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Kurzfassung / Abstract 

In der vorliegenden Arbeit werden in mehreren Flugsimulatorstudien Faktoren 

untersucht, welche die manuelle Flugfertigkeit von Linienpilotenbeeinflussen kön-

nen. Kurz- und Langstreckenpiloten, die sich in ihrer Flugpraxis unterscheiden, 

müssen einen manuellen Endanflug mit Landung absolvieren, während ihr Blick- 

und Steuerverhalten aufgezeichnet wird. Im ersten Schritt der Auswertungen 

stellt sich die aktuelle Flugpraxis als der wichtigste Einflussfaktor auf die manuel-

le Flugleistung heraus, während die Erfahrung der Piloten nur einen marginalen 

Einfluss auf deren Leistung ausübt. Im zweiten Schritt der Analyse werden Ver-

haltensmuster bei der Informationsaufnahme sowie der Flugzeugsteuerung un-

tersucht. Hierbei zeigen die Kurzstreckenpiloten wiederum vorteilhaftere Muster 

und Strategien bei der Ausführung der Flugaufgabe, während Langstreckenpilo-

ten teilweise deutlich nachteiligere Muster verwenden, die mitunter den Flugauf-

gaben nicht angemessen sind. Zusammengefasst zeigt das zweite Ergebnis, 

dass die Untersuchung von Verhaltensmustern notwendig ist, um das, auf den 

ersten Blick paradoxe Ergebnis manueller Flugfertigkeiten, zu erklären.  

 

This thesis reports the analysis of manual flying skills of airline pilots. Short and 

long-haul pilots differing in recent flight practice have had to complete a manual 

approach and landing scenario. Their visual scanning and fine-motor control of 

the aircraft has been recorded and analyzed. In the first step it is found that re-

cency of practice has the most important effect on manual flight performance, 

while over-all experience only has a marginal effect. In the second step behavior-

al patterns have been analyzed. Short-haul pilots show superior patterns and 

strategies for manual high-precision aircraft control, while—at least partially—

long-haul pilots partly have not been able to adapt their patterns to the given situ-

ation and flying tasks. This thesis shows that an analysis of behavioral patterns is 

a necessary step to explain pilots’ psycho-motor performance.      
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1. Introduction 

The aviation industry’s challenge  Aviation is a major domain in transporta-

tion with a forecasted passenger growth for the next 20 years aiming at a duplica-

tion in this period from 3.3 billion passengers up to 7 billion in 2034 (Boeing, 

2015, International Air Transport Association [IATA], 2015). However, this trend 

challenges flight safety: the number of passengers will double, but an increase of 

accidents would be an unwanted side effect. Consequently, to retain the absolute 

number of accidents their frequency needs to be halved. In spite of this demand, 

annual accident rates have remained stable in the last years (Boeing, 2015; 

IATA, 2016).   

A human factors approach This outline highlights the aviation industry’s chal-

lenge. There must be a reason why accident rates do no longer decline com-

pared to earlier years of aviation. This thesis sheds light on factors affecting pi-

lots’ performance, and thus, on aviation safety from a human factors perspective. 

Automation was suspected to negatively affect pilots’ skills (Sarter & Woods, 

1994) even though automation led to great safety improvements decades ago. To 

understand this apparent contradiction and to propose mitigation strategies an 

ergonomics approach is necessary. In the advent of automation, human limita-

tions were covered by this new technical approach to enable longer flights and 

higher accuracy in navigation and flightpath management. However, after a long 

time of highly automated aircraft this initially blessed concept also turns out to be 

a curse: pilots seem to have lost their skills first without any reason. When con-

sidering this issue in more detail, a very logical and simple conclusion comes in 

one’s mind: skill comes with practice – but skill also diminishes without practice.  

Ironies of automation Automation took over a big portion of pilots’ work(load), 

but facilitated (Billings, 1991a) and ironically complicated (Bainbridge, 1983) it at 

the same time. The use of automation frequently comes with a reduction in the 

manual performance of an active task such as manual control of an aircraft or 

monitoring system states. This thesis focusses on manual skills during approach 

and landing. Three flight simulator experiments investigated manual flying skills in 

terms of visual scanning and fine-motor control of the aircraft. 
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A research project to foster safety management Two out of three experi-

ments reported in this thesis took place in the SaMSys research project 

(Deutsche Lufthansa, 2016; Lehrstuhl für Ergonomie, 2016), which was conduct-

ed in two phases: SaMSys I (2009–2012) and SaMSys II (2013–2015). The aim 

of this research project was to develop and identify metrics (safety performance 

indicators) to measure an airline’s recent level of safety. This project was funded 

by the German Federal Ministry for Economic Affairs and Energy via the Federal 

Aeronautical Research Program LuFo (Grant 20V0803).  

Work program of this thesis This publication based (cumulative) thesis in-

cludes peer-reviewed articles as core chapters reporting the research conducted 

and follows the structure of a research paper. Introductory chapters briefly set the 

frame for this study (motivation, theory, method) and a summarizing discussion 

including recommendations reports the outcome of this work. The primary goal of 

this thesis was to evaluate manual flying skills of airline pilots experimentally, due 

to the fact that there was no equivalent study to the present date. To facilitate the 

primary aim there were several secondary goals: 

 Developing an integrative definition of manual flying and derive an essen-

tial part of these skills as subject for this thesis. 

 Defining and developing metrics and concepts to cover all relevant charac-

teristics of manual flying to analyze and to evaluate these skills.  

 Defining a relevant scenario for the evaluation of manual flying skills. 

 Concluding appropriate recommendations for the aviation industry to ad-

dress the retention of manual skills.   
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2. Human Information Processing in the Age of Automation 

Human information processing A classical approach to describe human work 

from an ergonomics perspective is to consider a human operator, the utilized 

technical system and the environment when performing a given task (Bubb & 

Schmidtke, 1993, p. 308). With a more thorough focus on the human operator, 

Wickens’ model for human information processing (Wickens, Hollands, Banbury, 

& Parasuraman, 2013, p. 4) furtherly decomposed these cognitive functions into 

three stages (Figure 1): information acquisition through gaze patterns (I), cogni-

tion (II) and performance execution through motor behavior (III). This model pro-

vides a valid framework for neuro-cognitive investigations of human performance. 

However, all three stages vary in their hardness to investigate.  

 

Figure 1: Model of human information processing (Wickens et al., 2013, p. 4) 
adopted to show three main stages. 

Hypotheses-based assumptions for perception In terms of visual perception, 

there is only a certain probability depending on the context that the human per-

ceives an information, e.g., in a controlled experimental environment (Just & Car-

penter, 1976). Eye-tracking approaches (visual scanning) suppose the validity of 
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the eye-mind-hypothesis (Goldberg & Wichansky, 2003). This assumption is valid 

in professional environments when skilled performance is applied and top-down 

processes prevail (Einhäuser, Rutishauser, & Koch, 2008; Schütz, Braun, & 

Gegenfurtner, 2011; Foulsham et al., 2012; Allsop & Gray, 2014).      

Cognitive processing is hard to observe Linking information from the envi-

ronment with performed actions using previously gathered information happens in 

the stage of cognition. Mental models are a common way to give a formalized 

description of knowledge about facts, relations and processes in the real world 

(for aviation examples, see Sarter et al., 2003; Hamblin, Gilmore, & Chaparro, 

2006). Kahneman (2011) contributed two different mechanisms of problem solv-

ing and decision making (system 1 and system 2) to cognitive ergonomics, to ex-

plain different mechanisms of cognitive processes. The analysis of cognition is 

not pursued in this thesis.   

Skilled performance depends on practice The third stage, motor behavior, 

exhibits human skills being observed, measured and analyzed in scientific exper-

iments (Flach, 1990). Rasmussen (1983) proposed a classical tripartite scheme 

how to develop these skills, emphasizing the need of frequent rehearsals to gain 

stimulus-response skills. Many manual tasks in transportation (Langewiesche, 

1944) or in other areas of daily life like sports (Chapman, 1968) depend on highly 

skilled psychomotor processes. Two components are important for the acquisition 

of motor skills: (1) guided training with sufficient repetitions (Lintern & Gopher, 

1978; Buckley & Caple, 2009) and (2) practice such as on-the-job-training 

(Fleishman, 1966; Savion-Lemieux & Penhune, 2005).   
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3. Manual Flying  

From round dials to the glass cockpit Especially civil aviation has experi-

enced significant changes in the last decades and so have pilots’ tasks. Forty 

years ago most aircraft had analogous round dial flight instruments, denoted as 

conventional flightdecks, with only few automated systems. Glass cockpits (be-

ginning in the late 1970s) with synthetic displays (information automation), flight 

management systems (management automation) and fly-by-wire control systems 

(control automation) extensively changes a pilot’s task from an active to a moni-

toring task (Billings, 1991b). Even when a modern, highly automated aircraft can 

be manually controlled, today’s airliners are predominantly operated under high 

levels of automation for safety and economic reasons (see Parasuraman, Sheri-

dan, & Wickens, 2000). Nowadays, the aviator turned into a system manager and 

is endangered to lose situation awareness (Endsley & Kiris, 1995; Sarter & 

Woods, 1991) and to suffer from mode confusion (Sarter & Woods, 1995). Manu-

al flying has suffered from reduced repetitions due to increasing system man-

agement and is, therefore, subject to this thesis. In addition, a pilot with distinct 

manual flying skills is considered as the last line of defense, i.e., if all automated 

systems fail, the pilot must be able to land the aircraft safely.    

A pilot’s manual flying task at a glance Manual instrument flying, denoted as 

raw data flying, is a psychomotor process of continuously gathering information 

by referencing the primary flight instruments (Casner, Geven, Recker, & School-

er, 2014) on the primary flight display (PFD; Figure 2) and performing manual 

control by primary and secondary flight controls (Appendix, Table 6). These tasks 

can be structured into primary and secondary flight controls (SKYbrary, 2016a) 

and analogously to primary and secondary driving tasks (Bubb & Wohlfarter, 

2013). Two control loops can be considered for manual flying. The inner control 

loop comprises the pilot interacting with the inceptor (flightstick or yoke)—a typi-

cal corresponding analysis focuses on flightstick inputs. The outer control loop 

additionally comprises the flight control system manipulating control surfaces and 

environmental influences resulting in a measurable flightpath.   
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Figure 2: Primary flight display (PFD) showing the primary flight instruments 
(most important indicators for manual flying): artificial horizon / attitude (ATT), 
speed (SPD), vertical speed (VS), altitude (ALT), heading (HDG), glideslope (GS) 
and localizer (LOC). Further displays for flying with automation: flight mode an-
nunciator (FMA) and flight director (FD). 

A pilot flying’s role Independently from the hierarchy on the flight deck (i.e., 

the captain and the first officer) only one pilot, denoted as pilot flying (PF), con-

ducts the primary flying task, while the other pilot is denoted as pilot monitoring 

(PM), or recently, as pilot supporting (PS; Popp & Kemény, 2016). According to 

Billings (1991b), flying can be manually performed with or without supportive sys-

tems such as flight director (information automation), autopilot (control automa-

tion), autothrust, or autotrim (control automation), depending on the aircraft type. 

The highest level of automation is provided by the flight management system 

(management automation) and only cedes a supervisory role to the pilot flying—

the very opposite of raw data flying.  

Definition of manual flying skills SKYbrary (2016b) describes manual flying 

skills and pilot handling skills: 

Manual Flying Skills are typically thought of as pure core flying skills, 

where maneuvers are flown solely by reference to raw data obtained from 

the heading, airspeed, attitude, altitude and vertical speed instruments, 

and without the use of technology such as auto-throttles, auto-pilot, flight 
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director or any other flight management system. This might extend as far 

as requiring manual trim inputs and navigation using basic systems. 

This refers to a complete manual control of an aircraft as mentioned above and 

includes all stages of human information processing. It sets the agenda how to 

advance in an analysis of manual flying skills: a pilot’s performance has to be 

measured and evaluated in terms of visual scanning and flightpath tracking (see 

Dick, 1980; Yang, Kennedy, Sullivan, & Fricker, 2013; Allsop & Gray, 2014).  

Manual flying skills are considered as the last line of defense If highly au-

tomated systems fail, the human pilot must be capable to take over control of an 

aircraft and to land the aircraft safely, postulated by the aviate–navigate–

communicate–administrate prioritization (Schutte & Trujillo, 1996). Pilot candi-

dates start their training in small aircraft to develop basic flying skills (Lange-

wiesche, 1944). They follow a typical learning process from knowledge-based to 

skill-based behavioral patterns founded on frequent repetitions (Rasmussen, 

1983). However, in line operation of modern aircraft only few opportunities are 

available for manual control: the takeoff (~ 30 s of manual control after liftoff) is 

always performed manually and in many cases the landing including final ap-

proach, flare and touchdown is also this way (< 5 min). In short-haul service, pi-

lots frequently conduct shorter flights due to legal flight and rest time regulations, 

while on long-haul service few but long flights are typical. Pilots also practice their 

manual flying skills in recurrent flight simulator training depending on the training 

curricula and on the number of trainings per year. The legal minimum for recur-

rent training and checking is twice per year, since an operator (pilot) proficiency 

check is valid for six months (European Union, 2008, p. 170).  

Manual skills decay due to the use of automation Manual skills are obtained 

with repetition, but also decay without practice (Mengelkoch, Adams, & Gainer, 

1971; Childs & Spears, 1986; Arthur, Bennett, Stanush, & McNelly, 1998). Warn-

ings (Wiener & Curry, 1980; Arnold, 2015) and empirical evidence for diminishing 

skills are reported (Puentes, 2011). Different studies found evidence for declining 

manual flight proficiency due to a rising exhibition to automation (Veillette, 1995; 

Young, Fanjoy, & Suckow, 2006), insufficient experience (Taylor, Kennedy, Noda, 

& Yesavage, 2007; Yang et al., 2013) and infrequent practice (Gillen, 2008; Eb-
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batson, 2009). This loss of manual skills threatens airline pilots differently de-

pending on their personal type of operation (short-haul vs. long-haul) and addi-

tional factors, especially part-time schedules due to parental leaves or manage-

ment duties. This thesis focuses on measurement and evaluation of two opposing 

areas of manual skills according to human information: visual perception and 

manual performance.      

