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Summary

COLA Il and its predecessor project, COLA |, investigated mental fatigue in air traffic control. Both
projects addressed fatigue in real-world field settings, aiming to close a gap in longitudinal,
repeated field measurement of fatigue in air traffic control. Multiple field studies were
conducted, all using a minimal-intrusion design: three software-based measurement timepoints
per shift (Pre/Mid/Post) combining fatigue self-evaluation with a performance-based fatigue
measure. COLA Il extended the work through more detailed analysis of further fatigue factors,
broadening scope via two online surveys (boredom/monotony, and break behaviour/recovery), a
methodological study on the performance-based measure, and a systematic review of fatigue
antecedents across eight aviation occupational groups. A central finding, replicated across
studies, was a systematic divergence between subjective and objective fatigue. Consistent with
prior findings, night shifts produced the highest fatigue on both measures, with subjective fatigue
peaking around the circadian low regardless of the night-shift type. Performance-based fatigue
generally leveled off toward the end of shifts. Age emerged as a moderator: older air traffic
controllers showed slower reaction times in the performance-based measure but reported less
subjective fatigue than younger air traffic controllers. This research report concludes that fatigue
in ATC is a multidimensional phenomenon that cannot be adequately measured through a single
measurement channel, nor managed through a simple one-size-fits-all regulatory approach. The
overarching findings advocate a continued movement toward a risk- and data-based Fatigue Risk
Management System approach.

Sammanfattning

COLA Il och dess foregangarprojekt, COLA |, undersokte mental trotthet/fatigue inom
flygtrafikledning. Bada projekten fokuserade pa fatigue i verkliga faltmiljoer, i syfte att fylla en
lucka inom longitudinell, upprepad faltmatning av fatigue inom flygtrafikledning. Flera faltstudier
genomfordes, samtliga med en design med minimal paverkan pa arbetet: tre mjukvarubaserade
mattillfallen per skift (Pre/Mid/Post) som kombinerade en subjektiv trétthetsskattning med ett
prestationsbaserat trotthetsmatt. COLA |l utékade arbetet genom en mer detaljerad analys av
ytterligare trotthetsfaktorer, en breddning av  projektets omfattning via tva
enkéter (uttrakning/monotoni samt rastbeteende/aterhdmtning), en metodologisk studie av det
prestationsbaserade mattet, samt en systematisk litteraturgenomgang av trotthetens
bakomliggande faktorer inom atta yrkesgrupper inom flygbranschen. Ett centralt fynd, som
replikerades genom studierna, var en systematisk divergens mellan subjektiv och objektiv
trotthet. | linje med tidigare resultat visade nattskift den hogsta trottheten pa bada matten, dar
den subjektiva trottheten nadde sin topp kring den cirkadiska lagpunkten oavsett vilken typ av
nattskift som var aktiv. Den prestationsbaserade tréttheten planade generellt ut mot slutet av
skiften. Alder framtradde som en modererande faktor: dldre flygledare uppvisade langsammare
reaktionstider i det prestationsbaserade mattet, men rapporterade ldgre subjektiv trotthet an
yngre flygledare. Denna forskningsrapport drar slutsatsen att trotthet inom flygtrafikledning ar
ett flerdimensionellt fenomen som varken kan matas adekvat genom en enda madtkanal, eller
hanteras genom ett enkelt, generellt regelverk. De 6vergripande resultaten talar fér en fortsatt
utveckling mot ett risk- och databaserat angreppssatt for trotthetsriskhantering (Fatigue Risk
Management System, FRMS).

Page 4
Section Introduction
Last Update 16 September 2026 by Maximilian Peukert



LFvV

System & Utveckling

Forskning och Innovation

Author

Peukert, Maximilian

Document type Date Ver.rev Document id Page
Final Report 2026-09-16 11 - 5(31)
Approved by Reference Confidential

Offentlig information

REVISION HISTORY ....ccuuiiieiieenirennerennereeserraserensessasserasssssssssassessssssssssssssessnsessnssssnssssnsessnssssnne 2
1  INTRODUCTION....c.cttuietteerennereanereaserraserensessassssnsssssssssassersssssssssssssessssessnssssnsssensessnssssnne 6
ISt R |V o 4 V7 | 1 [ o U 6

7 B To Yol 0o 0 1] o} A o U ol 6] = U 7

2  EMPIRICAL BACKGROUND......ccciteuetiencrtenirennerenserensersnssrensessnssssnsssenssssnsssrnssssnsnssnnsennnnes 8
2.1 Effects Of FAtiGUE....oii ittt e 8

2.2 Countermeasures Of FAtiGUE .....cccuiiiieciiiie ettt e e e 9
2.2.1  Systematic CoOUNTEIMEASUIES ..cceeeeeeeeeeeeeeeeeeeeeeeeeeeee e see e e se s s s e s e s e s 9

2.2.2  Tactical COUNTEIMEASUIES ......ccoecuvrrerieeeeeeeiirreeeeeeeeeeeetareeeeeeeeeesnsarereeeeees 10

2.2.3  ReactiVe COUNTEIMEASUIES ....cceveeeririieeeeeeeeetttiieeeeeereeersnnaeeeessressranaaeeesssees 10

2.3 Management Of FAtiGUE ....ccuuiii it 11

3  RESEARCH QUESTIONS AND PROJECT AlIM ......coteeuuiiiiemnnccrnennnecrennssessennsecssenssessssnssenees 13
4 STUDY RESULTS ... ctuiittiienertneittneireneeetnnetsestssssssssersssessssssessessnsessnsssansssensessnssssnsssannes 14
T (U 1o AV - T o o =1 =4 PSRRI 14
4.1.1  COLA T =StUAY Lottt e e e e e e rrre e e e e e s e s nnraee e e e e s 15

