitions were supplemented with practical, real-
world examples to clarify the underlying mechanisms and implications.

Participants were instructed to indicate their level of agreement with each statement
by circling a number on a 5-point Likert scale. The response options were: (1) “Strongly
disagreed”, (2) “Disagreed”, (3) felt “Neutral”, (4) “Agreed” or (5) “Strongly agreed”.
Responses were recorded using pen on the paper-based version of the measures. The
specific stimulus or event referred to by “it” in each item corresponded to one of the nine
video clips, as detailed in the third columns of Tables 4.2 and 4.3.
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Table 4.2: Description of the video clips.

ID Video description The stimulus𝑑 Intended
responses Duration URL

Tumbler From the perspective of looking out of a washing
machine tumbler, a man fills the machine and turns it
on. Instead of the tumbler, the room starts to spin with
objects falling, and the man holds on to the tumbler.

The room
beginning to spin

Surprise 16 s https:
//youtube.com/
shorts/kdjlmnsJQvc?
feature=share

Clouds A man appears to jump off a ridge above the clouds
into the depths, but then hits the surface of a pond. The
clouds were a reflection in the pond.

The man jumping
into the water

Surprise 10 s https://youtu.be/
7p_iFLK9Idg

Monster1 A car drives down a mountain road and disappears
behind trees. A zombie-like monster suddenly appears
on the screen with a loud scream.

The appearance of
the monster

Startle and
surprise

17 s https://youtu.be/
fMPnWl0o4Yc

Monster2 A repetition of Monster1, whereas participants are
informed that the same video is shown again.

The appearance of
the monster

Startle 17 s https://youtu.be/
fMPnWl0o4Yc

Pill White pills are shown laying on a table. A screwdriver
appears and unscrews one of the pills out of the table.
The pill was apparently a screw.

The “pill” being a
screw

Surprise 9 s https://youtu.be/
U3VxQSUioMU

Spider A man is trying to catch a huge spider on the wall with
a pan. The spider is shown to suddenly jump at the
camera using computer-generated imagery, which
coincides with a loud scream.

The spider jumping
at you

Startle and
surprise

14 s https://youtu.be/
6em7aIoF5fI

𝑑 The stimulus as specified in the measures of startle and surprise.

https://youtube.com/shorts/kdjlmnsJQvc?feature=share
https://youtube.com/shorts/kdjlmnsJQvc?feature=share
https://youtube.com/shorts/kdjlmnsJQvc?feature=share
https://youtube.com/shorts/kdjlmnsJQvc?feature=share
https://youtu.be/7p_iFLK9Idg
https://youtu.be/7p_iFLK9Idg
https://youtu.be/fMPnWl0o4Yc
https://youtu.be/fMPnWl0o4Yc
https://youtu.be/fMPnWl0o4Yc
https://youtu.be/fMPnWl0o4Yc
https://youtu.be/U3VxQSUioMU
https://youtu.be/U3VxQSUioMU
https://youtu.be/6em7aIoF5fI
https://youtu.be/6em7aIoF5fI
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Table 4.3: Description of the video clips (continued).

ID Video Description The stimulus𝑑 Intended
responses Duration URL

Puppy A puppy gives a high-five to a person with its right
paw and then with its left paw.

The dog giving a
second high five

Neither
startle nor
surprise

12 s https://youtu.be/
ZeJEVbpn8d8

Baseball A man seemingly swings a baseball from a stand in
slow motion. When connecting, the ball falls to the
ground in normal speed. The man was apparently just
moving very slowly, and the video was filmed in
normal speed.

The baseball not
flying away

Surprise 8 s https://youtu.be/
Df_sk92u4lM

Window A boy is repetitively kicking a football against a wall of
a house, just missing the windows. After a few kicks,
he hits and breaks a window.

The football hitting
the window

Neither
startle nor
surprise

12 s https://youtu.be/
IkXMQznN5ck

𝑑 The stimulus as specified in the measures of startle and surprise.

https://youtu.be/ZeJEVbpn8d8
https://youtu.be/ZeJEVbpn8d8
https://youtu.be/Df_sk92u4lM
https://youtu.be/Df_sk92u4lM
https://youtu.be/IkXMQznN5ck
https://youtu.be/IkXMQznN5ck
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Phase 3: Visual Analogue Scales for Startle and Surprise
After completing the items following each video, participants also provided ratings on the
Startle-VAS and Surprise-VAS by answering the question “How startled were you by [the
stimulus]?” and “How surprised were you by [the stimulus]?”, referring to the specific
stimulus or event in the preceding video clip (as presented in the third columns of Tables
4.2 and 4.3). The Startle-VAS and Surprise-VAS, each consisted of a 10 cm horizontal line
with tick marks at 1 cm intervals, ranging from 0 to 10. The left endpoints were labelled
with, “not startled at all” and “not surprised at all”, respectively. The right endpoints were
labelled with, “extremely startled” and “extremely surprised”, respectively. Participants
were required to place a cross on the line as answer to the question and the resulting score
was the distance of the centre of the cross to the left endpoint in centimetres.

4.2.3. Video stimuli
To induce a variety of startle and surprise responses, nine video clips were selected from the
internet. Tables 4.2 and 4.3 summarize the description of the video clips and corresponding
links. Predictably surprising videos were selected based on instilling an incorrect expectation
with regards to upcoming events. Startling videos were aimed to increase attentional focus
on a location or object in the video, and then induced a jump-scare by the sudden appearance
of something possibly fear-inducing, which coincided with a loud noise. Videos aimed at
neither startling or surprising did not contain jump scares and showed a sequence of events
that were predictable. More videos were included to induce surprise (n = 6) than startle
(n = 3), as we expected that surprise would be less reliably induced than startle.

The order in which the video clips were presented was counterbalanced between partic-
ipants using the Latin square method [151] to reduce systematic error, except for Monster1
and Monster2 which were always presented in sequence to ensure that Monster2 was not
surprising. A 120-second recovery period was imposed following the completion of the
scales after each intended startling video clip (i.e., Monster1, Monster2 and Spider).

4.2.4. Apparatus
In Phases 2 and 3, participants were presented the video clips on a desktop computer
screen (Dell P2414HB) with noise-cancelling headphones (Sony WH-XB910N). The sound
volume was set to a fixed level for all participants at the start of each video clip.

4.2.5. Statistical analysis
A full set of data was obtained in Phase 2 and was preprocessed by reversing the scores
on items that were reverse-coded (Items 2 and 5). To examine the suitability of the dataset
for factor analysis, Kaiser–Meyer–Olkin measure of Sampling Adequacy, KMO = 0.93, and
Bartlett’s test of Sphericity were checked, 𝑝 < 0.001.

A two-way ANOVA was conducted for each item to examine the proportion of variance
that was attributable to differences between participants (Factor Participant) and differences
between videos (Factor Video). The outcomes are summarized in Table 4.4.
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Table 4.4: Two-way ANOVA results and estimated intraclass correlation coefficient (ICC) for each item.

Item Factor Sum of
Square

Variation
(%) F ICC

Item set for surprise
1. It surprised me. Participant 58.02 10.97 1.61 0.33

Video 495.33 34.38 50.32
2. It was consistent with my Participant 156.99 9.73 1.45 0.39
expectation. Video 592.49 36.72 54.85
3. I was taken aback by it. Participant 268.40 26.07 3.54 0.16

Video 154.49 15.00 20.37
4. I did not understand why it Participant 367.59 29.83 4.18 0.21
happened. Video 161.54 13.11 18.37
5. I predicted it beforehand. Participant 140.06 7.79 1.07 0.37

Video 613.99 34.13 47.02
6. Initially, it made no sense to Participant 345.51 28.93 4.13 0.16
me. Video 180.17 15.09 21.56
7. I did not see it coming. Participant 162.11 10.12 1.38 0.35

Video 497.84 31.08 42.29
8. It astonished me. Participant 289.33 26.88 3.63 0.18

Video 150.09 13.94 18.85
9. Initially, I was confused Participant 215.39 18.18 2.36 0.22
about it. Video 239.81 20.24 26.29
10. It bewildered me. Participant 309.90 35.30 4.90 0.09

Video 61.85 7.05 9.78
12. I was not mentally prepared Participant 296.10 27.09 3.57 0.14
for it. Video 133.19 12.19 16.05
13. It was unexpected. Participant 160.00 10.01 1.53 0.38

Video 601.70 37.63 57.50
Item set for startle
15. It startled me. Participant 183.28 12.77 2.89 0.50

Video 744.79 51.91 117.58
16. It immediately made me feel Participant 178.25 19.09 3.02 0.33
scared or angry. Video 283.90 30.40 48.15
17. It shocked me. Participant 277.65 27.34 4.56 0.25

Video 251.41 24.75 41.33
18. It stunned me. Participant 334.10 35.11 5.74 0.18

Video 152.30 16.00 26.19
19. It made me physically Participant 174.44 12.31 2.53 0.47
flinch. Video 692.17 48.83 100.51
20. It caused my heart to Participant 225.14 17.50 3.52 0.41
suddenly beat harder or faster. Video 550.00 42.75 86.01
21. It immediately caused stress Participant 221.57 24.46 3.85 0.28
or frustration to me. Video 223.59 24.68 38.83
Average Participant 20.50

Video 26.84
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The factor structure of the items set was then analysed by performing a multilevel
exploratory factor analysis (ML-EFA) [152] with a repeated-measures design which was
clustered per video clip. The factor analysis was performed both on the within (video)-level
(i.e., variation from differences between participants) and the between (video)-level (i.e.,
variation from differences between video clips). An oblique, direct oblimin rotation was
used to allow the factors to be correlated [153].

Factor extraction at the within- and between-level was conducted based on: (a) eigenval-
ues greater than 1.0 (Kaiser’s criterion) [154], (b) unique loadings of 0.400 and above, and
(c) exclusion of items with cross-loadings > 75%. In addition, the scree plot was examined
to help inform a decision about the number of factors to retain. Items were removed one at a
time until the loadings of all remaining items were > 0.400, and cross-loadings were < 75%.
Also, the proportion of the total variance explained by the retained factors must bes greater
than 50% [155]. Items were excluded from the final inventory if they showed insufficient
loading on factors in either the within or between-level.

The goodness of model fit was assessed using the 𝜒2 test [156], Comparative Fit Index
(CFI) [157], Tucker–Lewis Index (TLI) [158], Root Mean Square Error of Approximation
(RMSEA) [159] and Standardized Root Mean Square Residual (SRMR) [160]. Acceptable
model fit was indicated by a non-significant 𝜒2, CFI and TLI values above 0.95, as well as
RMSEA and SRMR (both within- and between-level) below 0.10 [161].

All analyses were performed using the Mplus software version 8.10 [162]. Observations
on Likert scales were set as ordered categorical (ordinal) variables instead of continuous for
factor analysis on both levels [163].

To test concurrent validity of the Startle-VAS and Surprise-VAS, Spearman correlations
were computed by comparing with the averaged scores of the two factors retained in Phase
2, respectively. Correlations were computed over predicted startling or surprising stimuli,
considering wider startle or surprise range of observations. Predicted non-surprising or
non-startling stimuli were not included in this analysis because the expected low variation in
observations would bias the correlation results. Spearman’s correlations 𝜌 > 0.30, 𝑝 < 0.01,
were considered significant for establishing validity [164].

4.3. Results
4.3.1. Phase 1: items set generation and content validity
The initial set of formulated items, along with the percentage of experts indicating their
relevance, is presented in Table 4.1. Two items, Item 11 (“It made my jaw drop.”) and
Item 14 (“It made me feel wide-eyed.”), were removed based on a relevance threshold of
50%, as both were originally intended to capture the construct of surprise. In response to
open-ended expert comments, several items were revised, Item 9 (originally “I was confused
about why it happened.”), Item 16 (originally “It made me suddenly feel scared or angry.”),
and Item 21 (originally “It caused a quick burst of stress or frustration in me.”). For detailed
expert comments, please refer to Appendix A.
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Table 4.5: Final factor loadings from the multilevel exploratory factor analysis (ML-EFA).

Item Within (video)-level Between (video)-level

Factor 1 Factor 2 Factor 1 Factor 2

15. It startled me. 0.867 -0.018 -0.053 0.990
19. It made me physically flinch. 0.944 -0.054 -0.070 0.983
20. It caused my heart to suddenly beat
harder or faster.

0.841 0.006 -0.101 0.971

16. It immediately made me feel scared or
angry.

0.894 0.002 -0.027 0.994

17. It shocked me. 0.689 0.284 0.356 1.013
21. It immediately caused stress or
frustration to me.

0.857 -0.019 -0.212 0.945

1. It surprised me. 0.155 0.774 0.999 0.143
2. It was consistent with my expectation.𝑎 -0.049 0.925 0.969 -0.122
5. I predicted it beforehand.𝑎 -0.153 0.970 0.935 -0.201
7. I did not see it coming. 0.087 0.828 1.000 -0.015
13. It was unexpected. 0.116 0.850 1.011 0.058

Note. Factor loadings above 0.400 are in bold.
𝑎 Item is reverse-coded.

4.3.2. Phase 2: multilevel exploratory factor analysis
Two-way ANOVA and ICCs
The two-way ANOVA results, shown in Table 4.4, reveal that the variation explained by
Factor Video was generally larger than that by Factor Participant (26.84% > 20.50%). As a
consequence, data were then clustered over video clips for the ML-EFA.

Intraclass correlation coefficients (ICCs) [165] were estimated for each item, which
indicate the proportion of variation in responses to each item that is due to differences
between videos. The ICCs are shown in the rightmost column in Table 4.4. Although most
of the variation in these items was due to differences within videos, rather than between
video clips (i.e., all ICCs < 0.5), there was considerable variation caused by different video
clips (i.e., ICC > 0.05) [152]. The differences between ICCs also hint at possible differences
in the outcomes of the following within- and between-level exploratory factor analysis.

Multilevel exploratory factor analysis
The final ML-EFA solution with two within-level factors and two between-level factors is
shown in Table 4.5. In the within-level analysis, Items 8 and 10 were removed as they
loaded on more than one factor with loadings exceeding 0.400. Item 12 was excluded due
to high cross-loading. Items 4, 6 and 9 were removed due to loading on a third factor. In the
between-level analysis, Items 3, 8, 10, 12 and 18 were removed because these items loaded
on more than one factor with loadings exceeding 0.400. The remaining items loaded on the
two expected factors, which were the same as found in the within-level. Factors 1 and 2
from the within-level factor analysis mapped on to the constructs of Startle and Surprise.

In this solution, the largest factor loading for each item at the within-level ranged from
0.689 to 0.970, and at the between-level from 0.935 to 1.013, suggesting meaningful and
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Table 4.6: Cronbach’s 𝛼 for Startle-I and Surprise-I across video clips.

ID Startle-I Surprise-I

Tumbler 0.815 0.911
Clouds 0.859 0.909
Monster1 0.914 0.955
Monster2 0.929 0.843
Pill 0.714 0.935
Spider 0.884 0.910
Puppy 0.903 0.856
Baseball 0.754 0.936
Window 0.845 0.862

significant factor loadings. Further evidences for the goodness of model fit are the non-
significant 𝜒2 test with 𝜒2 = 51.508, 𝑑𝑓 = 68, 𝑝 = 0.932, CFI = 1.000, TLI = 1.211, RMSEA
= 0.000 and SRMR of 0.046 and 0.008 at within-level and between-level, respectively.

At the within-level, an 11-item two-factor solution explained a total of 78.57% of the
variance, with Factor 1 (Startle) contributing to 53.26% and Factor 2 (Surprise) contributing
to 25.31% of the variance. The correlation between these two factors was positive and
significant, 𝜌 = 0.316, 𝑝 < 0.001. At the between-level, the 11-item two-factor solution
explained a total of 96.72% of the variance, with Factor 1 (Surprise) contributing to 62.26%
and Factor 2 (Startle) contributing to 34.46% of the variance. The correlation between these
two factors was not significant, 𝜌 = -0.199, 𝑝 = 0.637. Items loading on Factors 1 and 2
at the within-level (i.e., Factors 2 and 1 at between-level) will henceforth be referred as the
Startle Inventory (Startle-I) and Surprise Inventory (Surprise-I).