Evaluation of visual scanning by gaze patterns Visual attention is influenced 

by salience, effort, expectancy and value of an information (Wickens et al., 

2013).The observation of the human eye can reveal which information is availa-

ble for cognitive processes (Goldberg & Wichansky, 2003). The analysis of visual 

scanning in the tradition of eye-tracking can be done by several different ways 

(Milton, Jones, & Fitts, 1950). Gaze-based metrics according to the automotive 

standard ISO 15007-1 (2015) are taken for basic performance evaluation, e.g., to 

identify the ratio of performed checks for important indicators (Björklund, Alfred-

son, & Dekker, 2006; Sarter, Mumaw, & Wickens, 2007) based on the lengths of 

scanning intervals (Allen, Clement, & Jex, 1970). Gaze-based analyses answer 

the question how performant was the scanning, but does not explain the structure 

of the scanning process and why the objects were scanned. Theory suggests 

models emphasizing on salience, value (Schütz et al., 2011), effort and expec-

tancy (Wickens et al., 2013). They lead to distinct behavioral patterns (see van 

Leeuwen, Happee, & de Winter, 2015) to be analyzed with sequence-based 

methods such as the analysis of gaze patterns (Dick, 1980; Colvin, Dodhia, & 

Dismukes, 2005) or concrete scanpaths (Noton & Stark, 1971; Underwood, 

Chapman, Brocklehurst, Underwood, & Crundall, 2003; Holmqvist, Nyström, An-

dersson, Dewenhurst, Jarodzka, & van de Weijar, 2011, p. 254).     

Evaluation of manual control Measurement and evaluation of the accuracy of 

a manually controlled aircraft according to a desired flightpath (the outer control 

loop) is straightforward. A common approach is to compare an ideal flightpath to 

the observed deviations. The root mean squared error (RMSE) is a common av-

eraging metric (Rantanen, Johnson, & Talleur, 2004) when the direction infor-

mation is not of interest (see Hubbard, 1987). The mean error and the standard 

deviation are further metrics to consider (Ebbatson, 2009) or put into relationship 
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to each other (McClernon & Miller, 2011). Pilots’ control inputs are smoothened 

by the flight control system in normal flight operation. A pilot’s control behavior on 

the inceptor (the inner control loop) is therefore rarely analyzed in civil aviation, 

but can evaluate raw behavioral patterns. Ebbatson, Harris, Huddlestone and 

Sears (2010) proposed a frequency-domain approach (Baron, 1988), however, 

the corresponding metrics (e.g., power spectral density) lack of practical rele-

vance for aviation. Time-domain measures seem more promising for civil aviation 

(training) due to their easy applicability and clarity.  
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4. Accident Statistics 

The landing phase bears the highest risk The Boeing (2015, p. 20) statistical 

summary compares the occurrence of aviation accidents for the last ten years 

with the exposition to different flight phases during a flight (Table 1). It highlights 

takeoff, initial climb, final approach and landing as high-risk phases. The highest 

risks are found at the final approach and the landing: these two flight phases are 

very short (~ 5-10 min) but feature a high number of accidents. These highlighted 

phases are burdened with high relative accident rates and have several charac-

teristics in common: 

 high amount of manually flown maneuvers 

 high amount of flight management / avionics computers inputs 

 high amount of flight deck communication and decisions 

 high amount of radio communication with air traffic control (ATC) 

 low time budget in regard to a low altitude which potentially means a low 

time to ground collision 

Table 1: Distribution of accidents to different flight phases compared to their dura-
tion (exposition) derived from the Boeing Statistical Summary (Boeing, 2015, p. 
20) 
 fatal accidents exposure ratio 
taxi / load / parked / tow 10%   
takeoff 7% 1% 7 
initial climb 6% 1% 6 
climb 7% 14% 0.5 
cruise 13% 57% 0.2 
descent 3% 11% 0.3 
initial approach 8% 12% 0.7 
final approach 24% 3% 8 
landing 24% 1% 24 

 

Strong statistical evidence for lacking manual skills In the past five years, 

flight crew errors were among the top three contributing factors for aircraft acci-

dents with a share of 30% (IATA, 2016, p. 46). Manual handling and flight control 

errors were the most important errors in this category, with clear relationships 

towards loss of control (also denoted as upset, Newman, 2012), runway excur-
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sion, undershoot, hard landing and tailstrike. The IATA (2016, p. 119) recom-

mends (1) to land in the touchdown zone, (2) to define the aiming point of the 

runway as the target for pilots, (3) to adhere to parameters defining a stabilized 

approach, (4) to actively call out deviations from a desired landing course, (5) to 

actively measure the safety management system and (6) to implement flight data 

monitoring. These two statistical sources (Boeing, 2015; IATA, 2016) clearly sug-

gest improving safety in (1) the final approach and landing phase as the flight 

phase to represent the highest risk and (2) manual handling and flying skills as an 

element of airmanship to reveal large deficits.  
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5. Research Goal 

Research gap The preceding chapters presented the concept of pilots’ infor-

mation processing to manually fly an aircraft, how automation counteracts with 

practicing these skills and indicates a landing scenario as the most relevant sce-

nario. However, to date, there was no holistic approach to evaluate manual flying 

skills under consideration of the following requirements: 

(1) Addressing different levels of practice 

(2) Addressing different levels of experience 

(3) Investigating under preferably realistic conditions 

(4) Measuring and in-depth analyzing visual scanning as well as manual control 

performance in parallel 

(5) Deriving holistic and practice-oriented opportunity areas such as training im-

provements or organizational changes for application in the airline industry 

The goal is to quantitatively evaluate pilots’ performance This thesis aims 

to address the abovementioned research gap by flight simulator experiments with 

airline pilots representing different levels of practice and experience in a realistic, 

manual and fine-motor (final) approach and landing scenario analyzing pilots’ vis-

ual behavior and control performance. Pilots’ performance ratings are frequently 

unsoundly rated by flight instructors showing poor inter-rater reliability (Gontar & 

Hoermann, 2016). In this work pilots’ manual flight performance, therefore, is 

evaluated against objectively measurable performance standards in the first step 

and behavioral patterns are identified and compared in the second step.  

Research conducted and content structure Due to organizational reasons 

there were three complementing experiments (Table 2). The main research to 

analyze manual flight performance was split into two periods: two out of four 

groups of pilots participated in experiment 1 while the other two groups of pilots 

took part in experiment 3. Experiment 2 was additionally conducted to furtherly 

investigate visual scanning without interrupting the process of the main experi-

ment and to evaluate methods to analyze gaze patterns in a continuous tracking 

task. For this thesis experiment 2 aiming at a special case of visual scanning is 

reported first followed by general results on visual scanning derived from experi-
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ment 3. Finally, consecutive analyses of manual control performance derived 

from experiment 1 and 3 are reported.  

Table 2: Overview of research conducted 

Experiment Year Aim Participants Publications 

1 2011 Effect of practice 
and training on fine-
motor flying skills  

30 FOs 
A320, 30 
CPTs A340 

Haslbeck, Kirchner, Schu-
bert, & Bengler (2014); 
Haslbeck & Hoermann 
(2016); Haslbeck, Hoer-
mann, & Gontar (2017) 

2 2013 Effect of restricted 
vision (occlusion) on 
manual aircraft con-
trol and effect of 
wind interferences 
on visual scanning 

11 FOs 
A320 

Haslbeck & Bengler (2016) 

3 2013 Effect of practice on 
fine-motor flying 
skills 

30 CPTs 
A320, 30 
FOs A340 

Haslbeck & Zhang (2017); 
Haslbeck & Hoermann 
(2016);  Haslbeck, Ho-
ermann, & Gontar (2017) 

Note: The numbering of the experiments follows an order in respect of time, while 
the sequence of the research reported follows a consecutive order in respect of 
content. 
 

Challenges for objectivity, reliability, validity Safety research aims at safety 

improvements by investigating the interplay of human performance and human 

errors denoted as performance variability (Hollnagel, 2012) and depends on the 

observation of natural and realistic behavior of operators. This thesis focuses on 

experimental studies with scientific standards in terms of objectivity, reliability, 

and validity. To reach objectivity, adequate metrics are necessary to evaluate 

human performance and avoid subjective ratings by flight instructors (see Gontar 

& Hoermann, 2016) which are typically taken for pilots’ legal licensing tests. For 

reliability, the use of highly standardized and repeatable experimental conditions 

ensured by a programmed simulator scenario, a scripted procedure of the flight 

scenario and a clear definition of the roles of all experimenters have to be en-

sured (see Schubert & Haslbeck, 2014). Pilots representing different levels of 

practice need to be considered and other potential effects need to be controlled 

or eliminated to ensure validity in measuring the influence of practice on manual 

flight performance. In addition, the experiments shall maintain a possibly high 
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degree of realism to observe pilots’ unbiased professional behavior (see Rosen-

thal & Rosnow, 2007) by the use of a random sample of pilots. 

Practice and training The independent variable of the main experiment (1 and 

3) was the level of practice and training (following the German term Trainiertheit) 

describing the manual flight proficiency level of a pilot. This construct frequently 

addressed in training research is not a single measurable variable but depends 

on at least three influencing effects (Table 3). In flight school the foundation for 

manual skills is established by intense and highly repetitive training of manual 

flying tasks, also denoted as stick and rudder skills (Langewiesche, 1944). Daily 

flight practice represents the amount of recent iterations for psycho-motor tasks 

such as fine-motor flying (see Mengelkoch, Adams, & Gainer, 1971; Ebbatson, 

2009). Based on legal flight time regulations, the kind of flight operation has a 

strong effect on the recent number of flights and, therefore, on daily flight prac-

tice. This number could be high in short-haul operation, while being low in long-

haul operation. A third and not less important influence on flying skills is the re-

curring flight simulator training offering short but intense opportunities to train 

previously learned control patters under an instructor’s supervision (Buckley & 

Caple, 2009). However, flight simulator training does not only focus on manual 

aircraft handling, but also on operational tasks such as standard operating proce-

dures or the conduct of abnormal situations. As a consequence, flight simulator 

training might not sufficiently support manual flight proficiency alone. However, 

simulator training can hardly be operationalized and expressed in standardized 

numbers. This leads to the conclusion that flight simulator training cannot (easily) 

be taken as predictor for manual flying skills although it is an influencing factor. 
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Table 3: Three main components of the concept ‘level of practice and training’ 

having effects on manual flying skills.   

Source Operationalization [measurable index] Relation to a high and 
low level of manual fly-
ing skills 

initial flight train-
ing / school 

time dated back to flight school [years] first officers (high)  

captains (low) 

daily / recent flight 
practice 

number of recent flight operations in-
cluding manual aircraft handling [manu-
al landings as pilot flying within past 30 
days]  

short-haul pilots (high)  

long-haul pilots (low) 

flight simulator 
training 

time dated back to simulator training 
addressing manual skills [months] 

duration of simulator training [hours] 

content of simulator training [-] 

 

 

Visual interruptions Pilots have to scan several concurring areas of interest 

(AOI) and manage a trade-off between visual resources (Wickens et al., 2013). 

Scanning one display results in a visual interruption for another one. To evaluate 

the influence of these interruptions on visual scanning (experiment 2) the occlu-

sion paradigm (Gelau & Krems, 2004; Bengler, 2014) simulating a non-cognitive 

task was selected. 

Age and experience In all experiments there were several potential covariates 

mediating manual flight performance and have, therefore, been recorded in some 

cases. A covariate being recorded and analyzed was age (see Table 4). Due to 

the strong effect of daily flight practice the time since flight school was also con-

sidered as a covariate but highly correlates to age. For pilots’ experience partly 

behaves inversely proportional to practice (Table 4). Consequently, experience 

was subsequently varied like an independent variable but can also be considered 

as a covariate.  
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Table 4: Generic demographics of pilots showing typical ranges for different vari-
ables 

Fleet Rank Practice Experience Age Time since Flight 
School [years] 

short-haul first officer high low 20-30 0-10 

short-haul captain high high 40-50 20-30 

long-haul first officer low low 30-40 10-20 

long-haul captain low high 50-60 30-40 

 

Conduct and design of experiments According to the variation of practice and 

a large spread for age and experience, four groups of pilots (ATP licensed) were 

selected to take part for the experiments of this thesis (Table 4). Experiment 1 

considered an extreme groups design investigating manual skills of short-haul 

first officers and long-haul captains. Experiment 3 complemented these two 

groups by the missing two groups, short-haul captains and long-haul first officers. 

For a realistic spread of manual flight performance and to avoid a self-selection 

bias (Rosenthal & Rosnow, 2007) pilots in these four groups were randomly se-

lected. Experiment 2 concentrated on a homogenous high-level group according 

to practice and selected volunteering short-haul first officers. The basic scenario 

for all included experiments was a manual raw data based approach to a familiar 

and safe airport (Munich and Frankfurt). The experimental task was a raw data 

based fine-motor approach and landing from an altitude of 3,000 ft above ground 

level (AGL) until touchdown. The following chapter introduces the research ques-

tion for all experiments.  
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6. Research Questions 

The main research question for this thesis and the superordinate research ques-

tions for all included papers was: 

 Main RQ: What is the effect of the level of practice and training on manual 

flying skills? 

Besides this, the included papers have additional, focused research questions to 

investigate human information processing during manual flight more in detail.  

Paper on scanning under restricted conditions (Haslbeck & Bengler, 2016): 

 RQ1: How do visual interruptions influence a pilot’s visual scanning? 

 RQ2: Which information has the highest importance for a pilot’s attention 

under visual interruptions? 

 RQ3: Which displays are primarily scanned when a pilot initiates visual 

scanning during manual flight?  