N 6 1IN e ¥ o 1Y 0 U 15

e R 0 1IN IRy ¥ o 1Y U 15

4.1.4  COLA T =StUAY bt e e e e e e e e e e e e s anra e e e e e e s 15

4.1.5 COLA I =Study 5aNnd B...uviiiieeeeeiciieeee et e e e e e e 15

4.1.6 COLA Il —Online Survey Boredom.......ccccceeevecuiiireeeeeeesiiiinreee e e eesevvnneeeeee s 16

4.1.7 COLA Il = Online Survey Break Behavior and Recovery .......ccccceevvvvvenennnn. 17

5 FATIGUE ANTECEDENTS REVIEW ......ccucttuuiieenereenertencrennerenneeressesesssesssessssesssssssnsesensesens 18
6  RESEARCH OUTPUT ....ctiuirieirtenerennereencreesssessessasessssssessssenssssssssssssssssssssssesssssssnssssnsessns 19
6.1 Peer-Reviewed PUBIICAtIONS.......ciiiiiiiiccecccccce e 19

6.2  Conference Presentalions ... iveieieiiiiiiiiiieeeee et e e e eeeeiraree e e e e eeesaareeeeeeees 19

6.3 PUDBIIC DiSSEMINATION ..uuvviiiiiiiieiiiiieeee ettt e e e e e e e e e eaarareeeeeeeeesnarreeeeaeeas 19

7 INTEGRATION AND OUTLOOK ....ccuueiteireenirennerenserrnssrrnsesensesrnsssrnsssenssssesserssssssnssssnsesens 20
7.1 LeSSONS LEAINEM ...ttt ettt ee et e e e e e eaabaa e e e e e s eeenanareeeeeaeees 21

7.2 Future Studies and OULIOOK .........uveeieieiiiiiiiiieeee et eeeearere e e e 22

7.3 CONCIUSION 1ttt nnnnns 22
REFERENCES.......citeeuiciiteeieittenneettrnnseeerensseesrenssessssnssessensssessensssssssnsssssssnssssssnnsssssennsssssansnnns 23
APPENDIX ... iieeieiiteeieeteeeeeeetennseseenssseseenssssssensssssesnsssssesnsssssennsssssennssssssnnsessssnssssssenssssssnnne 31

Page 5
Section Introduction
Last Update 16 September 2026 by Maximilian Peukert



LFvV

Document type Date Ver.rev Document id
System & Utveckling Final Report 2026-09-16 1.1 -
Forskning och Innovation
Author Approved by Reference Confidential

Peukert, Maximilian

Page

6(31)

Offentlig information

11

INTRODUCTION

Managing fatigue among safety-critical professionals is an important aspect of
maintaining safe and reliable operations. In air traffic control (ATC), air traffic
controllers (ATCOs) are required to maintain a high level of attention and cognitive
performance throughout their shifts, often under changing workload conditions and
across different shift types. Mental fatigue can affect these abilities and may therefore
have implications for both individual performance and overall system safety. Effective
fatigue risk management (FRM) requires a solid understanding of when and under which
conditions fatigue increases. This makes it important not only to identify fatigue, but
also to monitor and quantify changes in fatigue over the course of operational work. The
COLA | and Il projects were established to address this need by investigating fatigue
among operational ATCOs during live operations.

Both projects collected data directly in the operational environment, allowing fatigue to
be examined under realistic working conditions and its contributing factors to be
identified with greater ecological validity than laboratory or simulator studies allow. In
particular, the results can support the development of more informed approaches to
shift planning and duty rostering, with the aim of reducing fatigue-related risks while
maintaining operational requirements. In the longer term, this empirical foundation can
support the development of more effective fatigue management practices, in ATC and,
potentially, in other safety-critical domains facing comparable shiftwork challenges.

Motivation

Over the past few decades, increasing attention has been paid to the effects of fatigue
on human functioning and work performance. Research has shown that fatigue can
affect more than an individual’s general wellbeing. It can also influence emotional and
physical health, cognitive functioning, attention, and the ability to perform tasks
effectively (Matthews et al.,, 2012). These effects are particularly relevant in safety-
critical work environments, where even temporary reductions in alertness or cognitive
performance can have consequences for operational safety. This is critical in ATC, which
operates continuously and therefore requires personnel to work a range of shift
patterns, including early, late, and night shifts. Working at times when the body is
naturally programmed for sleep, as well as changes in the timing of work and rest, can
reduce alertness and impair performance. The challenge is therefore not simply the
presence of fatigue but understanding how it develops during work and how working
time arrangements and other factors may contribute to it.

In response to these challenges, regulatory frameworks have increasingly recognised
fatigue as an important factor in aviation safety. For example, European Commission
Regulation (EU) 2017/373 requires Air Navigation Service Providers (ANSPs) to identify
and manage the effects of fatigue on the safety of operations (EASA, 2017). This
regulatory framework has strengthened the focus on FRM in ATC and highlights the
need for organisations to understand the conditions under which fatigue occurs and to
implement measures to manage fatigue effects. Reliable data from operational
environments are an important part of this process and a success criterion. By
systematically collecting information on fatigue, it becomes possible to identify patterns,
assess potential risk factors, and evaluate the effectiveness of FRM measures.
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1.2 Document Structure

This is the final report of the COLA Il project. It provides a brief introduction to fatigue in
aviation, giving an overview of the effects of fatigue, fatigue countermeasures, and
fatigue management. Further, it outlines the project's objectives and research scope.
The report subsequently presents the results of the field studies conducted as part of
the project and provides an overview of the scientific articles produced, as well as the
conference presentations and public dissemination activities. As the predecessor
project, COLA | is also briefly described, and given the close thematic overlap between
the two, the results of COLA | and Il are discussed jointly throughout. Finally, the report
concludes with a discussion of the findings, lessons learned, an outlook on potential
future work, and concluding remarks.
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2.1

EMPIRICAL BACKGROUND

Mental fatigue is still rated as one of the major safety risks in aviation (Bongo & Seva,
2022). This is because fatigue impacts various cognitive functions, which are necessary
to maintain performance. It is noteworthy that fatigue is understood as an umbrella
term which includes related concepts, such as sleepiness. In fact, the terms fatigue and
sleepiness are often used interchangeably and the boundaries remain blurred (Martin et
al.,, 2022). Some authors argue that both concepts should be seen as two distinct
phenomena (Shen et al., 2006). Sleepiness is mostly related to sleep, as it is understood
as the proneness to fall asleep, also referred to as sleep propensity (Shen et al., 2006).
This illustrates that sleepiness is directly associated to sleep-related factors such as sleep
guantity and quality as well as time awake.