Data from the 81 participants were also used to assess the reliability of the multi-item
inventories. Cronbach’s 𝛼 coefficients suggested acceptable to excellent internal consistency
across video clips, ranging from 𝛼 = 0.714 to 𝛼 = 0.929 for the Startle-I, and from 𝛼 = 0.843
to 𝛼 = 0.955 for the Surprise-I (see Table 4.6).

Another ML-EFA was conducted treating the data as continuous rather than ordinal,
using the same factor extraction criterion. The results were consistent with the ordinal
analysis, with the exception that Item 18 loaded onto the Factor Startle at the between level.
Notably, this item had been just below the inclusion threshold in the ordinal analysis with a
factor loading of 0.409, which is only slightly larger than the exclusion threshold of 0.400.

4.3.3. Phase 3: Visual Analogue Scales for Startle and Surprise
One participant’s VAS scores for the Tumbler and Clouds videos were missing, resulting in
one fewer data point for these video clips. Table 4.7 presents the Spearman’s correlations
between the Startle-VAS and Startle-I, and Surprise-VAS and Surprise-I for stimuli predicted
to elicit startle and/or surprise responses.

The Startle-VAS ratings highly significantly correlated with the Startle-I ratings, ranging
from 𝜌 = 0.778 to 𝜌 = 0.877, 𝑝 < 0.001. Similarly, for surprise responses, high correlations
were observed between the Surprise-VAS and Surprise-I ratings, ranging from 𝜌 = 0.681 to
𝜌 = 0.903. All correlations were highly significant, 𝑝 < 0.001.
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Table 4.7: Correlations between Startle-VAS and Startle-I, and between Surprise-VAS and Surprise-I.

ID Startle-VAS vs. Startle-I Surprise-VAS vs. Surprise-I

Tumbler - 0.729***
Clouds - 0.743***
Monster1 0.797*** 0.903***
Monster2 0.877*** -
Pill - 0.681***
Spider 0.778*** 0.723***
Puppy - -
Baseball - 0.747***
Window - -

*** p < 0.001 (2-tailed).

4.3.4. Manipulation checks
For the inventories, the scores of all items in each inventory were averaged to obtain a total
score ranging from 1 to 5. The responses of startle and surprise measured by inventories
and VASs over nine stimuli are shown in Figure 4.1 as pirate plots. These plots present
the mean values (square markers with labels), interquartile range (IQR) in black lines, and
distribution of ratings across different scenarios. The plots illustrate that the ratings for
startle were consistent across video stimuli on the inventory and the VAS. However, surprise
ratings on the VAS were systematically lower than those on the inventory.

The mean startle and surprise ratings (with standard deviations) for each video across
participants are shown in Figure 4.2a based on the Startle and Surprise Inventories, and in
Figure 4.2b derived from the Visual Analogue Scales for Startle and Surprise. The selected
stimuli vary in the level of startling and surprising as intended, indicating the selection
of stimuli to evoke the desired responses was generally successful. The high variation in
responses to each video facilitates the application of ML-EFA.
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(a) Tumbler (b) Clouds

(c) Monster1 (d) Monster2

(e) Pill (f) Spider

(g) Puppy (h) Baseball

(i) Window

Figure 4.1: Startle and surprise responses measured by inventories and VASs across nine video clips (square
markers indicate means, whiskers indicate interquartile range).
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(a) Startle and Surprise Inventories

(b) Visual Analogue Scales for Startle and Surprise

Figure 4.2: Mean values (markers) and SDs (squares) of startle and surprise ratings across nine video clips.
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4.4. Discussion
The purpose of this chapter was to develop and validate self-report measures of startle and
surprise in human factors research. From three sequential phases, a Startle Inventory, a
Surprise Inventory, and the more efficient Visual Analogue Scales for Startle and Surprise
were developed and preliminarily validated. The initial items set was formulated based on
fundamental and applied literature, content validity was tested by asking seven experts to
rate the items’ relevance (Phase 1). The construct validity of the retained items (Phase 2)
and the concurrent validity of the visual analogue scales (Phase 3) were tested by obtaining
ratings (N = 81) for nine stimuli which varied in extent of being startling or surprising.

The construct of Startle was supported by the within-level and between-level exploratory
factor analysis, and contains six items: “It startled me.”, “It made me physically flinch.”, “It
caused my heart to suddenly beat harder or faster.”, “It immediately made me feel scared
or angry.”, “It immediately caused stress or frustration to me.” and “It shocked me.”. In
line with literature [20, 22, 23], these items refer to physiological as well as psychological
aspects of startle. In Phase 1, two items were worded slightly differently based on the
experts’ feedback. In Phase 2, only the Item 18 “It stunned me.” was removed. Items in the
construct of Startle possessed high internal consistency, 𝛼Startle = 0.714 to 𝛼Startle = 0.929.

The construct Surprise stemmed from items loading in both the within-level and between-
level analysis, containing five items: “It surprised me.”, “It was consistent with my expec-
tation.” (reverse-coded), “I predicted it beforehand.” (reverse-coded), “I did not see it
coming.”, and “It was unexpected.”. In Phase 1, Items 11 and 14 referring to (sensed) facial
expressions of surprise were removed. In Phase 2, Items 3, 4, 6, 8, 9, 10, 12 were removed.
Differences in interpreting the wording may have caused relatively high contribution of
individual differences in Item 3 (“taken aback”), Item 8 (“astonished”), Item 10 (“bewil-
dered”), Item 17 (“shocked”) and Item 18 (“stunned”), as seen from the relatively low ICCs
in Table 4.4. These items, except for Item 17, were removed based on the factor extraction
criterion. “Feeling not mentally prepared” (Item 12) was removed due to high cross-loading.
Items in the construct of Surprise possessed high internal consistency, 𝛼Surprise = 0.843 to
𝛼Surprise = 0.955. Interestingly, the item “astonished”, which was derived from the existing
DES-IV and PANAS-X, was removed in our analysis.

Item 4 “I did not understand why it happened.”, Item 6 “Initially, it made no sense to
me.”, and Item 9 “Initially, I was confused about it.” were removed as they loaded on a
third factor at the within-level, even though they clustered with the construct Surprise at the
between-level. Apparently, these three items were related to the experience of surprise when
different videos were compared, but not when different participants within one video were
compared. This finding conflicted with our hypothesis that surprise would be characterized
by a (brief) moment of confusion and requirement to reframe [35, 44, 77]. Possibly, some
participants were more likely than others to indicate incomprehension by surreal videos (e.g.,
Monster1) rather than surprise. Others may have rated such videos as easy to understand as
they took the scripted nature of these videos into account instead of the realism of the events.
Therefore real (non-scripted) events are recommended in future research to better control
for this possibility. Another potential cause of this third factor is that some participants may
have experienced cognitive impairment due to startle. Some participants were observed to
reflexively jump up and raise their hands when watching the Monster1 or Spider, and were
possibly likely to indicate high initial incomprehension as well as high startle.
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In Phase 3, the Startle-VAS and Surprise-VAS were developed and tested as efficient
alternatives to the Startle-I and Surprise-I. High consistencies were observed between the
VAS and inventory measures for both constructs. However, without further validation,
it remains uncertain whether the VASs are more or less accurate than the inventories in
assessing startle and surprise. While the scores for inventory and VAS over stimuli were
similar for startle, surprise was systematically rated lower on the VAS total range compared
to the inventory total range (Figure 4.1). This could be caused by the two reverse-coded
inventory items (Items 2 and 5) measuring the experienced predictability. An event may be
experienced as unsurprising but also as unpredictable, leading to a higher score on the VAS
than on the inventory. A visual analogue scale ranging from “highly expected” to “highly
surprising” could possibly be more aligned with the inventory scores.

In this chapter, we examined responses to an item set administered across multiple video
stimuli designed to elicit varying levels of startle and surprise, while considering dependence
between responses from the same participant. From ML-EFA, within-level and between-
level variations were properly taken into account. The outcomes of the two-way ANOVA
and ICCs illustrate the necessity of ML-EFA, in which the within- and between-level factor
analysis may capture different constructs. The structure of the items was explored and the
items set was reduced until satisfactory loading on factors was achieved using data collected
in a repeated-measures context. The video stimuli were generally successful in eliciting the
desired startle or surprise responses (Figure 4.2) and leading to sufficiently high variation
between participants and videos, such that the correlation structure between inventory items
could be analysed in an extensive manner.

From a compositional standpoint, the Startle and Surprise Inventories are the first that
ground the experience of startle and surprise to specific stimuli or event. Since startle and
surprise responses have a potential impact on performance and negatively affect safety, the
developed measures may help to better distinguish the definitions of these responses as used
in operational practice, for instance in the domain of aviation [19]. In addition, the measures
are useful to further test and explain some of the (ambiguous) findings in the literature.

For the Startle-I and Surprise-I, content validity and construct validity have been exam-
ined, and high internal consistency was found in both inventories. For the Startle-VAS and
Surprise-VAS, concurrent validity was tested by comparing with the Startle-I and Surprise-I,
respectively. Future research could explore the criterion-related validity of both measures
by comparing outcomes with those of objective measures, such as physiological responses
(e.g., electromyography, gaze behaviour [166]) or behavioural markers (e.g., reaction time,
micro-expressions). Additionally, operational relevance should be further tested by stimuli
presented in more ecologically-valid contexts. Test-retest reliability could be performed for
the startle measures, with sufficient time between stimuli to account for habituation. For
surprise, such checks do not seem feasible, at least not with the same stimuli, as surprise
depends by definition on novelty and unexpectedness.

4.5. Conclusion
Previous self-report measures of startle and surprise lacked systematic development and
psychometric validation, resulting in suboptimal assessments. To address this gap, we
introduced the Startle-I and Surprise-I, which were designed using a systematic construction
process aimed at improving the validity and reliability of self-report startle and surprise.
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These new measures provide a more robust foundation for the quantitative assessments.
The Startle-VAS and Surprise-VAS were developed as rapid and efficient alternatives. The
developed measures can be applied to test the effects of startle and surprise on performance,
to check the effectiveness of startle and surprise exposure training or testing scenarios.





5
Multilevel confirmatory factor

analysis of the Startle and
Surprise Inventories

Following the initial development and preliminarily validation of the Startle and Surprise
Inventories in Chapter 4, further psychometric evaluations in aviation ecologically-valid
settings are necessary. This chapter discusses an attempt to validate the factor structure
of the Startle and Surprise Inventories using a multilevel confirmatory factor analysis.
The relatively ecologically-valid setting is used, rather than the highly-controlled but less
realistic laboratory conditions applied in Chapter 4. In addition, the two-way ANOVA
is performed and intraclass correlation coefficients are calculated, to assess within- and
between-level variability. Manipulation checks are conducted to ensure the effectiveness of
the experimental conditions. A sample of 26 professional pilots is exposed to eight scenarios
with varied levels of startling and surprising in the SIMONA simulator.
The chapter is organized as follows: Section 5.1 introduces the objectives and rationale for
conducting multilevel confirmatory analysis. Section 5.2 describes the methodology, and
Section 5.3 presents the results. Section 5.4 discusses the findings in relation to theoretical
and psychometric considerations, and Section 5.5 concludes the chapter with a summary of
key results and implications.

The contents of this chapter have been accepted for publication in Journal of Cognitive Engineering and Decision
Making [167].
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5.1. Introduction
The previous chapter discussed the development of the multi-item Startle and Surprise
Inventories (Startle-I; Surprise-I) and the single-item Visual Analogue Scales for Startle and
Surprise (Startle-VAS; Surprise-VAS) [168]. The Startle-I consists of six statements and
the Surprise-I consists of five statements, in which each describe a response to the targeted
stimulus. Individuals indicate to what extent they agree with the statement on a 5-point
Likert-type scale (1 = “Strongly disagree”, 2 = “Disagree”, 3 = “Neutral”, 4 = “Agree”,
5 = “Strongly agree”). The more time-efficient Startle-VAS and Surprise-VAS require
individuals to answer the question, “How startled/surprised were you by [the stimulus]?”.
Each VAS consists of a 10 cm horizontal line with tick marks at each 1 cm interval, ranging
from 0 to 10. The left endpoint is labelled “not startled/surprised at all” and the right
endpoint is labelled “extremely startled/surprised”, respectively.

The development of self-report measures started with a content validation phase, in which
seven experts in the fields of Cognitive Science and Psychology assessed the relevance of
21 items, which were derived fundamental and applied literature on startle [20, 23, 148–
150, 169] and surprise [19, 30, 35, 49, 77]. Based on this assessment, 19 items retained for
multilevel exploratory factor analysis (ML-EFA). A group of 81 participants were exposed to
nine video stimuli, designed to elicit a wide range of startle and surprise responses. The ML-
EFA resulted in an 11-item two-factor structure. The structure delineated the constructs
of Startle and Surprise and demonstrated high internal consistency, with Cronbach’s 𝛼

ranging from 0.714 to 0.928 for Startle-I, and from 0.843 to 0.955 for Surprise-I, across
the nine video stimuli. Further concurrent validity testing revealed significant correlations
between the scores from the Startle-VAS and Surprise-VAS, and the Startle-I and Surprise-
I, respectively. These correlations ranged from 0.778 to 0.877 for Startle-VAS, and from
0.681 to 0.903 for Surprise-VAS across the video stimuli, providing empirical support for
the visual analogue scales.

Both exploratory factor analysis (EFA) and confirmatory factor analysis (CFA) aim
to determine latent factors which optimally account for the variance-covariance among
observed variables or indicators. The EFA is instrumental in uncovering the latent factor
structure within a set of observed variables without a predefined structure. As a data-driven
method EFA requires no a priori assumptions, but it cannot be applied to test hypothesized
factor structures against the observed data [170]. In contrast, CFA adopts a hypothesis-
driven approach to test hypothesized factor structures while assessing the model fit to the
data. This analysis incorporates various goodness-of-fit indices, including the 𝜒2 test [156],
Comparative Fit Index (CFI) [157], Tucker–Lewis Index (TLI) [158], Root Mean Square
Error of Approximation (RMSEA) [159] and Standardized Root Mean Square Residual
(SRMR)[171]. Construct validity is established through CFA by evaluating whether the
observed data align with the hypothesized factor structure, ensuring that the measures
adequately represent the theoretical constructs they are designed to measure.

Multilevel confirmatory factor analysis (MCFA) extends confirmatory factor analysis to
accommodate hierarchical or clustered data structures [160, 161, 172]. Such structures often
arise from individuals nested within groups, or repeated measures nested within individuals.
In these contexts, the assumption of independent observations is violated, leading to inflated
Type I error rates if clustering is ignored. The “clustering effect” is typically quantified using
the intraclass correlation coefficient (ICC), which estimates the proportion of total variance
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Table 5.1: Characteristics of the participants (N = 26).

Mean SD Min Max

Age (yrs) 43.8 13.0 23.0 67.0
Employed time (yrs) 17.7 13.3 0.5 44.0
Flight hours (hrs) 8,633.9 7,082.1 280.0 25,500.0

Large aircraft 6,566.1 6,607.8 0.0 22,000.0
Business jet 1,257.7 2,803.7 0.0 10,000.0
Small aircraft 810.1 1,258.4 0.0 5,000.0

attributable to between-cluster variance [152]. In intervention studies with nested designs,
an ICC as low as 0.05 can significantly impact statistical power [173]. By accounting for
the clustered nature, MCFA provides more precise and reliable estimates of factor loadings
and variances, minimizing biases introduced by data non-independence [174]. This method
is essential for validating constructs across clustered levels, ensuring that the measures
accurately reflect the constructs at both the within- and between-cluster levels [160].

In this chapter, we aim to validate the factor structure of the Startle and Surprise Invento-
ries in an ecologically-valid setting through MCFA. Based on the two-factor model identified
through ML-EFA in Chapter 4, we hypothesize that the two-factor structure will exhibit good
model fit across diverse scenarios, both within and between clusters. A representative sam-
ple group of professional pilots was recruited, and simulated in-flight scenarios designed
to elicit a wide range of startle and surprise responses, were employed. Events in most of
the scenarios were found to be effective in eliciting startle and surprise responses in pilots,
as reported in Chapter 3, although those findings were based on subjective, non-validated
self-report measures. The present construct validation aims to address this limitation by
providing a more rigorous empirical foundation for the Startle and Surprise Inventories,
with the broader aim of informing the development of evidence-based safety protocols and
enhancing the effectiveness of intervention training in aviation contexts.

