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ZUSAMMENFASSUNG 

Das Cockpit kommerzieller Flugzeuge hat sich in den letzten Jahr-

zehnten maßgeblich verändert, was hauptsächlich auf den technischen 

Fortschritt zurückzuführen ist. Insbesondere die voranschreitende 

Automatisierung führte dazu, dass die Zahl der Crewmitglieder sich von 

anfänglich fünf auf zwei Personen reduzierte. Heutzutage teilen sich 

Captain und First Officer als Pilot Flying (PF) und Pilot Monitoring (PM) 

die Aufgaben während des Fluges. Ein Übergang von diesen Two-Crew-

Operationen (TCO) zu sogenannten Single-Pilot-Operationen (SPO) 

scheint jedoch nur eine Frage der Zeit zu sein. Das erfordert allerdings 

eine Umgestaltung des Cockpits, um Pilot*innen in SPO adäquat zu 

unterstützen. 

Die vorliegende Arbeit leistet einen Beitrag zu diesem Forschungs-

feld und nimmt eine mensch-zentrierte Perspektive ein, um zu 

untersuchen, inwiefern sich in kommerziellen SPO die Abwesenheit des 

PM auf den PF auswirkt. Eine Flugsimulatorstudie wurde durchgeführt, 

an welcher 14 Pilot*innen teilnahmen. Ihre Aufgabe war, kurze Anflug- 

und Lande-Szenarien am Frankfurter Flughafen mit oder ohne PM zu 

fliegen. Ein 2x3-faktorielles Innersubjektdesign wurde verwendet mit 

den Faktoren Crew (TCO und SPO) und Szenario (Baseline, Turbulence, 

Abnormal). Eine Kombination von quantitativen und qualitativen Daten 

wurde erhoben in Form von subjektiven Bewertungen der 

Beanspruchung, Eye-Tracking-Daten, Simulatorparametern, Videoauf-

nahmen und Interviews. 

Die Ergebnisse zeigen, dass die subjektive Beanspruchung in SPO 

nicht generell als höher bewertet wurde, aber besonders der Zeitdruck 

stieg signifikant an. Die Proband*innen arbeiteten Checklisten und 

Prozeduren weniger konsequent ab, vor allem im Abnormal-Szenario, in 

dem ein Triebwerksbrand simuliert wurde. Anhand der Blickbewe-

gungen zeigte sich, dass die Pilot*innen in SPO mehr Zeit für sekundäre 

Instrumente benötigten, was auf Kosten der primären Instrumente ging. 
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Auch Übergänge zwischen den Instrumenten und der Außensicht waren 

in SPO weniger effizient und deuteten auf eine visuelle Überlastung hin. 

Auf Basis der vorliegenden Forschungsergebnisse können Schluss-

folgerungen für das adäquate Design von Single-Pilot-Cockpits gezogen 

werden. Verschiedene Optionen zur Unterstützung der Pilot*innen 

werden diskutiert, wie Head-up-Displays, multisensorische Schnitt-

stellen, Augmented-Reality-Brillen, weiterentwickelte Automatisierung 

und zusätzliche Unterstützung durch Bodenpersonal. 
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ABSTRACT 

Due to the technological progress, increasingly sophisticated and highly 

automated systems have replaced human roles in the cockpit of 

commercial aircraft. Consequently, the crew size has been reduced from 

initially five to two cockpit crew members over the past decades. 

Nowadays, a captain and a first officer share the tasks throughout the 

flight by assuming the roles of pilot flying (PF) and pilot monitoring 

(PM). However, in light of the ongoing technological advancements, the 

logical next step seems to be a further de-crewing from two-crew 

operations (TCO) to single-pilot operations (SPO). To provide adequate 

support for the single pilot, a redesign of the cockpit is required. 

The present study contributes to this research area by adopting a 

human-centered perspective and investigating how the PF is affected by 

the absence of the PM during commercial SPO. A study was conducted 

in a fixed-base Airbus A320 flight simulator. Fourteen professional 

pilots participated. Their task was to fly short approach and landing 

scenarios at Frankfurt Airport both with and without a PM. A 2x3 

factorial within-subject design was used with the factors crew (TCO and 

SPO) and scenario (baseline, turbulence, and abnormal). A combination 

of quantitative and qualitative data was collected in the form of 

subjective workload ratings, eye-tracking data, simulator parameters, 

video recordings, and debriefing interviews. 

The results showed that workload was not generally higher during 

SPO but particularly the temporal demand increased significantly. 

Additionally, checklist usage was less consistent and pilots handled the 

abnormal scenario differently when the PM was absent. The pilots’ 

scanning behavior was also significantly affected by the absence of the 

PM. Pilots had to spend considerably more time scanning secondary 

instruments at the expense of primary instruments. Moreover, transition 

behavior between the cockpit instruments and the external view was 

less efficient in SPO and was interpreted in terms of an overload on the 

pilots’ visual modality. 
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This research will help inform the design of commercial SPO flight 

decks providing adequate support for the single pilot. Several 

implications for the design of SPO cockpits are discussed, such as head-

up displays, multisensory interfaces, augmented reality glasses, 

advanced automation, and additional support from ground operators. 
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1 INTRODUCTION 

Commercial aircraft are, nowadays, operated by a two-person cockpit 

crew composed of a captain and a first officer (FO). The two pilots share 

the tasks throughout the flight by working together as a team. However, 

these so-called two-crew operations (TCO) were not always common 

practice, but have developed over time. In the early years of commercial 

aviation, aircraft were even more complex than today, so that five crew 

members were required on the flight deck – the two pilots, a flight 

engineer, a navigator, and a radio operator. Due to advances in 

technological development, the roles of the latter three became 

redundant. Automated systems took over some of the tasks originally 

performed by the cockpit crew. This led to a gradual reduction in 

cockpit crew size, which HARRIS [1] referred to as “progressive de-

crewing”. Given that the technological progress is still ongoing, more 

and more tasks can be automated in current-day commercial aircraft. It 

seems like a further step in the de-crewing process will only be a 

question of time. 

In fact, science and aviation industry are already investigating the 

feasibility of a further reduction in crew size to reduced-crew operations 

(RCO) or even single-pilot operations (SPO). In RCO, two pilots are 

onboard the aircraft, and the crew is only reduced during the cruise 

phase of long-haul flights to allow one of the pilots to rest during this 

period of low workload (e.g., [2, 3]). During this time, only one pilot is 

responsible for flying the aircraft. In SPO, the crew size would be 

reduced to a single pilot permanently. Economic factors are the main 

drivers for the development of SPO. Airlines would like to save costs, 

increase operational flexibility, and prepare for an imminent pilot 

shortage, which could be achieved by a transition to SPO [4, 5]. 

Pilots can already operate an aircraft single-handedly from either 

cockpit seat due to technical redundancy. SPO would, therefore, already 

be possible in a present-day flight deck. Nevertheless, transitioning 

towards SPO would require considerable changes to the flight deck 
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design as well as to the whole sociotechnical system. The 

implementation would not be challenging from a technological 

perspective, but human factors issues, such as pilot workload and 

incapacitation, were identified as the main hurdles in the development 

of SPO [2, 6]. Further research is required in this context to identify 

open issues and to develop solutions to support the single pilot 

adequately. 

The present study aimed at contributing to this field of research by 

adopting a human-centered perspective with a focus on the pilot. The 

objective was to investigate how the absence of the second pilot would 

affect the single pilot. An empirical flight simulator study was 

conducted, and participants had to fly short approach and landing 

scenarios manually. Final approach and landing were chosen because 

workload is expected to reach critical levels particularly in these 

terminal area phases of flight [7]. Participants flew various scenarios 

with different workload levels in the TCO crew configuration with a 

second pilot and in the SPO crew configuration as a single pilot. The 

study aims to detect potential sources of error and to draw conclusions 

for the design of commercial SPO flight decks. 

All further details and background information will be provided 

within the next chapters structured as follows: 

 Chapter 2 provides information about current-day TCO. The 

roles of the pilots are described as well as the two-crew cockpit. 

Moreover, final approach and landing including the pilots’ tasks 

are delineated. The chapter concludes with a historical account of 

the two-person crew evolution. 

 Chapter 3 introduces the topic of SPO by first exploring the 

motivation for the development towards SPO. Potential Concepts 

of Operations (ConOps) are described. Then, an overview of key 

human factors issues is presented, including a thorough literature 

review. 
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 Chapter 4 connects the literature review to the present study. 

Motivation and objectives are presented and the specific research 

questions are introduced and explained.  

 Chapter 5 gives a detailed account of the methods applied in the 

present study. The participant sample will be described as well as 

the experiment design, apparatus, procedure, and data collection.  

 Chapter 6 presents the results from the study. Findings are 

reported in terms of workload, performance, and visual scanning. 

Moreover, insights are given into the debriefing interviews. 

 Chapter 7 discusses the results with respect to relevant 

literature. Limitations of the study are described. Workload 

considerations are discussed and implications for SPO flight deck 

design derived. The chapter concludes by recommending areas 

for future work. 

 Chapter 8 provides a brief summary of the entire work and 

draws final conclusions. 

 





 

2 CURRENT-DAY TWO-CREW OPERATIONS 

Current-day commercial aircraft are operated by a captain and a FO. 

The captain is usually more experienced than the FO and has 

responsibility for the aircraft and the safety of crew and passengers 

during the flight. Nevertheless, captain and FO share the tasks 

throughout the flight which are, generally speaking, aviate, navigate, 

and communicate. Additionally, administrate can be included as the 

fourth main element [8]. The order of the tasks is of importance and 

implies a prioritization. Aviating is, therefore, most important and 

always has to come first. Of course, this is just a very general summary 

of the pilots’ tasks during flight. In the context of the present study, it is 

essential to gain a better understanding of current-day TCO.  

Hence, this chapter will give a more detailed introduction to TCO. 

First, the roles and tasks of the pilots will be delineated further as well 

as the two-crew flight deck as their working environment. Given that 

the present study focuses on approach and landing, these flight phases 

will also be discussed with a particular focus on the pilots’ tasks during 

approach and landing in a TCO setting. However, aircraft were not 

always operated by two pilots and we will finally take a step back into 

history to explore the evolution of the two-person crew. 
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2.1 Pilot Roles 

In TCO, captain and FO assume the roles of pilot flying (PF) and pilot 

monitoring (PM)1. As the roles overlap to a certain degree, the Federal 

Aviation Administration (FAA) issued a safety alert for operators in 

2015, aiming at a better definition of the roles and responsibilities of PF 

and PM [10]. Accordingly, the PF is in general responsible for flying the 

aircraft which includes managing the flight path and the aircraft 

systems. Aviating is thus his/her main responsibility and even when the 

autopilot is engaged, the PF is responsible for the adequate settings. 

Moreover, the PF can delegate tasks to the PM, for example, the 

handling of the flaps or the landing gear. This is also relevant during 

abnormal or emergency situations, when the workload on the pilots 

may increase considerably. Due to the support of the PM, the PF can 

concentrate on the task of aviating even in such situations. 

The tasks of the PM are to monitor the flight path, the aircraft 

systems, as well as the aircraft state. S/he handles radio communication 

with air traffic control (ATC) and assists with the preparations for 

departure and landing. Additionally, the PM executes the PF’s 

instructions and provides further support whenever needed. This 

includes, for example, reading aloud checklists and calling out 

deviations regarding the optimal flight path and other relevant flight 

parameters such as airspeed and altitude. If the PF commits an error, e.g. 

a wrong setting of the flight deck instruments, the PM should bring this 

issue to the PF’s attention and may even intervene if necessary. 

Moreover, the PM covers a part of the external view relevant mostly 

during taxi and landing and is considered vital from a social and 

motivational perspective [11]. In conclusion, the PM is particularly 

important as a second set of eyes monitoring and cross-checking 

                                                        
1  The PM was referred to as pilot not flying (PNF) formerly. However, the FAA issued 

an advisory circular in 2003, declaring the conversion of the term PNF to PM as this 
better characterizes the tasks of the PM and emphasizes his/her vital role [9]. 
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everything to avoid errors and to provide the PF with essential 

information. 

The roles of PF and PM are not specifically designated to captain and 

FO but can be interchanged between the two of them throughout the 

flight. For example, when the PF performs tasks distracting from the 

primary task of flying the aircraft, s/he should hand over the control to 

the PM. When they interchange the roles, they need to communicate 

this explicitly because the roles should always be clearly assigned to one 

pilot or the other. The PF should also shortly brief the PM on the 

current state of the aircraft and both pilots have to accept the transfer of 

control for it to become effective [10]. In general, the pilots have to 

communicate with each other the whole time to avoid errors and to 

maintain clarity regarding who is performing which task. 

2.2 Two-Crew Flight Deck 

Commercial TCO flight decks are, naturally, designed to accommodate 

both pilots, with the captain usually sitting in the left and the FO in the 

right seat. The cockpits are designed to enable safe operations from 

either side. This is an obligatory requirement so that one pilot can fly 

the aircraft safely, even if the second pilot is incapacitated or simply 

absent from the flight deck. Therefore, the instruments need to be 

arranged for both pilots to reach them from their seats. To provide 

further details on the two-crew flight deck, the cockpit and instrument 

layout will be described by the example of an Airbus A320. This aircraft 

type was chosen here, given that an A320 simulator was used in the 

present study. Figure 1 shows a simplified schematic of the A320 flight 

deck explained in more detail in the following, based on [12, 13]. 
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Figure 1: Simplified schematic of the Airbus A320 cockpit and 

instrument layout. The windows are shaded in gray. 

One of the most important instruments in the cockpit is the primary 

flight display (PFD). It displays essential flight parameters such as 

attitude, airspeed, altitude, and heading of the aircraft as well as the 

autopilot mode. The PFD is available twice and located right in front of 

each seat directly within the pilots’ field of vision. Pilots need to 

monitor the PFD continuously to detect deviations in time. The 

navigation display (ND) is placed right next to the PFD on either side. It 

provides information regarding course and wind and may display the 

complete flight route as well as other aircraft.  

Other instruments available twice – once for each pilot – are the 

attention getter panel (AGP), the control panel for the electronic flight 
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instrument system (EFIS), the multipurpose control and display unit 

(MCDU), and the radio management panel. The latter two are positioned 

on the pedestal between the seats and serve for the programming of the 

flight plan and for radio communication settings respectively. The AGP 

contains the master caution and master warning pushbuttons which 

light up in orange and red to warn the pilots. Finally, the sidesticks are 

located to the left of the captain and to the right of the FO so that 

captains steer the aircraft via the sidestick with the left hand and FOs 

with the right hand. 

Further instruments are the flight control unit (FCU), the standby 

instruments, and the gear lever. Moreover, the electronic centralized 

aircraft monitor (ECAM) is located within the center panel and displays 

engine and thrust parameters, the position of flaps and slats, as well as 

memos and warnings. There is a multifunction display (MD) right below 

the ECAM displaying further aircraft system information. The pedestal 

is additionally equipped with the thrust control system, speed brakes, 

flap levers, and the control panels for radar and for the traffic alert and 

collision avoidance system (TCAS). Additionally, the overhead panel 

(OHP) is positioned on the cockpit ceiling. All of these instruments are 

only available once but they are located in a central position between 

the pilots so that they can be read and operated from both sides. 

Since these descriptions are specific for the Airbus A320, there are of 

course differences compared to other aircraft types and especially 

between manufacturers. For example, Boeing aircraft are not fly-by-wire 

controlled via a sidestick but steered by means of a yoke. Nevertheless, 

there are similarities in the arrangement of the instruments. Most 

importantly, all commercial aircraft are built upon the principle of 

redundancy which is the major advantage of TCO [14]. It means that all 

vital components – including the human – are available twice to provide 

for safety and resilience of the whole sociotechnical system. 
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2.3 Final Approach and Landing 

The term final approach refers to the last part of the aircraft 

approaching the runway to land. At this point, the aircraft is aligned 

with the centerline of the runway and descending towards it [15]. The 

final approach may end with the landing or with a go-around and 

missed approach if the pilots decide that they do not want to continue to 

land, for example due to bad weather or an unstabilized approach. Final 

approach and landing are the most demanding flight phases because the 

pilots need to maneuver close to the ground and studies showed that 

pilot workload reaches particularly high levels [16]. This is additionally 

reflected in the fact that most accidents occur during these flight phases. 

More precisely, accident statistics show that 49% of fatal accidents occur 

during final approach and landing followed by 14% during takeoff and 

initial climb [17]. 

In commercial aviation, approach and landing are commonly flown 

as a precision approach with the instrument landing system (ILS) which 

provides vertical and lateral guidance. Therefore, the ILS will be 

explained shortly in the following. Then, the pilots’ tasks during final 

approach and landing with the ILS will be described in more detail. This 

chapter, thereby, aims at giving an impression of how current-day 

commercial TCO work by the example of final approach and landing 

which will also be relevant for the study design later on. 

2.3.1 Instrument Landing System 

The ILS consists of two main components – one for lateral and one for 

vertical guidance, both working by means of radio beams sent out from 

the ground. The localizer is the component that serves for lateral 

guidance by extending the centerline of the runway via radio beams. 

The localizer antenna is usually located at the end of the runway. The 

glideslope provides guidance vertically along the way down to the 

runway representing the optimal glide path as a straight line and 

usually at a slope of 3°. The pilots intercept localizer and glideslope 



2.3 Final Approach and Landing |  11  

 

during the approach so that they are fully established on the ILS for 

final approach and landing. Additional components of the ILS may be 

marker beacons on the ground as well as approach lights that support 

the pilots when they transition from instrument to visual flight. [18] 

Onboard equipment displays ILS information and informs the pilots 

about their position relative to localizer and glideslope. For example, in 

the Airbus A320 this information is integrated into the PFD (Figure 2). 

The localizer scale below the central attitude indicator shows the lateral 

displacement – whether the aircraft is to the left or to the right of the 

runway’s centerline. The glideslope scale displays the vertical deviations 

below or above the glideslope. The magenta-colored diamonds move up 

and down or left and right respectively to indicate glideslope and 

localizer deviations on a scale of two dots in each direction. During the 

final approach, the pilots need to monitor the PFD constantly and 

closely in order to keep track of deviations and to stay on the optimal 

path.  

Depending on several factors such as airport and aircraft equipment, 

weather conditions, as well as the pilots’ expertise and certification, ILS 

approaches can be divided into three categories. These categories differ 

with regard to the decision height at which pilots decide whether they 

want to continue the landing or perform a go-around. ILS approaches of 

category I require a decision height of at least 200 ft above ground. 

Pilots only need an instrument rating and an adequately equipped 

aircraft to fly ILS approaches of this category. The decision height for 

category II approaches must be between 100 ft and 200 ft, while 

category III approaches allow even lower minimums and may require no 

decision height at all. However, pilots must be specially certified to fly 

ILS approaches of both category II and III and there are further 

requirements concerning aircraft and airport equipment. [18] 
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Figure 2: PFD of the Airbus A320 during the ILS approach. The 

red boxes highlight the localizer scale located below the attitude 

indicator and the glideslope scale to the right of it. 