Fatigue, on the other hand, goes beyond sleepiness. It is characterized as a state of
profound tiredness, weariness, or drowsiness that arises from factors like inadequate
sleep, but also prolonged mental or physical exertion, and extended periods of stress or
anxiety (Shahid et al., 2010). The term fatigue is usually used as it is considered an
overarching concept that encompasses sleepiness and other task-related aspects
(Caldwell & Caldwell, 2016). Fatigue is still not well understood and multiple definitions
exist, which mostly overlap in significant aspects. The most widely used definition comes
from the International Civil Aviation Organization (ICAO) and defines fatigue as
a "physiological state of reduced mental or physical performance capability resulting
from sleep loss or extended wakefulness, circadian phase, or workload (mental and/or
physical activity) that can impair a crew member’s alertness and ability to safely operate
an aircraft or perform safety-related duties" (2011).

Effects of Fatigue

Fatigue plays a significant role in aviation and ATC safety (Bongo & Seva, 2022; Caldwell,
2012; Caldwell et al., 2009; Marcil & Vincent, 2000; Marcus & Rosekind, 2017; Nealley &
Gawron, 2015). This has been increasingly recognized in aviation in recent decades, as
reflected in stricter regulations, intensive information programs, and frequent research
projects. A model by Thomas et al. (2023) on fatigue effects in transportation operations
identifies four major effects:

— Basic physiological changes (e.g., changed Electro-encephalography (EEG) activity,
sleep propensity),

— primary cognitive effects (e.g., slower cognitive processing, decreased attention),

— higher-order cognitive outcomes (e.g., memory deficits, decision making effects),
and

— psycho-social impacts (e.g., lowered mood, decreased communication).

These four effect clusters may have operational implications for safety, as they are
associated with unplanned sleep, microsleep, slower response times, increased error
rates, and a shift in risk appetite (Thomas et al., 2023). The actual extent of fatigue-
related cognitive performance deficits is, however, unpredictable, with greater
performance instability observed (van Dongen & Belenky, 2012). Analyses of safety
reporting systems indicate that fatigue was a significant contributor in up to 21% of
reported incidents (Roske-Hofstrand, 1995; Wang & Ke, 2013). The full impact of fatigue
is often underappreciated (Caldwell et al., 2009). However, it is known that fatigue
degrades several cognitive functions relevant to work and task performance (Bongo &
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2.2

2.2.1

Seva, 2022). Fatigue-related impairments of cognitive function are categorized as a
major safety risk (Li et al., 2021; Marcil & Vincent, 2000). Caldwell & Caldwell
(2016) provide an overview of cognitive impairments due to fatigue. The authors
describe overall impaired cognitive functioning, including decreased accuracy, difficulty
effectively allocating attentional resources, decreased information integration, impaired
reasoning, impaired maintenance of situational awareness, declining attention, and
involuntary sleep disturbances, resulting in inconsistent performance and making tasks
difficult to perform. Emotions and social interactions are also affected: under fatigue,
lower performance standards are typically accepted, social interactions decrease, and
attitude and mood deteriorate (Caldwell & Caldwell, 2016). A study of ATCOs showed
reduced situational awareness, lower accuracy, and increased risk of controlling
mistakes due to attentional lapses under elevated fatigue (Bongo & Seva, 2022). A key
ability is the quick processing of information gathered from multiple sources (Papenfuss
et al., 2010); however, this ability can also be impaired under fatigue, as shown by Zhang
et al. (2019). The authors found slower reaction times, slower execution speed, and
decreased perceptual ability in ATCOs under fatigue. Moreover, reduced initiative for
work tasks was found under fatigue, as ATCOs performed only urgent tasks and lost
focus on detail. Thus, critical planning abilities may also be reduced under
fatigue (Karikawa et al., 2014; Lorist et al., 2000).

Countermeasures of Fatigue

Fatigue countermeasures are actions and interventions designed to prevent, mitigate, or
contain fatigue-associated risks. These interventions can be categorized along a timeline
leading up to an acute fatigue event: systematic, tactical, and reactive countermeasures.
While systematic and tactical countermeasures aim to avoid acute fatigue conditions
from developing in the first place, reactive countermeasures aim to contain fatigue-
associated risks once an acute fatigue situation has already occurred.

Systematic Countermeasures

Systematic countermeasures encompass all interventions that are independent of
individual shifts. Good sleep habits and overall sleep quality appear to be the most
effective means of combating fatigue (ICAO, 2016). Fatigue awareness and non-technical
skills training can provide strategies and knowledge on sleep physiology, sleep hygiene,
healthy habits, nutrition, and optimal behaviors for improving sleep and vigilance (Avers
& Johnson, 2011; Caldwell, 2001; Olaganathan et al., 2021). Furthermore, a positive
fatigue culture can indirectly contribute to fatigue reduction. Such a culture typically
includes a non-punitive napping policy, staff encouragement to report fatigue-related
incidents, and a defined process for deploying changes and countermeasures based on
occurrence analysis results (Phillips et al., 2017; Satterfield & van Dongen, 2013). In
addition, rostering adjustments should be supported by regular reviews of the rostering
process, conducted by a group of fatigue experts (Rangan et al., 2020). Appropriate
rostering and shift design are, moreover, an important systematic countermeasure in
ATC (Marcil & Vincent, 2000).
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2.2.2

2.2.3

Tactical Countermeasures

Tactical countermeasures include interventions implemented shortly before or during
work shifts. One of the most important countermeasures is obtaining sufficient sleep
prior to a shift (Caldwell, 2001), as well as taking adequate rest or activity breaks during
the shift (Anund et al., 2015; Caldwell et al., 2009). Strategic napping, referring to
prophylactic sleep periods lasting approximately five to 20 minutes before or during a
shift, appears to be particularly effective in reducing fatigue and maintaining alertness
(Caldwell, 2001; Caldwell et al.,, 2009; Satterfield & van Dongen, 2013). To facilitate
effective napping, it is essential to provide an appropriate environment that is quiet,
comfortable, free from disturbances, and easily accessible (Caldwell, 2001).