5.2. Method
5.2.1. Participants
26 currently-employed professional pilots participated in the experiment, comprising 25
males and 1 female. The characteristics of participants are summarized in Table 5.1.
Figure 5.1 illustrates the distribution of pilots’ flight hours across different aircraft types.
All participants possessed either an Airline Transport Pilot License (ATPL) or a frozen
ATPL1 at the time of the experiment. Among them, fourteen worked as captains, eight as
first officers, three as second officers, and one employed in a non-airline aviation position.
This experiment complied with the American Psychological Association Code of Ethics and
the Research Ethics Committee of the Delft University of Technology approved the research
design (No. 4056). Informed consents were obtained from all participants.

1A frozen ATPL refers to a state in which a pilot has passed all theoretical examinations required under the EASA
framework for the ATPL, but has not yet accumulated the 1,500 flight hours required for the licence to be issued.
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Figure 5.1: Distribution of pilots’ flight hours across aircraft types (N = 26). Each pilot may have experience in
multiple aircraft types. No pilot reported > 5,000 flight hours on small aircraft.

5.2.2. Apparatus
The experiment was conducted in the SIMONA Research Simulator (see Figure 5.2) at
the Delft University of Technology [175]. This is a full-motion simulator with a six-
degrees-of-freedom hydraulic hexapod motion system. The simulator has a collimated 180
degrees horizontal by 40 degrees vertical field of view for outside vision rendered with
FlightGear. A 5.1 surround sound system was installed for realistic 3D sound effects of
potential alarms, flaps, retractable gear, aerodynamic noise, ground rumble and engines,
which is beneficial for establishing a highly credible operational environment. During the

Figure 5.2: SIMONA Research Simulator.
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(a) Daytime setting (b) Night setting

Figure 5.3: Flight deck in the experiment.

experiment, participants wore single-ear intercom headsets (ClearCom CC-110-X4).
The experiment employed an generic aerodynamic model of the Piper PA-34 Seneca

III, a light twin-propeller aircraft. The flight deck (see Figure 5.3 for daytime and night
settings) featured flight controls including a control column with pitch trim, rudder pedals
with force feedback, throttle, gear, and flaps with three settings: 0° (UP), 25° and 40°
(LAND). The avionics consisted of a primary flight display (PFD) similar to a G1000 PFD,
a backup primary flight display, and a multi-function display for engine, configuration, and
navigation data. Information on airspeed, altitude, attitude, engine parameters, flap position,
and gear status was available via the avionics displays.

5.2.3. General procedure
An overview of the within-subjects experimental procedure is illustrated in Figure 5.4.
Pilots performed the experiment on a single day and as single-pilot crew. The total duration
of the experiment per participant was approximately two hours, including the briefing,
familiarization, test session (comprising eight test scenarios), and debriefing.

All pilots were briefed about the aircraft model, simulator features, experimental tasks,

Briefing Familiarization Test session 
(8 scenarios) Debriefing

Baseline test Flight test

Each scenario:

+ Questionnaires+

Figure 5.4: Experimental design.
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runway

Downwind

Base

Final Upwind

Crosswind
Flaps: up, 
Vmc= 80 kt, 
Vr = 80 kt

Gear: up,
Pitch: ~13°
V2= 92 kt

1000 ft, Vdw= 115 kt

Flaps: LAND

Gear: down, 
Flaps: 25°,
Vapp= 90 kt

Figure 5.5: Standard traffic pattern with target settings.

and definitions of startle and surprise. Each familiarization and test scenario required the
pilot to fly (part of) a left-handed traffic circuit (Figure 5.5) for runway 18C, Schiphol
Airport (EHAM). The circuit would need to be flown at 1,000 ft with a speed of 115 kt. A
flaps setting of 0° (UP) was required for take-off, 25° during the base leg, and 40° (LAND)
in the final leg. The circuit required rotate speed of 80 kt, minimum control speed of 80 kt,
best rate of climb speed of 92 kt, and landing approach speed of 90 kt. These configurations
were also available on the pilot’s kneepad.

During familiarization, pilots also practised one auditory task (details in Section 6.2.3
in Chapter 6) once on the runway, and once while performing the circuit. At the end of the
familiarization, all pilots confirmed that they could handle the aircraft model, none required
help in determining the turn points of the circuit, and none had difficulty with performing
the auditory task.

Pilots then proceeded with the test session, which consisted of eight test scenarios (see
Section 5.2.4), presented in a semi-counterbalanced order defined by a Latin square [151].
Test scenarios began either from the take-off position on runway 18C, or in-flight position
at 800 ft ahead of runway 18C, with an airspeed of 99 kt. In all cases, participants were
required to complete the circuit and land safely on the same runway.

Before each scenario, participants received a briefing on wind strength, direction, and
weather code through a Meteorological Aerodrome Report (METAR). Before and during
each test scenario, pilots also performed blocks of the auditory task (see Chapter 6). Imme-
diately following each scenario, pilots completed a questionnaire that included the Startle
and Surprise Inventories (see Section 5.2.5). After completing all scenarios, pilots were
informed about all simulated events in a debriefing.

5.2.4. Startle and surprise events
We aimed to include events that would elicit a comprehensive range of startle and surprise
responses. Table 5.2 provides the description of the test scenarios, with the fourth column
indicating whether the events in each scenario were designed to elicit startle, surprise, both,
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Table 5.2: Description of preset events and intended startle/surprise responses across scenarios.

ID Event description Event inserted1 Intended
responses

LTS While flying at night, lightning
struck the aircraft with a bright
flash and loud thunder sound.

The lightning strike Startle

FLAP When selecting Flaps 25 in the
base leg, the left flap remained UP.

The aircraft response when
you selected Flap 25

Surprise

ENF The right engine failed shortly
after takeoff.

The right engine failure
during take-off

Surprise

PFDF The primary flight display screen
turned black.

The malfunction of the
Primary Flight Display

Surprise

CARGO Cargo moved backward during
takeoff with a loud sound and pitch
up motion.

The pitch-up motion (and
noise) after rotation

Startle and
surprise

STALL A bird strike triggered a false stall
alarm with stick shaker.

The stall alarm Startle and
surprise

NTO Normal take-off without preset
malfunction.

The level-off manoeuvre Neither startle
nor surprise

NLO Normal landing without preset
malfunction.

The effect of crosswind Neither startle
nor surprise

1 The specific content that replaced the placeholder “[the stimulus]” in the Startle and Surprise
Inventories and Visual Analogue Scales for Startle and Surprise.

or neither. Events that were rare, unfamiliar, or difficult to immediately explain, were
used to induce relatively high surprise [30, 35, 49, 77]. Events that were sudden, loud, or
immediately threatening were used to induce relatively high startle [20, 23, 149, 150]. More
“high surprise” than “high startle” scenarios were included because we expected difficulty
with surprising a sufficient proportion of pilots to induce sufficient variation for analysis.

The lightning strike scenario (LTS) was designed to be highly startling due to the sudden
bright flash and loud thunder sound, but not (limited) surprising due to the stated weather
conditions. This scenario took place at night and began in the in-flight position. During
landing (5 s after descending 500 ft), a lightning strike was simulated, accompanied by a
loud thunder sound and a flash of light. The thunder was simulated using a surround sound
system in the simulator, playing the sound at 99 dB (including ambient noise). The lightning
flash was simulated using a strobe light mounted on the projection system. It overpowered
the regular night-time outside visual with a strong flash over the entire field of view of
the out-the-window view. To limit surprise, the METAR for this session included “TSRA”
(thunderstorm with rain), signalling the potential for thunderstorms.

In the flap asymmetry scenario (FLAP), the left flap remained in the UP position when
pilots selected 25° during the turn to the base leg. This caused an unexpected roll and yaw
moment, which need to be counteracted using the control column. The pilots’ unfamiliarity
with the specific aircraft response to the flap failure was expected to induce surprise. Since
there was no immediate threat nor intense stimuli, a limited startle response was expected.
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In the engine failure scenario (ENF), the right engine failed during takeoff (5 s after
reaching 900 ft), causing a roll and yaw moment that could be counteracted using the column
and pedals. The pilots’ unfamiliarity with the specific aircraft response to the engine failure
was expected to induce surprise. Since there was no immediate threat nor intense stimuli, a
limited startle response was expected.

The primary flight display failure scenario (PFDF) started at the in-flight position. The
PFD malfunctioned and went black during landing at 600 ft. Pilots could use the outside
view or the backup flight display to continue landing. Due to its unfamiliar nature, this
scenario was intended to elicit a high level of surprise. However, in the absence of intense
stimuli or immediate threat, a limited startle response was expected.

In the cargo shift scenario (CARGO), a simulated piece of heavy cargo broke loose
and shifted towards the tail after take-off (10 s after reaching 200 ft), with a loud scraping
and collision noise coming from the back of the aircraft. This moved the centre of gravity
backward temporarily, resulting in a violent pitch-up moment that was difficult to counteract.
The novelty of the event and difficulty in explaining it were expected to induce high levels
of surprise, while the sudden (upset) motion of the aircraft and the accompanying loud
scraping noise were expected to induce startle response.

In the false stall warning scenario (STALL), a bird strike occurred during the climbing
(20 s after reaching 800 ft), impacting the angle of attack vane with a sharp noise. This
triggered a continuous false stall alarm consisting of a stick shaker and stall aural warning.
Due to the lack of context for a stall event, it was expected to be surprising, and due to the
sudden loud auditory stall alarm and stick shaker it was expected to be startling.

Finally, two more scenarios, normal take-off (NTO) and normal landing (NLO), were
included to present events that were expected to induce low levels of startle and surprise.
NTO started at the take-off position and NLO started at the in-flight position, with pilots
performing a landing under a 5 kt crosswind from the east.

5.2.5. Measures of startle and surprise
Participants were instructed to indicate their experienced startle and surprise after each
scenario on the Startle-I, Surprise-I, Startle-VAS and Surprise-VAS (see Appendix B). The
six items from the Startle-I and the five items from the Surprise-I were randomized in
order (Table 5.3) so that participants had no information on whether items were intended to
measure startle or surprise. The total scores for the Startle-I and Surprise-I were calculated by
averaging the scores of all items within each inventory (ranging from 1 to 5). Participants
were required to place a cross on the Startle-VAS and Surprise-VAS as ratings and the
resulting scores were the distance of the cross to the left endpoint, measured in centimetres
(ranging from 0 to 10). The preset event in each scenario, as inserted in the inventories and
VASs, is stated in the third column of the Table 5.2.
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Table 5.3: Restructured Startle and Surprise Inventories.

Items

1. It startled me.
2. It surprised me.
3. It immediately made me feel scared or angry.
4. I predicted it beforehand.𝑎
5. It made me physically flinch.
6. It was consistent with my expectation.𝑎
7. It caused my heart to suddenly beat harder or faster.
8. I did not see it coming.
9. It shocked me.
10. It was unexpected.
11. It immediately caused stress or frustration to me.

Note. Items 1, 3, 5, 7, 9, 11 are from the Startle Inventory.
Items 2, 4, 6, 8, 10 are from the Surprise Inventory.
𝑎 Item is reverse-coded.

5.2.6. Statistical analysis
Two-way ANOVA and ICCs
First, the scores on items 4 and 6 were reversed. To determine whether the data from
Startle-I and Surprise-I for the MCFA should be clustered over scenarios or participants, a
two-way ANOVA was performed to examine the relative amount of variance on each item
attributed to the factor Scenario and the factor Participant.

To assess the proportion of between-level variance relative to the total variance, ICCs
were calculated for each item. The ICCs served to evaluate whether a MCFA was necessary
instead of a single-level CFA, as sufficiently high between-level variance [173] (ICC > 0.05)
justifies the use of MCFA to account for clustered data structure.

Multilevel confirmatory factor analysis
The factor structure of the 11 items in the Startle-I and Surprise-I was analysed using MCFA
for the clustered dataset [176]. MCFA was performed using the lavaan package in R to
test and compare two models: an 11-item, two-factor model comprising the factors Startle
and Surprise as identified in a ML-EFA [168], and an 11-item, one-factor model in which
all 11 items are considered as variables of a single factor.

Model goodness-of-fit was considered acceptable if the 𝜒2 value was non-significant
[156], the CFI and TLI exceeded 0.90 [157], and RMSEA [159] and SRMR (at both within
and between level) are below 0.10 [171]. To further investigate the relationship between
the factors Startle and Surprise in the two-factor model, standardized covariances between
the two factors were computed at both levels of analysis. Internal consistency was assessed
by calculating McDonald’s 𝜔 [177] for the Startle-I and Surprise-I for each scenario, with
values greater than 0.70 indicating acceptable internal consistency [178, 179].



5.3. Results

5

77

Manipulation checks
To check whether designed scenarios induced the intended responses of startle and surprise,
a manipulation check was conducted. Two linear mixed-effects models were applied to
account for the repeated-measures design, with heteroscedasticity accounted for in the
residuals. The scores obtained from the Startle-I (startle_inventory) and the Surprise-
I (surprise_inventory) were modelled as functions of the stimulus (stimulus) in the test
scenarios, a categorical fixed effect with eight levels. Participants with assigned identifier
numbers (ID) were included as a random effect to account for the individual differences.
The function lme from the nlme package in R was applied to fit the following models:

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑒 = 1 + 𝑠𝑡𝑖𝑚𝑢𝑙𝑢𝑠 + (1|𝐼𝐷),

where the variable Response was startle_inventory or surprise_inventory during the corre-
sponding analysis. The significance level was set as 𝑝 < 0.05 and the 𝑝 values were adjusted
for multiple comparisons with the Tukey method, for each model separately. Heteroscedas-
ticity across scenarios was modelled using the varIdent function, allowing variance com-
ponents to differ by scenarios.

5.3. Results
5.3.1. Two-way ANOVA and ICCs
Results from the two-way ANOVA revealed that the average amount of variance for each
item explained by the factor Scenario was larger than that explained by the factor Participant
for both the Startle-I (21.10% > 0.37%) and Surprise-I (18.47% > 0.09%) as shown in
Table 5.4. Thus, data were clustered over scenarios for the MCFA.

The ICCs ranged from 0.34 to 0.74 (rightmost column in Table 5.4). Notably, all of the
items have ICCs greater than 0.05, indicating considerable variance is due to the between-
scenario differences. To be specific, given that nearly half of the variance on some items is
between-scenario variance, MCFA was needed to properly investigate the factor structure.

5.3.2. Multilevel confirmatory factor analysis
Model fit tests demonstrated that the two-factor 11-item model, comprising the factors Startle
and Surprise, provided an adequate goodness-of-fit to the data across all indices except for
the 𝜒2 test, with 𝜒2 = 153.760, 𝑝 < 0.001, CFI = 0.939, TLI = 0.922, RMSEA = 0.062,
𝑆𝑅𝑀𝑅𝑤𝑖𝑡ℎ𝑖𝑛 = 0.089, 𝑆𝑅𝑀𝑅𝑏𝑒𝑡𝑤𝑒𝑒𝑛 = 0.082. In contrast, the one-factor, 11-item model
showed significantly lower fit indices and failed to meet the criteria for goodness-of-fit on
all indices, with 𝜒2 = 530.969, 𝑝 < 0.001, CFI = 0.602, TLI = 0.503, RMSEA = 0.156,
𝑆𝑅𝑀𝑅𝑤𝑖𝑡ℎ𝑖𝑛 = 0.210, 𝑆𝑅𝑀𝑅𝑏𝑒𝑡𝑤𝑒𝑒𝑛 = 0.133.

In the MCFA of the two-factor model (as shown in Table 5.5), all items loaded sig-
nificantly on their respective factors (i.e., absolute Z values were greater than 1.96 at a
95% confidence level). For the factor Startle, standardized loadings ranged from 0.493 to
0.694 at the within level, and 0.490 to 0.955 at the between level. For the factor Surprise,
standardized loadings ranged from 0.347 to 0.855 at the within-scenario level, and ranged
from 0.913 to 1.019 at the between-scenario level.