Paper on pilots’ gaze patterns (Haslbeck & Zhang, 2017) 

 RQ4: Do pilots exhibit recurring gaze patterns in visual scanning? 

 RQ5: Is there a superior gaze pattern in manual flying? 

Papers on pilot’s manual flight performance (Haslbeck, Kirchner, Schubert, & 

Bengler, 2014; Haslbeck & Hoermann, 2016): 

 RQ6: Is there a strongest predictor among all variables for manual flight 

performance? 

 RQ7: Are there additional predictors for manual flight performance? 

Paper on outer and inner loop control (Haslbeck, Hoermann, & Gontar, 2017): 

 RQ8: Do pilots exhibit recurring outer loop control patterns in manual 

flightpath tracking? 

 RQ9: Is there a superior outer loop control pattern in manual flying? 

 RQ10: Do pilots exhibit recurring inner loop control patterns in manual 

flightpath tracking? 
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 RQ11: Can pilots access different outer and inner loop control patterns 

depending on the context? 
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7. Results 

7.1. Pilots‘ Visual Scanning and Scanpaths Under Restricted Conditions 

(Haslbeck & Bengler, 2016) 

Background Airline pilots experience a high density of different tasks, deci-

sions and information in the landing phase. Besides the primary flying task, the 

pilot flying has some other tasks and checks which occasionally interrupt the vis-

ual scanning. This experiment is as a pre-study to the main experiment. 

Rationale and method The occlusion paradigm was used to analyze the effect 

of interruptions on pilots’ manual flight performance. Certified airline pilots repre-

senting a high and homogenous level of manual skills had to perform a fine-motor 

landing scenario in a fixed-base Airbus-like flight simulator. The manual flight 

scenario was a fine-motor ILS approach (Frankfurt airport) starting at an altitude 

of 4,500 ft AGL until touchdown and was flown with and without occlusion. Gaze-

based metrics such as the percent time on AOI, the number of glances and the 

mean single glance duration were taken to describe pilots’ visual scanning. To 

identify the first three single glances, a sequence-based approach was selected 

and 3-elements scanpaths were analyzed. 

Results The primary flight display accounted for about 95% of all glances—a 

finding which might reflect the simplified experimental task. The attitude indicator 

proved its importance for manual flying by all analyses and thereby confirmed 

previous research.  

RQ1  Even if occlusion showed a significant effect on the attention distribution, 

it did not result in relevant changes. Consequently, the influence of visual inter-

ruptions was considered as minor and pilots seemed not to have experienced a 

general breakdown in visual scanning—they were able to keep a stable tracking. 

RQ2 However, precursors for attentional narrowing were found for the speed 

and heading indicators in conjunction with visual interruptions. Occlusion has in-

dicated a prioritization among different information (attitude ≻ altitude ≻ heading ≻ 

speed) when visual resources get severely restricted.    



 

20 

RQ3 Pilots showed a measurable link between their initial scanpaths and the 

predominant flight control task, both focusing on vertical tracking.      

Conclusion Well practiced pilots demonstrated certain resilience in situations 

of limited resources to safely handle their flying tasks. They also showed potential 

areas for breakdowns of visual scanning. In addition, gaze based metrics contrib-

uted in determining pilots’ performance. The sequence-based approach analyzing 

scanpaths added valuable information describing pilots’ behavioral patterns.  

7.2. Pilots’ Gaze Patterns in Manual Flight (Haslbeck & Zhang, 2017) 

Background Pilots need an efficient panelscan strategy to facilitate accurate 

flight maneuvers, but low practice might dampen performance of visual percep-

tion: previous research in road traffic identified behavioral deficits in driver’s in-

formation acquisition due to lacking experience. 

Rationale and method This paper addressed the influence of practice on visu-

al scanning, attempted to identify different gaze patterns, and evaluated them 

against each other under regard of the corresponding manual control perfor-

mance. Participating pilots had to perform a fine-motor instrument approach and 

landing scenario (at the Munich airport). The pilots were assigned into two groups 

representing different levels of practice: short-haul pilots represented a high level 

of practice, while long-haul pilots represented a low level. The subsequent gaze 

patterns analysis applied a new method based on saccade grouping sets to clas-

sify different visual patterns.     

Results The well-practiced short-haul pilots showed a significantly better man-

ual performance on the ILS flightpath. The gaze-based analysis revealed: (1) 

long-haul pilots had a larger percent time on AOI on the attitude indicator, (2) 

glances towards the heading indicator had a significant longer duration compared 

to other AOIs and (3) the attitude indicator corresponded to the highest glance 

rates. However, univariate tests indicated that (4) the factor AOI had significantly 

more influence on gaze-based metrics compared to practice.  

RQ4  The structure in pilots’ visual scanning confirmed that recurring gaze pat-

terns exist. Two basically differing saccade grouping sets were found: an attitude-
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centered pattern denoted as spokes-of-a-wheel and a triangular pattern. The 

spokes types were mainly observed among long-haul pilots, while short-haul pi-

lots showed a more balanced scanning using both types at equal shares. 

RQ5 Pilots predominantly using the triangular types showed significantly better 

manual flight performance compared to their colleagues, who mainly used the 

spokes types. Since the spokes types are considered to support monitoring, the 

triangular patterns can be judged as superior for manual flight.  

Conclusion This paper showed again, that gaze-based analyses alone hardly 

identify a successful visual scanning. Only with the more detailed analysis of 

dominant saccades, correlations with fine-motor flight performance were found. 

Short-haul pilots showed other dominant saccades and partly a broader reper-

toire of scanning strategies in combination with a superior flight performance. The 

findings of this paper (using a new method) are unique: concrete gaze patterns 

helped to identify behavioral deficits of lesser practiced pilots. These patterns 

showed that unpracticed pilots apply an inappropriate monitoring strategy in sit-

uations when active control instead of sole monitoring needs to be performed.  

7.3. Investigation on Pilots‘ Fine-Motor Control of an Aircraft (Haslbeck, 

Kirchner, Schubert, & Bengler, 2014) 

Background Lacking manual flying skills came into the focus of aviation indus-

try due to prominent aviation accidents like Air France flight 447 or Asiana Air-

lines flight 214. However, there is a research gap concerning studies to investi-

gate the effect of practice and training on fine-motor flying skills.   

Rationale and method The effect of the level of practice and training on fine-

motor flying skills was investigated by an extreme-groups design: 57 randomly 

selected professional airline pilots had to complete a flight simulator scenario with 

a fine-motor ILS approach. All participants were assigned to two groups which 

extremely differed in their level of practice and training: short-haul (Airbus A320) 

first officers represented a high level, while long-haul (Airbus A340) captains rep-

resented a low level. Deviations from an ideal ILS flightpath (maximum deviations 
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and root mean square errors) were taken as measures for the fine-motor flight 

performance.   

Results Highly practiced short-haul first officers showed better fine-motor flight 

performance compared to the less practiced long-haul captains. According to le-

gal licensing standards, 25.9% of the captains and 6.7% of the first officers would 

have failed a licensing test with their manual flight performance.  

RQ6 Practice was found to be a predictor for manual flight performance differ-

entiating two groups of pilots.  

RQ7 The aircraft type, age and time since flight school (see Table 3) were also 

identified as potential factors to influence manual flight performance. However, 

this experimental design could not rule out this potential confound. 

Conclusion This experiment showed that well practiced pilots could easily per-

form the experimental task and stay within legal limits for ILS approaches. In con-

trast, hardly practiced pilots performed the task with way more variance. In short, 

practice defeated experience for manual flight performance. However, there were 

several possible confounds with the different levels of practice: different ages and 

the two different aircraft types. While the effect of age was considered as minor 

this experimental design couldn’t rule out the other confounds. Consequently, 

more pilot groups needed to be considered.  

7.4. Effects on Pilots‘ Outer Loop Control Performance (Haslbeck & 

Hoermann, 2016) 

Background Experiment 1 showed that practice had a significant effect on 

manual flying skills, but several confounding factors limited the expressiveness. 

The experimental design needed to additionally address more groups of pilots to 

rule out the abovementioned confounds and to get more detailed insights into the 

effects on manual flight performance.  

Rationale and method Experiment 3 presented the same scenario and the 

same experimental task to short-haul (Airbus A320) captains and long-haul (Air-

bus A340) first officers compared to experiment 1. The main hypothesis of this 

paper was that daily flight practice has a stronger effect on manual skills com-
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pared to the time period since flight school leading to the following expected order 

of manual flight performance: 2F > 2C > 4F > 4C. The factor fleet was taken to 

express the differences between pilots on the Airbus A320 and A340 fleet; the 

factor rank was taken to distinguish between first officers and captains. Three 

different altitude levels representing different task difficulties were considered for 

the approach, denoted as the factor altitude. The covariates time since initial 

training and age were also analyzed.  

Results The data of experiment 1 and 3 were merged, refined and analyzed by 

several multivariate analyses of variance to investigate the effect of fleet, rank, 

altitude and time since initial training on the fine-motor flight performance. The 

factor fleet was found to have a significant effect on fine-motor flight performance 

showing large effect sizes. The factors rank and altitude had also a significant 

effect on flight performance with smaller effect sizes. The analyses of time since 

initial training gave evidence that recent flight practice is more important for man-

ual flight proficiency compared to long past flight school. The resulting order of 

manual flight performance was: 2C > 2F > 4F > 4C, indicating that short-haul 

captains showed the best fine-motor flying skills.   

RQ6 Practice improves flight performance–it was found to be the strongest pre-

dictor for manual flight performance showing a large effect. 

RQ7 The time since flight school only showed a minor effect on manual flight 

performance. Altitude addressing different taskloads also showed a large effect. 

The covariates age respectively time since flight school only showed minor ef-

fects.    

Conclusion This study emphasized the importance of different effects on fine-

motor flight performance, identifying daily flight practice as the most important 

one. It also indicated that manual skills can be regained by a high amount of daily 

practice after several years of only few practice opportunities (2C > 4F). The con-

founding effect of fleet and age / time since flight school could be ruled out by 

statistical analyses, as well as the confounds of fleet and aircraft type was con-

sidered as minor due to the design of the fly-by-wire systems.  
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7.5. Outer and Inner Loop Control Performance (Haslbeck, Hoermann, & 

Gontar, 2017)  

Background The preceding investigation found an erosion of manual flying due 

to an extensive use of automation and identified several factors to have an effect 

on fine-motor flying skills. However, it still remained unclear which behavioral pat-

terns or strategies pilots applied to perform fine-motor flying in detail. Other re-

searchers analyzed manual flight data in the frequency-domain, but there are no 

in-depth analyses of manual flight data in the time-domain addressing effects 

such as recent practice and experience.   

Rationale and method Two different areas were considered to investigate 

strategies and patterns in pilots’ control behavior: outer and inner loop control 

performance. All valid datasets from experiments 1 and 3 were analyzed. A new 

method to analyze outer loop flight performance by differentiating between con-

stant and variable flightpath errors was proposed. This method facilitates the 

identification of different control behaviors depending on pilots’ effort. Time-

domain measures were taken into account for the evaluation of flight control in-

puts. The dimensionality of sidestick inputs—combining (two-dimensional) or 

separating (one-dimensional) the pitch and roll axis—was used to describe how 

the pilots handled the inceptor. 

Results The sidestick input data confirmed the previously identified effect of 

daily flight practice. In addition, the pilots who predominantly used one-

dimensional sidestick inputs and, thus, separated both input axes also had small-

er deviations from the ideal flightpath.  

RQ8 Two different outer loop performance strategies were found, denoted as 

optimizer and steady path strategy.  

RQ9 The effortful strategy denoted as optimizer turned out to be superior 

against an effortless strategy (steady path) in terms of flightpath deviations. How-

ever, workload was not considered in this analysis, which also might have an ef-

fect on success in manual flying.  
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RQ10 There was a significant effect of practice on the way how pilots controlled 

their aircraft in the inner loop: well-practiced pilots did less two-dimensional 

sidestick inputs and in general did fewer inputs on the sidestick.  

RQ11 The factor altitude, representing different taskloads and contexts, showed 

large effects on manual flight performance in all analyses.   

Conclusion Behavioral patterns play an important role to explain human per-

formance in detail. In manual flight performance data, different behavioral pat-

terns were identified and evaluated against each other. Factors showing an effect 

on these patterns have been identified and analyzed, first of all practice. These 

findings are noteworthy for pilots’ training: there are different strategies how to 

control an aircraft and one of those facilitates better manual flight performance.   
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8. Effects on Visual Scanning and Manual Control 

Effect sizes on manual flight performance The different experiments applied 

analyses of variance to investigate different effects on manual flight performance. 

The according effect sizes were quantified by ηp
2 (partial eta squared) as a com-

mon measure. In spite of commonly overestimating effects (Levine & Hullett, 

2002), some conclusions are drawn from the comparison of effect sizes (Table 5): 

 For single glances, the context (condition) and the kind of information 

(AOI) have the most important effects, while practice (fleet) seems to be 

negligible.  

 For manual control performance, the context (altitude) and practice (fleet) 

have the most important effects, while experience (rank) only plays a mi-

nor role. 

 For performance on the outer control loop, the difference of effect sizes 

between practice (fleet) and experience (rank) is larger compared to the 

difference on performance on the inner control loop.   