Physical exercise during shifts (Harma et al., 1988), as well as engaging in conversations
with colleagues, may also help reduce fatigue (Luna, 1997; Luna et al., 1994). Stimulant
substances such as caffeine, taurine, and nicotine are frequently used to counteract
fatigue and can effectively increase alertness (Anund et al., 2015; Caldwell, 2001; Luna,
1997; Luna et al., 1994; Rosekind et al., 1996). However, their effects depend on factors
such as dosage, frequency, and timing of intake. Regular or excessive consumption may
lead to tolerance and, more importantly, may negatively affect subsequent sleep
duration or quality (O’Callaghan et al., 2018). Furthermore, some evidence suggests that
the perceived beneficial effects of caffeine may partly result from the reversal of
adverse effects associated with caffeine withdrawal (Silverman et al., 1992).

Operational countermeasures can also be used to manage fatigue by adjusting task
demands. Dynamic sectorization, for example, can be used to balance workload and
avoid prolonged periods of sedentary work or peaks in task demand (Nealley & Gawron,
2015; Rhodes et al., 1996). As a more active countermeasure, Fowler & Gustafson
(2019) found that playing video games prior to a shift increased vigilance among ATCOs.
Environmental factors may also influence fatigue and alertness. Bright lighting and blue-
enriched indoor lighting (Suni & Rehman, 2021) have been associated with increased
alertness and may help delay the homeostatic sleep drive (Marcil & Vincent, 2000).

Reactive Countermeasures

When acute fatigue occurs, reactive countermeasures must be taken. Napping is
considered one of the most effective strategies for managing acute fatigue and typically
requires the affected individual to be relieved by an on-call colleague (Phillips et al.,
2017). Nevertheless, napping should be considered an emergency measure rather than
a primary means of fatigue management. Work performance may deteriorate before
individuals become aware of their own fatigue, and acute fatigue may therefore only be
recognized after performance has already been affected. Evidence indicates that self-
assessment of fatigue is not always reliable (FAA, 2013; Yang et al., 2004). Consequently,
individuals themselves represent the final safety barrier against fatigue related
performance impairment (Ferris et al., 2021).

Despite the availability of systematic and tactical countermeasures, individuals
ultimately bear responsibility for recognizing and reporting when they are unfit to work
due to fatigue. In Europe, Commission Regulation (EU) 2015/340 establishes
requirements for ATCO licenses (EASA, 2015). The regulation states that ATCOs shall not
exercise the privileges of their license when they have doubts about their current ability
to do so safely and requires them to promptly inform their employer in such cases. This
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2.3

form of self-monitoring represents a reactive countermeasure intended to prevent
fatigue related safety infringements.

However, accurate self-assessment of fatigue can be challenging. Fatigue is typically
underestimated when subjective assessments are compared with objective measures of
performance (FAA, 2013). Furthermore, higher levels of fatigue may be associated with
an even greater reduction in self-awareness, potentially making individuals less capable
of accurately recognizing their own impairment (Yang et al., 2004). Since systematic
fatigue assessments in commercial aviation often rely primarily on self-reported
measures (McCauley et al., 2021), this may introduce bias into the assessment of fatigue
and its associated risks. This reliance on self-assessment as a regulatory safeguard
therefore sits in tension with the evidence above. The mechanism appears weakest
precisely when it is most needed.

Management of Fatigue

Traditionally, fatigue management has relied on a compliance-based, prescriptive
approach, in which fixed rules regulate working hours, shift duration, and minimum
recovery periods (Dawson & McCulloch, 2005; ICAO, 2016). The primary objective of
these rules is to prevent the accumulation of fatigue within and across shifts by defining
limits on working hours and requirements for recovery. In aviation, prescriptive
approaches may also include restrictions on consecutive shifts and cumulative working
hours, maximum time on task, minimum break durations, fatigue education, and fatigue
assessment (Dawson & McCulloch, 2005; Honn et al., 2019). In European ATC, fatigue is
still predominantly managed through compliance with prescriptive regulations, together
with established guidelines and best practices.

However, the prescriptive approach has been criticized for its limited ability to account
for the complex and dynamic nature of fatigue. Prescriptive rules implicitly treat fatigue
as a relatively predictable function of working time, an assumption that is more
appropriate for physical than for mental fatigue (Honn et al., 2019). Mental fatigue is
influenced by sleep and circadian biology, cognitive recovery, task demands, situational
factors, and individual characteristics (Dawson & McCulloch, 2005; Gander, 2001; Wang
& Ke, 2013). Consequently, fatigue does not necessarily increase monotonically with
time on task, and the same working pattern may result in different levels of fatigue
between individuals or operational situations (Gander, 2001; Honn et al., 2019; Wang &
Ke, 2013). Compliance with prescribed limits therefore provides an important baseline
for fatigue management, but does not necessarily demonstrate that fatigue-related risk
is adequately controlled (Honn et al., 2019; Rosekind, 2005).

To address these limitations, so-called risk-based approaches to fatigue management
have been developed. FRM refers to the broader set of organizational strategies and
practices used to manage fatigue-related risks, whereas a Fatigue Risk Management
System (FRMS) provides a systematic and structured framework for implementing these
activities (Fourie et al., 2010; Gander et al., 2011, 2017). In contrast to the prescriptive
approach, an FRMS is evidence-based, proactive, and data-driven. It involves systematic
data collection, fatigue monitoring, hazard identification, risk assessment, mitigation,
and continuous evaluation of the effectiveness of implemented measures (ICAO, 2016).
The objective is not to eliminate fatigue entirely, which is considered unrealistic, but to
reduce fatigue-related risks to a reasonably practicable level (Holmes & Stewart, 2008).
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An important consequence of implementing an FRMS is increased operational flexibility.
Organizations may obtain greater flexibility in shift design and rostering, including the
possibility of deviating from certain prescriptive requirements where this is supported
by a formal risk assessment and appropriate mitigation measures (Bourgeois-Bougrine,
2020). This flexibility is accompanied by increased organizational responsibility for
actively monitoring and managing fatigue risk. Like a Safety Management System (SMS),
an FRMS therefore requires defined responsibilities, procedures, hazard identification,
risk assessment, and continuous monitoring (EASA, 2017; ICAO, 2013, 2016). Within
European air traffic management, the regulatory framework supports both prescriptive
fatigue management and the implementation of FRMS activities (EASA, 2017).