The standardized covariance indicated a non-significant low to moderate positive rela-
tionship 𝐶𝑜𝑣. = 0.171, 𝑝 = 0.067, between the factors Startle and Surprise at the within-
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Table 5.4: Two-way ANOVA results and estimated intraclass correlation coefficient (ICC) for each item.

Item Factor Sum of square Variation
(%) F ICC

Startle-I
Item 1 Participant 1.01 0.29 0.87 0.62

Scenario 114.43 32.42 98.77
Item 3 Participant 0.27 0.14 0.36 0.34

Scenario 31.34 16.83 41.55
Item 5 Participant 0.29 0.10 0.25 0.39

Scenario 62.38 20.95 54.40
Item 7 Participant 1.96 0.69 1.87 0.44

Scenario 66.02 23.36 63.06
Item 9 Participant 0.25 0.09 0.23 0.44

Scenario 57.69 20.77 53.79
Item 11 Participant 2.29 0.88 2.07 0.42

Scenario 31.86 12.25 28.90
Average Participant 0.37

Scenario 21.10
Surprise-I
Item 2 Participant 0.04 0.01 0.03 0.74

Scenario 107.11 31.00 92.11
Item 4 Participant 0.60 0.14 0.33 0.48

Scenario 57.23 13.36 31.68
Item 6 Participant 0.21 0.06 0.14 0.52

Scenario 40.96 11.77 27.37
Item 8 Participant 0.32 0.08 0.19 0.57

Scenario 71.28 17.19 42.58
Item 10 Participant 0.53 0.14 0.36 0.62

Scenario 71.03 19.03 48.27
Average Participant 0.09

Scenario 18.47

scenario level, representing that pilots who tended to report high startle did not necessarily
report high surprise within the same scenario, and vice versa. A high but marginally-
significant covariance value between the factors Startle and Surprise at the between-scenario
level 𝐶𝑜𝑣. = 0.902, 𝑝 = 0.063, indicated that scenarios that were rated higher in startle also
tended to be rated higher in surprise, and vice versa.

McDonald’s 𝜔 testing indicated acceptable to excellent internal consistency for both
inventories across scenarios, with values of 𝜔 = 0.88 to 𝜔 = 0.96 for the Startle-I, and
𝜔 = 0.77 to 𝜔 = 0.96 for the Surprise-I (Table 5.6).
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Table 5.5: Factor loadings, standard errors and Z values from MCFA of the two-factor model.

Factor Item Within (scenario)-level Between (scenario)-level

Loading𝑐 SE Z Loading𝑐 SE Z

Startle Item1 0.493 0.955
Item3 0.623 0.190 6.658 0.490 0.034 15.153
Item5 0.694 0.205 6.871 0.665 0.058 11.994
Item7 0.647 0.186 7.050 0.699 0.054 13.451
Item9 0.646 0.189 6.942 0.702 0.032 22.794
Item11 0.694 0.200 7.049 0.625 0.098 6.662

Surprise Item2 0.347 1.019
Item4 0.723 0.375 5.555 0.913 0.084 10.690
Item6 0.657 0.335 5.651 0.856 0.078 10.811
Item8 0.855 0.402 6.133 0.996 0.079 12.426
Item10 0.801 0.378 6.106 0.980 0.081 11.849

𝑐 Standardized loading.

Table 5.6: McDonald’s 𝜔 for Startle-I and Surprise-I across scenarios.

ID Startle-I Surprise-I

LTS 0.93 0.96
FLAP 0.92 0.90
ENF 0.88 0.86
PFDF 0.91 0.77
CARGO 0.90 0.89
STALL 0.90 0.80
NTO 0.96 0.94
NLO 0.94 0.93

5.3.3. Manipulation checks
The ratings from the Startle-I, Surprise-I, Startle-VAS, and Surprise-VAS are shown in pirate
plots per scenario (Figure 5.6). Each plots represents the mean values (square markers with
labels), interquartile range (IQR) in black lines, and distribution of the ratings. The two left
beans in each plot represent ratings from the Startle-I and Surprise-I, referring to the left-
hand axis (ranging from 1 to 5). The two right beans represent ratings from the Startle-VAS
and Surprise-VAS, corresponding to the right-hand axis (ranging from 0 to 10).

The plots illustrate that, across all test scenarios, the Startle-I scores were consistently
lower than the Startle-VAS scores, whereas the Surprise-I scores were consistently higher
than the Surprise-VAS scores. This suggests that the inventories differentiated better between
experienced startle and surprise than the VASs. In addition, the selected scenarios elicited
a wide range of startle and surprise levels within and between scenarios, demonstrating
the overall effectiveness of the scenarios in provoking the intended responses. The high
variation in responses also facilitates the application of MCFA.
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(a) LTS (b) FLAP

(c) ENF (d) PFDF

(e) CARGO (f) STALL

(g) NTO (h) NLO

Figure 5.6: Ratings from Startle-I, Startle-I, Startle-VAS and Surprise-VAS across scenarios (square markers
indicate means, whiskers indicate interquartile range).
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Figure 5.7 illustrates the levels of startle and surprise across scenarios. Dashed circles
highlight groups of scenarios that did not differ significantly in elicited startle and surprise
responses, as determined by the linear mixed-effects model analysis (see Table 5.7). In-
dividual data points represent the mean values of the Startle-I and Surprise-I ratings for
the scenario with markers (squares, triangles, diamonds and circles) indicating different
intended responses. Additionally, shaded rectangles around the data points indicate the
response variability across individuals, where the width and height of each rectangle corre-
spond to twice the standard deviation of the Startle-I and the Surprise-I in that scenario.

The findings from the linear mixed effect models confirm that most scenarios elicited
the intended effects on experienced startle and surprise. However, scenarios ENF and LTS
were found to have no significant difference between both their startle, ENF𝑠𝑡𝑎𝑟𝑡𝑙𝑒 =2.76,
LTS𝑠𝑡𝑎𝑟𝑡𝑙𝑒 =3.28, and surprise average ratings, ENF𝑠𝑢𝑟 𝑝𝑟𝑖𝑠𝑒 =4.01, LTS𝑠𝑢𝑟 𝑝𝑟𝑖𝑠𝑒 =3.44. No
significant differences were found on startle ratings between scenarios ENF and CARGO,
CARGO𝑠𝑡𝑎𝑟𝑡𝑙𝑒 = 2.58, scenarios ENF and STALL, STALL𝑠𝑡𝑎𝑟𝑡𝑙𝑒 = 2.85, scenarios FLAP
and CARGO, FLAP𝑠𝑡𝑎𝑟𝑡𝑙𝑒 = 2.63, scenarios FLAP and STALL. No significant differences
were found on surprise ratings between scenarios LTS and CARGO, CARGO𝑠𝑢𝑟 𝑝𝑟𝑖𝑠𝑒 =4.09,
scenarios LTS and PFDF, PFDF𝑠𝑢𝑟 𝑝𝑟𝑖𝑠𝑒 =3.94.

Figure 5.7: Mean values (markers) and SDs (squares) of Startle-I and Surprise-I for each scenario. Dashed circles
denote scenarios groups with non-significant differences in mean startle and surprise levels.
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Table 5.7: Pairwise comparisons of estimated marginal means between scenarios.

Comparison Estimate SE p Estimate SE p

Startle level Surprise level
ENF - FLAP 0.13 0.16 0.99 -0.21 0.13 0.78
ENF - LTS -0.51 0.19 0.12 0.57 0.25 0.31
ENF - CARGO 0.19 0.16 0.94 -0.08 0.14 1.00
ENF - NLO 1.47 0.12 < 0.0001 2.19 0.20 < 0.0001
ENF - NTO 1.59 0.11 < 0.0001 2.10 0.23 < 0.0001
ENF - PFDF 0.69 0.13 < 0.0001 0.07 0.14 1.00
ENF - STALL -0.08 0.16 1.00 -0.32 0.12 0.14
FLAP - LTS -0.65 0.20 0.02 0.78 0.24 0.03
FLAP - CARGO 0.05 0.17 1.00 0.12 0.12 0.97
FLAP - NLO 1.34 0.13 < 0.0001 2.40 0.19 < 0.0001
FLAP - NTO 1.46 0.12 < 0.0001 2.31 0.22 < 0.0001
FLAP - PFDF 0.56 0.14 < 0.0001 0.28 0.12 0.26
FLAP - STALL -0.22 0.17 0.91 -0.11 0.10 0.96
LTS - CARGO 0.70 0.20 0.01 -0.65 0.24 0.13
LTS - NLO 1.99 0.17 < 0.0001 1.62 0.28 < 0.0001
LTS - NTO 2.10 0.16 < 0.0001 1.53 0.30 < 0.0001
LTS - PFDF 1.21 0.18 < 0.0001 -0.50 0.24 0.44
LTS - STALL 0.43 0.20 0.41 -0.88 0.23 < 0.0001
CARGO - NLO 1.29 0.13 < 0.0001 2.28 0.19 < 0.0001
CARGO - NTO 1.40 0.13 < 0.0001 2.18 0.22 < 0.0001
CARGO - PFDF 0.51 0.15 0.02 0.15 0.12 0.90
CARGO - STALL -0.27 0.18 0.79 -0.23 0.10 0.28
NLO - NTO 0.12 0.07 0.70 -0.09 0.26 1.00
NLO - PFDF -0.78 0.10 < 0.0001 -2.12 0.19 < 0.0001
NLO - STALL -1.56 0.14 < 0.0001 -2.51 0.18 < 0.0001
NTO - PFDF -0.90 0.10 < 0.0001 -2.03 0.22 < 0.0001
NTO - STALL -1.67 0.14 < 0.0001 -2.42 0.21 < 0.0001
PFDF - STALL -0.78 0.15 < 0.0001 -0.38 0.10 < 0.0001

5.4. Discussion
The construct validity of the Startle-I and Surprise-I was confirmed in a setting with highly
ecological validity, including simulated in-flight events and a sample group of 26 pro-
fessional pilots. To investigate the inventories’ ability on measuring self-report startle and
surprise, eight scenarios with varied startling and surprising stimuli were tested. MCFA was
applied across two levels (i.e., within- and between-scenario) given the repeated-measures
experimental design. The analysis was guided by the factor structure identified in Chap-
ter 4, where a ML-EFA was performed. Results from the two-way ANOVA indicate that
the averaged amount of variance in both inventories’ items caused by differences between
scenarios was generally larger than the variance caused by differences between participants.
This outcome supports the intention of our experiment, to create significant differences
between scenarios rather than between participants. This led to the clustering of data for the
MCFA on Scenario instead of on Participant. The ICCs of all items emphasized the need
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for applying a MCFA instead of a CFA to properly consider the between-scenario variance.
The goodness-of-fit for the total set of 11 items was compared between a one-factor

model and a two-factor model (factors Startle and Surprise). The comparison revealed
that the two-factor model provided a superior and acceptable fit to the data, whereas the
one-factor model did not. Both models yield significant 𝜒2 values, which are typically
indicative of poor model-data fit. However, the relatively small sample size likely inflated
the 𝜒2 values, producing significant results even when the model-data discrepancies were
minor [170]. In addition to the 𝜒2 test, other fit indices, CFI, TLI, RMSEA, SRMRwithin,
and SRMRbetween supported the adequacy of the two-factor model. Furthermore, the MCFA
identified significant factor loadings at both within- and between-scenario levels, underlining
the robustness of the two-factor structure across different levels.

The differentiation between the factors Startle and Surprise indicated by the two-factor
model fit provides evidence for the construct validity of the Startle-I and Surprise-I. This
finding supports that the Startle-I and Surprise-I can effectively capture pilot experiences
of startle and surprise in an ecologically-valid setting. Additionally, this MCFA offers
compelling evidence for the distinctiveness of the constructs of startle and surprise within the
operational aviation context. The results support the hypothesis that the responses of startle
and surprise are fundamentally distinct constructs with different causes and consequences
[19, 35], even though both could impact pilots’ performance to varying degrees.

Regarding the internal consistency of the Startle-I and the Surprise-I, the McDonald’s
𝜔 across scenarios suggesting acceptable to excellent reliability. The observed variability
can possibly be attributed to differences in scenarios’ characteristics or to individual differ-
ences in interpretation of the items. Certain scenarios might evoke stronger/weaker (more
consistent) responses than others, leading to differences in internal consistency.

From the comparison between ratings from inventories and VASs on measuring star-
tle and surprise, the Startle-I and Surprise-I demonstrate a superior ability to distinguish
between different levels of startle and surprise when compared to the Startle-VAS and
Surprise-VAS (Table 5.6). This was unexpected, as the single-item VAS scores were shown
to be highly correlated with inventory scores in Chapter 4, investigating startle and surprise
stimuli that were unrelated to the aviation domain. Thus, although the visual analogue scales
are efficient in capturing individuals’ startle and surprise, and can be used quickly and im-
mediately after target stimuli, the multi-item inventories were found to be more effective in
an ecologically-valid context.

There are several limitations to this chapter. First, the findings are based on scenarios
performed in a research simulator. Although this allows for high controllability and repli-
cability, these may not simulate the level of stress, surprise, and high demand of real-world
in-flight emergencies. Second, we employed a within-subjects experimental design involv-
ing 26 participants who were exposed to eight different test scenarios to explore the factor
structure of Startle-I and Surprise-I. While this sample size enabled us to achieve meaning-
ful insights into the model’s goodness-of-fit, it limits the generalizability of our findings.
The limited number of participants may reduce the statistical power necessary for detecting
subtle nuances in the factor structures of Startle-I and Surprise-I. Future research should
consider expanding the sample size and possibly incorporating a broader demographic (e.g.,
age, flight experience) to enhance the validity and robustness of these findings.
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Third, the scenarios were designed to vary in induced startle and surprise, and the
results indicate that the designed stimuli effectively elicited a wide range of variability
in both startle and surprise. However, it remains challenging to independently elicit the
responses of startle or surprise. Moreover, in intended surprising scenarios, stress from
flight tasks could increase the level of startle response [23]. Fourth, all test scenarios were
conducted in a single-pilot setting with a simplified twin-prop aircraft model that most pilots
were not familiar with. Apart from the unfamiliarity, extra high workload was introduced by
requiring pilots to fly manually, which could also affect their experienced startle or surprise,
making them differ from the hypothesis. Fifth, the current chapter is limited in focus on
the aviation domain, whereas the inventories have potential for broader applicability in
other high-pressure environments involving human operators. Future research should aim
to replicate these findings in different operational settings, as well as in different domains to
enhance the generalizability.

5.5. Conclusion
This chapter provides strong and consistent evidence supporting the factor structure of the
Startle and Surprise inventories, aligning with the prior chapter. The findings in this chapter,
which used professional pilots (N = 26) as participants and settings with high ecological
validity, were consistent with those reported in Chapter 4, in which video clips were applied
to elicit startle and surprise. This demonstrates the reliability of Startle and Surprise
inventories, across diverse contexts. These results underscore the inventories’ applicability
for assessing startle and surprise responses in practical contexts both at individual and
scenario levels. The Startle and Surprise inventories open up opportunities for research
into startle and surprise responses, their specific causal factors, and their specific effects on
operator performance in various fields. This can lead to the development of evidence-based
safety protocols and training interventions.



6
Criterion-related validity of the
Startle and Surprise Inventories

To establish the criterion-related validity of the Startle and Surprise Inventories, this chapter
discusses an investigation on the impact of startle and surprise on pilots’ information-
processing performance. Based on prior research, we hypothesize that both startle and
surprise would have negative impact on information-processing performance, due to the
cognitive disruption caused by the startling stimulus and the need to reframe and make sense
of surprising situations. To test these hypotheses, 26 professional pilots are exposed to eight
flight scenarios designed to elicit a wide range of startle and surprise. The information-
processing performance is assessed using an auditory cognitive task during flight, with
reaction time and accuracy serving as dependent measures. Linear mixed-effects models
are used to analyse the relationships between self-report startle and surprise, and the
auditory task performance. In addition, the statistical analyses included the examination of
temporal patterns in reaction time and correlation analyses between age, flight hours, and
the dependent measures.
The chapter is organized as follows: Section 6.1 reviews prior research on the influence
of startle and surprise on performance, identifies key gaps in the literature, and outlines
the hypotheses. Section 6.2 describes the methodology. Section 6.3 presents the results.
Section 6.4 discusses the findings in relation to existing theory and operational relevance,
and Section 6.5 concludes with key insights and recommendations for future research.