Table 5: Analyzed effects on manual flight performance 

Paper Dependent Variable Factor ηp
2 

Haslbeck & Bengler, 2016 percent time on AOI condition .59 

 AOI .53 

 condition * AOI .25 

number of glances condition .52 

mean glance duration condition .34 

 AOI .26 

 condition * AOI .19 

Haslbeck & Zhang, 2017 percent time on AOI fleet < .01 

 AOI .37 

 fleet * AOI .06 

mean glance duration fleet < .01 

 AOI .45 

 fleet * AOI < .01 

glance rate fleet .03 

 AOI .46 
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 fleet * AOI .09 

Haslbeck & Hoermann, 
2016 

ILS flightpath tracking fleet .45 

 rank .08 

 fleet * rank .08 

 altitude .80 

 altitude * fleet .14 

 altitude * rank .02 

 altitude * fleet * 
rank 

.03 

touch down point devia-
tions 

fleet .18 

 rank .04 

 fleet * rank .11 

Haslbeck, Hoermann, & 
Gontar, 2017 

ILS sidestick inputs fleet .29 

 rank .12 

 fleet * rank .01 

 altitude .90 

 altitude * fleet .18 

 altitude * rank .01 

 altitude * fleet * 
rank 

.16 

Note. Effects which were analyzed and found to be not significant (α > .05) are 
marked in grey letters. Since effect sizes do not add to 1.0, ηp

2 (partial eta 
squared) was taken as measure for the effect size due to comparability (Levine & 
Hullett, 2002). The effect sizes for percent time on AOI were analyzed and re-
ported in the manuscript version of Haslbeck & Zhang (2017), however, they 
were dropped for the final version.    
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9. Conclusions 

From simple performance metrics to behavioral patterns This thesis applied 

a two-level approach to analyze human performance for both fields of interest, 

i.e., visual scanning and manual control. The first step was to roughly analyze 

pilots’ performance by means of simple metrics (e.g., percent time on AOI, devia-

tions from ideal ILS course). This first step is a common approach for the evalua-

tion of human performance in complex human-machine systems if rating criteria 

exist. Corresponding result are insights about which (groups of) observed partici-

pants showed good or poor performance. The second step was an in-depth anal-

ysis of behavioral patterns (e.g. gaze patterns, fine-motor patterns in sidestick 

inputs). The derived results showed which behavioral patterns were applied while 

performing specific tasks. This second and effortful step is rarely found in applied 

studies. However, both steps together deliver more worthwhile insights compared 

to their independent application. With the combination of both steps different lev-

els of manual flight performance were measured in this thesis. Corresponding 

behavioral patterns were successfully matched to these different performance 

levels and, consequently, an evaluation of behavioral patterns was possible.        

9.1. Effects on manual flight performance  

Practice has the most important effect on manual control The fleet affilia-

tion indicating practice was found to have the most important effect on manual 

control performance, but had only a negligible effect on scanning of single infor-

mation displays. The effect of practice on manual control performance was one of 

the most important research questions and corresponding hypotheses were pro-

posed and confirmed. However, the low effect of practice on single glances was 

unanticipated. To put it another way, performing single glances seems to be quite 

robust against different and potential insufficient levels of practice. Only when 

analyzing gaze patterns practice showed an effect on the structure of the se-

quences. Pilots with insufficient flight practice showed behavioral deficits in man-

ual flying. Increasing the flight practice for long-haul crews is an important goal for 

future flight safety measures. 
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Experience has a small effect and frequently it is ill-defined Experience 

(i.e., the crew rank) only had a minor effect on manual control performance. In 

many cases (e.g., professional domains) the common understanding of experi-

ence is misleading (Duncan, Williams, & Brown, 1991). Experience is frequently 

considered to include recent fine-motor practice as well as theoretical problem 

solving and operational knowledge (Robinski & Stein, 2013). In the case of senior 

long-haul pilots, this assumption is not valid any longer: these pilots have accu-

mulated a vast amount of flight hours and recorded a lot of knowledge how to 

cope with certain situations but they recently lack of practice for important psy-

cho-motor processes. Expertise, therefore, is an ill-defined concept in aviation 

and should be avoided as an explanatory factor if possible. Only when having a 

strong theoretical foundation and well measurable metrics this concept may be 

accepted as an independent variable in according experiments. 

Importance of the meaning of an information The kind of information (de-

picted by the AOI) per se effects a corresponding task. Thus, AOIs frequently af-

fected single glances. However, Haslbeck and Zhang (2017) reported one im-

portant detail when the meaning of an information changes due to a change of 

the pilot’s task. When compensating ILS flightpath deviations the meaning of the 

indicators for localizer and glideslope change from performance instruments to 

control instruments. Only well practiced pilots could cope with this change and 

adjust their gaze patterns while lesser practiced pilots remained in accustomed 

patterns (see Haslbeck et al., 2012). 

The given context has the strongest effect The context (depicted by condi-

tion and altitude) in which pilots perform their task has an important effect on their 

performance. Especially different altitude levels mean a different content and dif-

ficulty of the task resulting in various performances. The three final sub-phases of 

an approach prior to the landing (preparing the stabilized approach, stabilized 

approach and visual approach below 250 ft AGL in this case) require different 

tasks and difficulties. Table 5 indicated the highest effect sizes for the experi-

ments reported. However, the context cannot be easily manipulated for real sce-

narios and flying tasks and is a fixed precondition for flight operations.              
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9.2. Summarized findings and take home messages 

Performance is similarly distributed compared to practice The level of prac-

tice and training had a significant and large effect on manual flying skills: a high 

level of practice and training facilitates distinct and accurate flying skills. Short-

haul pilots formed a homogenously performing group, showed superior manual 

flight proficiency and mastered the experimental scenario. In contrast, participat-

ing long-haul pilots formed a heterogeneously performing group: no one per-

formed better than the best short-haul colleagues, some also mastered the sce-

nario to satisfaction and some could only complete the scenario with difficulty. 

Several long-haul pilots would even have failed a licensing test with the perfor-

mance shown in this experiment. 

Behavioral patterns also reflect the level of practice Both groups of pilots 

could also be differentiated by the exhibited behavioral patterns in regard of visu-

al scanning and fine-motor control. Well-practiced pilots applied superior patterns 

and strategies and adapted their behavior according to the context. In contrast, 

many long-haul pilots partially showed behavioral deficits: they applied less so-

phisticated strategies and patterns and were not able to adapt their behavior to a 

situation’s demands.         

Less flying pilots are at risk of skill degradation According to the findings of 

this thesis, long-haul operation experiences a higher exposition to risks derived 

from manual flying skill deficits due to few practice opportunities. Obviously, long-

haul crews could not compensate their skill deficits with a higher experience ex-

pressed by flight hours (Ebbatson, 2009). Besides long-haul pilots, there are two 

further groups at risk of skill degradation. Pilots with management duties in differ-

ent operations departments at their airlines have reduced flight duties. Even in 

short-haul operation, a 50% or less part time schedule might remarkably deterio-

rate manual flight proficiency. The other group is pilots on parental leave for long-

er periods of time such as one year or longer. Even if they get additional flight 

simulator training when returning to the flightdeck they experience a substantial 

decrease in practice and consequently a decrease in skill. 
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9.3. Recommendations for the airline industry 

Organizational recommendations for air transport companies By remem-

bering the three components of the level of practice and training (practice, flight 

school and simulator training), two areas for safety improvements can be identi-

fied: recent practice and simulator training. To raise recent practice, i.e., the 

number of flights of long-haul crews, mixed-fleet-flying with the same (Soo, Ma-

vin, & Roth, 2016) or several (Lyall & Wickens, 2005) type ratings should be ap-

plied. Long-haul pilots (e.g., on Airbus A330/340) could obtain a second type rat-

ing for the Airbus A320 fleet and quickly raise their level of practice when facing a 

long and short haul roster. However, the above mentioned authors also pointed 

out potential safety issued with this practice. An alternate approach is to operate 

highly frequented short-haul connections with larger long-haul aircraft, which is 

not a rare practice. A general increase in flight simulation training lessons would 

be desirable, however, well directed aims have to be addressed such as manual 

flying tasks (Haslbeck, Drees, Rehmann, & Tüshaus, 2013) or gaze patterns 

(Shapiro & Raymond, 1989; Wetzel, Anderson, & Barelka, 1998) adapted to indi-

vidual needs (Lintern & Gopher, 1978).     

Design recommendations for airframe manufacturers Another set of rec-

ommendations addresses aircraft design. The pure automation of flying tasks 

while allowing the pilots to get out of the loop cannot be considered as a desira-

ble goal. Intelligent or adaptive (Parasuraman, 2000; Geiselman, Johnson, & 

Buck, 2013) automation was proposed as a dynamic distribution of flying tasks 

between human pilots and the technical systems. The pilots should be kept in the 

loop to a medium level according to the context, pilots’ capacity and the availabil-

ity of the technical systems. However, it seems that highly automated systems 

would not reach extreme low failure rates practically excluding technical defects 

in aviation. The main irony of automation, automation failing in the most difficult 

situations for a human operator still needs to be expected to happen (Bainbridge, 

1983). Consequently, human operators need to maintain their full range of manu-

al skills according to their control tasks.      
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T
able 6: M

anual flying w
ith prim

ary and secondary flight controls  

Primary (P) or 
Secondary (S) 
Flight Controls 

Dimension / 
Function 

Control Element 

Actuator 

Information 
Source 

Supportive Au-
tomation 

P
 

lateral control of the roll 
axis 

inceptor (flight 
stick, yoke) 

ailerons 
heading (H

D
G

)  indicator 
autopilot, flight 
director 

P
 

°lateral control of the 
yaw

 a
xis 

rudder pedals 
rudder 

heading (H
D

G
)  indicator 

 

P
 

vertical control of the 
pitch axis 

inceptor (flight 
stick, yoke) 

elevators 
altitude (A

LT
) and vertical 

speed (V
S

) indicators 
autopilot, flight 
director 

P
 

°vertical control of the 
vertical speed 

thrust levers 
engines 

altitude (A
LT

) and vertical 
speed (V

S
) indicators 

autothrust 

P
 

longitudinal control of the 
airspeed 

thrust levers 
engines 

speed (S
P

D
) indicator 

autothrust 

S
 

high lift devices 
flaps lever 

flaps, slats 
E

C
A

M
 flaps indicator 

 

S
 

spoilers, speedbrakes 
speedbrake lever 

spoilers 
 

 

S
 

trim
 

trim
 w

heel 
horizontal stabilizer 

E
C

A
M

 flight controls pa
ge 

autotrim
 

N
ote. S

om
e degrees of freedom

 (m
arked by °) can be controlled by m

ore than one control elem
ent or are cross-coupled, i.e., a 

pilot’s control action has an e
ffect on m

ore than one dim
ension

.  
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Abstract The aim of this study was to analyze pilots’

visual scanning under conditions visually restricted by the

occlusion paradigm. During manual flight, pilots experi-

enced interruptions in their panel scan due to concurring

tasks and monitoring of distant displays. Eleven volunteer

airline pilots performed several manual instrument landing

system approaches in a fixed-base flight simulator. Some of

these approaches were performed using the paradigm of

occlusion with shutter glasses. Under occlusion, the gaze

pattern analysis revealed that pilots demonstrated reduced

mean glance durations, but did not reduce their attention to

lesser information displays. The results also indicated that

the attitude indicator (artificial horizon) as a preview

instrument was less affected by occlusion compared to

other areas of interest. A subsequent scanpath analysis

revealed that vertical tracking was the predominant infor-

mation acquisition strategy and corresponded to larger

deviations on the glideslope. These results imply the need

to optimize information even for short glances, and to be

very cautious with adaptive layouts of free programmable

or dynamic displays, and not to overburden the pilot flying

with parallel tasks.

Keywords Occlusion � Visual scanning � Gaze pattern �
Scanpath � Manual flying

1 Introduction

Manual flying is a psychomotor process and an active task

involving predominantly visual scanning and manual per-

formance (Childs and Spears 1986; Flach 1990; Sarter and

Woods 1994). Especially in raw data conditions, i.e.,

without supporting systems such as autothrust, autopilot, or

the flight director, this task becomes challenging for pilots.

The pilot has to cognitively process information about

altitude, speed, and the flightpath by reference to the cor-

responding indicators on the primary flight display (PFD).

We have used the occlusion paradigm in a flight simulator

study to gain a better understanding of the information

acquisition processes.

Occlusion is a well-established experimental method in

automotive as well as in usability research, and it is stan-

dardized by ISO 16673 (ISO 2007) (‘Occlusion method to

assess visual demand due to the use of in-vehicle systems’).

It is designed primarily to investigate visual information

processing and is at the foundation of tachistoscope-based

research (Milgram 1987). Sleight (1948) evaluated cockpit

instrumentation using tachistoscopic presentations of dif-

ferent dial types. Senders et al. (1967) introduced occlusion

to road traffic safety research. In contrast to eye tracking,

the occlusion method is an experimental paradigm that

allows for the sequential observation of gaze patterns using

highly standardized and restricted information presenta-

tion. It facilitates research questions different to eye-

tracking approaches such as an easy identification of the

starting and ending eye fixation points (see Kang and

Landry 2015). Furthermore, occlusion can simulate task

interruptions and investigates the extent to which an

operator can handle these disruptions by adding visual but

not cognitive demand. In contrast, occlusion does not

facilitate direct measurement of eye glances. Therefore, it
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may be an ideal complement for eye tracking to measure

and evaluate visual strategies under restricted conditions.

Occlusion was successfully used to evaluate operator per-

formance and estimate attentional demand not only in the

automotive domain, but also in other fields involving

highly skilled performance such as aviation (Milgram

1987). Gray et al. (2008) have taken the occlusion para-

digm in a different way: in a manual fine-motor flying task

to maintain a constant altitude, they occluded the ground

surface by 3D objects. In the current study, the benefit

compared to more intense techniques such as eye tracking

is that occlusion allows for a very selective and controlled

manipulation of an operator’s visual perception, which is a

very important channel for many psychomotor control

tasks (Helleberg and Wickens 2003; Gelau and Krems

2004) with a clear distinction between the information a

subject should receive and the information to be ignored.