The core of an FRMS can be conceptualized as a continuous closed-loop process
involving fatigue monitoring, identification of fatigue hazards, risk assessment,
implementation of mitigation measures, and subsequent evaluation (Gander et al.,
2017). Fatigue hazards can be addressed through three complementary types of
controls (Sprajcer et al., 2022): Predictive controls assess planned rosters and potential
fatigue antecedents, for example through previous operational experience or
biomathematical fatigue models. Proactive controls assess actual fatigue during
operations using measures such as operational performance data, fatigue surveys, or
self-reported fatigue. Reactive controls examine fatigue as a potential contributing
factor following safety events, using sources such as fatigue reports and audit findings.

Although FRMS approaches are increasingly applied across safety-critical sectors,
including aviation, healthcare, transportation, and emergency services (Sprajcer et al.,
2022), their implementation within ANSPs remains comparatively limited. Research on
FRMS implementation in ATC is still developing, despite evidence indicating that FRMS
can be effective in reducing fatigue and associated safety risks (Sprajcer et al., 2022).
Potential barriers include the relative novelty of FRMS within ANSPs, the perceived
complexity of the approach, and challenges associated with translating its principles into
practical operational processes (Bourgeois-Bougrine, 2020).

Overall, prescriptive rules and FRMS should not be considered mutually exclusive.
Prescriptive limits establish a regulatory baseline for working time and recovery, while
FRMS provides a systematic framework for identifying and managing fatigue risks that
may remain despite compliance with these limits. For safety-critical environments such
as ATC, the combination of prescriptive requirements with evidence-based, proactive,
and continuously monitored FRM provides a more adaptive approach to addressing the
multifactorial nature of fatigue.
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RESEARCH QUESTIONS AND PROJECT AlM

The backbone of resilience and safety in ATC is a robust socio-technical system that
provides conditions supporting the human operator as effectively as possible. However,
multiple factors, such as excessive or insufficient workload, as well as poorly designed
duty rosters, can affect individual resilience and increase the risk of fatigue. As outlined
above, fatigue is widely recognised as a safety-relevant factor in aviation, yet how it
progresses over a shift and which factors drive it in operational ATC specifically are not
fully understood. As a follow-up to the COLA | project, COLA Il aimed to investigate
additional aspects of fatigue among ATCOs.

The COVID-19 pandemic resulted in a substantial reduction in air traffic, leading to
prolonged periods of low workload for ATCOs. In COLA |, all field studies were conducted
during the most disruptive phases of the pandemic, which may have influenced the
observed results. One objective of COLA Il was therefore to quantify the impact of
pandemic-related low workload on ATCO fatigue in an operational setting. Data
collection for this objective was conducted exclusively in an En-route area control
center (ACC) environment.

Furthermore, over the course of the project it became apparent that the existing fatigue
literature lacked a systematic review of how fatigue antecedents differ across aviation
occupational groups. Established consensus frameworks, such as Akerstedt's (2000)
model of insufficient sleep, extended wake time, circadian disruption, time on task, and
sleep disorders, had been influential but were not occupation-specific. Frameworks did
not distinguish, for instance, between antecedents relevant to long-haul pilots and those
relevant to ATCOs, despite substantial differences in task structure, regulatory
environment, and operational demands between these groups. Applying findings from
one occupational group to another risked misdirecting FRM efforts in ATC specifically. To
close this gap, a dedicated review was conducted as an additional component of the
project, systematically mapping fatigue antecedents across eight occupational groups.
Moreover, a consistent effect-size framework was applied to evaluate not just statistical
but also practical significance (see Chapter 5).

To address these objectives, several field studies were conducted to assess operational
fatigue among ATCOs in their regular working environment. The study design developed
in the preceding COLA | project was kept across all studies. This ensured comparability
with the previous findings and facilitated cross-study comparisons.
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4.1

STUDY RESULTS

During the COLA | and COLA Il projects, multiple data gatherings were conducted. This
chapter gives an overview of these studies, with a particular focus on the data
collections carried out in COLA II.

Study Campaigns

Four field measurements were conducted within the framework of COLA I. During the
project lifetime of COLA Il, two additional field measurements were carried out,
extending the scope of the original dataset. Beyond the field measurements, COLA Il
also broadened the project's focus in two respects:

— a sub-question addressed boredom and monotony among ATCOs, prompting an
online survey, and

— break behavior was examined as a further significant contributor to fatigue and
performance.

In addition, COLA Il placed greater emphasis on deeper data analysis, building on the
combined dataset from both project phases. Finally, review work was carried out during
the project lifetime, as a lack of comprehensive review of fatigue antecedents had been
noted. This section gives an overview of the specifics of every study, including the major
results. A synopsis of the data collections conducted so far is given in Table 1

Table 1. Summary of all data collections conducted within the scope of the COLA | and
COLA 11 (ATCA = Air Traffic Control Assistant, WS = Watch Supervisor).

Area Control | Initial study, included ATCOs,
COLA|l | Oct 2020 . 4.1.1
Center ATCAs, WSs and Technicians
Area Control | Only night shifts, included only
COLA| | May 2021 4.1.2
Center ATCOs and ATCAs
Area Control | Same design as initial study,
COLAI | Oct 2021 . 4.1.3
Center included only ATCOs and ATCAs
First data gathering in tower
COLAI| | Nov 2021 | Tower . . 4.1.4
environment, included only ATCOs
Area Control | Same design as initial study,
COLA Il | Oct 2022 .
Center included only ATCOs and ATCAs
4.15
Area Control | Same design as initial study,
COLAIl | Oct 2023 .
Center included only ATCOs and ATCAs
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41.1

4.1.2

4.1.3

414

4.1.5

) Online Survey, focusing on
COLA Il | May 2024 | Universal 4.1.6
boredom and monotony

) Review work published on fatigue
COLA Il | Nov 2025 | Universal . o 5
antecedents in aviation

Area Control | Online Survey, focusing on break
COLA Il | Mar 2026 . 4.1.7
Center behavior and recovery

COLA | —Study 1

The results are presented in the COLA | report. The related article is available.