The contents of this chapter have been submitted for publication [180].
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6.1. Introduction
Aviation operations are inherently complex and require the simultaneous integration of
multiple sources, functions, and environmental configurations. Modern display technology
has consolidated flight-critical information into fewer, more efficient displays to enhance
situation awareness. However, the increasing complexity of displays and automation, and
the risk of “information glut” have not necessarily alleviated pilots’ mental workload during
critical phases of flight, and instead could lead to attentional tunnelling and automation
issues, such as mode confusion and automation surprise [11, 181, 182]. These cognitive
challenges can significantly impact pilot’s decision-making and performance, particularly in
high-stakes situations [183, 184]. Unexpected failures or anomalies may further exacerbate
these challenges, by triggering startle and surprise responses [5].

Research has shown that startle and the associated stress can temporarily disrupt cog-
nitive processes, impair sustained attention, and reduce cognitive efficiency [98, 185, 186].
Neurobiological models suggest that startle activates survival circuits, prioritizing threat de-
tection at the expense of cognitive processing, compromising the executive functions [187].
This shift in neural processing reallocates cognitive resources toward stimulus-driven re-
sponses, limiting working memory and attentional control necessary for task execution.
The resulting cognitive overload may lead to narrowed attentional focus, reduced situation
awareness, impaired decision-making, and decreased information-processing capacity [5,
97]. The severity and duration of this disruption vary based on individual differences [188],
contexts, and characteristics of the eliciting stimuli [148]. This disruption is particularly
concerning in high-risk operational contexts such as in aviation, where precise and timely
decision-making is critical [19].

While several studies have demonstrated that startle can lead to transient cognitive dis-
ruptions, other studies have reported minimal or no detrimental effects, and in some cases
even performance enhancements under high cognitive load conditions in the controlled labo-
ratory environments [189]. These mixed findings underscore the importance of investigating
the effects of startle within realistic and operationally relevant contexts.

Surprise has been shown to interrupt ongoing automatic cognitive processes by redi-
recting attention toward analysing the unexpected event and updating one’s mental model of
the situation [34]. This interruptive effect has been quantified in laboratory settings, for ex-
ample, through increased latency in verbal and motor response tasks [190]. The subsequent
sense-making and reframing processes required to interpret and respond to the unexpected
event involve effortful, goal-directed cognitive activity [35, 77]. These processes are sus-
ceptible to disruption under high levels of stress, which can impair attention to task-relevant
information and hinder the execution of appropriate actions [98].

Concluding, both startle and surprise may decrease pilot information-processing per-
formance by disrupting ongoing cognitive processes. They may induce additional mental
workload by distracting attention to the startling or surprising stimulus and requiring con-
siderable working memory allocated to analyse the startling or surprising event.

In this chapter, we aim to investigate the effects of startle and surprise on pilots’
information-processing performance in an ecologically-valid setting. Using a dual-task
paradigm [191], information-processing performance was quantified using a secondary au-
ditory cognitive task that was performed while pilots experienced the startling and surprising
in-flight events. This auditory task was meant to represent a communication situation.
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We hypothesized that both startle and surprise would impair pilots’ information-processing
performance, leading to reduced performance on the auditory task. To test these two hy-
potheses, pilots were exposed to eight in-flight scenarios in a flight simulator, which were
designed to induce a wide range of startle and surprise responses. To measure startle and
surprise, multi-item instruments developed and validated in Chapters 4 and 5, was employed.
The insights obtained into the effects of startle and surprise on pilot information-processing
performance in an operationally-relevant setting may contribute to the development of train-
ing programs aimed at enhancing pilot resilience during in-flight emergencies.

6.2. Method
6.2.1. Participants and apparatus
The same participants sample and apparatus described in Chapter 5 were used for experiment
discussed in the current chapter. Please refer to Sections 5.2.1, 5.2.2 in Chapter 5 for detailed
demographic information and apparatus setup, respectively.

6.2.2. Tasks and conditions
The experiment procedure and test scenarios were identical to that described in Chapter 5
(see Sections 5.2.3 and 5.2.4 for a detailed description).

6.2.3. Auditory task
The pilots were informed that the auditory task was designed to assess their capacity to
process auditory information. In line with standard procedures, they were instructed to
always prioritize aircraft control over the secondary auditory task. Figure 6.1 illustrates the
auditory task as performed on the runway (baseline test) and during the flight test. Table 6.1
summaries the timing of the preset events and auditory task across test scenarios.

A “block” consisted of ten randomly generated numbers, ranging from 0 to 9, pronounced
in the ICAO Phonetic Alphabet, where presented over the pilots’ headset with 2.5 second
intervals resulting in a total block duration of 28 s. Each block was preceded by an
auditory warning: “The auditory task is coming”. The target block in the flight test, where
performance was collected, started at 5, 10 or 15 s before the preset startle and/or surprise
event (i.e., lead time in Figure 6.1b) with 2, 4, or 6 additional numbers, respectively, and
always continued for 28 s (10 numbers) after the event onset.

A non-target (distraction) block was also included in the ENF, FLAP, STALL, and
LTS. These non-target blocks were presented without overlapping with target blocks or
preset events, and always lasted 28 seconds. Their only purpose was to reduce participants’
expectation of preset events, which were consistently paired with the target blocks.

Participants were instructed to single-click the autopilot disconnect button with their
thumb if the number was odd, and double-click if the number was even. For double-clicks,
the interval between clicks had to be less than 500 milliseconds. Otherwise, the response
would be recorded as one single-click and one invalid click.

Both aircraft control and auditory task were implemented in the Delft University En-
vironment for Communication and Activation (DUECA). This ensured synchronisation
between flight phase, auditory stimulus presentation, and responses acquisition.
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Table 6.1: Timing of preset events and auditory task across scenarios.

ID Event timing Lead
time1

Non-target (distraction)
block timing

ENF 5 s after reaching 900 ft 10 s Climbing through 100 ft
FLAP At the selection of Flaps 25 in the base leg 5 s Climbing through 800 ft
CARGO 10 s after reaching 200 ft 15 s -
LTS 5 s after descending to 500 ft 5 s Descending through 800 ft
PFDF Descending to 600 ft 5 s -
STALL 20 s after reaching 800 ft 5 s Climbing through 150 ft
NTO - - -
NLO - - -

1 Lead time as shown in Figure 6.1b.

Timeline

28s

Target block 

Scenario 
starts

(a) Auditory task performed on the runway (baseline test)

Timeline
Secondary task

Timeline
Primary task

28s

Non-target block
(distraction) 

Event

Target block

Lead
Time

28s

(b) Auditory task performed during the flight test

Figure 6.1: Auditory task in the test session.

6.2.4. Dependent measures
Auditory task reaction time
The main measure of the pilots’ information-processing capacity was their reaction time to
the secondary auditory task. The autopilot disconnect button was sampled at a frequency
of 100 Hz, after which reaction times were calculated with a resolution of 0.01 s. The mean
reaction time of the correct responses was obtained for the target block (after the event as
in Figure 6.1b) and for the baseline (with the aircraft stationary on the runway as in Figure
6.1a) for each scenario. To clean the data, responses that were either extremely fast (i.e.,
quicker than the pilot’s average response time in baseline) or missing were excluded as
invalid. The mean reaction time during the flight test was then corrected by subtracting the
mean baseline reaction time, resulting in the Delta Reaction Time (Δ𝑅𝑇).

Auditory task accuracy
As additional measure of pilots’ information-processing performance, accuracy within the
target block was assessed. This was calculated as the ratio of correct responses to the
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total number of presented numbers in the target block (i.e., 10). To account for individual
baseline performance, flight test accuracy was baseline-corrected by subtracting the baseline
accuracy, yielding the Delta accuracy (Δ𝐴𝐶).

Self-report startle and surprise
Following each flight test scenario, participants completed the Startle Inventory (Startle-
I) and Surprise Inventory (Surprise-I). The Startle-I and Surprise-I were developed and
validated to measure an individual’s startle or surprise response to a presented stimulus (as
in Appendix B). There are six statements in the Startle-I and five statements in the Surprise-I,
for which responses are scored on 1-5 Likert scales. The total scores of both inventories are
the average of the items’ scores, ranging from 1 to 5. McDonald’s 𝜔 [177] of the current
sample was𝜔 = 0.88 to𝜔 = 0.96 for the Startle-I, and𝜔 = 0.77 to𝜔 = 0.96 for the Surprise-I
across test all scenarios, indicating acceptable to excellent internal consistency.

6.2.5. Statistical analysis
First, Pearson correlation analyses were conducted to preliminarily examine the relationships
between Age, Flight hours, Δ𝑅𝑇 , Δ𝐴𝐶, and self-report startle and surprise. To account
for the repeated-measures design and the non-independence of observations both across
scenarios and within participants, a modified “between and within formulation” [144] was
applied. Specifically, for each dependent measure, a separate linear mixed-effects model
was fitted, to remove the influence of different scenarios and individual differences. The
between-participant correlations matrix was computed using the participant-level random
effects extracted from the linear mixed-effects models for each dependent measure. The
between-scenario correlations matrix was calculated by correlating the estimated marginal
means for each dependent measure within scenarios, as derived from the linear mixed-effects
models. The residual correlations matrix was computed using the residuals extracted from
the linear mixed-effects models for each dependent measure.

To assess the effect of startle and surprise on Δ𝑅𝑇 and Δ𝐴𝐶 across different scenarios,
linear mixed-effects models were applied using the lme function from the nlme package.
The fixed effects were the ratings of startle (Startle-I), the ratings of surprise (Surprise-I),
and scenario (Scenario), which was modelled as a categorical variable with eight levels.
Additionally, if the sequence of scenarios (Sequence) was found to have a significant effect
on Δ𝑅𝑇 or Δ𝐴𝐶, it was also included in the linear mixed-effects model. To account for
individual differences, participant number (ID) was included as a random effect.

Linear mixed-effects models were fitted using the lme function from the nlme pack-
age, while heteroscedasticity in the residuals was modelled using function varIdent to
accommodate variance differences across scenarios in R.

Furthermore, the Intraclass correlation coefficient (ICC) [192] was calculated to assess
the proportion of the total variance attributable to differences between participants. The
ICC was derived from the random effect results, with a higher ICC indicating the notable
between-participant variability, supporting the application of the linear mixed-effects model.

In addition to analysing the effects of startle and surprise on Δ𝑅𝑇 , we conducted a
descriptive analysis to explore the temporal pattern of Δ𝑅𝑇 and valid responses during the
auditory cognitive task in the target block. Specifically, for each scenario, the means and
standard deviations of the Δ𝑅𝑇 across the sequence of ten numbers were calculated, aiming
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Table 6.2: Means and standard deviations of the dependent measures across eight scenarios.

Scenario Δ RT (s) Δ AC (%) Startle-I (1-5) Surprise-I (1-5)

Mean SD Mean SD Mean SD Mean SD

ENF 0.46 0.21 -30.00 29.26 2.76 0.66 4.01 0.71
FLAP 0.33 0.25 -12.69 18.45 2.63 0.76 4.22 0.65
CARGO 0.33 0.25 -13.08 22.59 2.58 0.75 4.09 0.65
LTS 0.12 0.13 -5.38 8.11 3.28 0.93 3.44 1.10
PFDF 0.17 0.14 -2.31 9.08 2.07 0.61 3.94 0.62
STALL 0.29 0.23 -9.62 16.37 2.85 0.81 4.32 0.47
NTO 0.13 0.11 -1.92 5.67 1.17 0.31 1.91 0.86
NLO 0.09 0.09 -1.92 10.96 1.29 0.37 1.82 0.74

Note. Δ𝑅𝑇 = Delta Reaction Time; Δ𝐴𝐶 = Delta Accuracy; Startle-I = Startle Inventory;
Surprise-I = Surprise Inventory.

to assess whether Δ𝑅𝑇 stabilized or remained disrupted following the in-flight events.

6.3. Results
6.3.1. Overview of collected data
For two participants, the Δ𝑅𝑇 data were missing in two scenarios (ENF and CARGO), due
to an insufficient number of correct responses. Table 6.2 provides an overview of means
and standard deviations of dependent measures across the eight test scenarios.

In general, Surprise-I scores were higher than Startle-I scores across scenarios. LTS
was, as expected, the most startling scenario, and scored somewhat lower on Surprise-I than
other surprising scenarios. CARGO and STALL scored, as expected, high on both startle
and surprise. PFDF scored, as expected, relatively low on startle and high on surprise. ENF
and FLAP exhibited high scores on both startle and surprise, which was unexpected.

Figures 6.2 and 6.3 show the pirate plots of the Δ𝑅𝑇 and Δ𝐴𝐶. The plots represent
the mean values (square markers with labels), interquartile range (IQR) in black lines, and
distribution across scenarios. ENF, FLAP and CARGO were scenarios that required pilots
to manually intervene, and these also exhibited the highest mean Δ𝑅𝑇s, lowest mean Δ𝐴𝐶s,
and highest variance on both. STALL did not require any manual intervention but appears
to be similarly impactful as ENF, FLAP and CARGO. A low impact can be observed for
LTS (startling, not surprising) and PFDF (surprising, not startling).

Scenarios associated with longer Δ𝑅𝑇 , such as ENF, STALL, CARGO and FLAP,
generally exhibited lower Δ𝐴𝐶, suggesting a potential trade-off between response speed and
accuracy in the secondary task. However, scenarios with shorter Δ𝑅𝑇 , such as NLO and
NTO, demonstrated high Δ𝐴𝐶, indicating that faster responses did not always compromise
the accuracy of the secondary task.
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Figure 6.2: Delta Reaction Time of the auditory task across eight test scenarios (square markers indicate means,
whiskers indicate interquartile range).

Figure 6.3: Delta Accuracy of the auditory task across eight test scenarios (square markers indicate means, whiskers
indicate interquartile range).
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Table 6.3: Summary of the linear mixed-effects model for Delta Reaction Time.

Effect Estimate SE t p Variance2

Fixed effects
(Intercept) 0.065 0.036 1.824 0.070 -
Startle-I (1-5) 0.049 0.017 2.817 0.005** -
Surprise-I (1-5) 0.002 0.012 0.139 0.890 -
ScenarioENF 0.257 0.053 4.849 < 0.001** 2.128
ScenarioFLAP 0.131 0.060 2.181 0.031* 2.756
ScenarioCARGO 0.137 0.058 2.379 0.019* 2.547
ScenarioLTS -0.107 0.046 -2.315 0.022* 1.162
ScenarioPFDF -0.008 0.039 -0.202 0.841 1.341
ScenarioSTALL 0.076 0.055 1.388 0.167 2.155
ScenarioNLO -0.045 0.023 -1.981 0.049* 0.895

Random effects (SD)
Between-participant 0.073 - - -
Within-participant 0.086 - - -

Note. Number of observations = 206.
2 Estimated multiplicative factor of the residual (i.e. within-participant) variance with respect
to the reference scenario NTO. For example, the variance of the residuals for scenario ENF is
2.128 × 0.086 = 0.183.
** 𝑝 < 0.01 (two-tailed). * 𝑝 < 0.05 (two-tailed).

6.3.2. Effects of startle and surprise on Δ𝑅𝑇
No significant effect of the scenarios’ sequence (Sequence) on Δ𝑅𝑇 was found, hence it was
not included in the model. The linear mixed-effects model of Δ𝑅𝑇 was fitted as follows:

Δ𝑅𝑇 = 1 + 𝑆𝑡𝑎𝑟𝑡𝑙𝑒-𝐼 + 𝑆𝑢𝑟 𝑝𝑟𝑖𝑠𝑒-𝐼 + 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 + (1|𝐼𝐷)

Results of the linear mixed-effects model for Δ𝑅𝑇 are presented in Table 6.3. Higher
Startle-I scores were significantly associated with an increase in Δ𝑅𝑇 , 𝛽 = 0.049, 𝑆𝐸 =
0.017, 𝑡(171) = 2.817, 𝑝 = 0.005. This indicates that for every point scored higher on the
Startle-I, Δ𝑅𝑇 increased by 49 ms, after controlling for the effect of Surprise-I, Scenario
and ID. In contrast, no significant effect of Surprise-I was found on Δ𝑅𝑇 .