Another purpose of the method is to measure the extent

to which the processing of rapidly changing information

suffers from interrupted presentation of information (Chen

and Milgram 2011). Under occlusion, the gaze of a person

is periodically interrupted and reestablished either by the

subject, i.e., subject paced (van der Horst 2004), or by

using a shutter mechanism, i.e., system paced. By experi-

mentally restricting visibility, the minimum time required

for the perception of visualized information can be deter-

mined for a given experimental task. There are two com-

mon methods for occluding visual displays. The more

common approach is performed using shutter glasses,

which can be switched between a transparent and opaque

view, thus maintaining a continuous environmental lumi-

nous density. An alternative method is called display

blanking, where information displays are periodically

switched off (Krause et al. 2015). Occlusion was stan-

dardized as a paradigm to evaluate the visual demand of

secondary tasks while driving a car (e.g., manipulating a

navigation system or a radio): an investigator measures

how much visual attention is required for an individual

task, while the glance is interrupted at 1.5-s intervals (ISO

16673). The shutter open (or a display visible) represents

the time available for the task of interest, while the shutter

closed (blanked display) represents the time needed for a

concurring task, which is the driving task/scene with an

automotive background (Krems et al. 2000). Such studies

aim to measure human performance to develop and eval-

uate technical systems.

In this study, performed according to the human infor-

mation processing model by Wickens et al. (2013) and the

approach by Senders et al. (1967), we assumed that trained

and experienced pilots will use strategies to optimize visual

behavior in coping with limited resources and time

restrictions to maintain performance of a continuous con-

trol task. The use of occlusion gives standardized

conditions to limit the access to visual information and to

let pilots apply strategies to focus attention and visual

behavior.

1.1 Research questions

We assumed that there is a lower limit of visual informa-

tion to successfully perform the manual flying task. One

aim of this paper was to determine whether occlusion

affects pilots’ gaze patterns while performing a manual

instrument landing system (ILS) task and, subsequently,

whether occlusion can be applied for pilots’ performance

research. Under occlusion, two different mitigation strate-

gies are possible due to the reduced time budget for visual

perception. One strategy is a reduction in attention due to a

smaller number of observed areas of interest (AOIs). An

alternative could be a decline in the duration of single

glances to cope with the reduced time budget without

reducing the number of observed AOIs. A second aim of

this paper was to investigate the first sequence of glances

when pilots initiate a panel scan. Three research questions

were developed for this study:

RQ 1: How does occlusion influence a pilot’s visual

behavior?

RQ 2: To which AOI does occlusion reduce a pilot’s

attention?

RQ 3: Which AOIs are scanned first at the beginning of a

pilot’s visual strategy?

The research questions were all based on the assumption

that pilots attempt to keep their flight performance

stable/constant even when their vision is interrupted (as per

the instructions). The first research question refers to an

exploratory approach for measuring pilots’ behavior and

performance with and without interrupted vision due to

occlusion. This paradigm is rarely found in the aviation

context, and the method is not familiar to commercial

pilots. However, pilots experience intermittent vision

interruption as a result of intramodal (visual) resource

competition (Helleberg and Wickens 2003) due to con-

curring visual demands from parallel tasks. Besides the

visual scanning of the PFD in a manual approach, pilots

also have to check other near and distant displays in par-

allel such as the wind indicator on the navigation display,

the percent thrust on the engines display, and superordinate

tasks such as performing the landing checklist. Harris and

Christhilf (1980) believe that a glance duration of 500 ms

is essential for gathering information from most cockpit

instruments. It is worth noting that pilots can maintain such

glance durations while under the influence of occlusion.

When applying the occlusion technique, we hypothesized

that mean single glance durations decline because of the

reduced time budget for visual perception.
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The second research question addresses the assumption

that pilots must reduce their attention to relevant infor-

mation under occlusion, thus showing strategies for man-

agement of visual attention resources (see Wickens and

Alexander 2009). A typical occlusion setting of 1500 ms

shutter open and 1500 ms shutter closed (ISO 16673) cuts

the available time for information acquisition in half. The

hypothesis behind this research question assumes a con-

centration on the primary task (flying the aircraft) and thus

a reduction in viewed areas of interest (reduced monitor-

ing), mainly focusing on the (PFD) applying the aviate–

navigate–communicate–manage systems (ANCS) prioriti-

zation (Schutte and Trujillo 1996; Morris and Leung 2006).

In addition, the question arises how difficult would the

ISO-suggested shutter open–close procedure be for pilots.

We hypothesized that the system-paced 1500 ms open/

1500 ms closed scheme is a manageable restriction for

them. Thus, a slightly more difficult occlusion condition

should also be covered by the experiment: a more severe

occlusion condition with 1500 ms open/2000 ms closed

was added. We did not intend to disrupt pilots’ visual

scanning with a much harder occlusion condition possibly

leading to failure in the landing scenario.

The third research question aims to analyze the initial

sequence of AOI reflecting the core elements of the visual

strategy to maintain the scanning task. With longer

sequences, recurrent gaze patterns can be identified, as

Dick (1980, p. 12) and Jones (1985, p. 17) mentioned in

their work. Typical glance durations in pilots’ visual

scanning are 500 ms (Harris and Christhilf 1980). Thus, a

sequence of three AOIs will be considered for this analysis,

as this is the most likely length of a sequence during

1500 ms shutter open time and represents the information

most prioritized by the pilots. If the predominant patterns

show a higher frequency than the product of the indepen-

dent likelihood of the single AOIs, these patterns can be

considered meaningful and regarded as implicit visual

strategies (Ellis and Stark 1986). Sequence analyses were

applied by Underwood et al. (2003) in road traffic. They

analyzed gaze patterns of novice and expert drivers con-

sidering single fixations, transition probabilities between

two AOIs (2-element scanpaths), and 3-element scanpaths.

Single fixations revealed no group differences in the mean

single glance durations but an effect of different road types

and traffic situations. Transition probabilities calculated by

the first-order Markov matrix (see Liu 1998) were visual-

ized and depicted in several figures. These single transi-

tions delivered first indications for differences between

novices’ and experts’ visual scanning. However, only the

3-element scanpaths allowed a deeper insight into drivers’

visual behavior, denoted as scanning strategies. The most

dominant one was the preview strategy starting and ending

at the road several seconds ahead.

2 Method

In this study, we analyzed eye-tracking data derived from a

flight simulator study using the occlusion paradigm based on

the experiments by Senders et al. (1967) to measure human

performance in a manual flying task. Further results of this

study have already been reported (Gontar et al. 2013; Hasl-

beck et al. 2014a). The main research question in the original

study addressed the influence of pilots’ information acqui-

sition on their performance execution and vice versa. The

basic idea of one part of the original study was to manipulate

(disturb) a pilot’s visual perception and to measure execution

in terms of flightpath deviations using a manual ILS

approach. The occlusion technique by shutter glasses was

selected for the manipulation of the visual channel. In the

second part of this study, the aim was to disturb the aircraft on

its flightpath by cross- and tailwind while measuring changes

in the (non-occluded) visual behavior.

2.1 Participants

All eleven volunteer participants (9 men and 2 women)

holding a valid airline transport pilot license met the

requirements for a very high and homogenously performing

group of pilots, when considering manual flying skills. First

officers (FOs) scheduled on the Airbus A320, working for the

same airline as pilots for at least 2 years, participated (mean

age = 29.4 years, SD = 3.4). Their manual flight profi-

ciency was very high due to very frequent flights on short-haul

duty [mean individual landings as pilot flying (PF) in past

30 days = 16.4, SD = 6.6 as measure of practice]; longtime

operational experience was neither needed for this experiment

nor present in participating FOs (mean flight hours on

A320 = 2368, SD = 1231 as measure of experience).

2.2 Apparatus

We conducted this experiment in a fixed-base simulator

with a generic Airbus A320 cockpit instrumentation system

(Fig. 1) and that of Dornier 728-based flight dynamics. For

the entire test, the flight dynamics were set to a Direct Law

configuration (SKYbrary 2016), which meant that pilots’

control inputs were directly transmitted to the control

surfaces and no automatic trim or protection modes were

available. For the occlusion, a set of PLATO

(portable liquid crystal apparatus for tachistoscopy via

visual occlusion) visual occlusion spectacles were used.

Pilots’ eye movements were recorded with a monocular

head-mounted Dikablis Essential eye tracker. Both visual

research devices can be combined and worn by the par-

ticipant (Fig. 1); however, eye-tracking data quality was

reduced by the shutter glasses.
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2.3 Scenario, instruction, and procedure

The flight scenario, with a duration of about 4 min, was a

manual ILS approach to Frankfurt Airport (EDDF) begin-

ning at an altitude of about 4500 ft. above ground level

(AGL). From this altitude down to 500 ft. AGL, different

interferences were presented, depending on the experi-

mental conditions. Below 500 ft. AGL, all interferences

faded out, to make it possible for participants to safely land

and to avoid a missed approach. All participants had the

role of the PF, and their task was to land manually as

accurately as possible according to glideslope, localizer,

and airspeed, equivalent to a real approach. One member of

the experimental team operated the landing gear and the

flaps and assisted as a rudimentary pilot monitoring.

However, there were no other tasks except for the manual

approach for the PF such as communication with air traffic

control or navigation tasks for the participants, implying a

distinctive focus on aviating compared to navigating,

communicating, and systems management (see Schutte and

Trujillo 1996).

The experiment started with a (1st) set of three baseline

approaches with moderate turbulences and light tail- and

crosswinds so the pilots could become acclimated with the

simulator. These moderate turbulences were present in all

subsequent trials to maintain a moderate difficulty level

with continuous control activities. The consecutive set of

three approaches was dedicated to interfering with the

manual control by an oscillating tailwind (5–25 kts.) in one

and an oscillating crosswind (10–50 kts.) in another trial. A

third trial in this set used an approach without interferences

(no wind). The next set of three approaches was dedicated

to interferences due to occlusion with an easy and a diffi-

cult occlusion condition (Table 1), and one trial was done

with the shutter open constantly (no occlusion). The order

of the trials within the wind (2nd set) and the occlusion

(3rd set) set was counterbalanced, while the order of the

sets was kept constant. The experiment ended with a

baseline approach equal to one of the first three approa-

ches. Four approaches are considered for this paper: two

trials under different occlusion conditions and two without

occlusion, all four without any wind interference (Table 1),

but all with the aforementioned moderate turbulences.

2.4 Dependent measures

Eye-tracking data on the PFD were calculated and analyzed

for four different areas of interest within the PFD (Fig. 2):

attitude indicator/artificial horizon (ATT), altitude (ALT),

speed (SPD), and heading (HDG). The flight mode

annunciator (FMA) was not used because of the manual

flight scenario, without automation, thus not providing any

information. Especially in a manual ILS approach, the

indicators for glideslope (GS), localizer (LOC), and verti-

cal speed (VS) were among the most important AOI.

However, due to insufficient tracking accuracy, they could

not be handled as separate AOI: GS and VS were combined

with ALT, and LOC was combined with HDG.

Fig. 1 Simulator setting showing a participant with mounted shutter

glasses and eye tracker

Table 1 Four experimental conditions considered in this paper

Name Conditions

no_wind Moderate turbulences (2nd set)

no_occ Same as no_wind, participants wear shutter

glasses, shutter open all time (3rd set)

occ_easy Same as no_occ but shutter is 1500 ms open and

1500 ms closed (3rd set)

occ_diff Same as no_occ but shutter is 1500 ms open and

2000 ms closed (3rd set)

Fig. 2 Areas of interest on the primary flight display considered in

this study (black letters): speed (SPD), attitude (ATT), altitude (ALT)

including the glideslope indicator (GS) and vertical speed (VS), and

heading (HDG) including the localizer indicator (LOC). Some areas

(GS, VS, LOC) could not be separately considered due to eye-tracking

accuracy. The flight mode annunciator (FMA) was not considered

because no automation modes were used
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Hayashi (2004, p. 17) matched several instruments to

three types of instrument groups: vertical, horizontal, and

airspeed tracking (see Table 2). Within these groups, dif-

ferent instruments depicting similar information were

included, e.g., the vertical-tracking instrument group

included the pitch indicator of ATT, ALT, VS, and GS.

The same applied for horizontal tracking, including the

bank indicator on ATT, HDG, and LOC. Thus, our practice

combining AOI seemed valid, matching different infor-

mation together.

For the evaluation of information acquisition (RQ1 and

RQ2), gaze-based metrics according to ISO 15007-1 (ISO

2015) (‘Measurement of driver visual behavior with respect

to transport information and control systems’) were taken

into account. Gaze data were only measured when the

shutter was open. The percent time on AOI informs about

the distribution of glances and shows changes comparing

the visual behavior under different conditions. In terms of

attentional narrowing, we defined 5 % as a threshold for

the percent time on AOI: percentages below this value

might indicate the potential for attentional narrowing. The

number of glances provides information regarding the

glances performed on a specific AOI during one approach.

The mean single glance duration is a measure used to

express the temporal effort for visually obtaining infor-

mation on a specific AOI: it indicates how much time is

needed to gather certain information on an AOI, depending

on the design of an AOI and the time available. To answer

RQ 3, a sequence-based procedure was necessary: the

sequence of single glances was analyzed. Every time the

shutter opened in one of the two occlusion conditions, the

first three glances at different AOIs were identified, listed,

and counted afterward. These 3-element scanpaths can

easily be found under occlusion conditions.

Manual flight performance accuracy in terms of flight-

path deviations from glideslope and localizer was mea-

sured in dots and displayed by the GS and LOC. One dot

indicates a half scale deflection from localizer or glideslope

(European Union 2011, p. 117) and corresponds to a

deviation of ±0.8� on the localizer and ±0.4� on the gli-

deslope for Airbus types. The root-mean-square error

(RMSE) was taken as a measure to represent the flight

performance (Rantanen et al. 2004) for every single trial.

3 Results

3.1 Analysis of eye fixations

The first exploratory analysis of all data showed that a very

high percentage of about 95 % of all gazes were directed to

the PFD. Thus, other AOIs such as the navigation display

or the engines display were nearly completely ignored (see

Edwards et al. 1982). The percent time on AOI is a general

look at the distribution of glances at the relevant AOI.