ILS approaches of category II are frequently flown with the autopilot 

and category III approaches actually require the aircraft to be equipped 

with an autopilot system. The latter approach category is particularly 

relevant for flights in bad weather conditions with low visual range 

which are then flown completely by the autopilot coupled with the ILS. 

The focus here will be on approaches of category I typically flown 

manually. 

2.3.2 Tasks during Final Approach and Landing 

In the first place, the pilots’ task during manually flown final approach 

and landing is to fly the aircraft and keep deviations from the optimal 

path as small as possible. They need to monitor the PFD closely in order 
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to detect deviations and react to them. The PM is also responsible for all 

communications with ATC required to obtain permission to land. 

Additionally, the pilots have to keep an eye on the external view and 

configure the aircraft for landing requiring them to complete several 

steps. PF and PM therefore perform standard procedures during final 

approach and landing which will be explained next.2 

At the beginning of the final approach, the aircraft should be 

established on localizer and glideslope, flaps 2 should already be 

selected, and the landing signs turned on. Airspeed should be reduced to 

the respective target speed and the missed approach altitude should be 

set on the FCU and consequently displayed in the PFD. Next, the pilots 

work together in order to complete the steps of the landing memo as 

displayed in the ECAM (Figure 3). The items in the landing memo are 

displayed in blue color and turn green when the respective action is 

executed and the aircraft configured correctly. The actions are usually 

initiated by the PF and executed as well as confirmed by the PM. For 

example, the gear must be lowered first as this slows the aircraft down 

further. The PF announces ‘Gear down!’, the PM executes the action, 

lowers the landing gear, and confirms this verbally. Lowering the 

landing gear is additionally the cue for the PM to arm the spoilers. 

Afterwards, the flaps can be set to the remaining stages flaps 3 and flaps 

full again initiated by the PF. The PM checks the speed, sets the flaps if 

appropriate, and confirms the configuration verbally. With these 

settings, the aircraft is configured for landing and the ECAM memo 

completed so that all items in the memo should appear in green color. 

                                                        
2  Again here, the description of procedures during final approach and landing refers 

specifically to the Airbus A320 and procedures may vary between aircraft types and 
airlines. 
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Figure 3: Depiction of the Airbus A320 ECAM displaying the 

landing memo before completion. 

Afterwards, the PF initiates the landing checklist (Figure 4) and the 

PM reads out each item. The PF checks if everything is prepared and 

configured correctly, answers accordingly, and makes corrections if 

necessary. The final item of the landing checklist requires the pilots to 

check if the ECAM memo is completed by verifying whether there are 

any blue items left. At this point, everything should be prepared for 

landing. When the aircraft reaches an altitude of 1000 ft above ground, 

the pilots usually call out whether the approach is stabilized. At decision 

height, the pilots communicate clearly whether they continue to land. In 

conclusion, the tasks during final approach and landing require the 

pilots to communicate with each other, cooperate closely, monitor, and 

cross-check each other’s actions. All of these described tasks and 

procedures are representative of current-day TCO. 
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Figure 4: Landing Checklist. 

2.4 Evolution of the Two-Person Crew 

While TCO is common nowadays and has been for about four decades, a 

look back into the history of commercial aviation shows that aircraft 

were not always operated by a cockpit crew of two pilots. In fact, over 

the past decades, the cockpit crew has been reduced from initially five 

to two crew members which has been referred to as “progressive de-

crewing” [1]. This evolution of the two-person crew is depicted in 

Figure 5 and will be explained in more detail in the following. 

 
Figure 5: Evolution of the two-person crew. 
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In the early years of commercial aviation, aircraft used for longer 

missions were highly complex and commonly operated by five 

crewmembers. In addition to the two pilots, there was a flight engineer, 

a navigator, and a radio operator. The flight engineer’s task was to 

monitor and manage the aircraft systems and the engines, to solve all 

related problems, and to handle system failures. The navigator was 

responsible for everything related to flight navigation and the radio 

operator exclusively handled radio communications and the respective 

equipment. One example for an aircraft operated by a five-person crew 

is the Boeing 314 Clipper with its first flight accomplished in 1938. [19] 

By the 1950s, the radio equipment was already much more 

sophisticated and easier to operate. The radio operator was therefore no 

longer required so that the role was eliminated and all radio 

communication tasks were taken over by the rest of the crew [20, 21]. 

The resulting four-person crews were common until the late 1960s and 

typical aircraft designed for this crew complement were the De 

Havilland Comet entering into service in 1952 [22] as well as the Boeing 

Stratocruiser [21]. 

With further technological developments, the role of the navigator 

also became increasingly redundant until it was finally removed around 

1970. This was mainly due to the introduction of advanced navigation 

aids such as inertial navigation systems [19, 20]. There was already a 

large number of aircraft types operated by a three-person crew, for 

example Boeing 707, 727, and 747 [19].  

Nevertheless, technological progress continued and new equipment 

for the monitoring of engines and aircraft systems was implemented in 

the flight deck [20]. Thus, the role of the flight engineer also became 

redundant but there was a certain controversy regarding whether three- 

or two-person crews would be safer [19]. In order to finally shed light 

on the safety of two- and three-person cockpit crews, a special task 

force was appointed and the final report was published in 1981 [23]. The 

results of the investigation clearly showed that a three-person crew was 
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not safer than a two-person crew. This finding ended the controversy 

and from this point on the two-person crew has been common standard.  

In conclusion, advanced technology has in fact simplified or even 

taken over many of the tasks originally accomplished by the pilots. So 

far, the ‘de-crewing’ has not led to any safety issues when it was 

accompanied by adequate technological support [1]. In light of this 

historical trend and taking into account the ongoing technological 

progress, a further reduction in crew size with a transition to SPO in 

commercial aviation seems like the logical next step [1, 24]. However, 

particularly from a human-centered perspective, there are several issues 

in the development of commercial SPO as will be explained in the 

following. 

 





 

3 TOWARDS COMMERCIAL SINGLE-PILOT 

OPERATIONS 

Research on SPO for commercial aviation has become a topic of interest 

in science and aviation industry over the past two decades. Literature on 

commercial SPO dates back to the year 2005, with a report prepared for 

the National Aeronautics and Space Administration (NASA) by 

DEUTSCH & PEW [25]. NASA explored the feasibility of commercial SPO 

further and hosted a technical interchange meeting in 2012, bringing 

together members of the aviation community [26]. Several issues were 

identified in this meeting, which led to more research in the field of 

commercial SPO. The research effort is not exclusively expended by 

NASA and research projects in the context of SPO were also initiated in 

Europe with partners from science and industry. For example, the 

project “Advanced Cockpit for Reduction Of StreSS and workload 

(ACROSS)” aimed to improve support during high workload flight 

phases, to allow RCO, and to identify open issues for SPO (see e.g., [2, 

27–29]). The Clean Sky 2 project “Disruptive Cockpit (DISCO)” has the 

objective to develop a flight deck designed for SPO [30]. It, therefore, 

seems like it is only a question of time before SPO are implemented in 

commercial aviation. 

However, transitioning from a two-pilot flight deck to a single-pilot 

flight deck will be more challenging than the earlier transitions from 

five to four, four to three, and three to two crew members [31, 32]. This 

is not due to hurdles concerning the technological development, but 

particularly human factors have been identified as key issues in the 

transition towards commercial SPO [2, 6]. Reducing the cockpit crew 

from two to one crew member entails the elimination of an essential 

part of the redundancy from the flight deck. It is still debated how this 

missing redundancy can be compensated for to achieve the same or an 

even higher level of safety as current-day TCO. Merely eliminating the 

second pilot while providing additional automation may not be 
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sufficient anymore. Hence, instead of continuing the evolutionary de-

crewing process, researchers have suggested a revolutionary approach 

[14, 20, 33]. This would require a complete rethinking of the pilot’s role 

and the task allocation between human and machine. After all, there is 

no consensus yet regarding the optimal solution and implementation of 

commercial SPO. 

The objective of this chapter is to provide an overview of the 

research and literature in the context of commercial SPO with a focus 

mainly on topics relevant from a human-centered perspective. First, the 

motivation for the development towards commercial SPO will be 

introduced shortly. Several ConOps have already been proposed, which 

will also be addressed and categorized in this chapter. Finally, research 

findings regarding human factors issues in the transition towards SPO 

will be presented and discussed.  

3.1 Motivation 

Economic factors are the main drivers for the potential transition to 

commercial SPO given that the reduction in crew size is widely expected 

to provide considerable cost savings. Particularly for smaller aircraft by 

regional operators often flying on shorter routes, the costs for personnel 

consume a significant fraction of the overall aircraft operating costs [2, 

32]. In general, the costs for personnel can be expected to decrease in 

SPO, not only due to reduced costs for labor but also in terms of cost 

savings for training and personnel accommodations [26]. Additionally, 

rising fuel and operating costs in combination with reduced revenues 

are mentioned frequently as economic drivers in the development of 

commercial SPO [24, 34, 35]. Smaller cockpits and lighter aircraft could 

reduce the operating costs further [36, 37]. Nevertheless, opinions on 

cost savings are mixed [26, 38], and there might not be savings 

instantaneously but rather in the long run [39].  

Moreover, air traffic has more than doubled since the year 2000 and 

is expected to continue growing [40]. At the same time, there are signs 
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of an impending pilot shortage. A study showed that the US airline 

industry would see a shortage of approximately 35 000 pilots between 

the years 2013 and 2031 [4]. Boeing forecasts that 804 000 new civil 

aircraft pilots will be needed around the world over the next 20 years 

[5]. Commercial SPO is, therefore, often mentioned as a possible 

solution to this imminent pilot shortage [34, 35]. The same number of 

pilots could then fly a higher number of aircraft so that SPO may serve 

to meet the growing demand in air traffic. 

Further motivations regard the greater operational flexibility of SPO 

[26, 37], for example, due to a reduction in crew scheduling conflicts 

[36]. Additionally, there are more operational benefits since operating 

procedures could be consolidated during flight phases of low workload 

[37]. In conclusion, the reasons for the developments towards 

commercial SPO are mainly of economic nature with a few further 

potential improvements. It is questionable, though, whether there are 

any advantages from a safety point of view or from a human-centered 

perspective for the pilots. 

3.2 Concepts of Operation 

As described previously, current-day flight decks are designed 

redundantly to enable both pilots to fly the aircraft single-handedly 

from either seat. SPO is, therefore, theoretically already feasible with the 

present-day flight deck. Nevertheless, merely removing one pilot is 

probably not the solution, and one major concern regarding the 

transition to commercial SPO is the lost redundancy due to the 

elimination of the second pilot. Several ConOps have been proposed in 

the literature to deal with this issue. Most of them include additional 

automation on the flight deck, support by ground-based human 

operators, or a combination of both. Consequently, the proposed 

ConOps can be classified broadly into aircraft-based concepts and 

ground-based concepts [41, 42]. In the following, concepts within these 

categories will be described in more detail including respective 

advantages and challenges.  
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3.2.1 Aircraft-Based Concepts 

Within the aircraft-based concepts, three main categories regarding the 

implementation of SPO could be identified: one pilot without any 

additional support, one pilot with more or enhanced onboard 

automation, and one pilot with onboard personnel acting as a backup 

[42]. These three concept categories will be described further next. 

Category 1 – One pilot without additional support 

The option requiring the least changes in the transition to SPO would be 

to merely eliminate the second pilot without developing and 

introducing any additional support. This concept does not provide a 

solution for the lost redundancy, but would be the most cost-sensitive 

one and has been mentioned and investigated in the past [24, 26, 34, 43]. 

Implementing SPO this way would entail that the remaining pilot 

assumes all the tasks of both PF and PM, which can be expected to 

increase the workload on the pilot significantly [42]. In general, this 

concept has not received a lot of attention and was not pursued much 

longer as it is not assumed to be a viable option for SPO. Still, it is 

important to mention particularly because including this concept in 

research analyses may serve as a baseline for studies comparing and 

evaluating other ConOps [24]. 

Category 2 –Additional onboard automation 

A more popular aircraft-based concept for SPO foresees the introduction 

of additional sophisticated technological solutions to support the pilot 

throughout the flight. This would mean that automation replaces the 

PM and takes over the respective tasks while the pilot could keep the 

role and tasks of the PF. In this context, CUMMINGS ET AL. [44] conducted 

interviews to investigate how automation should be designed to replace 

the PM. Moreover, GRAHAM ET AL. [24, 34] suggested an onboard 

support system for pilots, and DEUTSCH & PEW [25] identified a list of 

technologies that might play a significant role in the introduction of 

SPO. Nevertheless, challenges in the implementation of this concept will 

be to develop automation or other assistive technologies that provide 
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adequate support as well as reliable solutions for cases such as pilot 

incapacitation. 

A further possibility within this ConOp option is to not only 

implement more automation in the cockpit but also change the roles 

between human and automation completely. The automation could then 

be responsible for flying the aircraft while the pilot assumes the role of a 

system manager and supervisor [45] or of a more global strategic 

mission manager [33]. However, we must keep in mind that humans are 

not particularly good at monitoring automated systems [46]. 

Transforming the pilot role and changing the task allocation for SPO 

completely and adequately would be a major challenge. 

Category 3 –Onboard personnel as backup 

Finally, a single pilot with support by backup personnel on board was 

suggested as a third option within the aircraft-based ConOps [26, 42, 

47]. The backup personnel could be either a second pilot who is not 

present on the flight deck continuously or another crew member such as 

a flight attendant or a flight marshal with special training [26]. The 

backup personnel could be called into the cockpit to support the pilot 

during high-workload phases. However, this would entail additional 

costs for the training of the backup personnel and potential cost savings 

are generally questionable in the context of this concept. The approach 

was also not very popular and did not receive much more attention in 

the literature. 

3.2.2 Ground-Based Concepts 

Ground-based concepts were mainly developed to overcome the 

challenges identified for the aircraft-based concepts such as high 

workload and pilot incapacitation. They are very popular in the 

literature and it is frequently suggested that ground-based support will 

be the only viable solution for SPO (e.g., [39]). In ground-based 

concepts, certain tasks are displaced to human operators on the ground 

in order to relieve and support the onboard pilot to a certain degree. 
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Several ground-based concepts have been proposed and investigated. 

They differ in various aspects, for example, with respect to availability 

and responsibilities of the ground operator and concerning the role of 

additional automation for the pilots on board the aircraft and for the 

operators in the ground station. Similar to the aircraft-based concepts, 

the ground-based concepts will be classified here into two main 

categories as follows. 

Category 1 –Ground operator as PM 

Within this category of ConOps, the single pilot is supported by a 

ground operator who acts as the PM. The ground operator would 

assume exactly the same tasks as the PM does nowadays but remotely. 

The roles of PF and PM would, thus, be the same as in current-day TCO, 

but the crew would not be side-by-side in the cockpit but locally 

distributed. This requires them to cooperate and communicate at a 

distance without face-to-face interactions. Advantages of this concept 

are that the ground operator is not exposed to the same hazards as the 

pilot on board, e.g. depressurization and oxygen loss, extreme 

temperatures, G forces, smoke, or terroristic attacks [48]. The ground 

operator could even take over completely if the pilot on board is 

incapacitated. However, this also entails that the ground operator needs 

access to all information and controls relevant for flying the aircraft, 

which requires a secure and reliable data link [42].  

One challenge will be to figure out how the ground station should be 

designed to enable the ground operator to act as PM and in emergency 

situations even as PF. LEVINE & LEVINE [48] suggested a remote 

simulator as a virtual cockpit for the ground operator and highlighted 

further advantages. The feasibility of this approach for commercial SPO 

is questionable, though. DRISCOLL ET AL. [38] discussed a video feed to 

provide ground operators with essential information which they also 

consider problematic in terms of the available bandwidth.  

Additionally, there are further drawbacks to ConOps of this 

category. One concern regards the communication between the pilot 

and the ground operator. Several studies investigated the effect of 
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distributed crewing on communication and pilot performance, and 

collaboration tools have been suggested to support remote cooperation 

(e.g., [37, 49, 50]). After all, there are certainly benefits to this proposed 

SPO concept but several open issues remain and potential cost savings 

are debatable. 

Category 2 – Ground operator on demand 

The second category of ConOps is based on the assumption that pilots 

would not require assistance from a ground operator continuously but 

only during high-workload phases and abnormal events. Therefore, the 

ground operator could provide assistance only on demand. This is the 

most popular category of ConOps in the literature and has been 

investigated and discussed a lot (e.g., [2, 43, 51–54]). The advantage of 

this approach is that the ground operator could monitor several aircraft 

at the same time while providing dedicated assistance only when 

needed or specifically upon request by the pilot [51]. 

Within this category, the roles for the ground operator vary 

significantly, and several specializations have been discussed. For 

example, the concept of a harbor pilot was suggested – a ground 

operator supporting pilots particularly during operations in complex 

terminal area airspace such as during approach and landing [7, 32]. 

Another related concept is the hybrid ground operator performing the 

conventional tasks of a dispatcher as well as distributed and dedicated 

piloting assistance [32, 55]. Moreover, BILIMORIA ET AL. [32] proposed a 

specialist ground operator unit composed of ground associates and 

ground pilots. The ground associates, on the one hand, would be 

specialized in dispatch tasks and piloting support for aircraft in nominal 

conditions. The ground pilots, on the other hand, would be trained to 

provide support exclusively for pilots experiencing off-nominal 

conditions. 

In general, these ConOps offer the same advantages as those already 

described for category one ground-based ConOps. Additionally, they 

enable one ground operator to assist multiple aircraft and to provide 

specialized support. Challenges will be potential data link outages, 
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which will be problematic for ground-based concepts in general [56, 57]. 

Moreover, there always is a danger of interference from the ground [38]. 

A further concern is that ground operators might lack situational 

awareness, particularly those who provide support only on demand. A 

study showed that this is not an issue, though, if ground operators have 

access to appropriate displays [55]. Nevertheless, several other human 

factors issues remain and will be discussed in more detail in the next 

chapter. 

3.3 Human Factors Issues 

As already noted, human factors issues are the main hurdles in the 

development of commercial SPO and have been investigated by a large 

number of studies for all the proposed ConOps. An in-depth literature 

review was conducted and the following key topics regarding human 

factors issues were identified: 

 Pilot workload 

 Human-automation interaction 

 Pilot incapacitation 

 Performance and safety 

 Social aspects 

The next subchapters will give an overview of these topics. Relevant 

research findings in the context of a potential transition towards 

commercial SPO will be reported. 

3.3.1 Pilot Workload 

As already mentioned before, pilot workload is assumed to be a major 

challenge in the implementation of commercial SPO. On the one hand, 

studies have shown that high levels of workload can have detrimental 

effects, e.g., increased fatigue and performance degradation [58, 59]. On 

the other hand, underload is just as problematic and is also linked to 

degraded performance and decreased attentional capacity (for an 
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overview see [60]). It is, therefore, crucial to study workload in the 

context of commercial SPO thoroughly to identify safe solutions with an 

appropriate level of workload for the pilot. In fact, several studies on 

workload have already been conducted in the context of SPO and will be 

discussed here. But first, a brief insight into the theoretical background 

regarding workload concepts and definitions as well as workload 

measures will be given. 