The estimated standard deviation of the between-participant level random effect was
0.073, corresponding to an estimated ICC of 0.422. This indicates that approximately
42.2% of the total variance in Δ𝑅𝑇 is attributable to between-participant differences, after
controlling for the fixed effects of Surprise-I, Startle-I and Scenario). These findings support
the use of a mixed-effects model to account for the non-independence of observations.

Using NTO as the reference, ENF, FLAP, and CARGO resulted in significantly higher
Δ𝑅𝑇 . Δ𝑅𝑇 was 257 ms higher in ENF, 𝛽 = 0.257, 𝑆𝐸 = 0.053, 𝑡(171) = 4.849, 𝑝 < 0.001.
Δ𝑅𝑇 was 131 ms higher in FLAP, 𝛽 = 0.131, 𝑆𝐸 = 0.060, 𝑡(171) = 2.181, 𝑝 = 0.031, and
137 ms higher in CARGO, 𝛽 = 0.137, 𝑆𝐸 = 0.058, 𝑡(171) = 2.379, 𝑝 = 0.019. Participants
in the LTS and NLO showed significantly lower Δ𝑅𝑇 compared to those in the NTO. Δ𝑅𝑇
was 107 ms lower in LTS, 𝛽 = -0.107, 𝑆𝐸 = 0.046, 𝑡(171) = -2.315, 𝑝 = 0.022, and Δ𝑅𝑇

was 45 ms lower in the NLO, 𝛽 = -0.045, 𝑆𝐸 = 0.023, 𝑡(171) = -1.981, 𝑝 = 0.049.
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Table 6.4: Summary of the linear mixed-effects model for Delta Accuracy.

Effect Estimate SE t p Variance3

Fixed effects
(Intercept) -0.594 2.845 -0.209 0.835 -
Startle-I (1-5) -0.840 1.267 -0.663 0.508 -
Surprise-I (1-5) -0.640 0.861 -0.744 0.458 -
Sequence 0.197 0.304 0.646 0.519 -
ScenarioENF -25.412 6.038 -4.208 < 0.001** 5.447
ScenarioFLAP -8.115 4.123 -1.968 0.051 3.149
ScenarioCARGO -8.629 4.734 -1.823 0.070 3.994
ScenarioLTS -0.745 3.235 -0.230 0.818 1.324
ScenarioPFDF 1.707 2.627 0.650 0.517 1.494
ScenarioSTALL -4.710 4.114 -1.145 0.254 2.937
ScenarioNLO 0.053 2.623 0.020 0.984 2.437

Random effect (SD)
Between-participant 4.498 - - -
Within-participant 5.506 - - -

Note. Number of observations = 208.
3 Estimated multiplicative factor of the residual (i.e. within-participant) variance with respect
to the reference scenario NTO. For example, the variance of the residuals for scenario ENF is
5.506 × 5.447 = 29.991.
** 𝑝 < 0.01 (two-tailed).

6.3.3. Effects of startle and surprise on Δ𝐴𝐶
The sequence of test scenarios had a significant effect on Δ𝐴𝐶. Sequence was therefore
included in the linear mixed-effects model of Δ𝐴𝐶:

Δ𝐴𝐶 = 1 + 𝑆𝑡𝑎𝑟𝑡𝑙𝑒-𝐼 + 𝑆𝑢𝑟 𝑝𝑟𝑖𝑠𝑒-𝐼 + 𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 + 𝑆𝑒𝑞𝑢𝑒𝑛𝑐𝑒 + (1|𝐼𝐷)

Results from the linear mixed-effects model for Δ𝐴𝐶 are presented in Table 6.4. The model
reveals that the fixed effects intercept was not statistically significant, indicating that the
Δ𝐴𝐶 in the reference scenario NTO did not differ significantly from zero. No significant
effect of Surprise-I nor Startle-I was found on Δ𝐴𝐶.

The estimated standard deviation of the random intercept was 4.503, which corresponds
to an ICC of approximately 0.475. This indicates that about 47.5% of the total variance
in Δ𝐴𝐶 stems from between-participant differences, further supporting the use of a mixed-
effects model.

Using NTO as reference, ENF exhibited significantly lower Δ𝐴𝐶. Δ𝐴𝐶 in ENF was
-0.594 - 25.412 = -26.006, with 𝛽 = -25.412, 𝑆𝐸 = 6.038, 𝑡(172) = -4.208, 𝑝 < 0.001.

6.3.4. Correlation analysis
Table 6.5 lists the Pearson correlations between Age, Flight hours, Δ𝑅𝑇 , Δ𝐴𝐶, Startle-I
and Surprise-I scores at between-participant, between-scenario and residual levels. At the
between-participant level, both Age and Flight hours were significantly negatively associated
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Table 6.5: Correlation matrices of the study variables.

Age FH Δ𝑅𝑇 Δ𝐴𝐶 Startle-I Surprise-I

Between-participant correlation matrix
Age 1.000
FH 0.917** 1.000
Δ𝑅𝑇 -0.596** -0.599** 1.000
Δ𝐴𝐶 -0.107 -0.118 -0.401* 1.000
Startle-I -0.242 -0.301 0.237 -0.041 1.000
Surprise-I 0.097 0.112 -0.038 -0.152 0.134 1.000

Between-scenario correlation matrix
Age -
FH - -
Δ𝑅𝑇 - - 1.000
Δ𝐴𝐶 - - -0.932** 1.000
Startle-I - - 0.528 -0.508 1.000
Surprise-I - - 0.718* -0.543 0.817* 1.000

Residual correlation matrix
Age -
FH - -
Δ𝑅𝑇 - - 1.000
Δ𝐴𝐶 - - -0.161* 1.000
Startle-I - - 0.162* 0.008 1.000
Surprise-I - - 0.026 -0.044 0.161* 1.000

Note. FH = Flight hours; Δ𝑅𝑇 = Delta Reaction Time; Δ𝐴𝐶 = Delta Accuracy;
Startle-I = Startle Inventory; Surprise-I = Surprise Inventory.
** 𝑝 < 0.01 (two tailed). * 𝑝 < 0.05 (two tailed).

withΔ𝑅𝑇 , 𝑟 = -0.596 and 𝑟 = -0.599, respectively. These findings suggest that older and more
experienced pilots demonstrated lower Δ𝑅𝑇 in the secondary auditory task and experienced
less startle to in-flight events.

At the between-scenario level, Surprise-I was significantly positively correlated with
Δ𝑅𝑇 , 𝑟 = 0.718, and significantly positively correlated with the Startle-I, 𝑟 = 0.817. Addi-
tionally, Δ𝐴𝐶 showed a significant negative correlation with Δ𝑅𝑇 at both between-scenario,
𝑟 = -0.932, and between-participant levels 𝑟 = -0.401. These findings indicate that both
participants and scenarios with longer Δ𝑅𝑇 tend to exhibit more errors in the cognitive task.

At the residual level (after removing participant- and scenario-level effects), Startle-I
was significantly positively associated with Δ𝑅𝑇 , 𝑟 = 0.162 and with Surprise-I, 𝑟 = 0.161.
This would suggest that an unusually high Startle-I is associated with higher than usual
Surprise-I and higher than usual Δ𝑅𝑇 . In addition, Δ𝐴𝐶 showed a significant negative
correlation with Δ𝑅𝑇 , 𝑟 = -0.161. This means that if in one scenario the Δ𝑅𝑇 is higher
than what should be expected given the scenario and the participant, then more errors would
occur in the cognitive task for this scenario.
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(a) ENF (b) FLAP

(c) CARGO (d) LTS

Figure 6.4: Mean Delta Reaction Time (± 1 SD) for target numbers across scenarios.

6.3.5. Temporal patterns of Δ𝑅𝑇
Figures 6.4 and 6.5 provide an overview of theΔ𝑅𝑇 and the number of valid responses across
the cognitive task duration in the target block. In the Δ𝑅𝑇 plots, the black line represents
a zero change in Reaction Time, while the shaded areas highlight deviations from this
reference. In plots showing the number of valid responses, the gray dashed line indicates
the total number of participants (N = 26). In all scenarios with preset events, a notable
increase in Δ𝑅𝑇 is observed immediately after the event (dashed vertical line), peaking at
the first number in the sequence and coinciding with a dip in valid responses. For ENF,
FLAP and CARGO, the scenarios where pilots had to intervene to control the flight path, the
effect on Δ𝑅𝑇 and valid responses can be seen to last throughout the measuring duration.
Additionally, greater variability in Δ𝑅𝑇 post-event is evident in these scenarios, as indicated
by larger standard deviations. STALL can be seen to cause a similar pattern, possibly due to
the persistent warning sound. The impact of LTS and PFDF can be seen to quickly subside,
suggesting a more brief impairment in information-processing performance.
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(a) PFDF (b) STALL

(c) NTO (d) NLO

Figure 6.5: Mean Delta Reaction Time (± 1 SD) for target numbers across scenarios (continued).

6.4. Discussion
This study investigated the effects of startle and surprise on pilots’ information-processing
performance during simulated in-flight events. The results indicate that heightened startle re-
sponses significantly impaired information-processing speed, as evidenced by the increased
Δ𝑅𝑇 on the secondary auditory task. The finding aligns with prior research, suggesting that
startle could induce temporary cognitive disruption [23], likely due to the rapid activation
of survival-related neural circuits that prioritize threat detection over executive functioning
[187]. The involuntary nature of the startle response appears to divert attentional resources
from ongoing tasks, necessitating additional cognitive effort to reorient focus, which is
supported by evidence of increased cerebral blood flow in prefrontal cortex regions [193].

The finding contrasts with recent research [189], which reported no performance impair-
ment following startle and even noted slight performance improvements under high cognitive
load conditions. One possible explanation for this discrepancy lies in the differences between
laboratory environment and ecologically-valid setting. In controlled laboratory contexts,
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the absence of perceived threat may enable participants to rapidly compensate for effect
of startle, thereby minimizing its disruptive impact on ongoing tasks. However, real-world
startle responses are more likely to occur in highly-demanding and potentially threatening
situations, where the combined complexity and stress of the tasks environment may exceed
compensatory mechanisms and exacerbate performance disruptions.

Contrary to our hypothesis, surprise did not have a distinct significant impact on sec-
ondary task performance. While surprise has been theorized to impose cognitive demands
by prompting a need for sense-making and situation reframing [35, 77], our results show
that its immediate effects on information processing were minimal in the in-flight events fea-
tured in our experiment. It could be that the surprise events in our study may not have been
complex enough to elicit reframing efforts that would induce sufficient additional workload
to impact secondary task performance.

Although no significant effect of surprise was found in the linear mixed-effects model,
our study does not imply that surprise is less irrelevant for pilot training. In fact, signifi-
cant correlations were observed between the ratings of surprise and Δ𝑅𝑇 at the between-
scenario level, indicating that higher levels of surprise are generally associated with greater
information-processing performance disruptions (Section 6.3.4). The temporal pattern anal-
ysis in Section 6.3.5 also highlights the role of surprise in shaping responses’ dynamics over
time. One possible explanation is that the between-scenario correlations reflect general
trends across different scenarios, whereas the linear mixed-effects model accounts for both
within- and between-subject variations while controlling for additional factors. The mixed-
effects model revealed that, after adjusting for the ratings of startle, scenarios and individual
differences, the effect of surprise on Δ𝑅𝑇 and Δ𝐴𝐶 was non-significant. Nevertheless,
previous studies have shown that unexpectedness in training is important to build cogni-
tive flexibility and higher-level competences to deal with a wide variety of possible events
[112, 194, 195]. Given its importance for training, more research is required into means to
systematically introduce surprise in aviation scenarios in ecologically-valid settings.

We also observed a negative correlation between flight experience and Δ𝑅𝑇 , suggesting
that more experienced pilots were better at managing cognitive disruptions caused by in-
flight events. This finding supports the idea that expertise and training can mitigate the
impact of unexpected events [109], potentially by enabling pilots to rely on well-practiced
procedural knowledge that requires fewer cognitive resources to execute under stress. This
underscores the importance of tailored training programs designed to enhance resilience to
startle responses, particularly for less experienced pilots.

Our findings highlight the necessity of incorporating startle management strategies into
pilot training programs. Although current Upset Prevention and Recovery Training protocols
acknowledge the role of startle and surprise in aviation safety, our results suggest that targeted
interventions specifically aimed at mitigating startle-induced cognitive disruptions may be
beneficial [196]. Stress management techniques, exposure-based training, and cognitive
resilience exercises could help pilots develop strategies to minimize the disruptive effects of
startle and maintain optimal performance under pressure [115, 197, 198].

Several limitations of the current study should be acknowledged, along with recom-
mendations for future research. First, although the data revealed both within-scenario and
between-scenario variation in Startle-I ratings, the intensity of the startle responses observed
was likely lower than those typically experienced during real-world aviation emergencies.
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This limitation may be attributed to the controlled nature of the simulation context, in which
participants were aware that no actual threat was present. Future research could employ
more immersive simulation techniques, introduce social stressors (e.g., performance eval-
uation and peer observation) or incorporate sudden-onset stimuli to elicit stronger startle
responses, and further validate their effects under more ecologically intense conditions.

Second, the quantification of startle and surprise relied on self-report measures, which,
although informative and psychometrically validated, are subject to potential biases such as
individual differences in interpreting questionnaire items. Future research could enhance
the assessment of startle and surprise by integrating self-report data with physiological
indicators (e.g., reflex electromyogram [37], pupillometry [199] and heart rate [42]).

Third, the experimental setup involved single-pilot crew operating a twin-propeller
model, which may not fully replicate the dynamics of real-world multi-crew operations.
Investigating how startle and surprise interact in team-based settings could provide valuable
insights into crew resource management strategies and training.

Fourth, while the application of the linear mixed-effects model on the effect of startle
on Δ𝑅𝑇 controlled for the surprise ratings, individual differences, and scenario differences,
the relationships between startle ratings and secondary task performance may have been
confounded by aircraft control demands in scenarios such as ENF, FLAP, and CARGO.
However, our findings show that the LTS and STALL scenarios elicited the highest startle
responses without imposing any (LTS) or similar (STALL) control demands as ENF, FLAP
or CARGO, ruling out this potential confounder.

Fifth, the absence of significant findings regarding Δ𝐴𝐶 might be due to the limited
resolution of the secondary task measurement or to ceiling effects. Future studies might
benefit from integrating additional metrics (such as physiological measures) or increasing
the difficulty of the cognitive task, to better capture the fluctuation of information processing.

6.5. Conclusion
In summary, our study demonstrates that startle responses significantly impair pilots’ in-
flight cognitive performance, whereas surprise does not impose a comparable effect. These
findings reinforce the importance of training interventions aimed at managing startle effects
in high-risk environments. Additionally, the role of experience in mitigating these effects
highlights the value of continued practice and exposure-based training. Future research
should explore more nuanced measures of cognitive capacity and extend these findings to
multi-crew settings to further enhance aviation safety protocols.





7
Discussion and conclusions

In this chapter, the main findings and contributions associated with each research objective
are discussed. It reflects on how these address the research questions outlined in Chapter 1.
The chatper also outlines the theoretical and practical implications of the findings, discusses
the overall limitations of this research, and provides recommendations for future research
on startle and surprise in the field of Human Factors and Applied Aviation Psychology.
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Although startle and surprise have been widely acknowledged as critical human factors
influencing pilot performance during unexpected situations, a significant gap remains in
the systematic measurement of these responses and their integration into operational avi-
ation contexts. This dissertation focused specifically on developing self-report measuring
instruments to quantify startle and surprise, an essential step toward supporting the trans-
lation of theoretical constructs into operational application. To this end, three research
objectives were formulated, including the conceptual analysis of startle and surprise (Chap-
ter 2), the critical reviews of existing measures (Chapter 3), and the development, validation,
and application of self-report measuring instruments across multiple samples and contexts
(Chapters 4, 5 and 6). This concluding chapter provides an integrative reflection on how
each research objective contributed to addressing the overarching aim of quantifying startle
and surprise in an aviation operational context.