Therefore, only gaze data regarding the PFD (Fig. 3) were

considered in the further analyses. A 4 9 4 (Condition

[no_wind, no_occ, occ_easy, occ_diff] 9 AOI [ATT,

ALT, SPD, HDG]) repeated-measures ANOVA was per-

formed finding significant effects of Condition, AOI, and

the interaction Condition 9 AOI (Table 3 upper panel).

These results show the importance of ATT with no per-

centage below 40 %, while SPD had no percentage higher

than 15 %. However, no meaningful differences between

occluded and non-occluded conditions were discerned.

Besides the analysis of mean values, some additional

statistics are reported (Table 4). A Chi-square test indi-

cated a significant difference between occluded and non-

occluded conditions concerning the number of cases when

the percent time on AOI was 5 % or below, V2(1) = 6.30;

p = .010.

To analyze the mean number of glances, the glances of a

participant were summed up over the four AOIs for every

condition and compared in a repeated-measures ANOVA

with the factor Condition. Results show that the mean

number of glances was significantly affected by the type of

condition (Table 2 middle panel). Under occlusion which

Table 2 Different information acquisition strategies and matching

AOI

Information acquisition strategy Matched AOI

Vertical tracking ATT, ALT, (VS), (GS)

Horizontal tracking ATT, HDG, (LOC)

Airspeed tracking ATT, SPD, (VS), (GS)

AOI in brackets indicates that these AOIs provide meaningful

information about the respective strategy; however, they could not be

recorded and analyzed separately in this study

Fig. 3 Percent time on AOI showing the glance distribution

depending on the conditions
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halved the available time, the number of glances was

reduced by one-third (Fig. 4).

The last metric taken into account was the mean single

glance duration. Single glance durations are not normally

distributed but positively skewed. Thus, a repeated-mea-

sures ANOVA with the factors Condition and AOI was

performed (Table 2 bottom panel) with log10-transformed

data. Figures 5 and 6 show the significant effect of Con-

dition on mean single glance durations. The first and sec-

ond condition, both without occlusion, showed about 25 %

longer mean glance durations than the third and fourth

condition with intermittent occluded vision. Neither AOI

nor an interaction between both main effects was

significant.

Mean values are only of little significance due to posi-

tive skewness of glance durations. Thus, distributions of

glance durations were plotted (Fig. 6). For ATT, the mode

of both types of conditions (occluded and non-occluded)

was about 300 ms. Both ATT and HDG had a higher

proportion of longer glances in comparison with the SPD

and ALT. In contrast to SPD, and similar to HDG, the

Table 3 Results of statistical tests for percent time on AOI, mean number of glances, and mean single glance duration

Source Univariate tests Bonferroni-corrected post hoc tests

Repeated-measures ANOVA for percent time on AOIa

Condition e = .42, F(1.27, 12.67) = 14.11, p = .002, gp
2 = .59 SPD: no_occ-occ_easy (p = .008), no_occ-occ_diff (p = .022)

ALT: no_occ-occ_easy (p = .034), no_occ-occ_diff

(p = .024)

ATT: no_occ-occ_easy (p = .015), no_occ-occ_diff

(p = .022)

AOI e = .41, F(1.23, 12.34) = 11.34, p = .004, gp
2 = .53 no_wind: HDG-ATT (p = .026), SPD-ATT (p = .004)

no_occ: SPD-ATT (p = .024)

occ_easy: SPD-ATT (p = .020)

Condition 9 AOI e = .33, F(2.94, 29.36) = 3.36, p = .033, gp
2 = .25

Repeated-measures ANOVA for mean number of glancesb

Condition e = .61, F(1.82, 18.17) = 10.72, p = .001, gp
2 = .52 no_occ-occ_easy (p = .011), no_occ-occ_diff (p = .009)

Repeated-measures ANOVA for mean single glance durationc

Condition e = .67, F(2.00, 19.95) = 5.08, p\ .016, gp
2 = .34 SPD: no_occ-occ_easy (p = .027), no_occ-occ_diff (p = .032)

AOI e = .52, F(1.57, 15.74) = 3.57, p = .062, gp
2 = .26, n.s.

Condition 9 AOI e = .47, F(4.27, 42.66) = 2.30, p = .071, gp
2 = .19, n.s.

All effects have been reported as significant at p B .05 and gp
2 has been reported as the effect size. If the assumption of sphericity was violated,

Greenhouse–Geisser’s estimates of sphericity were reported by e
a A Shapiro–Wilk test has revealed that four out of sixteen datasets did not meet the assumption of normality: the glances at HDG for no_occ

(p = .001), at ALT for occ_diff (p = .005) and at ATT for no_wind (p = .049) and occ_diff (p = .002)
b A Shapiro–Wilk test has revealed that two out of four datasets did not meet the assumption of normality: occ_easy (p\ .001) and occ_diff

(p = .005)
c This analysis is based on log10-transformed gaze data. A Shapiro–Wilk test has revealed that two out of sixteen datasets did not meet the

assumption of normality: the glances at ALT for occ_diff (p = .021) and at ATT for no_wind (p = .018)

Table 4 Number of cases when

percent time on AOI was below

5 % for any condition/AOI

ATT ALT SPD HDG no_wind no_occ occ_easy occ_diff

1 (2 %) 7 (16 %) 15 (34 %) 10 (23 %) 8 (18 %) 2 (5 %) 11 (25 %) 12 (27 %)

A percent time on AOI of 5 % and less was selected as a threshold for the potential of attentional narrowing

Fig. 4 Mean number of glances for four areas of interest on the

primary flight display
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mode of the non-occluded conditions was between 450 and

500 ms, while the occluded conditions show an approxi-

mately bimodal distribution with a major mode of 300 ms

and minor mode of 500 ms. For ALT, a mode of 300 ms

was also found for the occluded conditions. In summary,

occlusion changed the modes of ALT, SPD, and HDG,

while ATT seemed rather robust against occlusion.

3.2 Analysis of glances to the first three AOIs

All 3-element patterns were listed for every participant and

were combined for all participants. It can be seen that ATT

is the most frequent AOI (about 43 %, Figs. 3, 4) and

found to be the starting AOI for the five most frequent

sequences (Table 5), and the starting AOI in 64 % of all

patterns. Consequently, ATT is scanned disproportionate

high as the first AOI in a panel scan.

To ensure that those 3-element scanpaths were not

random, we calculated the independent likelihood of all

possible patterns based on the pilots’ individual gaze dis-

tributions and compared it to the occurring frequencies. If

the latter was remarkably higher, we assumed that a

3-element pattern had not occurred randomly, which was

the case for at least the five most frequent ones. Table 5

shows the occurrence frequencies for all recorded patterns

as well as their independent likelihoods. An illustration

derived from eye-based data showing the five most fre-

quent gaze patterns is given in Fig. 7. These five strategies

represent nine of eleven participants in the test very

accurately, and two showed different visual behaviors.

Fig. 5 Mean single glance duration for four areas of interest on the

primary flight display

Fig. 6 Distribution of glance durations on four different areas of interest: attitude (top left), altitude (top right), speed (bottom left), and heading

(bottom right)
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3.3 Complementary manual flight performance

data

Gaze data and corresponding performance data are neces-

sary for the interpretation of psychomotor performance.

The pilots’ tracking performance on the ILS (localizer and

glideslope) also needs to be considered, which was already

reported (Haslbeck et al. 2014a). An excerpt of corre-

sponding flight performance data (Table 6) was analyzed: a

repeated-measures MANOVA was performed with the

factor Condition and two dependent variables GS and

LOC. The assumption of normality was violated in two

datasets, no_wind_LOC, D(8) = .3, p = .034, and occ_-

diff_LOC, D(8) = .34, p = .008. Univariate tests indicated

an effect of Condition on flight performance on the gli-

deslope: F(3, 21) = 6.62, p = .003, gp
2 = .49.

4 Discussion and conclusions

For pilots, it is unfamiliar to wear shutter glasses while

performing panel scans in a compelling schedule. How-

ever, the usage of occlusion allows for a more systematic

analysis of information processing under restricted condi-

tions. The observed flightpath deviations show similar

amplitudes compared to other flight simulator studies

(Ebbatson et al. 2010; Haslbeck and Hörmann 2016), thus

indicating that the occlusion conditions in this study did

affect the participants but did not lead to a complete failure

in the manual flying task (Table 6). Thus, occlusion

appears as an approach to generate valid data to analyze

pilots’ performance under conditions of restricted visual

resources (see Gray et al. 2008).

4.1 Occlusion’s influence on pilots’ visual behavior

(RQ 1)

The results of this study imply that a pilot’s visual behavior

during a manual approach is influenced by occlusion rep-

resenting dual-task situations for pilots. Occlusion has

exerted significant influence on the percent time on AOI

and has significantly reduced the mean single glance

durations. One strategy shift revealed here was the reduc-

tion in glance duration by about one fourth on average

(Fig. 5). The mean number of glances was reduced by one-

third under occluded conditions (Fig. 4), which is plausible

because of the bisection of the available time for acquisi-

tion of visual information. The distribution of glance

durations on all AOIs (Fig. 6) delivers additional infor-

mation. Occlusion has only shown a small influence on the

control instrument ATT considering glance durations.

However, the performance instruments ALT, SPD, and

HDG were read out with reduced glance durations shown

by the declined modes. Besides precise values, both indi-

cators also show important trend information. However, to

perceive slow trends, longer glances are necessary com-

pared to the perception of a stable value. Insufficient time

to track important indicators supporting a stable ILS course

(GS on ALT and LOC on HDG) might handicap the

manual flight performance. Consequently, occlusion has

revealed especially a significant increase in glideslope

deviations.

In the non-occluded approaches, the deviations on gli-

deslope are about one-third larger compared to deviations

on the localizer (Table 3). The same relative difference of

one-third was found in an earlier manual flying experiment

without occlusion (Haslbeck et al. 2014b). In contrast to

Table 5 Absolute number, relative frequency of the 15 most frequent

3-element scanpaths and corresponding independent likelihood

Scanpath n Relative

frequency

Independent

likelihood

ATT–ALT–ATT 82 0.14 0.04

ATT–SPD–ATT 46 0.08 0.03

ATT–ALT–HDG 39 0.07 0.02

ATT–ALT–SPD 36 0.06 0.01

ATT–HDG–ALT 33 0.06 0.02

ATT–HDG–ATT 25 0.04 0.03

SPD–ATT–ALT 23 0.04 0.01

ATT–SPD–ALT 22 0.04 0.01

ALT–ATT–HDG 15 0.03 0.02

SPD–ALT–ATT 15 0.03 0.01

ATT–SPD–HDG 13 0.02 0.01

ALT–ATT–SPD 13 0.02 0.01

ALT–HDG–ATT 11 0.02 0.02

HDG–ALT–ATT 10 0.02 0.02

SPD–ALT–HDG 9 0.02 0.01

Fig. 7 Five most frequent scanpaths
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these approaches with non-restricted vision, the glideslope

deviations in the occluded approaches in this study are

about two-thirds larger than the localizer deviations. Three

supposable reasons for the vulnerability of glideslope

performance are (1) the lower angle for of the funnel-

shaped glideslope of only ±0.4� compared to ±0.8� on

localizer; (2) glideslope is not only manipulated by the

sidestick like localizer, but also by the thrust of an aircraft;

and (3) in a straight approach, glideslope corresponds to the

changing altitude, while localizer refers to the widely

stable course.

In summary, occlusion representing secondary tasks

(e.g., the landing checklist) has significantly impaired

pilots’ manual flight performance. These findings show that

interruptions of the visual scan of a pilot without any

additional cognitive tasks may change a pilot’s visual

behavior, as well as the accuracy of the manual flying task.

Examples for such non- or low cognitive tasks in parallel to

the primary flying task are checks of the engines or short

glances to the outside while checking the visibility of the

runway. Because occlusion interrupts visual perception but

not cognition (Monk et al. 2002; Gelau and Krems 2004),

the occluded time intervals have presumably been used for

further cognitive processing, thus supporting the manual

flying task, and there was an interruption of visual contact

but no complete interruption of information processing.

However, the extent to which an effect of preemption

(Helleberg and Wickens 2003) seizes only these cognitive

phases remains unanswered. In a real aircraft cockpit,

many visual, contextual, and cognitive interruptions,

regardless of the secondary tasks occurring simultaneously

with the main flying task such as a go-around, do occur.

These interruptions might even more negatively influence a

pilot’s information acquisition (compared to these test

conditions) as such tasks also require mental capacity

(Morris and Leung 2006) and, therefore, could negatively

influence manual flight performance even more. Pilots have

significantly reduced the duration of each glance, i.e.,

accelerated their panel scans; however, many glance

durations still have durations similar to glances when

reading a digital instrument of about 500 ms (see Senders

et al. 1967; Unema and Rötting 1990; Steelman et al. 2011;

Chen and Milgram 2011) and less like assessing analog

instruments of about 125 ms as established by Harris and

Christhilf (1980). This length of time also corresponds to

information processing for a manual control task (Zimmer

and Stein 2012).

These results give clear implications to the aviation

industry: (1) the need to optimize information even for

short glances such as with analog instruments but the need

to be very careful with adaptive layouts of free pro-

grammable or dynamic displays in stressful situations. And

(2) it is important not to overload the PF with (standard

operating) procedures and secondary tasks and furthermore

to consider more support for the PF in high-workload sit-

uations by the second pilot. In this regard, the pilot mon-

itoring’s role can be discussed and may be advanced to an

explicit pilot supporting (Popp and Kemény 2016).