Concepts and definitions 

Workload is a concept that has been a topic of interest in various 

disciplines for almost five decades, but it is difficult to define, and there 

is still no consensus on a universal definition (e.g., [61–64]). Many 

concepts and definitions exist and vary considerably, particularly 

between disciplines. For example, HART & STAVELAND [65, p. 140] adopt 

a human-centered perspective and define workload as “a hypothetical 

construct that represents the cost incurred by a human operator to 

achieve a particular level of performance”. They continue explaining 

that workload is affected by the interaction of various factors, such as 

“the requirements of the task, the circumstances under which it is 

performed, and the skills, behaviors, and perceptions of the operator”. 

Other definitions differ in diverse aspects and, most of all, it remains 

unclear whether workload should be treated as a cognitive process itself 

or as an outcome of one or multiple cognitive processes [64]. Moreover, 

there are several other concepts closely related to workload, such as 

stress, anxiety, and fatigue [66]. All these concepts may affect each 

other and overlap to a certain degree. 

Despite the inconsistencies in existing definitions, a consensus 

regarding two major components of the workload concept seems to 

have emerged (e.g., [62–64]). In the first place, workload should be 

treated as a complex multidimensional construct. Second, workload is 

determined by an interaction of external and internal factors, such as 

the nature of the task, the environmental conditions, the available time, 

and the skills and mental state of the human performing the task. 
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Measuring workload 

A vast number of empirical studies have already been conducted to the 

present day aiming to assess human workload in diverse contexts. Many 

different measurement techniques were developed and applied. In the 

literature, primary workload measures are commonly divided into the 

following three categories, which will be explored further briefly: 

subjective self-assessment techniques, performance-based measures, and 

physiological responses (e.g, [61, 66, 67]).  

Subjective self-assessment techniques include mainly questionnaires 

in which participants can rate their perceived workload on numerical or 

graphical scales. Popular examples are the NASA-Task Load Index 

(TLX) [65] and the Subjective Workload Assessment Technique (SWAT) 

[68]. They consist of several subscales to account for the 

multidimensional character of workload. However, self-assessments are 

vulnerable to a variety of factors, such as individual differences in 

personality traits and cognitive skills [69, 70]. 

Performance-based measures attempt to assess workload via the task 

performance in terms of efficiency, accuracy, and correctness. They can 

be further divided into primary and secondary task measures. Primary 

task measures refer to the direct assessment of task performance, for 

example, via speed, accuracy, reaction times, or error rates. Secondary 

task measures entail that the participants have to perform a secondary 

task while performing the primary task. This serves as an indication of 

the individual’s remaining workload capacity. Performance measures 

are also controversial as they may be affected by uncontrollable or 

unknown factors. [61] 

Physiological responses aim to assess workload via the analysis of 

physiological measures, e.g., heart rate and blood pressure variability, 

patterns in brain electrical activity, changes in pupil diameter, and 

differences in eye movement patterns [71]. Particularly eye-tracking 

metrics have been used and discussed frequently for workload 

estimation in the field of aviation (for detailed overviews of eye-tracking 
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research in aviation see [72–74]). Physiological measures provide the 

advantage of assessing workload objectively and continuously. 

Several studies showed that different measures are sensitive to 

distinct components or dimensions of workload (e.g., [62, 75, 76]). 

Moreover, workload can be assumed to develop dynamically over the 

course of a task, especially in the aviation context during different flight 

phases. Not all of the above-mentioned measures can capture this 

dynamic character, and physiological responses are certainly the most 

sensitive. Nevertheless, the best solution might be to combine several 

measures in order to account for the multidimensional character and to 

assess workload in a more comprehensive way. 

Workload and commercial SPO 

As workload is one of the major human factors issues for SPO, it has 

already been investigated by many researchers with different 

approaches. Common methods are task analyses, modeling studies 

applying varying modeling techniques, and empirical flight simulator 

studies. All these approaches have been used to investigate, evaluate, 

and compare aircraft-based and ground-based ConOps. Moreover, new 

tools to support the pilot during SPO were developed and evaluated 

with respect to workload. Some of the studies also investigate workload 

from the perspective of the ground operator, but the focus here will be 

on the pilot, and relevant findings will be reported next. 

In the context of the aircraft-based concepts, various modeling and 

task analytical studies were conducted. For example, HARRIS ET AL. [77] 

applied operational event sequence diagrams to identify tasks that could 

be allocated to the automation to support the pilot best in terms of 

workload. Others used discrete event simulation models to assess pilot 

workload in SPO with additional automation and found that support is 

not needed during nominal low-workload flight phases but required 

especially during phases of high workload, such as approach and 

landing [78]. Further modeling studies compared aircraft-based ConOps 

of category one and two to current-day TCO and recommended the 

option of SPO with additional automation due to potential cost savings 
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and predicted improvements concerning workload and procedure 

efficiency [24, 34]. Similar task analyses and modeling studies including 

workload considerations were also conducted for ground-based SPO 

concepts (e.g., [43, 53, 79]). These are not considered relevant in the 

context of the present study and will, therefore, not be further expanded 

upon. 

Another approach is the conduction of empirical flight simulator 

studies, which is also particularly relevant with respect to the present 

study. NASA reported results from a study series aiming to analyze 

differences in pilot performance and workload during TCO, SPO 

without additional support, and RCO [3, 80–84]. They used a present-

day Boeing flight simulator and investigated pilot workload for different 

scenarios including several system failure events. They reported 

workload results based on self-assessments via NASA-TLX ratings and 

performance measures. The results suggested that workload trended 

higher in the SPO condition compared to both other conditions but not 

tremendously. Additionally, the significance of the results was not 

reported clearly for nominal conditions [3]. Nevertheless, the results 

from the various system failure and emergency scenarios showed 

clearly that workload was increased particularly during these situations 

in the SPO condition. Thus, similar to the modeling studies described 

before, the empirical studies suggest that pilots will require support to 

reduce workload especially during high-workload phases such as in 

cases of system failures or other abnormal events.  

Further empirical flight simulator studies were conducted with 

respect to the ground-based ConOps. For example, LACHTER ET AL. [50, 

52] investigated the effect of remote cooperation due to distributed 

crewing on pilot workload. They obtained inconsistent results – ratings 

immediately after the trials did not reveal significant differences 

between the distributed and the together condition, but an additional 

questionnaire at the end of the experiment indicated that pilots rated 

workload higher in the separate condition. The results are, thus, not 

conclusive and a follow-up study again yielded similar results [52]. 

Another empirical flight simulator study focused specifically on the 
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feasibility of the harbor pilot concept [7]. However, it was a preliminary 

study with only four participants and the focus was on the workload of 

the harbor pilot rather than on the single pilot on board.  

Finally, in the context of workload and SPO, several new tools were 

developed to support the pilot during SPO and particularly during 

phases of high workload. Some of these supportive tools are largely 

independent of a specific ConOp such as the following examples: 

 LIU ET AL. [85] designed a cognitive pilot-aircraft interface to 

assist SPO pilots with the performance of safety-critical tasks. 

 LIM ET AL. [86, 87] suggested a virtual pilot assistant system 

providing alerts based on assessments of the pilot’s cognitive 

state. 

 TRAN ET AL. [88] evaluated the use of augmented reality (AR) 

glasses to support the pilot in complex time-critical procedures. 

 ARANGO & BEHREND [89] similarly proposed a holographic 

checklist assistant with AR glasses to assist the pilot in the 

execution of checklists. 

 REITSMA ET AL. [90] developed an operational alerting display 

providing the pilot with information regarding operational flight 

constraints. 

All of these tools aim to assist the pilot in some way and to reduce 

workload to a certain degree. In general, advanced automation is 

frequently mentioned as a prerequisite to support the pilot in SPO and 

to reduce workload. Particularly human-automation teaming tools have 

been developed and investigated in this context and will be discussed 

further in the following.  

3.3.2 Human-Automation Interaction 

The literature review so far has shown that additional automation is a 

key requirement in many accounts of commercial SPO. However, 

introducing more and more automation into the flight deck does not 

necessarily reduce the pilot’s workload or improve performance and 
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safety. In fact, history taught us that the implementation of automation 

has led to new issues emerging from human-automation interaction. 

Examples are complacency, over- or under-trust in automation, loss of 

situation awareness, automation surprises, and mode confusions (e.g., 

[91–94]). These pitfalls in human-automation interaction may even be 

aggravated in SPO with higher pressure and more responsibilities for 

the pilot [45]. Therefore, the research on humans and automation has 

experienced somewhat of a revival in the SPO context.  

Several studies were conducted to investigate how automation and 

human-automation interaction should be designed to avoid falling into 

the same traps as before. One major topic of interest was how to design 

automation as a team player often referred to as human-automation 

teaming. This has been investigated both for the pilot on board the 

aircraft [95, 96] and for potential ground operators in ground-based 

ConOps [97–99]. Most of the research on this topic was undertaken by 

NASA, and BATTISTE ET AL. [100] provide an overview of several studies. 

They also summarize three main components inherent to their human-

automation teaming approach: transparency, bi-directional communi-

cations, and human-directed execution. Transparency refers to the 

automation providing information about the reasoning behind certain 

decisions or recommendations. Bi-directional communication aims to 

enable direct communication between human and automation in a fast 

and effective way to form shared knowledge. Human-directed execution 

entails that the human has the final responsibility for the execution of 

tasks. 

Based on the human-automation teaming account, several tools and 

procedures were developed to implement the three main components. 

Studies indicated that pilots preferred to use the provided tools and 

procedures, but there were no clear benefits regarding workload and 

situation awareness [95, 96]. Other studies suggested that human-

automation teaming tools reduced workload and supported decision-

making [100]. For the ground operator, the studies also showed that 

operator workload was decreased with the tools which were generally 

preferred [97, 98]. In all studies, pilots or ground operators took more 
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time to complete their tasks when interacting with the human-

automation teaming tools. Nevertheless, results are promising and 

suggest that designing automation as a team player might improve 

human-automation interaction, at least to a certain degree. 

Related accounts focus on intent expression and delegation in the 

context of human-automation interaction applying findings from 

unmanned aerial systems to SPO [101]. Moreover, previous studies have 

also focused on transparency, in particular effects of transparency on 

trust in automation. The results showed that especially logic-based 

explanations increased trust [102]. Higher levels of transparency also 

led pilots in SPO to agree more with recommendations from the 

automation without the need to explore other options [103]. 

Additionally, CUMMINGS ET AL. [44] identified several requirements for 

automation to act as a crew member, among others, natural language 

processing, the capability to recognize non-verbal communicational 

cues, and expression of intent.  

All of the above approaches relate to the design of automation as a 

team player. There are, however, other approaches without the focus on 

the teaming aspect. More precisely, the role and authority allocation 

between automation and human has been discussed in the literature, as 

mentioned previously (e.g., [33, 45]). One suggestion is that the 

automation could take over the task of flying the aircraft while the pilot 

would assume the role of a manager. Nevertheless, workload could still 

be problematic in this concept due to the high number of monitoring 

and managing tasks. Moreover, complacency could be an issue leading 

to errors or poor situation awareness and it would be a challenge to 

keep the pilot engaged [45]. This approach would also entail that the 

human pilot has to take over when automation fails. This is problematic 

as the pilot would be out of the loop and difficulties could arise when 

manual control needs to be resumed in a case of automation failure (e.g., 

[104]). 
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3.3.3 Pilot Incapacitation 

One of the major issues due to the lost redundancy in SPO is pilot 

incapacitation – how can a situation in which the pilot is no longer 

capable of flying the aircraft be remedied in an SPO setting? 

Incapacitation is not something happening frequently. In fact, an annual 

incapacitation rate of 0.25% was reported for UK commercial pilots in 

the year 2004, including in-flight and off-duty incapacitation events 

[105]. The authors of the study described this as an acceptable safety 

record for commercial aviation. Nevertheless, pilot incapacitation is 

assumed to play an important role in the acceptance of commercial SPO 

[106]. Solutions must be provided even for events with a low likelihood 

of occurring. Therefore, solutions for incapacitation should also be 

included in the certification process of commercial SPO, which will be a 

challenge to overcome [107].  

Even though incapacitation is assumed to be a major issue for SPO, 

research on this topic is limited. Mostly, the discussions about 

incapacitation do not go beyond the problem statement or remain at the 

stage of theoretical considerations and recommendations (e.g., [1, 2, 43, 

106]). In the context of the ground-based ConOps, SCHMID & STANTON 

[108] proposed that the incapacitation would first need to be detected by 

automation tools so that a ground operator could take over the control 

of the aircraft remotely to perform a safe landing. This would require a 

secure and reliable datalink and outages would be problematic [56, 57]. 

The aircraft would need to land exclusively by means of automation in 

case of a datalink loss. This additionally requires a reliable autoland 

technology implemented in the aircraft [51]. In general, if such a 

technology is available on board, the ground operator would not even 

need to control the aircraft remotely but could assume a supervisory 

role while the automation performs the landing [108]. After all, SCHMID 

& STANTON [39] suggest that technology originally developed for 

unmanned aerial vehicles will play an important role for SPO, 

particularly in the context of pilot incapacitation. 
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Solutions for the aircraft-based ConOps also rely largely upon 

automation to perform an emergency landing. At least this is the case 

for concepts of category two composed of a single pilot with additional 

automation. As there is no ground support or backup personnel 

envisaged for concepts of this category, no one would be able to 

supervise the autoland procedure. In concepts of category three, the 

backup personnel would be responsible for landing the aircraft safely in 

case of pilot incapacitation [26]. 

All of the above-discussed solutions for pilot incapacitation events 

rely upon an accurate detection of the incapacitation in the first place. 

This requires the cockpit systems to monitor the pilot via a health 

monitoring system. Such systems have already been developed for SPO 

and proposed in the literature [85]. Moreover, HARRIS [1] reported that 

several other health monitoring systems are under development in the 

automotive sector and could be applied to commercial SPO as well. It is, 

however, still questionable whether such systems can reliably detect all 

possible contexts of incapacitation while implemented in a nonintrusive 

and comfortable way [32]. Detecting if a pilot is dead is certainly not an 

issue. Other physiological and psychological states impairing the pilot’s 

performance may be harder to detect, e.g., hypoxia [43, 51]. Moreover, 

pilot homicide-suicide situations pose a further challenge for SPO given 

that they are deliberate and intentional [108]. These cases will most 

likely not be detected by health monitoring systems and require further 

discussion and research. As a final remark, one should keep in mind that 

health monitoring comes at the price of continuous observation and 

implicates serious privacy issues [6]. 

3.3.4 Performance and Safety 

A key requirement for the transition towards SPO is that safety needs to 

be at least at the same level as nowadays in TCO. This is particularly 

challenging given that the high safety standards in aviation stem to a 

large degree from the redundancy in the system design. The second 

pilot in current-day TCO is not only a backup, though, a second 
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component in a redundant system. Both pilots share the workload 

throughout the flight, and the PM plays an essential role in the 

execution of checklists and procedures. Studies also showed that the PM 

is essential for cross-checking and error detection [109]. Hence, a 

further concern regarding SPO is that performance and safety could be 

degraded due to the absence of the PM. 

Indeed, NASA’s previously mentioned empirical flight simulator 

study series showed that the performance of checklists was less 

consistent for pilots during SPO, and issues such as task shedding were 

exposed. The results also indicated that the general performance 

regarding flight path control was better for participants performing in 

TCO as opposed to SPO. More errors were committed in the SPO 

condition. For example, relevant tasks were omitted or wrong actions 

were carried out. Additionally, perceived safety was rated low by 

several study participants who described SPO as dangerous and risky, 

particularly in abnormal conditions. This study tested SPO in a setting 

with no additional support for the pilot and conclusions were that 

considerable changes would be required to support the pilot 

appropriately during SPO. This includes improvements of existing 

automation and implementation of additional automation support for 

SPO pilots. [3, 80–84] 

Several other studies also identified checklists and procedures as a 

potential source of error in SPO (e.g., [25, 110]). While checklist errors 

alone may not seem highly severe, they can increase the risk of further 

errors seriously. Thus, speech recognition and natural language 

understanding have been suggested as a requirement of SPO flight decks 

to enable safer checklist performance [25]. Other tools for checklist and 

procedure support, e.g., via AR glasses, have already been mentioned 

previously [88, 89]. Assistance from the ground is also a possibility and 

it has been suggested that ground operator support might be of even 

higher quality than that of an onboard PM [2]. In any case, the literature 

suggests that new mechanisms for cross-checking and error detection 

need to be implemented in order to transition towards commercial SPO. 
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A further issue identified in the literature with respect to 

performance and safety is fatigue. Research on this topic with respect to 

SPO is still sparse, though. A study indicated that pilots seem to be 

concerned with the danger of fatigue especially during long-haul flights, 

and the authors suggested to enhance fatigue awareness and 

management via pilot training [11]. SCHMID & STANTON [111] proposed 

that in-flight mitigation strategies need to be reassessed and adapted 

and called for empirical studies to further research on fatigue in SPO. 

3.3.5 Social Aspects 

The pilot’s job is one that requires a high degree of teamwork and, 

consequently, social components play an important role. The transition 

towards SPO will affect these social aspects of flying considerably. 

Social interaction would be substantially reduced in SPO which could 

result in boredom, degraded vigilance, and lower attentiveness [26]. 

Particularly during long-haul flights, operating an aircraft as a single 

pilot might become a tedious task. Pilots value the second pilot because 

having someone to talk to can be entertaining and may help to manage 

fatigue [11]. Results of an interview study suggested that this would be 

less of an issue if pilots were allowed to keep themselves busy and 

entertained by other means, for example, by watching a movie or 

reading a book [112]. Recommendations in the literature were to restrict 

SPO to short-haul flights in order to avoid issues with boredom and that 

pilots should engage more in conversations with ground operators or 

with the cabin crew during low-workload phases [26]. 

A further social concern is that the pilot’s performance might 

degrade due to the absence of a second person in the cockpit. Teamwork 

can create peer pressure, e.g., to adhere to procedures and work in a 

more professional way [26]. Pilots also expressed the concern that they 

might not ask the ground station for help as quickly as they would ask a 

PM sitting right next to them [11]. Further issues concerning distributed 

crewing and remote cooperation were discussed in the literature. For 

example, general communication issues due to the distance between 
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pilot and ground operator could be problematic [51]. Moreover, trust in 

remote crew members may be hard to achieve and joint training was 

suggested as a potential solution [11]. 

 



 

4 THE PRESENT STUDY 

The previous chapters have provided an overview of relevant research 

in the context of a potential transition towards commercial SPO. In this 

chapter, conclusions will be drawn from the literature review in terms 

of open issues and research gaps. Based on these conclusions, the 

motivation for and objectives of the present study will be described. 