COLA | — Study 2

The results of the study are published as article.

COLA | —Study 3

The results are presented in the COLA | report. Data were analyzed only in aggregated
form.

COLA | —Study 4

This study applied the COLA method for the first time in a tower environment. The
results are presented in the COLA | report.

COLA Il = Study 5and 6

Aggregated data sets were analysed for multiple articles. The data was collected;
however, data was analysed only together with the other datasets.

Article 1. This study examined whether the findings from COLA | Study 1 replicate in an
extended dataset. We investigated how subjective and objective fatigue dynamics
diverged systematically across shift types and time on shift. Night shifts showed the
highest overall fatigue, with subjective sleepiness peaking at the Mid timepoint (~3 a.m.,
Window of Circadian Low/WOCL-driven) regardless of whether Night A or Night B was
operationally active at that point. This provided evidence that circadian phase, not task
engagement, drove the effect. Objectively, all shift types showed a level-off
pattern (reaction times slowed to Mid, then plateaued), except Night A, which showed
reaction time recovery at Post due to the sleep opportunity taken in the second half of
the night. Night B showed no such recovery. The mismatch between subjective and
objective measures supported the conclusion that self-reported fatigue alone was
insufficient for FRM and should be complemented by performance-based measures.

Article 2. This study examined how age and gender shaped subjective and objective
fatigue. Age emerged as the more consistent predictor: older participants showed
significantly slower reaction times (greater objective fatigue) across nearly all shifts and
timepoints yet paradoxically reported lower self-rated sleepiness than younger
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4.1.6

colleagues. This divergence is attributed to age-related differences in self-awareness or
homeostatic sleep pressure rather than to reduced fatigue itself. Younger participants,
by contrast, obtained significantly longer on-shift sleep during the Night A shift and
rated themselves sleepier, particularly around circadian nadir timepoints. Gender
differences were smaller and less consistent, but men showed faster reaction times and
longer in-shift sleep during night duty, while women slept longer before Late shifts and
showed no significant differences in self-rated sleepiness. Numerous higher-order
interactions between age, gender, shift type, and timepoint indicated that these
demographic effects were highly context-dependent rather than uniform, reinforcing
the paper's central argument that subjective and objective fatigue measures diverge and
should be interpreted together rather than in isolation.

Article 3. This study had a methodological focus. This study examined whether a shorter,
1-minute version of the Psychomotor Vigilance Task (PVT) could serve as a viable
alternative to the standard 3-minute version (PVT-B) for fatigue monitoring in air traffic
control. Reaction time (RT) data from N = 52 ATCOs/ATCAs across three field studies
were analyzed by dividing each 3-minute PVT trial into thirds to simulate shorter
durations. Results showed an overall time-on-task effect: mean RT increased
significantly across the 3 minutes, driven primarily by a jump in the final minute, with
minutes 1 and 2 not differing significantly from each other — a pattern that held broadly
across shift types (morning, afternoon, NA, NB), though effect sizes varied. When
comparing the 1-minute proxy to the full 3-minute version, absolute RTs were
consistently slower in the 3-minute version, but critically, the slope of RT increase across
the shift (Pre-Mid—Post) did not differ significantly between the two lengths —
indicating that the 1-minute version captured the same fatigue-related trend despite
yielding faster raw RTs. This supported the conclusion that a 1-minute PVT could feasibly
substitute for the longer version in operational fatigue monitoring, since it preserves the
diagnostically relevant signal (RT progression) while reducing task duration and thus the
risk of task-induced fatigue and operational intrusiveness.

COLA Il — Online Survey Boredom

Besides periods of high workload and increased mental demands, phases of low
stimulation are also a fundamental part of ATCO work. These periods can contribute to
monotony and boredom, which have in turn been associated with fatigue. However,
boredom in aviation has received comparatively little research attention. To investigate
this issue, a survey was conducted in which ATCOs were asked to report their
experiences of boredom and the factors contributing to it.

An online survey using a mixed methods approach was conducted with N = 318 aviation
professionals from more than 25 countries, primarily ATCOs and civil pilots. The survey
assessed job boredom and boredom proneness using quantitative measures,
complemented by qualitative questions addressing participants’ experiences and
perceived causes of boredom. Boredom was widely reported across all aviation
professions. Male participants reported significantly higher levels of boredom than
female participants, while operators working as on the job training instructors showed
lower boredom proneness than those without this role. No significant differences were
found regarding age, cultural background, or job tenure. Most participants perceived
boredom as an unpleasant and negative state that could affect their work. Qualitative
responses indicated that boredom was primarily associated with work environment and
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4.1.7

task characteristics, with low workload and limited human interaction being the most
frequently reported contributors.

COLA Il — Online Survey Break Behavior and Recovery

In this study, the break behavior and recovery experiences of ATCOs were investigated.
This is relevant because a substantial proportion of working time is spent on breaks, yet
recovery during breaks has received comparatively little attention in previous studies. A
survey was therefore conducted to assess subjective experiences and evaluations of
recovery during work breaks across different shift types.

Data analysis is currently ongoing, and a scientific article will be published based on the
findings.
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Fatigue Antecedents Review

This review addressed a gap in the aviation fatigue literature: although
Akerstedt's (2000) consensus framework has been influential, no comprehensive
synthesis had mapped how fatigue antecedents differ across the full range of aviation
occupational groups. A systematic analysis was therefore conducted, spanning multiple
professions, both air- and ground-based, while applying a consistent effect-size
framework. The rationale was that fatigue is not a uniform construct: task
characteristics, regulatory environments, and operational demands vary so substantially
between occupations that antecedents identified in one group (e.g., circadian disruption
in long-haul pilots) may not generalize to another (e.g., ATCOs). To address this,
literature was assessed systematically across eight occupational groups, sorting
antecedents into three categories: time-/schedule-related, workplace-/task-related, and
person-related. Effect sizes were calculated wherever possible, to show practical
relevance rather than just statistical significance.