7.1. Research objective 1
The first objective of this dissertation was to use existing literature to conceptualize and
describe the cognitive processes underlying pilot decision-making in unexpected situations.
To this end, Chapter 2 intended to address the research question:

Key question 1

How do different cognitive models represent pilot decision-making and actions in
unexpected situations?

To answer this question, three existing cognitive models, namely the Landman model
of startle and surprise, the perceptual cycle model, and the three-level situation awareness
model, were applied to analyse pilot decision-making and actions during two real-world flight
incidents: Loganair Flight 6780 and US Airways Flight 1549. The comparative analysis
showed that each model provides a distinct perspective on pilot decision-making in unex-
pected situations, highlighting different theoretical constructs and explanatory strengths.

The Landman model of startle and surprise emphasizes how discrepancies between
perceived information and active mental frames trigger a reframing process, which is par-
ticularly challenging under acute stress. The model outlines how startle and surprise could
influence perception, appraisal and actions guided by these active frames. However, the
model does not describe how frames are initially selected, limiting its explanatory scope in
the early stages of cognitive processing.

The perceptual cycle model focuses on the cyclical interactions between internal schemata,
perceptual exploration and external environment, providing a structured framework for un-
derstanding how decision-making and actions emerge. However, the model treats the
influence of schemata as unidirectional, and does not explicitly account for external factors,
such as stress or fatigue, and internal factors, such as individual experience.

The three-level situation awareness model conceptualizes situation awareness as com-
prising three hierarchical stages, perception, comprehension, and projection. It integrates
cognitive functions such as working memory, long-term memory, and attention into the
decision-making process. Unlike the other two models, which emphasize dynamic in-
teraction among cognitive processes, this model treats the three stages as sequential and
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hierarchical. Additionally, as the model addresses schema selection, it does not explicitly
account for schema modification or adaptation at higher levels of cognitive processing.

Recommendations
• No single cognitive model fully captures the dynamic and context-dependent nature

of pilot decision-making and actions under unexpected conditions. Training and
research should thus avoid overreliance on one single theoretical perspective.

• Reliable and validated measures of startle and surprise can complement cognitive
models by empirically assessing the constructs of startle and surprise.

• Pilot training programs should be tailored to address two distinct but complementary
cognitive processes in responding to unexpected events. First, intuitive and rapid
pattern-matching responses can be strengthened through exposure to varied scenarios,
repeated simulator training, and experience-based learning [198]. Second, more
deliberate and reflective cognitive processes can be supported through meta-cognitive
training, such as mnemonic strategies for managing stress, and targeted interventions
to enhance situation awareness and decision-making under pressure [115, 196, 197].

7.2. Research objective 2
The second objective was to examine the relationships between existing self-report measures
of startle and surprise, mental workload, stress, personality traits, and flight experience. In
Chapter 3, the following research question was investigated:

Key question 2

How do personality traits and flight experience influence pilot cognitive and affective
responses to simulated in-flight hazards?

The findings indicate that pilots with higher trait anxiety reported higher level of stress in
response to startling and surprising events, highlighting a potential vulnerability in cognitive
performance and emotional regulation under pressure. However, no significant effects were
found between the trait of action orientation nor flight experience and pilot cognitive and
affective responses. Flight experience not having a significant effect on startle or stress
may indicate that even highly experienced pilots can possibly benefit from targeted training
interventions to mitigate the impact of startle and surprise.

Additionally, strong within-individual correlations were found between perceived stress
and mental workload, and between surprise and mental workload. The findings imply
that the pilots who perceived a given scenario as more surprising or stressful, were also
more likely to rate it more cognitively demanding, reinforcing the conceptual link between
cognitive mismatch and sensemaking effort under stress conditions. The strongest between-
individual correlation was found between startle and surprise, indicating potential overlap
in individual susceptibility. We further investigated this in Chapter 6, in an attempt to
disentangle startle and surprise.
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Recommendations
• Pilot training can be individualized based on trait anxiety, with tailored stress exposure

training [98, 197] and attentional control strategies [200] for those who need it most.

• Training interventions should target both novice and experienced pilots, as our results
show that flight experience alone does not reduce cognitive or affective vulnerability
to startle or surprise.

• Given the relationship between surprise and mental workload, pilot training programs
should incorporate structured strategies that can be applied under conditions of uncer-
tainty to mitigate cognitive overload. For instance, embedding targeted interventions
within varied and unpredictable scenarios can support the development of sensemak-
ing competencies, enabling pilots to manage surprise and stress without becoming
cognitively overwhelmed.

• There is a critical need for reliable and validated tools to assess the distinct effects
of startle, surprise, and related cognitive responses in dynamic and high-stress envi-
ronments. To address this need, effective measurement approaches should integrate
both subjective and objective indicators. For example, self-report instruments can be
combined with physiological measures such as heart rate, electrodermal activity, and
eye-tracking metrics that reflect arousal and cognitive load. Developing a comprehen-
sive toolkit that combines these modalities would enhance the precision of individual
difference assessments and inform the design of personalized training interventions
aimed at improving performance under unexpected or high-pressure conditions.

7.3. Research objective 3
The third objective was to develop and validate psychometrically-sound self-report measures
for startle and surprise. To achieve this, content validity, construct validity, criterion-related
validity, and internal consistency of the developed multi-item scales were systematically
evaluated across different samples and contexts.

7.3.1. Development and preliminary validation
Chapter 3 laid the foundation for the establishment of self-report measuring instruments to
address the following research question:

Key question 3

How can startle and surprise be quantified with self-report measures?

This question was explored through a systematic three-phase process, which culminated
in the development and validation of the multi-item Startle Inventory (Startle-I) and Surprise
Inventory (Surprise-I), along with their more efficient counterparts, the Visual Analogue
Scales for Startle and Surprise (Startle-VAS; Surprise-VAS). These instruments provide
reliable and validated approaches for quantifying self-report startle and surprise.

The initial item set was formulated based on a comprehensive review of the literature
and was subsequently refined through expert evaluation to ensure content validity. Construct
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validity was conducted using participant ratings (N = 81) of nine video stimuli systematically
varied to elicit startle and surprise responses. Multilevel exploratory factor analysis revealed
strong psychometric properties for both the Startle and Surprise Inventories. Internal
consistency was high for both measures, supporting their reliability as distinct constructs.

However, an unexpected third factor emerged, centred on cognitive comprehension,
comprising items “I did not understand why it happened.”, “Initially, it made no sense to
me.”, and “Initially, I was confused about it.”. This suggests that initial incomprehension
may constitute a distinct cognitive process, rather than being an inherent component of
surprise response itself. This finding is particularly noteworthy given that previous con-
ceptualizations of surprise often implicitly incorporate subsequent cognitive appraisal or
sensemaking as integral components of the experience [35, 44].

One explanation for this distinct clustering could be that comprehension difficulties
are not specific to surprise. Complexity, novelty or unfamiliarity of information may lead
to initial incomprehension, without necessarily involving a mismatch with expectations.
A second explanation could be that an initial incomprehension in response to surprising
information may not always be consciously experienced, as the associated sensation can
be brief. Surprise often reflects an immediate perception of expectation violation without
necessarily involving prolonged incomprehension or difficulty in understanding the event.
The identified distinction can be essential, as individuals may experience surprise due to
unexpectedness yet not feel confused, particularly if the situation’s meaning or context is
familiar or can be rapidly understood.

7.3.2. Construct validity
Following the development and preliminary validation of the Startle and Surprise Invento-
ries, Chapter 5 advanced the validation by examining the construct validity of the instruments
in an ecologically-valid aviation setting, and addressed the following research question:

Key question 4

How valid are the Startle and Surprise Inventories as measures of startle and surprise
in an ecologically-valid aviation context?

Using multilevel confirmatory factor analysis, the two-factor structure of the Startle and
Surprise Inventories identified in Chapter 4 was confirmed in an operational aviation context.
The dataset involved 26 professional pilots responding to eight simulated in-flight events
designed to elicit startle and surprise responses varying in intensity. The analysis supported
the distinct factors of startle and surprise and affirms the inventories’ applicability to startle
and surprise events as these occur in the operational context. Additionally, ratings from the
inventories performed better than the corresponding visual analogue scales at differentiating
levels of startle and surprise across scenarios.

These findings provide empirical support for the application of the Startle-I and Surprise-
I in high-stakes domains such as aviation, where understanding the nature and impact of
unexpected events is critical for ensuring safety and optimizing performance. The strong
psychometric performance of the inventories in an ecologically-valid setting highlights their
utility for investigating the operational impacts of startle and surprise, as well as evaluating



7.3. Research objective 3

7

107

the effectiveness of mitigation strategies.

7.3.3. Criterion-related validity
Finally, the newly developed inventories were applied to investigate the relationships between
experienced startle and surprise, and information-processing performance during in-flight
events. Based on the prior research, both startle and surprise could impair information-
processing performance. This study was also performed to obtain the first data regarding
criterion-related validity of the Startle and Surprise Inventories. Thus, Chapter 6 addressed
the research question:

Key question 5

How well do the Startle and Surprise Inventories predict pilot information-processing
performance?

The Startle Inventory demonstrated strong criterion-related validity, as higher self-report
startle scores significantly predicted impaired information-processing performance during
in-flight events. This finding provides robust empirical support for the disruptive impact of
startle on cognitive functioning, consistent with theoretical accounts that conceptualize it as
a rapid activation of survival circuitry capable of interrupting ongoing cognitive processes.

The same relationship was not found for surprise. This discrepancy may be attributable
to the complexity of modelling surprise effects and suggests that its impact may be more
contextual, indirect, or delayed, in contrast to the more reflexive and acute nature of star-
tle. Surprise could possibly interact with situation complexity to impact performance. In
hindsight, applying the items that were removed from the inventory in Chapter 4, as they per-
tained to the third factor of initial incomprehension, would possibly have provided additional
insight. Nevertheless, although surprise did not significantly affect immediate information-
processing performance from the linear mixed-effects models, this does not necessarily
imply that the Surprise Inventory lacks criterion-related validity. The between-scenario
correlations still suggest that surprise contributes to the overall cognitive demand.

As part of the broader objective of assessing the Startle and Surprise Inventories, Chap-
ters 4 and 5 also examined their reliability across multiple samples and contexts. Cronbach’s
𝛼 and McDonald’s𝜔 for both instruments demonstrated acceptable to excellent internal con-
sistency, indicating their reliability in capturing pilots’ subjective experiences of startle and
surprise. The combination of demonstrated validity, reliability, and predictive utility for
information-processing performance underscore the practical relevance of the Startle and
Surprise Inventories, highlighting their potential as robust tools for assessing individual
differences in affective and cognitive responses across various operational contexts.
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Recommendations
• Test scenarios for pilots should be designed to explicitly distinguish between cogni-

tive comprehension and surprise, thereby enhancing the understanding of cognitive
processes underlying responses to unexpected events. To support this differentiation,
future test scenarios could manipulate variables such as ambiguity, information avail-
ability, and event coherence. For example, a scenario may present a surprising but
easily interpretable event (e.g., a system failure warning that is unexpected but well
explained), versus one that is confusing but not necessarily surprising (e.g., an mal-
function warning with unclear cause). Measuring responses to these types of events
can help isolate the influence of surprise versus comprehension difficulty.

• The application of the inventories (including the previously-removed incomprehen-
sion items) can support the customization of interventions based on individual pilot
profiles. By using the inventories longitudinally, it is possible to identify suscepti-
bility to startle and surprise over time. This information can guide tailored training
and interventions, such as exposure-based training, cognitive-behavioural techniques,
and stress-management strategies, to help pilots develop strategies to minimize the
disruptive effect of startle and maintain optimal performance under pressure.

• Although surprise did not significantly impact immediate information-processing
performance, its role in building cognitive flexibility and preparedness is likely to
be important. It could be that the surprise events applied were not complex or
ambiguous enough to elicit significant reframing efforts that would induce sufficient
mental workload to affect information processing. To more accurately reflect the real-
world challenges pilots may encounter, future training scenarios could incorporate
more cognitively demanding and contextually rich surprise elements.

• Additional validations are recommended to further strengthen the applicability of
the newly developed instruments. In particular, criterion-related validation using
physiological and behavioural data will help substantiate their robustness. Integrating
physiological indicators [37, 42, 199] with validated self-report instruments may also
enable a more comprehensive assessment of the real-time startle and surprise by
capturing both subjective and objective responses.

• The construct validity of the Startle-I and Surprise-I have been examined in the
single-pilot setting. Future research should further explore how startle and surprise
manifest and interact within team-based environments. Applying the inventories in
multi-operator contexts could provide valuable insights into how group dynamics and
communication could influence collective performance to unexpected events or dis-
ruptions, which could support the development of team-based training interventions
and systems aimed at enhancing system-wide robustness.
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7.4. Final conclusions
Following the comprehensive investigations of the five key research questions under three
research objectives, attention now turns to the main question:

Main question

How can startle and surprise be quantified in an aviation operational context?

The following final conclusions synthesize the key results and demonstrate how they
collectively address the overarching research question:

• The Startle and Surprise Inventories represent the first systemically validated self-
report measuring instruments designed to measure startle and surprise in response to
specific stimuli or events, offering a robust and operationally-relevant foundation for
quantifying startle and surprise in an aviation context.

• The assessment of startle and surprise can be effectively integrated into scenario-based
simulation training. Application of the Startle and Surprise Inventories within struc-
tured simulations environments enables systematic tracking of operators’ responses
to unexpected events. This, in turn, can inform the refinement of training protocols
or interventions to better support cognitive resilience and emotional regulation.

• The developed instruments can be applied to safety-critical domains, including but not
limited to aviation, maritime navigation, healthcare, and military operations, to assess
how startle and surprise influence operational performance, and training effectiveness
in high-stakes situations involving unexpected events.





A
Content validity: expert open

comments
In the phase of developing and validating the Startle and Surprise Inventories (Chapter 4),
the initial set of 14 items for surprise, and 7 items for startle were formulated based on
fundamental and applied literature on startle and surprise. The content validity of each
item was reviewed by seven independent experts in the fields of Cognitive Science and
Psychology. The experts were invited to assess the relevance of each item in capturing
the experience of startle or surprise, and were also invited to provide reviews on the item
formulations. This appendix presents their open comments in detail.
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Expert 1: Items 3,11,14 are questionable because they might assume a native speaker level of
familiarity with colloquialisms.

Expert 2: The ones marked not essential seemed to have other dimensions mixed with surprise
(so they seemed less specific to surprise and/or startle. Not clear on the difference
between surprise and startle).

Expert 3: I would personally not define a construct in terms of the construct (i.e., including
“surprised” or “startled” as items in their respective scales). For me, several proposed
“surprised” items overlap; same for “startle”. I assume this was intentional, so I
selected all. For any items that describe a state due to the reaction, they are relevant
but not essential.

Expert 4: In rating these, I’ve tried to rate them as to their relevance to pilot performance, rather
than the visceral response. For example, a person may feel angry but that may not
necessarily affect their ability to perform. I believe that there are many occasions of
surprise in one’s aviation career. Some are quite significant and have serious impact
on the flight, but some are just so unexpected that they result in confusion and can
greatly disrupt a pilot’s performance, both physically and cognitively. Hopefully there
aren’t many occasions of being startled. There’s the old saying that flying is “hours
and hours of boredom, punctuated by moments of stark terror.” Regarding the term
“stunned”, I personally associate that with both startle & surprise, just in different
degrees. I’m not sure how to differentiate that one.

Expert 5: Item 2 for startle: Better split this in two questions, one about angry and one about
scared. Or leave angry out, because I think this is odd anyway in relation to startle.
What are you angry about?