Moreover, several research questions (RQs) were formulated in the 

context of the study objectives and will also be presented and explained 

further in the following. 

4.1 Motivation and Objectives 

The literature review clearly showed that human factors issues play a 

fundamental role in a potential transition towards SPO in commercial 

aviation. Thus, research with a human-centered perspective is crucial to 

find optimal solutions for the single pilot. In this context, several 

researchers called for empirical human-in-the-loop simulation studies to 

understand better how the absence of the PM might affect the PF (e.g., 

[49, 57]). However, most of the studies described so far used modeling 

techniques or task analyses. Simulation studies were mainly used to 

investigate and evaluate new ConOps with ground operators or new 

tools for SPO. It is important, though, to take a step back first and to 

analyze what pilots can achieve without further automation [106]. 

Only the NASA study series [3, 80–84] seemed to follow a similar 

approach. As described previously, they compared TCO, SPO, and RCO 

in a current-day flight simulator with no additional support or new 

tools. They reported performance and subjective workload measures for 

several normal and abnormal flight scenarios. However, the results are 

not completely conclusive, and the authors made several limitations 

concerning their study design responsible for, e.g., biased workload 

ratings. After all, the study series left open several questions, which 

were the main motivating factors for the present study. 
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Thus, an empirical flight simulator study was conducted and the 

study design was loosely based on the NASA study series, but several 

changes were made to avoid previous flaws and to fill gaps in the 

literature. The most important modifications regarding the study design 

were implemented as follows: 

 Only the conditions TCO and SPO were tested, given that RCO 

were not part of the present research project. 

 The focus was exclusively on the flight phases of final approach 

and landing. The literature review had clearly shown that 

problems might occur particularly during these high-workload 

phases rather than during low-workload periods, such as the 

cruise phase. 

 An Airbus flight simulator was used instead of a Boeing flight 

simulator. As there may be differences between various aircraft 

types, this serves to complement the results from the NASA study 

series. 

 A within-subject design was chosen in order to avoid effects of 

individual differences that may emerge from a between-subject 

design. 

 Subjective self-assessment measures of workload were comple-

mented with eye-tracking metrics as objective measures of the 

pilot’s workload. 

 Additionally, the visual scanning behavior of pilots was analyzed. 

The literature review indicated that visual scanning behavior has 

not been analyzed in the context of commercial SPO so far. 

However, the scanning of instruments and of the external view is 

an essential task for pilots, particularly during final approach and 

landing. Efficient scanning behavior has been linked to better 

performance previously and the role of the PM was crucial in the 

detection of deviations [109, 113]. Thus, it is important to study 

potential changes in scanning behavior resulting from the 

absence of the PM. 
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The overarching objective of the study was to reveal how the absence of 

the PM would affect the PF in commercial SPO in terms of workload, 

performance, and visual scanning under diverse circumstances. Similar 

to the NASA study series, this was investigated for different scenarios 

with varying workload levels, including normal and abnormal 

procedures. The study, thereby, aimed to observe which strategies pilots 

would employ to handle the situations without the PM or any other 

kind of support. This may serve to detect potential sources of error and 

to draw conclusions for the design of commercial SPO flight decks 

providing appropriate support for the human operator. 

4.2 Research Questions 

In the context of the study objectives, three main RQs were developed: 

RQ 1: Is the pilots’ workload affected by the absence of the PM? 

RQ 2: Is the performance degraded when pilots have to fly alone? 

RQ 3: Are there differences in the pilots’ visual scanning behavior 

when comparing TCO and SPO? 

These RQs were specified in more detail in order to address more 

specific aspects of pilot workload, performance, and visual scanning 

behavior. The following subchapters will provide further details on all 

the specific RQs. 

4.2.1 Workload 

The first RQ aimed to investigate differences in pilot workload 

comparing TCO to SPO. As the literature review showed, previous 

studies suggested that workload would be considerably increased in 

SPO. However, results from empirical studies, mostly the NASA study 

series, were not completely conclusive. Therefore, RQ 1 aimed to shed 

more light on pilot workload in SPO in a present-day flight deck with no 

additional support. Within the scope of RQ 1, two more specific RQs 

were formulated as explained next. 
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RQ 1.1: Does the absence of the PM affect subjective workload ratings? 

Previous studies, such as the NASA study series, used mainly subjective 

self-assessment measures and performance measures to assess workload 

in SPO. These are common measures and particularly the NASA-TLX is 

frequently applied in the aviation sector. Therefore, the NASA-TLX was 

also used in the present study in order to assess effects of SPO on the 

pilots’ subjective workload ratings. 

RQ 1.2: Do objective eye-tracking metrics indicate differences in the pilots’ 

workload when comparing SPO and TCO?  

As mentioned previously, workload is a multidimensional construct that 

is best assessed by a combination of measures. However, most of the 

previous studies investigating workload in SPO focused exclusively on 

subjective ratings and performance measures. The aim of the present 

study was to fill this gap and to complement the subjective workload 

ratings with objective measures. Eye-tracking metrics were chosen 

based on prior work. More precisely, average fixation durations and 

fixation frequencies are commonly analyzed to study workload (e.g., 

[114, 115]). Moreover, dwell-related analyses may also serve to assess 

workload. According to HOLMQVIST ET AL. [116], a dwell is defined as 

one visit to a predefined area of interest (AOI) from the moment of 

entering until the exit. A dwell can therefore have its own duration and 

can be composed of multiple fixations. Studies indicated that average 

dwell durations on AOIs increase with higher levels of mental workload 

and that this is due to a higher number of fixations per dwell (e.g., [117, 

118]). Based on all these findings, average fixation durations, fixation 

frequencies, average dwell durations, and average numbers of fixations 

per dwell were used as eye-tracking metrics to assess workload. 

Due to the absence of the PM, a further assumption was that the 

pilots would need to manage and scan more instruments and displays 

when flying alone. This additional task load might be reflected in the 

eye movements, for example in the visual transitions made between 

different AOIs. Hence, transition behavior in terms of general transition 

frequencies was also analyzed in the context of pilot workload. 
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4.2.2 Performance 

The objective of the second RQ was to investigate how performance 

would be affected by the absence of the PM in SPO. The NASA study 

series indicated that performance was degraded for pilots flying in SPO 

as opposed to TCO. However, these results applied mostly to abnormal 

procedures, including some kind of emergency or system failure. 

Performance results for nominal conditions were not clearly reported. In 

conclusion, open questions regarding pilot performance remain, and the 

following three RQs were specified in this context. 

RQ 2.1: Do pilots commit more errors in the execution of checklists and 

procedures during SPO? 

Based on the literature review and the results from the NASA study 

series, it can be expected that problems might occur in the execution of 

checklists and procedures for pilots flying in SPO. In order to 

complement and verify these findings from previous studies, errors in 

the execution of checklists and procedures were analyzed in the present 

study. This may also serve to derive conclusions for checklist and 

procedure redesign for SPO. 

RQ 2.2: Are there differences between TCO and SPO regarding the handling 

of abnormal events? 

The results from previous studies suggested that pilots would 

experience problems particularly during abnormal and unexpected 

events such as system failures evoking high levels of workload. The 

NASA study series indicated that abnormal scenarios were handled 

differently when pilots were flying alone, and even in abnormal 

situations that were not severe pilots had difficulties with the recovery 

of the aircraft [3]. The present study, therefore, also analyzed the 

handling of abnormal scenarios in SPO and TCO crew configurations. 

More precisely, an engine fire scenario was designed to add to the 

existing research and to extend the findings to other abnormals than 

those used before in the NASA study series. 
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RQ 2.3: Is there an effect on flight path control when pilots have to fly 

without the support of the PM? 

As already mentioned in this chapter, the results from the NASA study 

series regarding pilot performance were not completely conclusive. 

Degraded performance mostly resulted from abnormal scenarios and 

was aggravated in SPO, but performance differences for nominal 

conditions comparing TCO and SPO were not clearly reported. 

Moreover, not all of the results from the abnormals indicated 

degradation in performance during SPO conclusively. ETHERINGTON ET 

AL. [82], for example, did find a trend towards larger deviations in flight 

path control for pilots performing in SPO compared to TCO during a 

dual generator failure scenario, but the results were not statistically 

significant. Therefore, differences in flight path control were also 

analyzed here to provide further insights. 

In the context of aviation, it is common to analyze deviations from 

the optimal path by calculating root mean square deviations (RMSD), 

just as in the NASA study series. For the final approach and landing 

scenarios used in the present study, particularly vertical and lateral 

deviations from glideslope and localizer were of interest. Thus, RMSD 

from glideslope and heading were analyzed. Additionally, MCCLERNON 

& MILLER [119] suggested variance as a measure of variability in flight 

path control, which may reflect the extent of corrections performed by 

the pilots. Variance was, therefore, analyzed for various parameters 

relevant in the context of flight path control. 

4.2.3 Visual Scanning 

With respect to visual scanning, the present study aimed at identifying 

whether the pilots’ visual scanning behavior would differ when 

comparing TCO and SPO. The analysis of the pilots’ visual scanning 

focused on three cockpit areas: primary cockpit instruments, secondary 

cockpit instruments, and external view. Primary instruments refer to 

those instruments containing the essential information for the flight. 

Examples are indicators of altitude, speed, and course, which require 
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continuous monitoring throughout the flight. In commercial aircraft, the 

PFD contains all the essential information. The secondary instruments 

include all further cockpit instruments not monitored continuously, for 

example, the flaps, the landing gear, and the ECAM. The third cockpit 

area is the external view, including the front, left, and right windows. 

Three specific RQs were developed with respect to these cockpit areas, 

which will be explained in the following. 

RQ 3.1: Is the pilots’ visual scanning of primary instruments affected by 

the absence of the PM? 

Given that the primary instruments provide crucial information, they 

need to be monitored continuously and studies have shown that pilots 

spend the largest amount of time scanning the PFD compared to other 

cockpit instruments (e.g., [120–122]). In SPO with a present-day flight 

deck and no additional support of any kind, the pilot has to take over all 

of the tasks executed by the PM in TCO. As a consequence, one 

assumption was that the scanning of primary instruments might be 

affected by this additional task load. This was analyzed by means of 

dwell time percentages on primary instruments. Dwell time percentage 

is defined as the sum of all dwell durations on a respective AOI relative 

to the total dwell time on all AOIs. 

RQ 3.2: How successfully do pilots incorporate secondary instruments into 

their visual scanning behavior? 

Most of the additional tasks the pilot has to perform in SPO during final 

approach and landing concern the monitoring and handling of 

secondary instruments. These additional tasks require the pilot to 

borrow attention from other AOIs [123]. In case of the present study, this 

means that pilots might spend more time scanning secondary 

instruments at the expense of either primary instruments or the external 

view.  

Moreover, within the secondary instruments, the ECAM is of 

particular interest here because it displays the landing memo and 

abnormal procedures. These are usually executed in close cooperation of 
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PF and PM. The PM usually reads aloud items, but in SPO, pilots have to 

read and check items on their own. Hence, auditory information is 

reduced and pilots rely heavily upon their visual attention [124]. The 

visual load might be critical particularly during abnormal events when 

pilots have to complete the additional abnormal procedure. Thus, the 

present study investigated how efficiently pilots scanned the ECAM in 

terms of dwell time percentages, frequencies of visits, and average dwell 

durations. 

RQ 3.3: Are head-up time and transition behavior between the instruments 

and the external view different when pilots have to fly alone? 

A task analysis by SCHUTTE [125] showed that 70% of the PM’s tasks 

during arrival are head-down – on primary and secondary instruments 

within the flight deck. When a system failure or any other kind of 

abnormal event occurs, the PM assists the PF considerably with 

troubleshooting and takes on a large amount of the task load. The PM’s 

attention is then drawn even more to the cockpit instruments and away 

from the external view. Based on these considerations, a further 

assumption was that head-up time – meaning time spent looking at the 

external view – would decrease in SPO given that the pilot has to 

assume all the head-down tasks of the PM. This effect might be even 

stronger during abnormal scenarios.  

Additionally, ELLIS ET AL. [126] found that pilots transitioned more 

frequently between the cockpit instruments and the external view 

during SPO. The focus of their study was not on SPO but they mainly 

evaluated a synthetic vision display. Hence, it is not clear if the effect 

resulted from the synthetic vision display or from the SPO crew 

configuration. The present study aims to clarify whether visual 

transition behavior between the cockpit instruments and the external 

view is indeed affected by the absence of the PM. Therefore, transition 

frequencies and average durations of each visit to the external view 

were analyzed. 



 

5 METHODS 

5.1 Participants 

Fourteen pilots (one female) participated in the study. The minimum 

requirement for participation was the pilots’ prior experience with fly-

by-wire aircraft controlled via a sidestick. This was necessary given that 

an Airbus A320 simulator was used in the present study which is also 

sidestick-controlled. Eight participants had an Airbus type rating (A320 

or A380). The other pilots had type ratings for or experience with other 

sidestick-controlled aircraft types. 

Nine participants were full-time professional pilots working either 

for German commercial airlines (n = 4) or in business aviation (n = 5). 

The remaining five participants worked as freelance pilots and in 

aviation research. Their ranks were captain (n = 5), first officer (n = 5), 

and senior first officer (n = 1). Three participants did not report a rank. 

The majority of participants (n = 9) held an airline transport pilot 

license. The others held a commercial pilot license (n = 4) or a multi-

crew pilot license (n = 1). Additionally, six participants held other 

licenses, such as a private pilot license, a sport pilot license, a helicopter 

pilot license, or a flight instructor license. 

Table 1 shows further demographic information about the sample as 

well as detailed information about their flying experience. In general, 

the participants’ backgrounds were quite diverse and the range in 

experience was broad. All participants were local pilots recruited via 

private contacts. They participated voluntarily and did not receive any 

payment. 
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Table 1: Participant demographic information and flying experience. 

 M Mdn SD Range 

Age 41 37.5 9.4 26-56 

Total flight hours 6204 4500 6270.7 300-22000 

Airbus flight hours 1632 15.25 3607.3 0-13000 

Simulator hours 390 195 656.3 60-2600 

Flight hours per year 339 300 263.3 10-800 

Simulator hours per year 28 16 50.3 1-200 

5.2 Experiment Design 

The participants’ task was to fly short ILS approach and landing 

scenarios at Frankfurt Airport manually. A 2x3 factorial design with the 

factors crew (TCO and SPO) and scenario (baseline, turbulence, and 

abnormal) was chosen. This resulted in six experimental conditions with 

the participants flying the three scenarios both in TCO with the support 

of a second pilot and alone in SPO. Furthermore, a within-subject design 

was used meaning that each participant was exposed to all six 

experimental conditions. This design was chosen in order to avoid 

effects due to individual differences between the participants. However, 

the disadvantage of the within-subject design is that participants had to 

fly the same scenarios repeatedly, which can lead to effects of learning, 

boredom, and fatigue. The order of the scenarios was counterbalanced 

to control for the influence of these effects on the results and to avoid 

effects of order. Additionally, half of the participants started the 

experiment in the TCO crew configuration while the other half started 

in the SPO crew configuration. In the following, the two factors crew 

and scenario will be explained in more detail. 
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5.2.1 Factor Crew 

The main objective of the study was to investigate how the absence of 

the second pilot would affect the single pilot. Therefore, the crew 

configuration was manipulated so that the factor crew had two levels: 

TCO and SPO. In TCO, the participants’ task was to fly the scenarios 

with a second pilot based on the procedures applied in current-day 

commercial aircraft operations. Hence, the roles and tasks were 

allocated and performed as described in chapter 2. The PF was always 

sitting in the left seat and the PM was sitting in the right seat. In SPO, 

participants had to perform the same tasks on their own without any 

additional support. The second pilot was not present in the cockpit and 

the single pilot was sitting in the left seat. Participants were not trained 

or prepared for the SPO crew configuration and no specific instructions 

were provided. The aim was to observe which strategies participants 

would use to handle the situation and to detect potential sources of 

error. 

5.2.2 Factor Scenario 

Three scenarios were developed in cooperation with a professional 

Airbus A320 airline pilot. The scenarios aimed at investigating how 

participants would perform under varying conditions, particularly with 

respect to workload intensities. Thus, the factor scenario had three 

levels designed to evoke increasing workload: 

 Baseline scenario   –   low workload 

 Turbulence scenario   –   medium workload 

 Abnormal scenario    –   high workload 

All three scenarios started from the same position and with the same 

aircraft configuration. At the beginning of each scenario, the aircraft 

was in a freeze mode aligned for final approach at Frankfurt Airport 

runway 25 left. More precisely, the aircraft was at a distance of 8 NM 

from the runway and at an altitude of 2600 ft with a heading of 249°. 

The airspeed was set to 180 knots and the flaps were extended to 15° 
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(flaps 2). The spoilers were still disarmed, the landing gear was 

retracted, and the autobrakes were set to low. Autothrust and autopilot 

were engaged for the initial configuration so that the aircraft was 

stabilized when participants had to take over to fly the final approach 

and landing manually. Participants were allowed to use the flight 

director and it was activated at the beginning of the experiment. In all 

three scenarios, there were no rain and no clouds so that the visibility 

was unrestricted. Other aspects regarding weather and aircraft systems 

were manipulated, though, as described in the following for each 

scenario separately. 

 Baseline scenario: The baseline scenario was designed to 

simulate approach and landing following normal procedures with 

good weather conditions. The wind was calm with a direction of 

230° and with an average speed of 3 knots. No additional weather 

or aircraft system hazards were simulated to keep the workload 

as low as possible.  

 Turbulence scenario: The turbulence scenario aimed to increase 

workload as compared to the baseline scenario. The wind was 

slightly stronger with a direction of 210° and an average speed of 

5 knots. More importantly, moderate turbulence was simulated 

throughout the scenario to increase the workload intensity. 

Participants could, however, still follow normal procedures in the 

turbulence scenario, given that no additional aircraft system 

failures or the like were simulated. 

 Abnormal scenario: In the abnormal scenario, the wind was 

again very calm, with an average speed of 2 knots and a direction 

of 240°. To achieve an increase in workload compared to the other 

two scenarios, an engine fire affecting engine one was induced 

during the scenario. The engine fire was triggered when the 

aircraft reached an altitude of 1800 ft. This leads to the master 

caution pushbutton located on the AGP illuminating in amber 

and an alarm sounding to draw the pilots’ attention to the engine 

fire. Additionally, the engine fire pushbutton on the OHP 
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illuminates in red and remains illuminated until the fire is 

extinguished. The pilots can silence the alarm by pressing the 

master caution button. Further information is displayed in the 

ECAM, including an abnormal procedure (Figure 6).  

 
Figure 6: Depiction of the Airbus A320 ECAM displaying the 

engine fire procedure. 

The engine fire procedure requires the pilots to follow several 

steps: 

1. Reduce the thrust for engine one by pulling the thrust lever 

for engine one back to idle. 

2. Shut down engine one completely by turning off the 

respective engine master switch. 

3. Push the engine one fire pushbutton on the OHP. 
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4. Discharge agent one on the OHP after 10 s to extinguish the 

fire. There is an automatic countdown on the ECAM 

indicating the 10 s delay. 