4.2 Reduction in pilots’ attention under occlusion

(RQ 2)

The percent time on AOI was significantly affected by the

conditions; however, this statistical effect has not shown

meaningful differences between non-occluded and occlu-

ded approaches as was hypothesized (regarding the mean

values given by Fig. 3). The reduction in the mean single

glance duration seems not to generally inhibit thorough

information acquisition as discussed above. This leads to

the conclusion that pilots’ attention distribution did not

fundamentally change under occlusion, and no specific

information on the PFD was neglected in general. How-

ever, individual data (Table 4) implied that there were

several cases indicating a tendency of attention narrowing

might have been present, supported by a significant Chi-

squared test. A trend to neglect SPD can be derived from

comparing Figs. 4, 5, and 6 as well as Table 4. The

attention on ATT, ALT, and HDG is essential for main-

taining the correct flightpath in an ILS approach though

they do not account for SPD. SPD is an important

parameter in the final phase of a landing and is related to

accidents such as runway excursion, long/short landing or

tailstrikes (International Air Transport Association 2016,

pp. 62–75). The accident of Asiana Airlines flight 214 is a

prominent example, in which airspeed was neglected by the

pilots and it was one of the most important contributing

factors (National Transportation Safety Board 2014, p. 11).

However, it is unclear which threshold to select for indi-

cating the beginning of an effect of attention narrowing

(see Wickens and Alexander 2009). Thus, a general effect

of attention narrowing by occlusion could not be verified.

Pilots have shown a certain amount of resilience to inter-

ruptions under high workload situations. This experiment

cannot document the extent to which this resilience exists:

Table 6 Flightpath deviations

on glideslope (GS) and localizer

(LOC), excerpt from Haslbeck

et al. (2014a)

no_wind no_occ occ_easy occ_diff

Mean SD Mean SD Mean SD Mean SD

RMSE on GS [dot] .73 .3 .51 .14 .9 .34 1.11 .49

RMSE on LOC [dot] .54 .25 .39 .15 .65 .43 .54 .36
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it can be assumed that longer shutter closed periods or

shorter shutter open periods will significantly impair pilots’

performance, both representing more interruptions. An

implication for the aviation industry is to thoroughly

account for pilots’ tasks when developing the concept of

single-pilot operation without support from a second pilot.

The pilot monitoring is an essential backup for the PF when

he is working to capacity and single parameters such as

SPD fade out of his attention.

A further look at the data has shown that about 95 % of

glances were directed to the above-mentioned AOIs on the

PFD (see Colvin et al. 2005). This portion is even higher

compared to earlier studies (Gontar and Haslbeck 2012).

Pilots during a manual flying task focused on their acqui-

sition of information under occlusion clearly to the PFD.

This prioritization of selected areas could be due to the

instruction and clarification that no other task should be

relevant for them besides manual flying. Otherwise, it

could be an indication that when there are limited visual

resources, pilots demonstrate very efficient visual strate-

gies, when managing the manual flying task (to aviate).

The flight data quantify the level of performance that can

be achieved under these conditions. This confirms the

recommendation to minimize distractions that may disturb

the strategy under comparable circumstances.

4.3 First scanned AOI: starting point of a visual

strategy (RQ 3)

The analysis of all 3-element scanpaths has also shown the

prominence of ATT with about 42 % of percent time on

AOI (Fig. 3). Moreover, ATT demonstrated even higher

importance as the first scanned AOI in 64 % of all 3-ele-

ment patterns and the first scanned AOI in seven out of ten

of the most frequently shown patterns. This leads to two

conclusions: first, it supports the fact that ATT is the most

important AOI on a PFD and for a manual flying task (see

Spady 1978; Harris and Christhilf 1980). ATT is a window

to the outside showing synthetic and important information

concerning the exact position of the aircraft and the attitude

of flight on one glance. In other words, ATT is a display

supporting a preview strategy (see Underwood et al. 2003).

Secondly, pilots can memorize the position of the ATT

during the shutter closed period and successfully recall it

when the shutter opens. A similar habit was described by

Anderson et al. (2013) when participants in an observation

experiment re-fixated on previously viewed scenes again

(see also Foulsham and Kingstone 2013). This finding

emphasizes the above-mentioned application to be careful

with dynamic displays and not to (dynamically) alter the

position of the PFD.

Besides the first scanned AOI, an analysis of the first

sequence of three AOIs was performed with emphasis on

the five most frequent 3-element patterns. These five pre-

vailing patterns were evaluated as intentional and not

random (see Myers 2007, pp. 2–4). However, the question

arises how to interpret these different patterns. Hayashi

(2004, p. 17) has merged different instruments into three

instrument groups based on the tracking of different

information for a cockpit layout with analog instruments.

For an analysis of a typical PFD (in this case similar to the

Airbus layout), we adopted her mapping (Table 2) and this

accounted for the fact that some AOI could not be recorded

separately from others. When interpreting the five most

frequent strategies illustrated in Fig. 7, most transitions

between different AOIs occur horizontally on the PFD.

Strategy 1 (ATT–ALT–ATT) can be matched to vertical

tracking, while strategy 2 (ATT–SPD–ATT) can be mat-

ched to airspeed tracking. Strategy 3 (ATT–ALT–HDG)

and strategy 5 (ATT–HDG–ALT) both represent a mixed

strategy, addressing vertical and horizontal tracking

simultaneously. Strategy 4 (ATT–ALT–SPD) refers to

combined vertical and airspeed tracking. The question

arises whether the temporal order of elements in strategies

3 and 5 may be neglected. Many pilots reported in our

studies that they were never told how exactly to perform a

panel scan in terms of a direction for an ongoing scan.

Under the assumption that temporal order can be neglected,

the frequencies of strategies 3 and 5 can be added, resulting

in a common frequency of 12.4 %. This approach seems

valid at least when focusing on the AOI and neglecting the

sequence. This leads to the conclusion that vertical tracking

was the most important information acquisition strategy for

this manual ILS approach. When comparing this conclu-

sion to the manual flight performance data (Table 6), both

correspond to each other: the vertical position of the air-

craft was the more important control task, given the larger

deviations from an ideal glideslope. And, therefore, the

vertical tracking was the prevailing visual strategy. How-

ever, within the context of the importance of extrafoveal

information for guiding gaze, the following findings may

be important for airline training departments: if it is pos-

sible to identify dominant gaze patterns and result in highly

skilled visual strategies, situation-dependent successful

strategies can be developed and taught to pilots to further

enhance manual flying skills (see Shapiro and Raymond

1989).

4.4 Limitations to this study

One apparent limitation in this study is that occlusion and

interrupted vision is somewhat artificial to airline pilots,

which could have been a bias to their visual behavior in the

test. However, no explicit evidence for such a bias was

found. The lack of aviation occlusion studies is a problem

when discussing these results, and comparing them to other
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domain-related studies and trying to confirm the results.

The generic, fixed-base simulator had an unknown char-

acteristic for airline pilots. The results reported in this

paper might be confounded with the effects of adaption

processes to the unknown flight dynamics (Gontar et al.

2013). A major limitation in the study was the small

number of participants (n = 11), which accounts for a

reduced power in all statistical comparisons.

This experiment was performed using airline pilots

holding a valid ATP license and with a type rating for the

Airbus A320—a very homogeneous group. We would

assume a higher variability in all experimental results when

observing pilots with a low level of practice and training,

e.g., long-haul crews. Other experiments have shown

deteriorated manual flying on long-haul operation (Hasl-

beck and Hörmann 2016) including decreased visual

information acquisition skills (Gontar and Haslbeck 2012).

In addition, this study only considered manual approaches

and no other flight phases, display concepts, or automation

levels (see Edwards et al. 1982).

4.5 Summary

This study analyzed pilots’ visual behavior during a man-

ual flying task (ILS approach) under occlusion. Due to

these visual interruptions, pilots showed reduced mean

glance durations and larger glideslope tracking errors.

Hence, occlusion deteriorated manual flight performance.

However, pilots did not generally reduce their attention to

lesser information displays. Practical implications are the

need for optimal information even for short glances, to be

very careful with adaptive layouts of free programmable or

dynamic displays, and to not to overload the pilot flying

with parallel tasks. Afterward, a scanpath analysis revealed

that vertical tracking was the predominant information

acquisition strategy and this corresponds to larger devia-

tions on the glideslope, fostering visual behavior to be

analyzed and improved for training demands.
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psychomotorischer Muster an ungewohnte Simulationsumge-

bungen am Beispiel von Piloten [Adaptation of highly skilled

psychomotor patterns to unfamiliar simulation environments

using the example of pilots]. In: Grandt M, Schmerwitz S (eds)

Ausbildung und Training in der Fahrzeug- und Prozessführung:
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a b s t r a c t

The aim of this study was to analyze pilots’ visual scanning in a manual approach and landing scenario.
Manual flying skills suffer from increasing use of automation. In addition, predominantly long-haul pilots
with only a few opportunities to practice these skills experience this decline. Airline pilots representing
different levels of practice (short-haul vs. long-haul) had to perform a manual raw data precision
approach while their visual scanning was recorded by an eye-tracking device. The analysis of gaze
patterns, which are based on predominant saccades, revealed one main group of saccades among long-
haul pilots. In contrast, short-haul pilots showed more balanced scanning using two different groups of
saccades. Short-haul pilots generally demonstrated better manual flight performance and within this
group, one type of scan pattern was found to facilitate the manual landing task more. Long-haul pilots
tend to utilize visual scanning behaviors that are inappropriate for the manual ILS landing task. This lack
of skills needs to be addressed by providing specific training and more practice.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Since the 1980s, aircraft have been supplied with highly auto-
mated flight control systems. These systems have taken over many
processes previously performed by pilots including the setting and
supervision of flight performance parameters for the engines, the
course, and appropriate speed and altitude. In spite of the accrued
advantages of modern aircraft with highly automated systems,
there is one large disadvantage: the more automation is used, the
more manual skills diminish due to an absence of practice oppor-
tunities (Wiener and Curry,1980; Sarter andWoods,1994; Veillette,
1995; Ebbatson, 2009; Haslbeck and H€ormann, 2016). In an in-
depth analysis of 415 commercial aviation accidents, which
occurred between 2010 and 2014 by the International Air Transport
Association (2015), evidence can be found that manual handling
flight crew errors were involved in nearly one third of these acci-
dents. It is therefore of great importance to enhance flight safety by
providing pilots with adequate and effective training programs and
help them maintaining sufficient manual flying skills, especially
during the most vulnerable flight phases such as approach and

landing.
The level of practice, strongly associated with the daily flight

practice, is assumed to have the biggest influence on manual flight
performance (Ebbatson, 2009; Haslbeck and H€ormann, 2016).
Airline transport pilots face the same flying tasks and conditions
independently from the type of operation. They also perform very
similar and predominantly standardized maneuvers in aircraft
families (e.g. Airbus A320 family) offering unified cockpit layouts
and highly comparable handling qualities (Bri�ere and Traverse,
1993; Favre, 1994; Joint Aviation Authorities, 2004; Bissonnette
and Culet, 2013). In spite of these similarities, crews on short-
haul routes perform more than five times as many flights as
crews on long-haul ones and show better fine-motor flight per-
formance (Haslbeck and H€ormann, 2016) as well as superior visual
skills (Haslbeck et al., 2012). If we can identify different instrument
scanning patterns in correlation with good or poor performance, it
could be beneficial for future cockpit design and training programs.

1.1. Pilot's instrument scanning and analytical methods

Manual flying has been denoted as a closed-loop control prob-
lem (Field and Harris, 1998). This is a psycho-motor and highly
skilled task where the pilot needs to continuously control and
monitor six variables which are usually cross-coupled (Field and
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Harris, 1998; Wickens, 2002): pitch, roll, and yaw of the aircraft as
well as altitude, lateral, and longitudinal deviation from the desired
flight path. Raw data flying specifies the fact when these parame-
ters have to be actively scanned, cognitively processed, and trans-
ferred to adequate control inputs by the pilots (instead of the flight
computers). Effective instrument scanning strategies can keep the
pilots in the loop by continuously updating their memory about the
current state of the aircraft. Adequate visual scanning also enables
pilots to take effective control in time, which requires adequate
cognitive skills and a sophisticated understanding of the relation-
ship between the instruments.

To maintain sufficient spatial awareness, continuous and logical
scanning across multiple instruments is required, also known as
cross-checking in aviation domain. The two common visual stra-
tegies for pilots are the radial cross-check technique (Federal
Aviation Administration, 2012, pp. 6e24) and the circular one
(Dick, 1980, p. 12; Jones, 1985, p. 17). In training documentation the
FAA describes the radial cross-check as a technique where the pilot
starts a scan in the center of a primary flight display where the
attitude indicator (ATT) is located (Federal Aviation Administration,
2012, pp. 6e24). After that, scans are to be performed left to the
airspeed tape (SPD), right to the altitude indicator (ALT), and down
to the heading indicator (HDG). However, every scan returns to the
center for an intermediate scan e representing a pattern like the
spokes of a wheel (Dick, 1980, p. 12; Jones, 1985, p. 17) and com-
parable to the basic-T pattern matching with the instrument layout
in conventional cockpits (Fig. 1, left side). A pilot checks control
inputs on the control instruments (mainly on attitude) and moni-
tors their effects on the performance instruments such as speed,
altitude, and heading (Federal Aviation Administration, 2012, p.
6e18 - 6e19).

Gaze-based metrics such as mean glance duration, glance rate,
and percent time on areas of interests (AOIs) are mostly analyzed to
gain insight into pilots' visual behavior and attentional allocation,
which were standardized for road traffic research by ISO 15007-1
(“Measurement of driver visual behaviour with respect to transport
information and control systems”). Nevertheless, regardless of pilots'
attentional switching across the instruments, these metrics alone
are inadequate to understand pilots’ scanning strategies and reflect
complex information acquisition processes.

To take the gaze sequences into account, the term gaze pattern
describes the order of a person's scanning behavior (Dorr et al.,
2010) while scanpath refers to vectors, i.e. the geometric charac-
teristics of subsequent glances (Holmqvist et al., 2011, p. 254; Kang
and Landry, 2015). Myers (2007) highlights two main influences on
sequences of saccades: exogenous and endogenous. Exogenous

saccades account for bottom-up (data/sensory-driven) processes
being considered as non-deliberate (Einh€auser et al., 2008b; Schütz
et al., 2011; Kowler, 2011). Endogenous saccades were described as
deliberate top-down (goal-driven) processes, when the successful
conduct of a visual task accounts for specific gaze patterns and
scanpaths (Noton and Stark, 1971; Holmqvist et al., 2011, p.
253e254). Endogenously initiated saccades can be assumed when
an operator fulfills a specific skilled task (Einh€auser et al., 2008a;
Schütz et al., 2011; Foulsham et al., 2012) such as continuous
flightpath tracking (Allsop and Gray, 2014).