Item 7 for startle: Why is “burst” necessary, and can’t you say “It made me quickly
feel stressed”. Also, I don’t find frustration a logical emotion in relation to startle
(maybe it is for surprise when you don’t see the solution). An dit is certainly not the
same as stress.

Expert 6: I ticked “not relevant” for “I predicted it beforehand” and “It was consistent with my
expectations” because these two items are indications of NOT being surprised (i.e.,
negative wording). Is this a mistake or on purpose? Otherwise I would say that they
are “essential”. For the other items, I ticked essential when they are close to the
definition of startle/surprise.

Expert 7: Overall, I believe the surprise portion of the scale focuses too much on “it” being
something that DID happen, and currently does not adequately capture surprise when
something DID NOT happen. As we (Kochan et al., 2004; 2005; Rivera et al., 2014;
Talone et al., 2015) and others (including your group) have pointed out previously,
accident and incident reports, as well as interviews with pilots, provide ample evidence
that surprise can and does occur also frequently when something expected did not
happen. Example: We expected holding and suddenly were cleared for a straight-in
approach. Example: We expected to see the companion B737 to be at 11 o’clock
same altitude, but there was only empty sky.
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Surprise Items 6 and 9: If you want to capture the sensemaking portion of a surprise
event, I would suggest that you change the wording to “At the time, ...” or “Initially,
...” as these are retrospective assessments, and what the individual saw or perceived
at the time may later make perfect sense.
Surprise Items 3, 8, 10, 11, 14: I think I understand the premise of these items, which
is to capture confusion associated with a surprising event, but I am not sure that using
these terms is adequate, as they are (in my view) more narrative terms that are used
when telling stories for emotional effect, but not what people would use to describe
their reactions in a technical setting. There is a certain amount of hyperbole in these
terms that, I believe, would say more about the personality of the respondent than
the impact (or their assessment thereof) of the surprising event - these items may
capture inter-individual variance more than inter-event variance. Also, you may get
underreporting from pilots who may rarely saw “my jaw dropped” (except when the
landing gear fell off the plane after take off).
Surprise Items 2 and 5: These two items are the only ones that are positively phrased
but negatively scaled (i.e., a high endorsement would indicate a lack of surprise).
In my experience of developing and testing scales (this is also captured in deVellis,
2003), reverse-coded items typically hang better together with one another than with
the regularly coded items that are closer to them in terms of construct or content
validity. Consequently, I have come to believe that the “pay attention” function of
reverse-coded items is not worth the psychometric trouble, instead, adding an attention
check item such as “For this, please mark the item at response 4” might be better.
Startle Items 2, 3, 7: I believe you are after the potential “fight or flight” part of
what happens in response to startle here, but I would argue that these items do not
adequately capture “startle” itself and are not unique to startle. In fact, if you would
want to retain them, I would suggest you add an “Immediately following it” section that
could relate to both surprise and startle. In fact, I would argue that we (as a scientific
community) still have a long way to go in relaying to the aviation community and
other stake holders that startle and surprise are not the same (Rivera et al., 2014), and
breaking out commonalities across the two from their differences is thus important in
scales as well.
I wonder whether any items might be useful that somehow capture the “what next?”
portion of both startle and surprise. That is, are there items that could quantify the
impact of the event/occurrence on the cognitive processes? The way I read them, the
items currently are very focused on assessing the immediate event itself, e.g., “I was
not mentally prepared for it.”. What that may not capture is something along the lines
of “I did not know what to do once it happened.”, that is the follow-on consequence,
how it interrupted on-going tasks, next steps, plans, response execution, etc. In
this context, the work by Key Dismukes from NASA (and colleagues) on cockpit
interruptions may hold some useful guidance on quantifying the consequence of a
startle and/or surprise event on cognition, decision execution, etc.
The second thought I had was whether there might be some scale items under startle
could focus more on measuring the perceived magnitude of the startling stimulus,
rather than on the startle response itself. Something along the lines of “It was very
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intense”, “It was very loud/bright/strong”? The psychophysical literature may offer
some guidance on how best to measure subjective impressions of stimulus magnitude.
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B.1. Introduction
Accurate and non-obtrusive measurement of startle and surprise is essential for advancing
our understanding of human responses under stress, identifying causal factors, and assessing
their distinct effects on operator performance. Insights gained from such research can inform
the development of evidence-based safety protocols and targeted training interventions.

To support this aim, the Startle and Surprise Inventories (Startle-I; Surprise-I), and the
Visual Analogue Scales for Startle and Surprise (Startle-VAS; Surprise-VAS) were developed
and psychometrically validated as self-report measuring instruments for assessing startle and
surprise in response to specific events, situations, or stimuli [167, 168]. Although initially
developed within the context of human factors research in aviation, these instruments are
designed to be broadly applicable across domains where unexpected events may impact
human performance, including healthcare, maritime navigation, and military operations.

These instruments are intended for use in experimental, operational, and training envi-
ronments, particularly those where acute stress and unexpected events are likely to occur,
such as in-flight system failures. This manual provides guidance for human factors re-
searchers and applied psychologists, on the standardized and scientifically rigorous use of
the instruments. It is structured to include an overview of the instruments, administration
guidelines, and a summary of their psychometric properties to support accurate application
and interpretation in research and operational contexts.

B.2. Instruments overview
The Startle-I consists of six items (Appendix B.6), and the Surprise-I comprises five items
(Appendix B.7). Simple and accessible language was used on the items to allow the
inventories to be used in research with non-native English speakers. Response options for
all items are presented on a 5-point Likert scale, which captures varying levels of agreement
with each statement (1 = “Strongly disagree”, 2 = “Disagree”, 3 = “Neutral”, 4 = “Agree”,
5 = “Strongly agree”). For the Startle-I and Surprise-I, the score of each inventory is defined
to be the average of all items’ ratings, ranging from 1 to 5.

Additionally, item 2 (“I predicted it beforehand.”) and item 4 (“It was consistent with
my expectation.”) in the Surprise-I are reverse-coded. For these items, a response of 5
should be recoded as 1, 4 as 2, 3 remains unchanged, 2 as 4, and 1 as 5.

The single-item Startle-VAS (Appendix B.8) and Surprise-VAS (Appendix B.9), each
consists of a 100 mm horizontal line with tick marks at 10 mm intervals. The left endpoints
are labelled with “not startled at all” and “not surprised at all”, respectively. The right
endpoints are labelled with “extremely startled” and “extremely surprised”, respectively.
For the Startle-VAS and Surprise-VAS, users are required to place a cross/mark on the
horizontal line as answer to the question. The resulting score is the distance of the centre of
the cross/mark to the left endpoint in centimetres, ranging from 0 to 10.

B.3. Administration guidelines
Consistent administration is essential to ensure the validity and comparability of data across
studies. In the introductory text for both the multi-item inventories and visual analogue
scales (VASs), clearly specify which particular stimulus or event the pronoun “it” refers
to in each item. To ensure consistency across participants and conditions, standardized
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instructions should be provided before application. Below is a suggested script:

“You are about to complete a questionnaire about your immediate reaction.
Please respond honestly based on how you actually felt at the time of the
specific event, not how you think you were supposed to feel or how you would
normally respond. There are no right or wrong answers.”

The inventories and VASs should be completed as soon as possible after the onset of the
event or stimulus of interest. Considering that startle is a rapid and transient response [20, 23]
and surprise could involve cognitive appraisal [34, 35, 44], a delay in the measurement may
affect the accuracy of self-reports, due to factors such as memory decay or reinterpretation
of the event or stimulus.

B.4. Psychometric properties
B.4.1. Reliability
The internal consistencies of the Startle-I and Surprise-I have been evaluated across mul-
tiple samples and varied contexts. In a sample of 729 observations, 81 participants were
exposed to nine video stimuli. Cronbach’s 𝛼 [201] indicated acceptable to excellent internal
consistency, ranging from 𝛼 = 0.714 to 𝛼 = 0.929 for the Startle-I, and 𝛼 = 0.843 to 𝛼 = 0.955
for the Surprise-I [168].

In a separate study comprising 208 observations, 26 professional pilots experienced
eight varied startling and surprising scenarios in an ecologically-valid aviation context.
McDonald’s 𝜔 [177] indicated similarly high internal consistency, with values ranging from
𝜔 = 0.88 to 𝜔 = 0.96 for the Startle-I, and 𝜔 = 0.77 to 𝜔 = 0.96 for the Surprise-I [167].

B.4.2. Validity
The Startle and Surprise Inventories
To evaluate the psychometric properties of the Startle-I and Surprise-I, multiple validity
assessments were conducted. Content validity was established through expert evaluation by
seven specialists in the fields of Cognitive Science and Psychology. These experts assessed
the relevance of an initial set of items developed for measuring startle and surprise, derived
from fundamental and applied literature [168]. An item was retained if at least 50% of the
experts rated that item to be relevant for its construct [64].

Construct validity was initially examined using 729 observations from 81 participants,
each of whom rated the retained items nine times following exposure to nine video clips
[168]. Multilevel exploratory factor analysis with oblique, direct oblimin rotation was
employed [152, 153]. Further evidence for construct validity in an ecologically-valid context
was obtained from 208 observations involving 26 professional pilots, each exposed to eight
simulated in-flight scenarios designed to elicit varied levels of startling and surprising
responses [167]. Multilevel confirmatory factor analysis [176] was conducted to confirm
the factor structures of the Startle-I and Surprise-I. These assessments collectively confirmed
that the inventories can reliably and validly quantify self-report startle and surprise responses
in operational contexts.
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The Visual Analogue Scales for Startle and Surprise
Concurrent validity of the Startle-VAS and Surprise-VAS was assessed with Spearman
correlations between the Startle-VAS and Startle-I, as well as the Surprise-VAS and Surprise-
I, using 729 observations from 81 participants [168]. The ratings of Startle-VAS showed
strong correlations with the Startle-I scores, 𝜌 = 0.778 to 𝜌 = 0.877. The ratings of Surprise-
VAS highly correlated with the Surprise-I scores, 𝜌 = 0.681 to 𝜌 = 0.903. All correlations
were statistically significant, supporting the concurrent validity of the Visual Analogue
Scales for Startle and Surprise.

B.5. Contact and permissions
This instruction manual is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivatives 4.0 International License. When using or adapting these instruments, please
cite:

doi: 10.4233/uuid:4aa39791-4d21-4427-b86a-628f52d17fbe
For questions regarding the administration, scoring, or interpretation of the Startle and

Surprise Inventories and Visual Analogue Scales for Startle and Surprise, please contact the
research team: startle-surprise-inventories@tudelft.nl.

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.4233/uuid:4aa39791-4d21-4427-b86a-628f52d17fbe
mailto:startle-surprise-inventories@tudelft.nl
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B.6. The Startle Inventory (Startle-I)

The following statements refer to [the stimulus]1. Please read each statement and circle the
number that best represents your agreement with the statement.

Strongly
disagree

Disagree Neutral Agree Strongly
agree

1. It startled me. 1 2 3 4 5

2. It immediately made me
feel scared or angry.

1 2 3 4 5

3. It made me physically
flinch.

1 2 3 4 5

4. It caused my heart to sud-
denly beat harder or faster.

1 2 3 4 5

5. It shocked me. 1 2 3 4 5

6. It immediately caused
stress or frustration to me.

1 2 3 4 5

1Specific stimulus description should be inserted here.



Appendix B: Manual for the Startle and Surprise Inventories and VASs

B

123

B.7. The Surprise Inventory (Surprise-I)

The following statements refer to [the stimulus]2. Please read each statement and circle the
number that best represents your agreement with the statement.

Strongly
disagree

Disagree Neutral Agree Strongly
agree

1. It surprised me. 1 2 3 4 5

2. I predicted it beforehand. 1 2 3 4 5

3. I did not see it coming. 1 2 3 4 5

4. It was consistent with my
expectation.

1 2 3 4 5

5. It was unexpected. 1 2 3 4 5

2Specific stimulus description should be inserted here.
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B.8. The Visual Analogue Scale for Startle (Startle-VAS)

Please indicate, by placing a cross/mark on the line below3, how startled you were by
[the stimulus]4.

0 1 2 3 4 5 6 7 8 9 10

not startled at all extremely startled

3When printed on A4 paper at 100% scale, the Visual Analogue Scale measures precisely 100 mm, as intended.
4Specific stimulus description should be inserted here.
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B.9. The Visual Analogue Scale for Surprise (Surprise-VAS)

Please indicate, by placing a cross/mark on the line below5, how surprised you were by
[the stimulus]6.

0 1 2 3 4 5 6 7 8 9 10

not surprised at all extremely surprised

5When printed on A4 paper at 100% scale, the Visual Analogue Scale measures precisely 100 mm, as intended.
6Specific stimulus description should be inserted here.
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Unexpected in-flight events can trigger startle and surprise, which could 
impair pilots’ performance but remain difficult to measure. This dissertation 
addresses this gap by developing and validating self-report instruments to 
quantify startle and surprise in an aviation context. 

Grounded in cognitive models, real-world incident analyses, and robust 
psychometric methods, the Startle and Surprise Inventories (Startle-I; Surprise-I) 
and Visual Analogue Scales (Startle-VAS; Surprise-VAS) are introduced 
and evaluated. Results from multi-phase studies involving field experts and 
professional pilots, provide strong evidence of validity and reliability. 

The findings offer a scientifically validated framework for assessing pilots’ 
responses to unexpected events, with broad implications for human factors 
research, evidence-based training, and safety-critical operations.


	Jiayu_Dissertation (1)
	Summary
	Introduction
	Startle and surprise
	Definitions
	Measures of startle and surprise
	Measures of startle
	Measures of surprise
	Limitations to current measures

	Research objectives, approach and outline
	Research objective 1
	Research objective 2
	Research objective 3
	Synthesis and outline

	Research scope

	Conceptualization of pilot cognitive processes in flight incidents
	Introduction
	Model of startle and surprise
	Perceptual cycle model
	Three-level situation awareness model

	Loganair Flight 6780
	Synopsis
	Thematic analysis

	US Airways Flight 1549
	Synopsis
	Thematic analysis

	Discussion

	Effects of personality traits and flight experience on perceived startle and surprise
	Introduction
	Method
	Participants
	Tasks and apparatus
	Independent measures
	Dependent measures
	Statistical analysis

	Results
	Effects of personality traits and flight hours
	Correlations between pilot responses
	Missing values

	Discussion

	Development and preliminary validation of the Startle and Surprise Inventories
	Introduction
	Method
	Participants
	Procedure
	Video stimuli
	Apparatus
	Statistical analysis

	Results
	Phase 1: items set generation and content validity
	Phase 2: multilevel exploratory factor analysis
	Phase 3: Visual Analogue Scales for Startle and Surprise
	Manipulation checks

	Discussion
	Conclusion

	Multilevel confirmatory factor analysis of the Startle and Surprise Inventories
	Introduction
	Method
	Participants
	Apparatus
	General procedure
	Startle and surprise events
	Measures of startle and surprise
	Statistical analysis

	Results
	Two-way ANOVA and ICCs
	Multilevel confirmatory factor analysis
	Manipulation checks

	Discussion
	Conclusion

	Criterion-related validity of the Startle and Surprise Inventories
	Introduction
	Method
	Participants and apparatus
	Tasks and conditions
	Auditory task
	Dependent measures
	Statistical analysis

	Results
	Overview of collected data
	Effects of startle and surprise on Delta RT 
	Effects of startle and surprise on Delta AC 
	Correlation analysis
	Temporal patterns of Delta RT 

	Discussion
	Conclusion

	Discussion and conclusions
	Research objective 1
	Research objective 2
	Research objective 3
	Development and preliminary validation
	Construct validity
	Criterion-related validity

	Final conclusions

	Content validity: expert open comments
	Manual for the Startle and Surprise Inventories and Visual Analogue Scales
	Introduction
	Instruments overview
	Administration guidelines
	Psychometric properties
	Reliability
	Validity

	Contact and permissions
	The Startle Inventory (Startle-I)
	The Surprise Inventory (Surprise-I)
	The Visual Analogue Scale for Startle (Startle-VAS)
	The Visual Analogue Scale for Surprise (Surprise-VAS)

	References
	Acknowledgements
	Curriculum vitae
	List of publications

	New_Cover