5. Notify ATC about the emergency and state the intended 

actions. 

6. If the engine fire warning remains after 30 s, as indicated by 

the engine one fire pushbutton illuminated in red, discharge 

agent two on the OHP. Figure 3 shows that this step is not on 

the ECAM initially but a green down arrow indicates that 

there is a ‘second page’. 

In summary, the abnormal scenario was designed to increase the 

task load due to the abnormal procedure that participants had to 

execute. Moreover, the workload was additionally increased due to 

stress caused by the alarm and because of a higher degree of difficulty 

when participants had to fly with only one engine working. 

5.3 Apparatus 

The study was conducted with the fixed-base flight simulator located at 

the Institute of Flight Guidance at TU Braunschweig. The cockpit layout 

is shown in Figure 7. It is a realistic mock-up of an Airbus A320 cockpit, 

partly with original components. Aircraft systems are simulated with 

the software AST-Suite (Aircraft Simulation Technology GmbH). 

Moreover, the external view is provided via beamers, based on the 

software Prepar3D by Lockheed Martin. The cockpit is equipped with an 

instructor station right behind the pilot seats, from where the 

experimenter can initiate and observe the experiment. The simulator is 

not certified by authority and used mainly for research and teaching 

purposes.  
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Figure 7: Cockpit of the Airbus A320 fixed-base simulator. 

An eye-tracking system was installed in the simulator to record the 

participants’ eye movements. It combines eye-tracking glasses with four 

infrared cameras. The cameras track the head position by means of 

marker based infrared optical tracking. The SMI eye-tracking glasses 

(SensoMotoric Instruments, Germany) include one front camera for 

scene recording and two cameras recording eye movements, one for 

each eye. Thus, the eye-tracking system collects data binocularly and 

with a sampling rate of 60 Hz. More precisely, gaze position, eye 

direction, and head position are recorded. The system requires a one-

point calibration for each participant before the experiment. 

5.4 Procedure 

Two pilots participated per session referred to as participant A and 

participant B in the following. They either signed up for study 

participation as a crew or were paired according to availability by the 
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experimenter3. Each session started with a short briefing in a separate 

briefing room. Participants first received the participant information 

sheet containing general information about the study, their task, the 

procedure, and the data collection (Appendix A). When participants had 

finished reading the information sheet, the experimenter gave a short 

briefing presentation with further details about the experiment 

(Appendix B). More precisely, they received information regarding the 

starting position of the scenarios, the initial aircraft configuration, and 

the weather conditions. They were instructed to deactivate autopilot 

and autothrust at the beginning of each scenario in order to fly final 

approach and landing manually following normal procedures. 

Furthermore, the experimenter informed the participants that ATC 

had already cleared them for landing and that communication with ATC 

was only necessary in case of an emergency. In this case, the 

experimenter sitting at the instructor station behind the pilot seats 

would simulate ATC responses. Hence, participants knew before the 

experiment that an emergency could be part of the scenarios. They did, 

however, not receive any further details about the nature of these 

potential emergencies. Participants were additionally informed that the 

scenarios did not include a go-around procedure. If they considered the 

approach to be unstabilized, they should announce the go-around 

clearly so that the experimenter could abort the scenario.  

After the briefing presentation, participants received all the required 

material, including Jeppesen and Lido charts for Frankfurt Airport 

runway 25 left from which they could select the chart they were more 

familiar with. They were also provided with checklists for normal 

procedures (Appendix C), a flight parameters information sheet 

(Appendix D), and a Quick Reference Handbook. With regard to the 

                                                        
3  Four of the pilot pairs had signed up as a crew to participate in the experiment. Thus, 

they knew each other beforehand and were experienced in flying together. The other 
three pilot pairs were matched based on their availability dates, and they did not 
know each other. 
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current airport information of the scenarios, the experimenter handed 

out Automatic Terminal Information Service reports in printed form 

(Appendix E). Afterward, participants were asked to sign the consent 

form (Appendix F) so that the experiment could begin. 

After the briefing, participants had the chance to familiarize 

themselves with the flight simulator. Each participant was allowed two 

training trials as PF from the left seat. The scenario for the training 

trials was the baseline scenario with slight modifications regarding wind 

speed and direction. If a participant already felt comfortable after the 

first training trial, the second training trial was skipped. When both 

participants had completed their training trials, one of them was 

randomly chosen to start the experiment as PF. Then, the eye-tracking 

system was calibrated for the participant in the role of the PF so that 

everything was prepared for the experimental scenario runs. 

The experiment was composed of four blocks, each consisting of the 

three scenarios in SPO and TCO crew configurations (Table 2). The first 

block always started with SPO so that participant A stayed in the 

simulator as PF while participant B left the simulator and waited in the 

briefing room, filling out a demographic questionnaire (Appendix G). In 

the meanwhile, participant A flew the three scenarios alone. Each 

scenario was initiated by the experimenter and lasted about 2.5 minutes. 

After touchdown, the participant completed the NASA-TLX, and the 

simulator was reset to the initial configuration for the next scenario. 

When participant A had finished flying the three scenarios in the SPO 

crew configuration, participant B joined in as PM for the second block, 

and they completed the three scenarios again together in the TCO crew 

configuration. For the third block, the participants changed seats and 

roles. Participant B was now PF, flying the aircraft from the left seat, and 

participant A was PM. The experimenter recalibrated the eye-tracking 

system for participant B, and then they flew the three scenarios again in 

the TCO crew configuration with their roles interchanged. In the fourth 

block, participant A left the simulator to complete the demographic 

questionnaire in the briefing room. Participant B then flew the three 

scenarios in the SPO crew configuration one last time. 
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In conclusion, the participants experienced each of the three 

scenarios three times: They flew the scenarios twice as PF in the SPO 

and TCO crew configurations and assisted once more as PM in the TCO 

crew configuration. After the experimental blocks, the session was 

concluded with a debriefing interview where both participants were 

present. Each session lasted about two hours in total. 

Table 2: Roles of the two participants throughout the four blocks of an 

experiment session with an example order of scenarios. 

Block Crew Scenario Participant A Participant B 

1 SPO 
baseline 

turbulence 
abnormal 

PF - 

2 TCO 
turbulence 
abnormal 
baseline 

PF PM 

3 TCO 
abnormal 
baseline 

turbulence 
PM PF 

4 SPO 
baseline 

abnormal 
turbulence 

- PF 

5.5 Data Collection and Analysis 

In order to assess the RQs as described in chapter 4.2, quantitative and 

qualitative data were collected. Quantitative data gathered were eye-

tracking data, simulator parameters, and NASA-TLX workload ratings. 

These were only collected for the PF sitting in the left seat as the eye-

tracking system was installed accordingly. Moreover, only data between 

an altitude of 2500 ft and touchdown were analyzed, when autopilot and 

autothrust were disengaged and the participants controlled the 

simulator manually. All statistical analyses were performed with Matlab  
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if not stated otherwise. Qualitative data collected were video recordings 

to analyze the participants’ behavior, and debriefing interviews were 

conducted. The following subchapters will provide further details for 

each of the data types. 

5.5.1 NASA-TLX Ratings 

The NASA-TLX [65] was used to assess the participants’ subjective 

workload (RQ 1.1). As described above, participants completed the 

NASA-TLX immediately upon touchdown after each scenario. There are 

different means to administer the NASA-TLX – a paper and pencil 

questionnaire or electronic versions. Here, the official NASA-TLX App 

for iOS was used so that participants received an electronic version in 

English language on a tablet. 

The NASA-TLX is a multidimensional tool to assess workload via 

ratings on six subscales: Mental, Physical, and Temporal Demands, 

Performance, Effort, and Frustration. Participants rate their workload on 

a scale of 0 to 100 for each of the six subscales. Further details on the 

subscales are presented in Table 3, including the descriptions 

participants received during the experiment. A composite workload 

score is calculated from the ratings on the six subscales. The original 

version of the NASA-TLX includes a weighting process, based on 

pairwise comparisons of the subscales, to calculate this composite score. 

Thus, participants conduct 15 pairwise comparisons and decide which of 

the subscales contributes more to their workload in the context of the 

task performed. A weighted composite score is then calculated from the 

results of the pairwise comparisons and the ratings on each subscale.  

A common modification of the NASA-TLX eliminates the pairwise 

comparisons and the weightings in the calculation of the composite 

score. Instead, the composite score is simply calculated by averaging or 

adding the scores of the subscales. This version is commonly called Raw 

TLX (RTLX) and has gained popularity as it is simpler to apply [127].  
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Studies suggested the use of the RTLX given that the weighting 

procedure was found to be ineffective and TLX and RTLX led to 

essentially equivalent results [75, 128]. Based on these findings, the 

composite score was calculated in the present study by averaging across 

the six subscales without the weighting process. 

Table 3: Description of NASA-TLX subscales, adapted from HART & 

STAVELAND [65]. 

Title Endpoints Description 

Mental 
Demand 

Low (0) 
High (100) 

How much mental and perceptual activity was 
required? Was the task easy or demanding, 
simple or complex, exacting or forgiving? 

Physical 
Demand 

Low (0) 
High (100) 

How much physical activity was required? Was 
the task easy or demanding, slow or brisk, slack 
or strenuous, restful or laborious? 

Temporal 
Demand 

Low (0) 
High (100) 

How much time pressure did you feel due to the 
rate or pace at which the tasks occurred? Was 
the pace slow and leisurely or rapid and frantic? 

Performance Good (0) 
Poor (100) 

How successful do you think you were in 
accomplishing the goals of the task set by the 
experimenter? How satisfied were you with your 
performance? 

Effort Low (0) 
High (100) 

How hard did you have to work (mentally and 
physically) to accomplish your level of 
performance? 

Frustration Low (0) 
High (100) 

How insecure, discouraged, irritated, stressed 
and annoyed versus secure, gratified, content, 
relaxed and complacent did you feel during the 
task? 

In order to analyze the results from the RTLX statistically, the data 

were first inspected and tested to determine whether the assumptions 

for parametric testing were met. The Shapiro-Wilk test was used for 

normality testing, and Mauchly’s test was applied to test for violations 

of sphericity. Furthermore, the results from these tests were interpreted 

in combination with visual inspection of histograms and values of skew 
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and kurtosis. This procedure did not indicate any serious violations of 

the assumptions for parametric testing. Thus, a two-way repeated 

measures analysis of variance (ANOVA) was conducted for significance 

testing with a significance level of α = 0.05. A Bonferroni post-hoc test 

was used when a significant main effect was found. Moreover, the effect 

sizes partial eta squared ηp
 and generalized eta squared ηG

 were 

calculated. The latter has been suggested as the more adequate effect 

size measure for repeated measures designs, as it allows comparability 

of between- and within-subject designs [129, 130]. Nevertheless, both 

effect size measures are reported in the present study, as suggested by 

LAKENS [131].  

5.5.2 Eye-Tracking Data 

Eye-tracking data were collected on the one hand to complement the 

subjective NASA-TLX ratings with an objective measure of workload in 

the context of RQ 1.2. On the other hand, eye-tracking data served for 

the analysis of the participants’ visual scanning behavior (RQs 3.1-3.3). 

When the eye-tracking system was installed in the simulator, 17 planes 

were defined in the cockpit environment, covering all relevant cockpit 

areas scanned during flight (Figure 8). Data were collected within these 

planes and exclusively for the PF sitting in the left seat. After the 

experiment, the data were prepared for all further analyses. As 

mentioned before, only data between an altitude of 2500 ft and 

touchdown were included in the analysis, when autopilot and 

autothrust had been disengaged. This was possible due to synchronized 

timestamps of the eye-tracking data and the simulator parameters. 

Therefore, only data obtained during manual flying were analyzed. 
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Figure 8: Planes used for eye-tracking data collection in the flight 

simulator, including the eye recording in the lower left corner. 

Data preparation also included a check of the data quality. During 

this process, datasets of four participants had to be excluded from 

analysis. Two of the datasets could not be analyzed due to technical 

issues during the experiment session. The other two datasets were 

excluded from analysis given that the participants wore glasses, which 

led to bad quality with valid eye data below 60%. Thus, datasets of ten 

participants remained for eye-tracking data analysis. This did not affect 

the counterbalancing of the factor crew, given that five of the ten 

participants had started the experiment in the SPO crew configuration 

and the other five in the TCO crew configuration. 

The software Eye-Tracking Analyser [132] served for further 

analyses. First, 19 AOIs were created with the software as shown in 

Figure 9. These AOIs allow for more detailed analyses of relevant 

cockpit areas than the general planes used for data collection. They 

were chosen on the basis of the literature and in the context of the RQs. 

Consequently, they were categorized into primary instruments, 
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secondary instruments, and external view as described in the caption of 

Figure 9. Only valid data (M = 85.76%, SD = 18.6%) within the defined 

AOIs were analyzed.  

The software Eye-Tracking Analyser also served to identify 

fixations, saccades, and dwells. A velocity-based fixation detection 

algorithm was applied as described by SALVUCCI & GOLDBERG [133]. 

Such an algorithm detects fixations via the velocity profiles in the data – 

fixations are of significantly lower velocity than saccades. A velocity 

threshold is set and if a data point is below the threshold, it is 

categorized as a fixation. Moreover, a minimum fixation duration has to 

be selected, which was set to 100 ms in the present study.  

 
Figure 9: AOIs in the flight simulator defined for eye-tracking data 

analysis. Primary instruments: 1) attitude indicator, 2) airspeed indicator, 

3) altimeter and variometer, 4) course indicator, 5) mode indicator; 

Secondary instruments: 6) ND, 7) ECAM, 8) MD, 9) gear lever, 10) MCDU, 

11) radio management panel, 12) thrust levers, 13) flap lever and speed 

brakes, 14) AGP, 15) FCU and EFIS control panel, 16) OHP; External 

view: 17) left window, 18) front window, and 19) right window. 
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As mentioned previously, several eye-tracking metrics were 

analyzed in the present study. With respect to RQ 1.2, the following 

metrics were chosen for objective workload estimation as already 

described in chapter 4.2.1: 

 Average fixation duration (seconds) 

 Fixation frequency (fixations per minute) 

 Average dwell duration (seconds) 

 Average number of fixations per dwell 

 Frequency of transitions between AOIs (transitions per minute) 

For the analysis of the visual scanning behavior (RQ 3.1-3.3), the 

following metrics were used (see also chapter 4.2.3): 

 Dwell time percentages on all relevant AOIs 

 Dwell frequencies on ECAM and the external view (dwells per 

minute) 

 Average dwell durations on ECAM and the external view 

(seconds) 

 Transition frequencies between cockpit instruments and the 

external view (transitions per minute) 

These eye-tracking metrics were tested with regard to violations of 

the assumptions for parametric tests, as already described for the 

NASA-TLX ratings. Nonparametric statistical tests were conducted 

because the assumptions for parametric tests were not clearly met and 

because of the even smaller sample size. More precisely, the Wilcoxon 

signed-rank test was chosen for statistical significance testing, with a 

significance level of α = 0.05. Mean, median, and interquartile range 

(IQR) are reported to give an impression of central tendency and 

dispersion of the data. Effect sizes r were calculated as described by 

FIELD [134]. 

5.5.3 Simulator Parameters 

Simulator parameters were collected to assess the participants’ flight 

path control and to analyze deviations from the optimal path as 
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described in the context of RQ 2.3. The data were collected with a 

sampling rate of 1 Hz and the following parameters were used for data 

analysis: 

 Heading (degrees) 

 Glideslope (degrees) 

 Indicated airspeed (knots) 

 Altitude (feet) 

 Pitch angle (degrees) 

 Bank angle (degrees) 

In order to analyze the data, the RMSD was calculated for lateral and 

vertical deviations from localizer and glideslope. This was done with the 

purpose of analyzing deviations from the optimal flight path. Moreover, 

the variance was calculated for heading, indicated airspeed, altitude, 

pitch, and bank angle as suggested by MCCLERNON & MILLER [119]. This 

served as a measure of variability in flight path control and to interpret 

the amount of corrections participants had to perform. 

For statistical analyses, the simulator data were also explored with 

the Shapiro-Wilk test and via visual inspection of the data to determine 

whether assumptions for parametric testing were met, just as described 

before. This was, however, not the case so that the Wilcoxon signed-

rank test was again chosen for significance testing of the simulator 

parameters and effect sizes r were calculated. The significance level was 

α = 0.05, and mean, median, and IQR are reported to provide an 

overview of the data distribution. 

5.5.4 Video Recordings and Debriefing Interviews 

To complement the quantitative data with qualitative data, video 

recordings were acquired and debriefing interviews conducted. The 

video recordings mainly served to analyze the participants’ behavior 

during the experimental runs. This was particularly relevant for RQ 2.1 

and 2.2 to observe and analyze how participants performed procedures, 
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executed checklists, and handled the abnormal engine fire procedure. 

The debriefing interviews were not conducted in terms of a specific RQ 

but aimed at gathering general impressions from the participants 

concerning their own performance in the experiment and their opinions 

and concerns on the topic of potential commercial SPO. 

The videos were recorded throughout the whole experiment within 

the simulator but not in the briefing room. This was achieved via a 

webcam installed in the back of the simulator. Thus, participants were 

recorded from behind and both participants were observable in the 

recordings to allow the analysis of cooperation and communication in 

the TCO crew configuration. Communication between the pilots was 

later transcribed for all further analyses. In the SPO crew configuration, 

several participants talked to themselves, which was transcribed and 

analyzed, too. Moreover, the videos were observed closely to identify 

errors in checklist execution, procedure performance, or any other 

relevant behavior patterns. The focus was additionally on the abnormal 

scenario and the participants’ behavior was analyzed in detail with 

respect to RQ 2.2. 

The debriefing interviews took place right after the experiment 

session with both participants. A debriefing guide served to conduct 

semi-structured interviews and contained several predefined questions. 

For example, participants were asked what they appreciated about the 

PM, whether they experienced particular positive or negative effects in 

the SPO or TCO conditions, if automation could replace a second pilot, 

and what kind of tools would be required to support the single pilot 

appropriately. However, particular questions based on the participants’ 

behavior during the experiment were also added spontaneously. The 

interviews were recorded and later transcribed. The analysis aimed at 

identifying topics of interest in the context of the RQs and to explain the 

participants’ behavior during the experiment as well as the results from 

quantitative data. 

 



 

6 RESULTS 

In this chapter, the results from the experiment will be presented for 

each one of the RQs separately. The results are, therefore, also divided 

into the sections workload, performance, and visual scanning and 

contain subchapters for the respective RQs. Moreover, results from the 

debriefing interviews will be reported in a separate section at the end. 

6.1 Workload 

As described in chapter 4.2, the first main RQ of the present study 

concerned the workload of the participants. Both subjective and 

objective data were collected to assess this RQ. In the following, the 

results from the subjective RTLX workload ratings will be presented 

first (RQ 1.1). Then, the results will be complemented with the objective 

eye-tracking metrics as specified in RQ 1.2. 