The results showed a highly uneven evidence base: civil pilots (especially short- and
long-haul) are by far the most extensively studied group. Large, consistently replicated
effects for time-/schedule-related factors such as night/early flights, long flight duration,
consecutive duty days, and continuous wakefulness were found. ATCOs and ATCAs form
the second best-studied group, with medium-to-large effects concentrated almost
entirely in time-/schedule-related antecedents: shift type (early/night), consecutive and
rotating shifts (especially counterclockwise rotation and quick returns), time on task,
and sleep deprivation. High workload was also a robust and large-effect antecedent for
ATCOs, while the effects of low workload, monotony, and irregular workload remain
understudied. Person-related antecedents for ATCOs (age, chronotype) showed
inconsistent and mostly small effects, and research has focused almost exclusively on
ATCOs rather than ATCAs, despite their differing task demands. By contrast,
occupational groups such as ground crew, cabin crew, technicians, and general aviation
pilots were found to be substantially under-researched, with effect sizes only rarely
reported, revealing multiple literature gaps.

Across all groups, workplace-/task-related and person-related antecedents were
consistently measured with subjective (survey-based) tools rather than
objective/biological methods, raising concerns about potential measurement bias. The
review concludes that a one-size-fits-all FRM approach is insufficient, since the relative
importance of antecedents and the maturity of evidence behind them differ markedly
by occupational group.
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6 RESEARCH OUTPUT

This chapter gives an overview of the research output produced in the project lifetime.
Links to articles are given.

6.1 Peer-Reviewed Publications

The table below gives an overview of scientific peer-reviewed publications in the project
lifetime (COLA I and Il).

The Influence of Rostering Factors on Fatigue in an .
Peukert, M P d ICRAT 2022
Irregular Shift System in Air Traffic Control eukert, Meyer roceedings
Time Matters: Exploring a Short Fatigue | Peukert, Meyer, .
o - P d ICRAT 2024
Measurement Method in Air Traffic Control Meyenburg roceedings
peukert Aviation Psychology
Investigating Fatigue in Operational Nightshifts Sobotta, Meyer and Applied Human | 2024
Factors (Journal)
- - . - —
Time 'Flle.s When Yog re _V\/_atchmg the Skies? Pgukert, Ott, Proceedings EAAP 2024
Investigating Boredom in Aviation Vink
Subjective and objective fatigue dynamics in _air | Peukert, Claus, | Industrial Health
- 2025
traffic control Meyer (Journal)
o _ _ o Peukert, Aviation _ Psychology
Reviewing Fatigue in Aviation and Applied Human | 2025
Schwarz, Kolrep
Factors (Journal)
Age, gender, and the clock: predictors of fatigue in Cognition, Technology
; - Peukert, M 2026
air traffic control eukert, Mever | & work (Journal)

6.2 Conference Presentations

The table below gives an overview of scientific conference presentations in the project
lifetime (COLA | and Il).

An evaluation of workload and fatigue methods based on
experience from Tower field studies

The influence of rostering factors on fatigue in an irregular
shift system in air traffic control

Time Flies When You’re Watching the Skies? Investigating
Boredom in Aviation

Time Matters: Exploring a Short Fatigue Measurement
Method in Air Traffic Control

Who Gets Fatigued, When, and How? Socio-Demographic
Factors in Air Traffic Control

Fatigue in Air Traffic Control: Insights from Field Studies DATS

DATS Online, 2021

ICRAT Tampa, 2022

EAAP Athens, 2024

ICRAT Singapore, 2024

Transportforum | Linkoping, 2026

Norrkoping, 2026

6.3 Public Dissemination

The findings were disseminated through multiple presentations. Internally, the results
were shared with both participants and departments within the studied entity.
Externally, the outcomes were presented to professional working groups such as the
EASA Human Factors Collaborative Action Group (HFCAG) and other air navigation
service providers.
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INTEGRATION AND OUTLOOK

Both COLA | and Il research projects aimed to evaluate fatigue among ATC professionals
in real-world conditions. The central objective was to investigate fatigue during live
operations. This was necessary, as a limited understanding of the dynamic relationship
between shift work and fatigue, particularly under diverse task demands, was given. The
project filled the void in longitudinal and repetitive field measurements in ATC.

Together, both projects represent one of the most extensive field-based fatigue
research studies conducted within a single ANSP to date. Six independent data
collections were conducted, over more than four years within the same operational
environment. The studies methodological and empirical contributions integrate into
three major outcomes:

— The development of a lightweight operational fatigue measurement method;

— a body of substantive findings on how fatigue develops within and between shifts,
and how it is moderated by socio-demographic factors; and

— a broader contextualisation of these ATC-specific findings within the fatigue
literature.

At the core of both projects was a deliberately minimal measurement study approach. It
was decided, to only go for three brief measurement runs at key timepoints (Pre, Mid,
Post) per shift, combining the Stanford Sleepiness Scale (SSS) with a 3-minute
Psychomotor Vigilance Task (PVT-B). Measures were delivered via custom-built, self-
administered software. This design choice reflects a central methodological tension in
operational fatigue research: the trade-off between measurement sensitivity and
operational intrusiveness. While a longer, more sensitive PVT (e.g., the 10-minute
version) would have provided more granular data on lapses and attentional stability, this
would have come at the cost of participant burden and, ironically, task-induced fatigue.
A concern the project's own methodological article directly investigated. The finding
that a 1-minute proxy version of the PVT captured the same fatigue-related slope in
reaction time across the shift as the full 3-minute version, despite yielding faster
absolute reaction times, is an important validation of the underlying measurement
philosophy of the entire project. What matters for FRM is not the absolute performance
level, but its trajectory over time on shift. This principle repeats throughout the findings
and should be regarded as one of its most transferable methodological conclusions. Any
future FRMS data-gathering tool must operate within the constraints of live operations.