6.1.1 Subjective Workload Ratings 

The results for the composite workload scores from the RTLX are 

shown in Figure 10. In the baseline scenario, the workload scores were 

at the same level for TCO (M = 37.74, SD = 20.74) and SPO (M = 37.62, 

SD = 15.11). In the turbulence scenario, workload scores trended higher 

for SPO (M = 43.15, SD = 13.39) as compared to TCO (M = 37.68, 

SD = 13.81). The workload scores reached the highest mean values in the 

abnormal scenario, particularly in the SPO crew configuration, with a 

mean of 56.9 (SD = 17.88). In the TCO abnormal condition, the mean 

workload score of 50.3 (SD = 14.36) was lower but still higher as 

compared to the results from baseline and turbulence scenarios. 
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Figure 10: Bar graph showing mean RTLX composite workload 

scores for all experimental conditions. Error bars show the 

standard error of the mean. 

The two-way repeated measures ANOVA showed a significant main 

effect of the factor scenario on the workload ratings (F2,26 = 8.02, 

p = 0.002, ηp
 = 0.382, ηG

 = 0.167). The main effect of the factor crew on 

the workload ratings did, however, not reach significance (F1,13 = 2.54, 

p = 0.135, ηp
 = 0.163, ηG

 = 0.016). There was no significant interaction 

effect between the factors scenario and crew, either (F2,26 = 1.15, 

p = 0.331, ηp
 = 0.082, ηG

 = 0.009). Thus, contrary to the expectations based 

on the literature, the results so far cannot support that workload is 

generally higher for SPO as compared to TCO. At least the perceived 

workload, as analyzed here based on the composite RTLX scores, was 

not significantly affected by the factor crew. The scenarios did affect the 

workload ratings significantly, though. 

The fact that the scenarios affected the workload ratings 

significantly indicated that the experiment design worked, at least to a 

certain degree. However, the descriptive results showed that the mean 

workload score in the TCO turbulence condition was at the same level 
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as the scores for the TCO and SPO baseline conditions. It is, therefore, 

questionable whether the turbulence scenario increased workload as 

compared to the baseline scenario. Indeed, the Bonferroni post-hoc test 

showed that workload ratings were only significantly higher for the 

abnormal as compared to the baseline scenario (p = 0.021) and to the 

turbulence scenario (p = 0.026). The turbulence scenario did not yield 

significantly higher workload ratings than the baseline scenario (p = 1). 

In conclusion, it seems that the turbulence scenario did not increase the 

workload to a medium level as aimed at by the experiment design. 

Moreover, to achieve a deeper understanding of the participants’ 

workload, the six NASA-TLX subscales were additionally analyzed 

separately. Figure 11 shows the results for the mean RTLX scores for 

each subscale. The subscales for mental demand and effort reached the 

highest workload scores across all six experimental conditions 

compared to the other subscales. For the mental demand subscale, 

workload scores for TCO and SPO were at the same level in the baseline 

scenario. The scores increased in the turbulence and in the abnormal 

scenario, trending slightly higher for SPO than for TCO. The scores in 

the physical demand subscale were rather low for both TCO and SPO 

baseline and turbulence scenarios. They increased in the abnormal 

scenario, again with the SPO score trending higher than the TCO score. 

In the temporal demand subscale, the scores for SPO were higher than 

the scores for TCO throughout all three scenarios. There was barely any 

increase in workload comparing baseline and turbulence scenarios in 

this subscale but the scores reached particularly high values in the 

abnormal scenario, similar to the mental demand subscale. In the 

performance subscale, workload was at a similar level for all three 

scenarios in the TCO crew configuration while the scores increased 

across the three scenarios in the SPO crew configuration. Also in the 

effort subscale, the workload scores increased across scenarios but both 

for TCO and SPO. There was no clear difference between SPO and TCO 

identifiable in this subscale. Finally, the scores in the frustration 

subscale clearly increased across scenarios for SPO but not for TCO and 

reached a particularly high value in the SPO abnormal condition. 
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Figure 11: Mean RTLX scores for each of the six subscales separately: 

mental and physical demand (top row), temporal demand and 

performance (center row), effort and frustration (bottom row). Error 

bars show the standard error of the mean. 
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Table 4 shows the results from the two-way repeated measures 

ANOVA for each one of the NASA-TLX subscales. There was a 

significant main effect of the factor crew on the RTLX ratings for the 

subscales temporal demand and frustration. The main effect of the 

factor scenario on the RTLX ratings reached significance in the 

subscales mental demand, physical demand, temporal demand, and 

effort. Additionally, there was a significant interaction effect between 

the factors crew and scenario in the frustration subscale. This indicates 

that the crew configuration had different effects on the participants’ 

frustration ratings depending on the scenario they were flying. More 

precisely, participants seemed to be particularly frustrated when they 

had to fly the abnormal scenario in the SPO crew configuration without 

the support of the PM. In conclusion, the subscales temporal demand 

and frustration were the ones most affected by the manipulation of the 

crew configuration. 

Table 4: Results from the ANOVA with effect sizes for each NASA-TLX 

subscale. 

 Crew Scenario Crew*Scenario 
 

F1,13 p 
η

p
 

η
G
 

F2,26 p 
η

p
 

η
G
 

F2,26 p 
η

p
 

η
G
 

Mental 
Demand 

0.62 0.445 
0.046 
0.005 

7.31 0.003 
0.36 
0.153 

0.29 0.75 
0.022 
0.004 

Physical 
Demand 

0.99 0.337 
0.071 
0.007 

8.17 0.002 
0.386 
0.112 

1.04 0.367 
0.074 
0.004 

Temporal 
Demand 

8.17 0.013 
0.386 
0.034 

17.27 0.000 
0.571 
0.253 

0.03 0.972 
0.002 
0.000 

Perfor-
mance 

0.22 0.65 
0.016 
0.002 

0.4 0.673 
0.03 
0.008 

1.34 0.278 
0.094 
0.011 

Effort 0.4 0.536 
0.03 
0.006 

4.77 0.017 
0.268 
0.1 

0.78 0.469 
0.057 
0.009 

Frustra-
tion 

7.23 0.019 
0.358 
0.031 

2.09 0.145 
0.138 
0.038 

4.38 0.023 
0.252 
0.029 

Note. Significant effects are highlighted in boldface. 
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6.1.2 Eye-Tracking Metrics 

In order to complement the subjective workload ratings with an 

objective measure of workload, eye-tracking metrics were analyzed. As 

described for RQ 1.2, transition frequencies, average dwell durations, 

average numbers of fixations per dwell, fixation frequencies, and 

average fixation durations were analyzed and the results will be 

reported next. 

First, the transition frequencies were analyzed as a metric 

representing the participants’ transition behavior between AOIs. The 

results for the transition frequencies are presented in Figure 12 and 

show that participants transitioned on average more frequently between 

AOIs during SPO. The Wilcoxon signed-rank test revealed that this 

difference was statistically significant in the baseline scenario (z = -2.5, 

p = 0.01, r = 0.558). The effect did not reach significance either in the 

turbulence scenario (z = -1.17, p = 0.275, r = 0.262) or in the abnormal 

scenario (z = -1.07, p = 0.322, r = 0.239). 

 
Figure 12: Median transition frequencies between AOIs in 

transitions per minute. Error bars represent the IQR and asterisks 

show the respective mean values. 
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Moreover, dwells were analyzed with respect to workload, more 

precisely the average dwell duration. Figure 13 shows that dwell 

durations on AOIs were higher during TCO as opposed to SPO. In the 

SPO baseline scenario, dwells were indeed significantly shorter as 

compared to TCO (z = 2.19, p = 0.027, r = 0.49). However, the difference 

between average dwell durations did again not reach significance in the 

turbulence scenario (z = 1.68, p = 0.106, r = 0.376) and in the abnormal 

scenario (z = 1.78, p = 0.084, r = 0.399). 

 
Figure 13: Median dwell durations in seconds for all 

experimental conditions. Error bars represent the IQR and 

asterisks show the respective mean values. 

To find out whether this was due to fewer fixations per dwell, 

shorter fixation durations, or both, these metrics were analyzed next. 

The results regarding the number of fixations per dwell showed that 

there were indeed on average slightly fewer fixations per dwell during 

SPO in the baseline and in the abnormal scenario. In the baseline 

scenario, the difference between TCO (M = 1.31, Mdn = 1.3, IQR = 0.2) 

and SPO (M = 1.23, Mdn = 1.21, IQR = 0.13) was statistically significant 

(z = 2.19, p = 0.027, r = 0.49). In the abnormal scenario, dwells were also 
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on average composed of fewer fixations during SPO (M = 1.19, 

Mdn = 1.19, IQR = 0.08) as opposed to TCO (M = 1.3, Mdn = 1.21, 

IQR = 0.23). However, this effect did not reach significance (z = 1.17, 

p = 0.275, r = 0.262). The results from the turbulence scenario did not 

show a similar pattern – in this case, the average number of fixations 

per dwell trended slightly higher in TCO (M = 1.28, Mdn = 1.27, 

IQR = 0.29) compared to SPO (M = 1.22, Mdn = 1.22, IQR = 0.14) but the 

Wilcoxon signed-rank test did not yield a significant result (z = 1.27, 

p = 0.232, r = 0.285). 

With respect to the average fixation durations, the results revealed 

that fixations tended to be shorter in duration during SPO. This was the 

case in the baseline scenario with shorter average fixation durations 

during SPO (M = 0.58 s, Mdn = 0.54 s, IQR = 0.11 s) as opposed to TCO 

(M = 0.61 s, Mdn = 0.57 s, IQR = 0.23 s). Also in the abnormal scenario, 

fixations were on average shorter during SPO (M = 0.58 s, Mdn = 0.58 s, 

IQR = 0.08 s) than during TCO (M = 0.6 s, Mdn = 0.62 s, IQR = 0.18 s). 

Again, the results from the turbulence scenario did not behave in the 

same way and did not show a clear difference between TCO (M = 0.61 s, 

Mdn = 0.59 s, IQR = 0.25 s) and SPO (M = 0.61 s, Mdn = 0.63 s, 

IQR = 0.15 s). After all, none of the results for the average fixation 

durations were statistically significant. In conclusion, the dwell duration 

generally trended shorter in the SPO condition. This effect seems to 

result from a combination of shorter fixations and fewer fixations per 

dwell. At least this is what the results suggest for the baseline and the 

abnormal scenario while the turbulence scenario did not show a clear 

pattern. 

Finally, the fixation frequencies on all AOIs were analyzed. As can 

been seen in Figure 14, the results for the baseline scenario showed that 

the average fixation frequency was higher during SPO and the Wilcoxon 

signed-rank test yielded a statistically significant result (z = -2.09, 

p = 0.037, r = 0.467). Similarly in the abnormal scenario, the measures of 

central tendency revealed a higher fixation frequency during SPO as 

opposed to TCO but the effect did not reach statistical significance (z = -

1.07, p = 0.322, r = 0.239). Once more, the results from the turbulence 
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scenario did not follow the same pattern and there was no statistically 

significant difference between TCO and SPO either (z = -0.26, p = 0.846, 

r = 0.057). 

 
Figure 14: Median fixation frequencies in fixations per minute 

for all experimental conditions. Error bars represent the IQR and 

asterisks show the respective mean values. 

In summary, the eye tracking metrics analyzed within the scope of 

RQ 1.2 for workload estimation showed that transition frequencies 

trended higher in all three scenarios during SPO. Average dwell 

durations were slightly shorter in the SPO crew configuration and this 

was due to a combination of shorter fixations and fewer fixations per 

dwell. Moreover, fixation frequencies trended higher in the SPO 

baseline and abnormal scenarios. These results indicate that eye 

movements were faster when pilots were flying without the support of 

the PM. This may be interpreted in terms of a higher temporal demand, 

thereby supporting the RTLX results. However, there were issues with 

statistical significance, particularly in the turbulence and abnormal 

scenarios. The interpretation of these results will be discussed further in 

chapter 7. 
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6.2 Performance 

In this chapter, results regarding the pilots’ performance will be 

presented. More precisely, performance concerning checklists and 

procedures will be reported (RQ 2.1) and the handling of the engine fire 

in the abnormal scenario will be of particular interest (RQ 2.2). 

Moreover, deviations from the optimal flight path and the general 

performance in flight path control will be described (RQ 2.3). 

In general, the fourteen participants flew a total of 84 approach and 

landing scenarios more or less successfully. In fact, only 79 of them 

actually resulted in a decent landing on the runway. Three scenarios 

were aborted because the pilots decided that the approach was 

unstabilized and a go-around was required – this happened twice during 

TCO and once during SPO. One participant landed off runway on the 

grass in the TCO abnormal scenario. Moreover, one of the SPO 

abnormal scenarios resulted in a crashed landing, which will be 

analyzed and described in more detail in the following chapters. But 

first, the performance of the pilots in the context of checklists and 

procedures will be reported. 

6.2.1 Checklists and Procedures 

As described previously, the approach and landing scenarios included 

the landing checklist, which is a part of the normal procedures paper 

checklist (Appendix C). One item of this checklist is that the ECAM 

memo is completed so that it does not display any blue items. However, 

the majority of participants (n = 11) decided not to perform the landing 

checklist and completed just the ECAM memo. Only one participant 

completed both the landing checklist and the ECAM memo consistently 

in all conditions and with no errors. Another participant completed both 

the landing checklist and the ECAM memo during TCO and omitted the 

landing checklist when flying alone in SPO. Additionally, one 

participant completed the landing checklist and the ECAM memo in the 
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baseline and turbulence scenarios but omitted the landing checklist in 

the TCO abnormal scenario and in each one of the SPO scenarios. 

Most participants did not have trouble completing the ECAM memo 

and performed the actions correctly in all conditions. However, two 

participants made mistakes in the SPO abnormal scenario and did not 

complete the ECAM memo in time. One of them committed an error of 

omission because he simply forgot to lower the landing gear at the right 

moment resulting in a crashed landing. This situation was analyzed 

further and will be described in more detail in the following chapter. In 

the other case, the participant was interrupted by the engine fire before 

completing the ECAM memo. One last item (flaps full) was still to be set 

but the participant did not check the ECAM memo again after the 

engine fire alarm had sounded. He landed with the flaps not fully 

extended and was probably not completely aware of it.  

There were similar examples during TCO, where errors occurred due 

to interruptions or simply due to omission of an item but these were 

always detected by the PM in time. For example, one participant was 

also interrupted by the engine fire alarm so that the flaps full item was 

still blue. After reacting to the alarm, the PM reminded the PF of the 

ECAM memo so that they completed all actions and landed with the 

flaps fully extended. Similarly, two other participants omitted items of 

the ECAM memo (gear down and spoilers armed) during TCO scenarios 

but were reminded by the PM so that they could correct their mistakes 

early enough before touchdown. 

In general, one observation was that the participants handled 

checklists and procedures differently when they had to fly without the 

PM. Most of the participants (n = 9) talked to themselves during SPO or 

called out each step of the landing checklist or the ECAM memo while 

they were carrying it out. Some of them even made exactly the same 

callouts they were used to from TCO. Thinking aloud was, however, 

never mentioned and not asked for during the briefing. Thus, the 

participants had developed a strategy to follow the procedures they 
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were familiar with even without the second pilot. This can also be 

interpreted as a strategy to handle workload during SPO. 

6.2.2 Handling of the Engine Fire 

The abnormal scenario was analyzed separately with regard to the 

handling of the engine fire as this increased the participants’ workload 

because they were supposed to perform an additional procedure as 

displayed in the ECAM. However, there was no consensus on whether 

this engine fire procedure should, in fact, be carried out at all during the 

approach and landing phases of flight.  

Only four participants performed the engine fire procedure both 

during TCO and during SPO. Six participants decided against trouble-

shooting in both conditions because they wanted to focus completely on 

the landing. Therefore, they only silenced the alarm by pressing the 

master caution button, informed ATC about the situation, and cleared 

the ECAM. The remaining four participants performed the engine fire 

procedure during TCO but decided to disregard the warning during 

SPO. One of them even started the abnormal procedure but aborted after 

shutting down the affected engine. He commented that it would be too 

risky to perform the engine fire procedure without someone else 

watching over and checking if he turned off the correct switches. 

Moreover, not all the participants who decided to carry out the 

procedure completed it successfully (Figure 15). In fact, three of the 

participants who performed or started the procedure during SPO did not 

complete it correctly. They omitted items, carried out the actions in the 

wrong order, or aborted before finishing as mentioned above. 

Additionally, two participants – or crews in this case – committed 

errors while performing the procedure during TCO. One of them did not 

push the engine one fire pushbutton on the OHP and the other one did 

not inform ATC in time. Detailed information on the performance of the 

participants in the abnormal scenario can be found in Appendix H. It 

can be concluded that participants tended to avoid additional workload 

by disregarding the engine fire procedure when they were flying alone. 
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Figure 15: Bar graph displaying the number of participants who 

completed the engine fire procedure in the abnormal scenario, 

performed the procedure incorrectly (incomplete or in the wrong 

order), and disregarded the procedure. 

The abnormal scenario also frequently led to further errors not 

directly linked to the engine fire procedure but probably resulting from 

the increased workload. For example, one participant landed off runway 

on the grass in the TCO crew configuration. Five participants completed 

the landing checklist and the ECAM memo late because they had not 

finished it before the engine fire started. This happened three times 

during TCO and twice during SPO. Due to the interruption, participants 

armed the spoilers or lowered the landing gear very late. However, this 

did never lead to serious issues during TCO given that the PM always 

had an eye on the ECAM memo. In the SPO crew configuration, though, 

a similar error led to the only crashed landing. This incident will be 

described in more detail in the following as an example of what can go 

wrong without a second pilot monitoring for errors. 

The participant involved in the crash had omitted an item of the 

ECAM memo in the first place – he had not lowered the gear at the 

right moment. When the engine fire started, the item was still blue in 
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the ECAM memo. Shortly after the engine fire alarm, another warning 

started to sound, which was supposed to draw the pilot’s attention to 

the ECAM memo and make him realize that the landing gear was not 

lowered yet. However, the participant confused this warning sound 

with the engine fire alarm and simply silenced it. Shortly before 

touchdown, he realized that the landing gear was still retracted but it 

was too late so that the aircraft crashed on the runway. This case clearly 

demonstrated the value of a PM as well as pitfalls in the context of the 

aircraft’s warning and alarm systems. 

6.2.3 Flight Path Control 

As described previously, several measures of flight path control are of 

interest in the analysis of pilot performance. In the context of the 

approach and landing scenarios, particularly relevant measures are the 

lateral and vertical deviations from the optimal flight path according to 

localizer and glideslope information from the ILS (RQ 2.3). Thus, the 

first analysis concerned the RMSD from the 3° glideslope and from the 

target heading of 249°.  

The results for the RMSD from the glideslope showed that there was 

no clear difference between TCO (M = 0.72°, Mdn = 0.62°, IQR = 0.25°) 

and SPO (M = 0.66°, Mdn = 0.67°, IQR = 0.32°) in the baseline scenario. 

Also in the turbulence scenario, the results for TCO (M = 0.76°, 

Mdn = 0.7°, IQR = 0.26°) and SPO (M = 0.76°, Mdn = 0.71°, IQR = 0.34°) 

were basically at the same level and did not show a clear difference. In 

the abnormal scenario, the average RMSD from the glideslope trended 

higher during TCO (M = 0.91°, Mdn = 0.88°, IQR = 0.51°) as opposed to 

SPO (M = 0.84°, Mdn = 0.82°, IQR = 0.49°). Nevertheless, the Wilcoxon 

signed-rank test revealed that the results were not significant for either 

one of the scenarios.  

Next, the lateral deviation from the optimal flight path was analyzed 

by calculating the RMSD from the target heading and the results for all 

conditions are presented in Figure 16. As can be seen, there are only 

marginal differences in central tendency in the baseline and turbulence 
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scenarios and the Wilcoxon signed-rank test did not yield a significant 

effect either for the baseline (z = 0.6, p = 0.583, r = 0.113) or the 

turbulence scenario (z = -0.35, p = 0.761, r = 0.065). In the abnormal 

scenario, the average RMSD from the target heading was higher during 

TCO as opposed to SPO and this effect was indeed statistically 

significant (z = 2.42, p = 0.013, r = 0.457). This may seem surprising at 

first glance and contrary to the expectations but depended largely on 

how the engine fire was handled and whether the procedure was 

performed or not. 

 
Figure 16: Boxplots displaying the RMSD from the target heading in 

degrees during TCO and SPO in the baseline scenario (top left), 

turbulence scenario (top right), and abnormal scenario (bottom). 



80 |  6 Results  

 

For example, Figure 17 shows the deviations from the 249° target 

heading for participant 11 performing the abnormal scenario in both 

TCO and SPO crew configurations. The participant did carry out the 

engine fire procedure with the PM during TCO but disregarded it during 

SPO. Thus, he had to fly with only one engine working during TCO, 

which explains the larger deviation from the optimal heading in this 

condition. During SPO, the participant did not carry out the procedure 

and did therefore not shut off the engine affected by the fire. In this 

case, the deviation from the target heading was not as large as during 

TCO. Therefore, it can be concluded that the results for the RMSD from 

the optimal flight path did not clearly indicate that lateral and vertical 

deviations are affected by the crew configuration. 

 
Figure 17: Example of the heading deviations from the target heading 

over the course of the abnormal scenario during TCO and SPO 

performed by participant 11. 
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The analysis of the indicated airspeed upon touchdown showed that 

the majority of participants did not have trouble reaching the target 

speed of 140 knots for landing. Most of them landed with an indicated 

airspeed between 135 and 145 knots. Only two participants landed with 

critical values of airspeed, both around 20 knots below or above the 

target speed. These situations happened during SPO, once in the 

turbulence scenario and once in the abnormal scenario. 

For further analyses in the context of flight path control, the 

variances in the parameters heading, altitude, indicated airspeed, bank 

angle, and pitch angle were calculated for each participant.4 As 

described previously, variance served as a measure of variability in 

flight path control reflecting the extent of corrections performed by the 

participants. The results are presented in Table 5 and showed that 

differences between SPO and TCO were mostly marginal and no clear 

patterns could be identified. This is also reflected by the Wilcoxon 

signed-rank test not yielding significant results for either parameter. 

After all, similar to the results for the lateral and vertical deviations 

from the optimal path, the variability measure was not clearly affected 

by the different crew configurations. 

  

                                                        
4  The glideslope was excluded from this analysis given that the results for the RMSD 

described above were not significant. 
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Table 5: Results for the variance in flight parameters as a measure of 

variability in flight path control. 

  Baseline Turbulence Abnormal 
  TCO SPO TCO SPO TCO SPO 

Heading 
M 3.38 2.67 2.03 2.73 16.92 8.09 

Mdn 1.12 1.34 1.14 1.17 17.49 3.64 
IQR 2.11 1.77 1.03 3.43 28.17 17.07 

Altitude 
M 373446 372861 372971 369866 353486 348478 

Mdn 370389 368994 379947 372002 353997 347766 
IQR 36629 22047 22342 21069 23081 40089 

Indicated 
Airspeed 

M 180.26 196.89 189.84 170.87 202.27 197.88 
Mdn 145.72 178.86 163.89 164.68 161.00 175.71 
IQR 125.65 80.41 82.87 57.96 102.28 97.43 

Pitch 
Angle 

M 1.27 1.11 1.54 1.48 2.19 2.11 
Mdn 0.87 0.93 1.12 1.16 1.87 1.72 
IQR 1.01 0.78 0.9 0.99 1.42 1.47 

Bank 
Angle 

M 8.02 5.63 4.31 5.29 7.42 5.13 
Mdn 2.96 2.64 2.25 3.68 5.22 3.24 
IQR 7.83 2.89 2.78 5.83 5.97 5.59 

6.3 Visual Scanning 

In this section, the results regarding differences in visual scanning will 

be presented. As described previously, the AOIs were classified into 

primary instruments, secondary instruments, and external view (see 

chapter 5.5.2), and results will be presented for each one of these three 

categories separately. More precisely, the visual scanning behavior of 

the pilots was analyzed with respect to the time spent looking at 

primary instruments (RQ 3.1), as reported in the next subchapter. 

Afterwards, the results for the scanning of secondary instruments will 

be described (RQ 3.2) as well as head-up times and transition behavior 

between cockpit instruments and the external view (RQ 3.3). 

In general, the results from the visual scanning analyses showed that 

scanning patterns were more dispersed across the secondary 

instruments in the SPO crew configuration. Averaged across all three 

scenarios, participants looked at a higher number of AOIs during SPO 
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(M = 12.43, Mdn = 12.67, IQR = 0.77) than during TCO (M = 9.57, 

Mdn = 9.5, IQR = 1.27). A Wilcoxon signed-rank test was conducted and 

revealed that this effect was statistically significant (z = -2.81, p = 0.002, 

r = 0.627). Areas looked at during SPO but not TCO were exclusively 

secondary instruments, for example, the radio management panel, the 

gear and flap levers. These are instruments commonly operated by the 

PM in current-day TCO. In the following, all further results in the 

context of the visual scanning RQs will be reported. 

6.3.1 Scanning of Primary Instruments 

RQ 3.1 aimed at investigating whether the pilots’ scanning behavior on 

primary instruments would be affected by the absence of the PM. 

Therefore, the dwell time percentages on primary instruments were 

analyzed and are shown in Figure 18. Participants spent on average less 

time scanning primary instruments in the SPO baseline scenario 

compared to TCO. This effect was statistically significant (z = 2.19, 

p = 0.027, r = 0.49). In the turbulence scenario, a similar trend could be 

observed with a higher average dwell time percentage on primary 

instruments during TCO than during SPO but the effect did not reach 

significance (z = 1.78, p = 0.084, r = 0.399). Participants also spent on 

average slightly less time looking at primary instruments during SPO 

than during TCO in the abnormal scenario, but the effect was not 

significant either (z = 0.87, p = 0.432, r = 0.194). 

To identify whether particular AOIs within the primary instruments 

were more affected, the dwell time percentages were additionally 

analyzed for each primary instrument AOI separately. Thus, the results 

for the dwell time percentages on attitude indicator, airspeed indicator, 

altimeter, and course indicator are presented in Table 6. The mode 

indicator was excluded here as it reached only marginal and zero values. 

Participants looked on average less at each one of the primary 

instrument AOIs during SPO throughout all scenarios except for the 

altimeter and the course indicator in the abnormal scenario. 
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Figure 18: Median dwell time percentages on primary 

instruments for all experimental conditions. Error bars represent 

the IQR and asterisks show the respective mean values. 

Table 6: Results for the dwell time percentages on each primary 

instrument AOI. 

  Baseline Turbulence Abnormal 
  TCO SPO TCO SPO TCO SPO 

Attitude 
Indicator 

M 42.95 35.09 41.39 40.79 37.29 33.25 
Mdn 43.77  37.21 42.15 40.09 37.37 30.86 
IQR 7.76 13.96 5.35 13.13 14.38 4.47 

Airspeed 
Indicator 

M 15.14 14.27 17.12 15 17.13 16.46 
Mdn 15.02 14.1 15.66 14.71 17.01 16.35 
IQR 4.51 7.05 5.71 2.38 4.95 2.81 

Altimeter 
M 10.82 9.93 12.08 10.68 10.18 11.15 

Mdn 10.91 9.56 12.62 10.23 8.21 9.11 
IQR 6.15 3.84 4.41 1.94 5.31 3.64 

Course 
Indicator 

M 2.99 2.55 1.38 0.89 1.16 2.2 
Mdn 1.29 1.47 0.84 0.86 0.56 0.96 
IQR 5.55 1.97 1.17 0.7 0.88 1.63 
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6.3.2 Scanning of Secondary Instruments 

In the context of RQ 3.2, the objective was to investigate how 

successfully pilots incorporated the secondary instruments into their 

visual scanning behavior during SPO. As described previously, pilots 

had to take over all of the PM’s tasks in SPO so that one assumption was 

that pilots would spend considerably more time scanning secondary 

instruments. The results are shown in Figure 19 and support this 

assumption. In the SPO baseline scenario, participants took nearly twice 

the amount of time looking at secondary instruments compared to TCO. 

The Wilcoxon signed-rank test indicated that this effect was statistically 

significant (z = -2.7, p = 0.004, r = 0.604). In the turbulence scenario, the 

average dwell time percentage on secondary instruments was also 

higher during SPO than during TCO and the effect was statistically 

significant (z = -2.09, p = 0.037, r = 0.467). Dwell time percentages on 

secondary instruments trended particularly high during the SPO 

abnormal scenario and the difference compared to TCO was statistically 

significant, too (z = -2.8, p = 0.002, r = 0.626). 

 
Figure 19: Median dwell time percentages on secondary 

instruments for all experimental conditions. Error bars represent 

the IQR and asterisks show the respective mean values. 
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Within the secondary instruments, the scanning of the ECAM was 

analyzed in more detail as it displays the landing memo and the engine 

fire procedure. To evaluate the efficiency of the pilots’ scanning 

behavior, the time participants spent looking at the ECAM was analyzed 

as well as the frequency of ECAM dwells and the average dwell 

durations.  

The results for the average dwell time percentages (Figure 20) 

showed that participants spent significantly more time scanning the 

ECAM during SPO than during TCO in the abnormal scenario (z = -2.29, 

p = 0.02, r = 0.513). In the baseline scenario, the average dwell time 

percentages on the ECAM also trended higher during SPO as opposed to 

TCO, but the results were not significant (z = -0.82, p = 0.447, r = 0.183). 

There was no statistically significant difference in the turbulence 

scenario (z = -0.15, p = 0.922, r = 0.034). 

 
Figure 20: Median dwell time percentages on the ECAM for all 

experimental conditions. Error bars represent the IQR and 

asterisks show the respective mean values. 



6.3 Visual Scanning |  87 

 

The results regarding the dwell frequencies and the average dwell 

durations on the ECAM are shown in Table 7 and revealed that the 

number of dwells per minute was significantly higher during SPO as 

compared to TCO in the baseline scenario (z = -2.09, p = 0.037, r = 0.467). 

Also in the abnormal scenario, the dwell frequency was higher for pilots 

flying in SPO than in TCO and the effect was significant (z = -2.5, 

p = 0.01, r = 0.558). Similarly, in the turbulence scenario, the average 

dwell frequency trended higher in SPO than in TCO but not 

significantly (z = -0.66, p = 0.557, r = 0.148). For the average dwell 

durations on the ECAM, results showed that dwells trended shorter in 

the SPO crew configuration, but this effect did not reach significance for 

none of the scenarios. Nevertheless, these results suggest that the 

increase in dwell time percentage on the ECAM during SPO was not due 

to longer dwells but to more frequent dwells. 

Table 7: Results for dwell frequencies in dwells per minute and average 

dwell durations in seconds on the ECAM. 

  Baseline Turbulence Abnormal 
  TCO SPO TCO SPO TCO SPO 

Dwell 
Frequency 

M 2.61 3.92 3.27 3.63 2.44 4.83 
Mdn 2.2 3.77 2.74 2.99 2.19 3.36 
IQR 2.28 3.12 1.73 3.71 3.02 2.65 

Average 
Dwell 
Duration 

M 0.94 0.79 0.98 0.87 0.8 0.69 
Mdn 0.9 0.77 0.95 0.87 0.8 0.67 
IQR 0.52 0.32 0.29 0.33 0.47 0.17 

6.3.3 Scanning of the External View 

As the pilots had to take over the head-down tasks of the PM in SPO, an 

assumption as part of RQ 3.3 was that head-up times in terms of dwell 

time percentages on the external view would decrease. Contrary to this 

assumption, the results showed that average dwell time percentages on 

the external view trended higher in SPO baseline and turbulence 

scenarios as opposed to the respective scenarios in TCO (Figure 21). 
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Only in the abnormal scenario, the head-up-times decreased during SPO 

compared to TCO, meaning that participants’ attention was drawn more 

to the cockpit instruments. None of these effects reached statistical 

significance. 

 
Figure 21: Median dwell time percentages on the external view 

for all experimental conditions. Error bars represent the IQR and 

asterisks show the respective mean values. 

Moreover, the transition behavior between the cockpit instruments 

and the external view was analyzed in terms of transition frequencies 

and average dwell durations on the external view. The results for the 

transition frequencies (Figure 22) showed that transitions were 

significantly more frequent during SPO in the baseline scenario (z = -2.8, 

p = 0.002, r = 0.627) and in the turbulence scenario (z = -2.4, p = 0.014, 

r = 0.536). There was no significant difference between transition 

frequencies in the TCO and SPO abnormal scenarios (z = -0.56, 

p = 0.625, r = 0.125). 
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Figure 22: Median transition frequencies between cockpit 

instruments and external view for all experimental conditions. 

Error bars represent the IQR and asterisks show the respective 

mean values. 

Regarding the average dwell durations on the external view (Figure 

23), the results showed that dwells were significantly shorter during 

SPO compared to TCO in the baseline scenario (z = 2.5, p = 0.01, 

r = 0.558) as well as in the abnormal scenario (z = 2.5, p = 0.01, r = 0.558). 

In the turbulence scenario, the average dwell durations on the external 

view also tended to be shorter during SPO as compared to TCO, but the 

effect did not reach significance (z = 1.58, p = 0.131, r = 0.353). In 

conclusion, participants transitioned more frequently between the 

cockpit instruments and the external view and dwells on the external 

view were shorter when they had to fly without the support of the PM. 



90 |  6 Results  

 

 
Figure 23: Median dwell durations on the external view for all 

experimental conditions. Error bars represent the IQR and 

asterisks show the respective mean values. 

6.4 Debriefing Interviews 

The debriefing interviews were conducted to identify topics of interest 

in the context of the RQs and to explain the pilots’ behavior during the 

experiment as well as results from the quantitative data. Moreover, the 

participants’ were asked for their personal opinions on SPO, and they 

expressed several concerns based on their own experiences as 

professional pilots. Several topics came up frequently in the debriefing 

interviews and relevant findings will be presented in this chapter. 

One of the first questions in the debriefing interview concerned how 

the participants felt about the absence of the PM in SPO and what they 

liked or disliked about that. Several participants mentioned that they did 

not experience differences in workload. They knew, they had to perform 

a few more tasks but did not think that this increased workload. In 

general, the final approach and landing scenarios were not difficult and 

the participants mentioned that a single pilot could easily handle the 

workload. Moreover, several participants mentioned that they had not 
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perceived a difference in their flying performance either. One of them 

even thought that the absence of the PM led to a higher level of 

alertness and focus. 

However, these statements concerned only the baseline and the 

turbulence scenarios. The abnormal scenario was frequently referred to 

as more problematic. Reasons were, on the one hand, that errors might 

occur as there is nobody cross-checking the execution of the procedure 

to verify whether, e.g., the correct switches were turned off. A single 

pilot might not realize mistakes that are obvious to another person. On 

the other hand, two participants mentioned that they felt uncomfortable 

in the execution of the engine fire procedure in SPO as it drew their 

attention to the inside of the flight deck. They did not like being ‘head-

down’ while flying manually, though. It was suggested that one should 

always be able to keep an eye on the external view. Moreover, one 

participant reported to have experienced insecurities in the abnormal 

scenario regarding the decision whether the engine fire should be 

disregarded or if troubleshooting was the better solution.  

Moreover, the competence of two pilots was frequently mentioned as 

vital in abnormal conditions. The PM was also rated as important from a 

social perspective during abnormal scenarios. It was suggested that the 

mere presence of another human being could have a calming effect 

during system failures or any other abnormal events. One participant 

even stated, that he would ask a cabin crew member to sit with him in 

the cockpit during such a situation – not because the crew member 

could assist but just to have someone to talk to. 

A further topic of discussion was whether the PM could be 

substituted by additional automation to a certain degree. A few 

participants noted that some low level tasks could be automated, such as 

the flaps and the landing gear. Others were strongly opposed to the idea 

of adding even more automation, particularly for Airbus aircraft, which 

are already highly automated. They expressed their concerns regarding 

human-automation interaction and reported to have experienced out-of-

the-loop situations already in current-day flight decks. Most of all, the 
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consensus was that pilots do not want to become mere supervisors of 

automated systems.  

The concept of ground operators supporting pilots during abnormal 

or high-workload situations was also discussed. Participants were, 

however, very skeptical about the potential benefit of ground operator 

support. They would not have access to the same information and could 

not perceive the same cues as a pilot on board the aircraft. For example, 

sounds, smells, and the general feeling of flying the aircraft were 

mentioned as vital cues. Also the communication with the ground 

operator was discussed critically as they would not be able to see and 

interpret gestures and facial expressions of each other. In general, the 

clear opinion was that a ground operator could not replace a PM 

completely but could provide some additional information and might be 

‘better than nothing’.  

Pilot training was a topic that came up several times, too. One 

participant emphasized the importance of TCO for training purposes. 

While captains can draw on a wealth of experience, FOs have fewer 

flight hours and are less experienced. Learning from various captains 

throughout the time as FO is vital to gain more experience, broaden 

knowledge, and improve skills. The participant suggested that pilot 

training for SPO would need to be adapted and that compensating for 

the time as FO via other training measures will be a challenge to 

overcome. 



 

7 DISCUSSION 

The present study investigated a potential transition towards SPO in 

commercial aviation from a human-centered perspective. More 

precisely, the main objective was to explore how the absence of the PM 

would affect the single pilot in terms of workload, performance, and 

visual scanning behavior to draw conclusions regarding adequate 

support solutions for the pilot in SPO. The results showed that 

subjective workload was not generally higher for SPO, but particularly 

the temporal demand was increased significantly. This was also 

supported by the objective eye-tracking metrics, which indicated that 

eye movements were faster in SPO as compared to TCO. The execution 

of checklists and procedures was less consistent when participants had 

to fly alone and they tended to handle the abnormal procedure 

differently than during TCO. The majority of participants disregarded 

the engine fire completely, but the performance results did not reveal 

clear differences in flight path control between SPO and TCO. In the 

context of the visual scanning behavior, eye-tracking analyses showed 

that scanning patterns were more dispersed across the secondary 

instruments. Participants spent more time scanning secondary 

instruments such as the ECAM, mostly at the expense of primary 

instruments. Moreover, pilots transitioned more frequently between the 

cockpit instruments and the external view and dwells on the external 

view were on average shorter in the SPO crew configuration. 