While COLA | laid a foundation in terms of development of the study approach and first
data gathering, focused COLA Il more on additional research questions and related
aspects (such as review work). Extending COLA | samples through two additional COLA Il
field campaigns allowed replication and higher statistical grounding. The replication
analysis confirmed that the divergence between subjective and objective fatigue
observed in earlier work was not an artefact of a single study or a pandemic-affected
sample, but a systematic pattern. Night shifts consistently produced the highest
objective and subjective fatigue, with subjective sleepiness peaking around the WOCL
regardless of which of the two mirrored night shift types (NA or NB) was operationally
active at that time. This finding demonstrates that the peak is attributable to circadian
phase. Second, the extension of the analysis to include age and gender as moderators
substantially enriches the interpretation of the subjective-objective mismatch. The
divergence between self-rated and performance-based fatigue was found to be
associated with age: older ATCOs exhibited slower reaction times while reporting lower
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7.1

subjective sleepiness than younger ATCOs. This does not mean, that self-reports are
noisy or unreliable in general, but rather suggest a systematic bias that may vary with
age. Younger ATCOs, by contrast, both performed better objectively and reported higher
sleepiness. This could indicate greater subjective sensitivity to circadian disruption.
Gender effects were present but considerably smaller and more context dependent.
Male ATCOs showed faster reaction times and longer in-shift sleep.

Taken together, the main outputs converge on an overarching conclusion: fatigue in ATC
is not a unidimensional construct that can be adequately captured by any single
measurement channel, timepoint, or demographic assumption. It is shaped by circadian
phase (dominant during night shifts, particularly around the WOCL), time on
shift (consistent level-off pattern) and individual difference factors (age being the most
consistent moderator identified). As discussed earlier, this multidimensionality is
precisely why a prescriptive, one-size-fits-all approach to fatigue management is
structurally insufficient. Evidence generated across both COLA projects supports the
continued shift toward a risk-based, data-informed FRMS approach to support more
safe working conditions.

Lessons Learned

During the projects multiple learnings have been made. Those are described in this
section.

Firstly prioritization of field studies instead of lab or simulator runs was in retrospect,
the greatest strength. This allowed to investigated fatigue under ecological-valid
conditions. Study results indicate that measuring fatigue in simulator conditions might
be highly biased and produces different effects from those obtained in real-life
situations (Philip et al., 2005). The downside was, however, that this approach sacrificed
experimental control. Multiple situational aspects (i.e., traffic volume, actual sleep
quality, caffeine use) could not have been standardized or even monitored. This is a
trade-off inherent to any field-based research and should be explicitly acknowledged, as
external validity over internal control was chosen. Thus, the resulting findings should be
interpreted with that trade-off in mind.

Secondly, the subjective-objective divergence can be understood as a methodological
finding. A repeating pattern is that subjective and objective fatigue measures appear to
diverge systematically and predictably: by shift type, by time on shift, and by age. This
means, fatigue monitoring should not rely on a single-channel. This risks systematically
under- or overestimating fatigue depending on who is reporting and when, rather than
simply adding unstructured noise. In all field studies both measures were applied
consistently; not as a measure of redundancy but rather as a necessary one. This
principle should be preserved in any future data gathering.

Thirdly, from a statistical perspective, the use of linear mixed models (LMMs) across the
later studies represented an important methodological maturation. LMMs are beneficial
when it comes to unequal numbers of shifts per participant, subject-specific random
intercepts and slopes, and the resulting violation of independence assumptions. Those
aspects are typical in voluntary field participation studies.
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7.2

7.3

Future Studies and Outlook

Building on both the findings outlined above, several directions for future work can be
identified.

Firstly, as most of the data gatherings took place in the ACC environment upcoming
studies should focus on the Tower workplace as well. Like the approach described, could
a longitudinal study investigate the fatigue progression over multiple years. Seasonal
influence should be treated with caution as well, as e.g. due to snow-removal, workload
variations might occur during the year. This was not covered in COLA studies at all.

Secondly, workload a fatigue antecedents should be investigated more detailed. The
referenced review highlighted that both high and low workload might be associated
with fatigue. However, the concrete effects on fatigue were not investigated. Irregular
workload distribution throughout a shift remains comparatively understudied, which is a
core work characteristic in current ATC operations. The boredom survey has only begun
to address underload, however, through subjective, cross-sectional data. A potential
next step could be to integrate traffic-volume-linked workload data directly in a field
study protocol, allowing the interaction between workload and the circadian/time-on-
shift effects already well documented in the COLA dataset to be modelled directly.

Thirdly, the success of the short-PVT validation suggests moving from self-administered
measurement points (Pre/Mid/Post) towards more continuous or passively collected
indicators of fatigue. This could be achieved through physiological measures (such as
eye tracking, voice data) or operational performance markers (such as system
interaction).

Fourthly, broadening occupational and environmental scope could be interesting. The
near-complete absence of technician-focused fatigue research as identified in the
review points toward underserved populations within ANSPs. Similarly, comparing
fatigue dynamics across ACCs or airspace structures with different traffic characteristics
would help clarify how much of the observed circadian and shift-type effects generalise.

Conclusion

In both projects, six field studies, one methodological validation study, one systematic
review, and two dedicated survey measures were conducted. Together, these produced
a coherent and cumulative body of evidence on fatigue in operational ATC.

A major conclusion is that subjective and objective fatigue diverge systematically, driven
by circadian phase and time on shift, and are further moderated by age.
Methodologically, the project has demonstrated that a lightweight, repeatable
measurement approach, combining brief subjective and objective indicators at three
points per shift, is capable of detecting operationally meaningful fatigue dynamics,
without unacceptable operational intrusiveness.

Fatigue remains a multi-dimensional phenomenon that cannot be understood in
isolation. Only by continuing to combine subjective and objective measures, across
diverse shift types and operator groups, can FRM in ATC move from broad, prescriptive
assumptions toward an evidence-based practice. Both COLA projects support the
continued shift toward a risk-based, data-informed FRMS approach. If implemented
properly, this has the chance to support more safe working conditions in aviation.
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APPENDIX

Further information is available upon request.
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