In conclusion, the results clearly showed that the absence of the PM 

did affect the single pilot. These findings will be discussed in more detail 

in this chapter. This discussion will include considerations with respect 

to workload, which will be interpreted in the context of relevant 

literature. Furthermore, general conclusions will be drawn for the 

design of future SPO flight decks providing adequate support for the 

human operator. Areas for future research will be identified. But first, 

the limitations of the present study should be taken into account and 

will, therefore, be described in the next section.  
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7.1 Limitations 

In the first place, not all of the participants were experienced with the 

Airbus A320, given that the minimum requirement for participation was 

only the experience with sidestick-controlled aircraft types in general. 

This lack of experience and familiarity with the simulator might have 

affected the workload of the participants. For the inexperienced 

participants, there was also a learning curve observable beyond the 

training trials. This might have affected the results to a certain degree. 

Data was only collected for the pilot flying the simulator from the 

left seat entailing that all participants had to use the sidestick with their 

left hand in order to control the simulator. This was a necessary 

compromise given that it was not feasible to change the position of the 

eye-tracking system between participants. As mentioned previously, 

captains typically sit in the left seat and are, therefore, used to flying 

with the left hand. Almost half of the participants were FOs used to 

operating aircraft from the right seat and with the right hand. They had 

to fly the simulator in the experiment from the left seat anyway, and 

several of the FO participants reported that this was unfamiliar for 

them. It was also mentioned in this context, that flying with the left 

hand might have increased the workload of the respective participants. 

Additionally, there were inconsistencies in the participants’ behavior 

during the abnormal scenario. The results showed that six participants 

disregarded the engine fire in all conditions, while only four participants 

performed the abnormal procedure in both SPO and TCO. The 

remaining four participants performed the procedure in TCO but not in 

SPO. One of them mentioned during the debriefing interview that he 

had perceived the workload as higher during the TCO abnormal 

scenario due to the execution of the procedure. As he had disregarded 

the engine fire in SPO and concentrated on landing safely, workload 

was lower in this condition. These differences in the context of the 

handling of the abnormal scenario might have distorted the results to a 

certain degree and can explain the lack of significant results for several 

analyses in the abnormal scenario. 
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There were further limitations resulting from the scenario design. 

The turbulence scenario had not clearly evoked a higher level of 

workload as compared to the baseline scenario. Several participants 

mentioned that they were not even aware of the turbulence. This 

scenario might have been more appropriate in a full-flight simulator 

including motion simulation. Furthermore, the scenarios did not include 

realistic simulations of the communication with ATC. However, 

communicating with ATC constitutes a large part of the PM’s tasks and 

was not included in the present study. In a realistic setting, 

communication with ATC might increase the workload of the pilot in 

SPO considerably. 

Due to the within-subject experiment design, the participants had to 

fly the same scenarios more than once. This design was chosen as it 

avoids effects due to individual differences and enables better 

comparability. Nevertheless, repeating the same scenarios may lead to 

learning effects, and the surprise or startle reaction in the abnormal 

scenario was certainly reduced the second time around. Counter-

balancing was applied in order to keep such effects as low as possible. 

Due to the number of participants and because some datasets had to be 

excluded from the eye-tracking analysis, the counterbalancing of the 

scenarios was incomplete. The order of the factor crew configuration 

was counterbalanced completely and this was more important for the 

adequate analysis and interpretation of the results. After all, the 

repetitive scenarios might still have affected effect sizes as well as the 

significance of the results. The effects observed might, in fact, be even 

stronger in a real-life setting. 

Finally, the number of participants was relatively small. This might 

also explain why certain results did not reach statistical significance. A 

follow-up study with more participants could provide more robust 

results to support the findings from the present study. Participants in 

future studies should have a type rating for the simulator aircraft type. 

Nevertheless, the results provide several indications for a potential 

transition towards commercial SPO, as will be discussed further in the 

following sections.  
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7.2 Workload Considerations 

In general, the results from the subjective RTLX ratings showed that 

workload was at the same level for SPO and TCO in the baseline 

scenario. This is not completely in line with the results from the NASA 

study series, given that they reported workload as trending higher in 

the SPO crew configuration during nominal conditions [3, 80–84]. The 

significance of their results was not reported clearly and is, thus, 

questionable. For the abnormal scenarios, the NASA study series did 

report statistically significant results, meaning that workload was 

significantly higher for SPO as compared to TCO during abnormals. In 

the present study, the average RTLX scores were also higher in the SPO 

abnormal scenario but not tremendously. The effects found in the NASA 

study series were much more pronounced. This might be due to the 

different abnormal scenarios used in the studies. Participants of the 

present study mentioned that the engine fire was not a particularly 

demanding event. The abnormal scenarios used in the NASA study 

series represented a larger variety of system failures that might have 

evoked higher levels of workload and larger differences between TCO 

and SPO. 

In order to enable a better interpretation of the RTLX ratings and to 

assess whether the average values obtained can be considered as high 

workload, the results can be compared to those of similar studies. GRIER 

[135] published a meta-analysis reporting and comparing NASA-TLX 

scores obtained from research in diverse domains. Based on this meta-

analysis, the present results can be compared to workload results from 

similar tasks – namely aircraft piloting. The comparison revealed that 

workload ratings in the baseline and turbulence scenarios were at a 

moderate level. In the SPO abnormal scenario, however, the mean RTLX 

score of 56.9 was higher than 75% of all scores within the aircraft 

piloting task type. In conclusion, the workload in the SPO abnormal 

scenario can be interpreted as relatively high. 

  



7.2 Workload Considerations |  97  

 

The analysis of the NASA-TLX subscales revealed that especially 

temporal demand and frustration were significantly affected when 

participants had to fly alone. In the case of the frustration subscale, 

there was a significant interaction effect, meaning that crew 

configuration had different effects on the participants’ frustration 

ratings depending on the scenario they were flying. Participants were 

particularly frustrated when they had to fly the abnormal scenario in 

SPO. This was also reflected in certain statements during the debriefing 

interviews. The majority of participants highlighted the value of a PM in 

abnormal situations. Two pilots provide a broader knowledge basis and 

more expertise to solve unexpected situations, and the task load can be 

shared. But also from a social perspective, the participants suggested 

that the presence of another person has a calming effect, which might 

explain why frustration ratings were lower in TCO. 

The objective eye-tracking metrics complemented the subjective 

RTLX ratings by indicating a higher temporal demand during SPO. More 

precisely, fixation and transition frequencies trended higher in SPO as 

compared to TCO, and average dwell and fixation durations were 

slightly shorter. Interestingly, prior studies have associated higher 

mental workload with longer fixation and dwell durations (e.g., [117, 

118]). The present results can, thus, not be interpreted in terms of 

higher mental demand, but they reflect faster eye movements indicating 

stress and time pressure – or rather an increased temporal demand. This 

is also in line with previous studies, which identified an additional task 

load on the pilot in SPO (e.g., [125]). This additional task load results in 

an increase in temporal demand on the pilot in SPO. Future SPO 

concepts should take these results into account by providing support to 

reduce the temporal demand. 

On a more general note, even though not all of the results were 

significant, the results indicated that the eye-tracking metrics applied 

here are sensitive to differences in temporal demand. This is particularly 

interesting in light of the research concerning online health and 

performance monitoring during flight via eye tracking (e.g., [136]). 

Given that performance and health monitoring are frequently suggested 
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as a requirement to detect pilot incapacitation (e.g., [32, 39]), these 

results seem promising. Further research is required to evaluate the use 

of eye-tracking metrics for online workload monitoring more 

thoroughly.  

In conclusion, the results from the subjective workload ratings and 

the objective eye-tracking metrics indicated that particularly the 

temporal demand was increased in SPO. Workload differences were 

generally not dramatic, though, and several participants also mentioned 

in the debriefing interviews that they did not perceive workload as 

problematic. Only in the SPO abnormal scenario, workload reached 

relatively high levels, and these results suggest that additional support 

from a ground operator or from flight deck automation might be 

required mainly in such cases. 

7.3 Implications for Single-Pilot Flight Decks 

The previous chapter exclusively discussed the results relevant in the 

context of pilot workload. All further results concerning pilot 

performance and visual scanning behavior will be discussed next. 

Moreover, this shall serve to derive further implications for the design 

of flight decks providing adequate support for the pilot in SPO. 

The analysis of checklist and procedure performance showed that 

errors were committed in both TCO and SPO crew configurations. 

Participants either omitted items from a checklist or performed actions 

in the wrong order. Such errors are common for checklists and 

procedures and have been associated with high workload and 

interruptions among other reasons (e.g., [137, 138]). Mistakes in the 

performance of checklists and procedures were not severe in TCO, 

given that the PM always detected errors before something worse could 

happen. In SPO, on the other hand, errors were not always detected in 

time. These results suggest that the implementation of reliable error 

detection and cross-checking mechanisms for SPO will be crucial. 
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The results for the visual scanning behavior revealed that 

participants spent significantly more time scanning secondary 

instruments in SPO at the expense of mostly primary instruments. This 

was due to the additional task load associated with the secondary 

instruments, such as the handling of flaps and landing gear. Several 

pilots suggested in the debriefing interviews that certain low-level tasks 

related to the secondary instruments could be automated. However, not 

all participants were in favor of additional automation on the flight 

deck. They were concerned about becoming mere supervisors or 

managers of automated systems, which would not be adequate task 

allocation either [36]. Nevertheless, automating certain tasks could help 

reduce task load and temporal demand. The implementation of 

additional automation should be well motivated and should take the 

latest research on human-autonomy teaming for SPO into account (e.g., 

[95–97, 139, 140]). After all, automating certain secondary tasks could 

allow the pilots more time and fewer distractions to focus on the 

primary instruments and the external view. 

Moreover, the results indicated that participants transitioned more 

frequently between the cockpit instruments and the external view and 

dwells on the external view were shorter during SPO. A possible 

interpretation of this scanning behavior pattern is that pilots could not 

detect deviations from the optimal flight parameters while looking 

outside during SPO. There was no auditory feedback, such as the 

callouts by the PM in TCO. Pilots had to adjust their transition behavior 

between the instruments and the external view so that they could detect 

deviations in a timely manner. This leads to the conclusion that SPO 

flight decks should make the essential information available even when 

the pilot is looking at the external view. During final approach and 

landing, this concerns particularly information such as deviations from 

glideslope and localizer. A possible solution in this context would be 

head-up displays (HUDs). Studies have shown that HUDs can support 

pilots to achieve a more efficient scanning behavior between the 

external view and the instrument information [126, 141]. Moreover, 

redesigning the flight deck could enable the pilots to extract important 
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information via their peripheral vision [142, 143]. This could reduce the 

required transitions and improve scanning behavior. Providing 

information via auditory cues would be another potential solution. 

The results also revealed that participants tended to dwell on the 

ECAM more frequently in order to extract the relevant information. The 

ECAM displays the landing memo and abnormal procedures usually 

read out by the PM. In SPO, participants had to read the information 

themselves. The design of the current-day ECAM memos and 

procedures is, therefore, not optimal for SPO, given that participants 

had to dwell there frequently to read the items, execute the actions, and 

verify whether the item was completed correctly. A redesign of 

checklists, ECAM memos, and abnormal procedures would be required 

for the implementation of commercial SPO.  

In this context, ARANGO & BEHREND [89] suggested the interactive 

use of AR glasses. These could prompt the pilot directly towards the 

respective checklist item without having to dwell on the ECAM. 

Moreover, AR glasses might be especially useful for abnormal situations 

to support the efficient completion of abnormal procedures [88]. In 

conclusion, the results revealed that pilots had to dwell more frequently 

on the ECAM, which could be reduced by superimposing information 

via AR glasses to achieve a more efficient scanning behavior. Potential 

negative consequences related to the use of both HUDs and AR glasses, 

such as cognitive and attentional tunneling [144, 145], should be 

considered carefully in the development of new tools. 

The increased dwell frequencies on the ECAM combined with the 

more frequent transitions between the cockpit instruments and the 

external view can also be interpreted in terms of visual overload. 

WICKENS ET AL. [124] had already mentioned that due to the lack of 

communication with the PM, auditory information are reduced in SPO 

flight decks so that pilots rely more on their visual attention. There is no 

auditory feedback regarding deviations from the flight path, checklists, 

and abnormal procedures. This is also in line with the previously 

described results for the eye-tracking metrics reflecting faster eye 
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movements and higher temporal demand. The increase in temporal 

demand might be, in fact, connected to visual overload. This is a critical 

issue for SPO and requires an appropriate solution. 

In this regard, the need for multisensory interfaces emerged to avoid 

visual overload by providing information via other sensory modalities 

[146]. The use of tactile feedback has already shown promising results 

(e.g., [147, 148]). Moreover, an SPO flight deck should be equipped with 

technology capable of natural language processing [3, 44]. This would 

enable pilots to communicate with cockpit systems in a similar way as 

they are communicating with the PM nowadays. They could receive 

information about deviations from the flight path or any other relevant 

parameters via natural language communication, but they could also 

control systems via voice commands, e.g., by ordering the system to 

lower the landing gear. Hence, interaction with the systems would be to 

a certain extent similar to the interaction with a PM. This might reduce 

visual overload, given that pilots would not rely upon their visual 

attention for natural language communication. In summary, the results 

indicated that participants experienced visual overload during SPO, 

which could be avoided in future flight decks by providing information 

via other sensory modalities. 

7.4 Areas for Future Work 

The results from the present study showed that workload might reach 

critical levels during abnormal events. This has already been 

investigated and reported by studies before, such as the NASA study 

series. However, there still is no consensus on optimal support solutions 

for the pilot. It remains to be determined whether such support would 

be provided by ground operators, by additional automation, or both.  
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Eye-tracking metrics in the context of workload were reported and 

the results indicated that these metrics were sensitive to temporal 

demand and visual overload. These metrics might be a relevant addition 

for pilot health monitoring systems, but further research is required to 

evaluate the feasibility of such an application.  

Moreover, a major challenge will be to develop reliable cross-

checking and error detection mechanisms for SPO. A redesign of 

checklists and procedures should also be considered to reduce the 

likelihood of errors in their execution in the first place. Future work 

should tackle these open issues. 

Additionally, the results revealed differences in scanning behavior 

indicating less efficient scanning patterns for pilots in SPO. HUDs were 

discussed as a potential solution to reduce the need for frequent 

transitions between the cockpit instruments and the external view. 

Further research is required regarding HUDs in the context of 

commercial SPO, taking into account issues that have already been 

discovered by prior work (for an overview see [144, 149]). The use of AR 

glasses was also discussed in the context of support solutions for a more 

efficient scanning behavior in SPO. MOEHLE & CLAUSS [150] proposed 

that AR glasses could even replace HUDs completely while providing 

additional advantages. Future work should tackle major challenges with 

respect to the wearing comfort of AR glasses, technical reliability, 

specifics of implementation in SPO, and potential negative 

consequences such as attentional tunneling.  

A further recommendation was that visual overload has to be 

avoided in commercial SPO. Therefore, multisensory interfaces were 

suggested as a potential solution. Further research should investigate 

how multisensory interfaces could be implemented in SPO to support 

the pilot efficiently. Studies are also required to assess which sensory 

modality to use for specific types of information. 

Finally, pilot training will need to be adjusted in order to prepare 

pilots appropriately for SPO. Nowadays, pilot training focuses to a great 

extent on teamwork by means of crew resource management. This 
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might be applied to human-autonomy teaming in the context of SPO 

[11, 151, 152]. Nevertheless, adapting pilot training for SPO will be a 

major challenge. First considerations concerning this topic were already 

reported [153], but further research will be vital for the development of 

adequate training concepts. 





 

8 SUMMARY AND CONCLUSION 

The literature review had revealed that human factors issues are the 

major hurdles in the development towards SPO. Hence, the present 

study adopted a human-centered perspective to investigate how pilots 

would be affected by the absence of the second pilot. This research 

aimed to identify potential sources of error and to draw conclusions for 

the development of SPO in commercial aviation. An empirical flight 

simulator study was conducted, and the results revealed that the 

temporal demand was significantly increased in SPO. Performance 

analyses indicated that errors occurred in SPO due to the lack of 

monitoring and cross-checking by the PM. Results for the visual 

scanning showed that participants had to adapt their scanning behavior 

in SPO, which was interpreted in terms of visual overload and less 

efficient instrument scanning. 

In conclusion, the present study complemented and supported prior 

research in the field of commercial SPO – particularly with respect to 

workload and performance results. Additionally, new findings were 

reported in the context of visual scanning behavior, aiming to fill a gap 

identified in the literature review. Based on the results, conclusions 

were drawn for the implementation of SPO. More precisely, implications 

for the design of SPO flight decks were derived. HUDs, AR glasses, 

multisensory interfaces, and additional automation were discussed, 

among other aspects, as possible solutions to support the pilot in SPO, 

particularly in terms of efficient scanning behavior. Topics for future 

research were suggested, such as the development of reliable error 

detection and cross-checking mechanisms for SPO. After all, the results 

of the study help inform the design of commercial SPO flight decks 

providing appropriate support for the pilot. 
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C. Normal Procedures Checklist 
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D. Flight Parameters Information Sheet 
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E. Automatic Terminal Information Service 

Reports 
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H. Participant Performance in the Abnormal 

Scenario 

Table 8: Performance of each participant in the abnormal scenario with 

respect to the landing checklist, the engine fire procedure and the 

landing itself. 

Participant Crew 
Landing 

Checklist 
Engine Fire 
Procedure 

Landing 

1 
TCO complete disregarded yes 
SPO incomplete disregarded yes 

2 
TCO complete incomplete yes 
SPO complete disregarded yes 

3 
TCO complete complete yes 
SPO complete incomplete yes 

4 
TCO complete complete go-around 
SPO complete complete yes 

5 
TCO complete incomplete yes 
SPO complete aborted yes 

6 
TCO complete complete go-around 
SPO incomplete disregarded crash 

7 
TCO complete complete yes 
SPO complete wrong order yes 

8 
TCO complete complete off runway 
SPO complete complete yes 

9 
TCO complete disregarded yes 
SPO complete disregarded yes 

10 
TCO complete disregarded yes 
SPO complete disregarded yes 

11 
TCO complete complete yes 
SPO complete disregarded yes 

12 
TCO complete disregarded yes 
SPO complete disregarded yes 

13 
TCO complete disregarded yes 
SPO complete disregarded yes 

14 
TCO complete disregarded yes 
SPO complete disregarded yes 
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