The sequence of how different displays are looked at reveals
how this information is cognitively processed by pilots. The com-
parison of sequences, however, is complex (Foulsham et al., 2012;
Anderson et al., 2013), especially when these sequences become
extremely long (Kang and Landry, 2015), for example in a contin-
uous flight tracking task. One solution is to break a longer sequence
into smaller segments with easily analyzable lengths (Tole et al.,
1983; Simon et al., 1993). Hence, the most frequent sequences
may reflect the main scanning strategies. Transition matrices are an
economic alternative approach indicating the probability of an AOI
being next in the sequence based on the current AOI. The highest
transition probabilities give a good representation of the overall
scanning pattern (Milton et al., 1950; Spady, 1978; Harris et al.,
1986). In a very recent study Kang and Landry (2015) introduced
the MTAHC algorithm to analyze eye movements during the
tracking of multiple moving targets based on unordered transition
matrices. This method was developed to find an adequate repre-
sentation for large and complex gaze patterns when comparing
them among several individuals. AOIs with higher transition values
were hierarchically clustered and integrated into visual grouping
sets. In summary, focusing on transition probabilities facilitates the
analysis of gaze patterns and reduces complexity of longer
sequences.

1.2. Expertise-related differences in visual scanning

Evidence can be found in many transportation studies that
expertise levels have a major influence on visual behavior and task
performance. One very early study can be dated back to the 1940s
when Fitts et al. (1949) investigated the effect of experience on 40
pilots' eye movement measures in a ground control approach flying
scenario, suggesting that experienced pilots had more frequent
fixation and correspondingly short fixation duration on flight in-
struments. These findings are fairly consistent with similar studies.
For instance, Bellenkes et al. (1997) indicated that expert pilots’
scanning strategies differed from those of novices in several aspects

Fig. 1. The radial cross-check technique (spokes-of-a-wheel) showing a center-bound pattern (left side) and the circular scanning technique showing a clockwise pattern (right
side). There is no distinct starting point per se, however, a typical starting point is the attitude indicator (ATT), while speed (SPD), altitude (ALT), and heading (HDG) are scanned
frequently.
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including (1) shorter fixation times and more active visits to most
instruments, (2) distinct attentional flexibility in response to
changing task demands and (3) more checks on the flight variables
that were not being manipulated. In the studies of Ottati et al.
(1999) and Kasarskis et al. (2001) experts showed again differ-
ences in attention allocation, total number of fixations and flight
performance behavior.

In addition to the analyses of the basic gaze-based metrics,
Underwood et al. (2003) examined the gaze patterns of experi-
enced and novice drivers based on transition probabilities and 3-
element scanpaths. Differences between experienced car drivers
and novices were most apparent in the fact that experienced
drivers frequently fixated the road far ahead after fixating on off-
road AOIs. The road far ahead delivers maximum preview, and
thus, delivers a fast update of the traffic situation whenever drivers
looked away from the road and fixate it again. The 3-element
scanpath analysis showed that several patterns started and
finished at an area where the car would arrive in one or two sec-
onds. This visual behavior was explicitly denoted as a scanning
strategy (Underwood et al., 2003), and the authors assumed an
effect of perceptual narrowing for the novices in situations of high
cognitive load (see van Leeuwen et al., 2015).

By the use of a Markovian analysis, Hayashi (2004) found that
experienced pilots were able to handle more parallel flying tasks
which also require visual scanning, compared to inexperienced
pilots. She explained this finding by the higher workload experi-
enced by the lesser-trained pilots (see Robinski and Stein, 2013),
while other authors generally evaluated the relationship between
gaze patterns and workload (Di Nocera, Camili and Terenzi, 2006;
de Rivecourt et al., 2008; Schieber and Gilland, 2008), also high-
lighting the immenseworkload during amanual landing (Entzinger
and Suzuki, 2012). Lesser-trained pilots had to drop tracking tasks
because their capacity was insufficient for all possible tasks due to
less expertise (Hayashi, 2004). Kang and Landry (2014) used
scanpath analysis to teach experts’ gaze patterns to novices in air
traffic control. These novices showed better conflict detection
performance after the intervention as compared to a control group.

Despite of all these evidences, one essential question remains
whether behavioral deficits, which could be observed in novice
drivers (Chapman et al., 2002; Underwood et al., 2003), can also be
observed in long-haul pilots who are assumed to be experts (see
Yang et al., 2013), but who do not have much practice due to flight
time regulations, which is not well addressed in previous studies.
We assume there will be shortcomings in their skills that are
comparable to those found in novices, not only in their instrument
sampling behavior (Haslbeck et al., 2012), but also in their instru-
ment scanning behavior.

1.3. Aim of this paper and research questions

Based on the reviewed literature we identified a research gap
regarding (1) detailed analysis of pilots' gaze patterns in a fine-
motor flying task depending on the level of practice and (2)
whether different visual strategies can be identified and evaluated.
This paper focuses on the analysis of pilots’ visual scanning when
performing a manual approach (raw data) and landing task. The
aim is to (1) examine the influence of practice on visual scanning,
(2) identify frequently occurring gaze patterns, and (3) evaluate the
effectiveness of several different gaze patterns. An important pre-
requisite for future cockpit design and training programs will be to
know how pilots perform their visual scanning. Accordingly, the
following research questions were developed:

RQ1: How does the level of practice affect visual scanning in
airline pilots?

RQ2: Do pilots use recurring gaze patterns in manual flight?

RQ3: Is there a correlation between gaze patterns and flight
performance?

With regard to RQ1we hypothesize that highly practiced (short-
haul) pilots show a better performance with respect to visual
scanning (see Haslbeck et al., 2012) similar to fine-motor flying
skills (Haslbeck and H€ormann, 2016). We also hypothesize that
pilots repeat certain gaze patterns and recurring sequences can be
found (RQ2) in the goal-driven task of manual flying (Schütz et al.,
2011; Haslbeck and Bengler, 2016). Finally, we assume a correlation
between pilots’ visual scanning and their fine-motor flight perfor-
mance (RQ3), because both belong to corresponding stages of hu-
man information processing (Wickens et al., 2013; Haslbeck and
Bengler, 2016).

2. Method

2.1. Independent variable and participants

We report on the gaze pattern analysis derived from a manual
flying experiment conducted in 2013 (Haslbeck and H€ormann,
2016). In the original study 120 randomly assigned professional
commercial airline pilots (ATP licensed) participated. However, for
this analysis only 51 out of 120 participants could be analyzed due
to different flying tasks and few data of poor quality. The inde-
pendent variable of this experiment was the level of practice. The
number of landings within the past 30 days prior to the experiment
was taken as a measure indicating more flight practice for the
Airbus A320 short-haul crews (Table 1). Short-haul crews maintain
a remarkably higher level of flight practice due to shorter but more
frequent flights in line operation, while long-haul pilots only
conduct few flights due to legal rest periods. All 51 pilots (Table 1)
held a type rating for the Airbus aircraft family, differentiated into
short-haul (A320) and long-haul (A340) pilots. All participants
occupied the same seat as well as the same simulator type for
which they were rated, e.g. a short-haul captain occupied the left
seat in the A320 simulator. They assumed the role of the pilot flying,
thus, actively performed all manual flying tasks, i.e. they scanned
the primary flight display and operated the sidestick (SKYbrary,
2016a). All participants were supported by an accordingly
licensed colleague as pilot monitoring on the other seat. To avoid
small sample sizes, only two groups were assigned for the variation
of the independent variable addressing different levels of practice:
short-haul (more flight practice) and long-haul (less flight practice)
crews.

2.2. Apparatus

We conducted this experiment in collaboration with a major
European airline which provided two qualified Airbus-type full-

Table 1
Demographic data for participants.

Rank N Age Flight hours Landings in
past 30 days

Years since
flight school

mean SD mean SD mean SD mean SD

Short-haul (Airbus A320) group
FO 6 30.8 2.6 3676 520 11.3 4.9 6.3 2.0
CPT 20 43.4 4.4 11,636 1886 16.8 11.2 18.2 3.3
Long-haul (Airbus A340) group
FO 20 36.0 3.2 6926 1787 2.4 1.6 11.9 2.7
CPT 5 49.3 4.0 14,000 1874 3.8 1.3 25.3 4.7

Note. Captains (CPT) have more experience according to flight hours compared to
their first officer (FO) colleagues. Due to small sample sizes for A320 FOs and A340
CPTs and very small expected rank differences (see Haslbeck and H€ormann, 2016)
all pilots of one aircraft type were merged to one group each.
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flight simulators (JAR-FSTD A): an Airbus A320-200 simulator and
an Airbus A340-600 simulator. All flight parameters, including
control inputs and instrument landing system (ILS) tracking data,
were recorded by the flight simulator data recorder at a sampling
rate of 15 Hz. Head-mounted monocular DIKABLIS Essential eye-
tracking devices were used throughout the experimental proced-
ures, recording both pilots’ gaze behavior synchronously at a
sampling rate of 25 Hz.

2.3. Instruction and scenario

Prior to the experiment, all participants handled another sce-
nario addressing operational tasks (35 min), also serving as a warm
up for this experimental scenario. All participants had to fly a 10-
minute manual flight and landing scenario approaching Munich
Airport (26R EDDM) in normal law mode (see SKYbrary, 2016b).
The scenario started at an altitude of 5000 ft, approximately 8 min
before touching down. Data was collected during the instrument
approach between 3300 ft and 270 ft above ground level (AGL).
Weather parameters were set to a visibility of 1200 m, gusty wind
of 220�/17e22 kts, a ceiling of 270 ft, and light rain, i.e. the runway
was not visible during the measurement. Because of the difference
between the runway orientation (260�) and the wind (220�), a
certain wind correction angle had to be maintained during this
straight approach. Shortly after the scenario started, a (simulated)
malfunction of the autopilot (AP) and the flight director (FD)
necessitated a manual approach. These conditions provide a me-
dium to above average task load for pilots. However, pilots are
clearly required to be able to manage such an approach and land
safely.

Manual aircraft control had to be done by raw data, a very basic
kind of fine-motor flying without AP or FD, but including Airbus-
like envelope protections (see SKYbrary, 2016b). We included the
exception of an available auto thrust, which was deactivated by all
participants at an early stage. Thus lateral, vertical, and longitudinal
manual aircraft control had to be done by referencing the primary
flight instruments. These were primarily attitude, airspeed, alti-
tude, heading, as well as the glideslope (GS) and localizer (LOC)
indicators. At the same time, deviations from an ideal course on the
ILS and airspeed had to be compensated by control inputs into the
sidestick and the thrust levers. All participants were instructed to
fly as accurately as possible according to licensing standards
(European Union, 2011, p.117) and the company's standard oper-
ating procedures and to perform a stabilized approach (SKYbrary,
2016c).

2.4. Dependent measures

2.4.1. Flight performance measures
As a measure of manual control performance, deviations from

an ideal glideslope (vertical guidance) and localizer (lateral guid-
ance) measured in dots, were taken. One dot indicates a half scale
deflection from glideslope or localizer (European Union, 2011,
p.117) corresponding to a deviation of ±0.4� on the glideslope and
±0.8� on the localizer for Airbus aircraft. The root mean square
error (RMSE), a recommended and widely applied measure to
assess tracking performance (Scallen et al., 1995; Rantanen et al.,
2004), was taken as the indicator to evaluate the objective
manual flight performance.

2.4.2. Areas of interest (AOI)
The analysis of visual behavior concentrated on relevant AOIs on

the primary flight display (18.4 � 18.4 cm), which are the most
important for manual flying: attitude, speed, altitude, heading,
vertical speed, and the indicators for glideslope and localizer

tracking. However, due to the limited tracking accuracy of the eye-
tracking device (average glance direction accuracy > 2� in this
study), very close AOIs could not be analyzed as separate ones.
Vertical speed and glideslope information were added to the alti-
tude area while localizer information was added to heading,
resulting in only four discriminable AOIs (see Fig. 1). The indicators
within the joint displays offer similar information, e.g. both head-
ing and localizer account for horizontal tracking, while vertical
speed, glideslope, and altitude account for vertical tracking (see
Hayashi, 2004, p. 17). Thus, we consider the combination of AOIs
depicting very similar information as validated. Other AOIs for
navigation, wind, or engines were not considered.

2.4.3. Gaze-based metrics
Three basic metrics according to ISO 15007-1 were utilized to

gain an overview of pilots' information acquisition: the percent time
on AOI, the mean glance duration, and the glance rate. Percent time
on AOI provides general information about pilots’ attention distri-
bution on all AOIs and shows differences comparing the visual
behavior across different practice levels. The mean glance duration
indicates the effectiveness of information acquisition processes and
the glance rate shows the activeness of eye movements with regard
to certain AOI.

2.4.4. Gaze pattern analysis metrics
The visual behavior was analyzed for each participant per-

forming the manual flying task for the manual approach between
3300 ft and 270 ft AGL (approx. 5 min). To characterize and
compare the complex and long gaze patterns of each pilot, we
considered the maximum transition-based MTAHC algorithm
(Kang and Landry, 2015) as one suitable approach. The concept of
this algorithm is to determine the set of AOIs with higher transition
values compared with other AOIs to understand the cognitive
process, which is named Visual Grouping Set (VG). For this purpose
an unordered transition matrix is first established then the two
AOIs with the largest transition values in thematrix are clustered as
one VG. By further clustering the other AOIs with lower transition
values, multi-level VG sets can be formed.

In this study we modified this algorithm to focus more on the
saccades rather than individual AOIs, since the cross-checking
pattern between the instruments is of more interest. Analogous

Fig. 2. Coding of the unordered saccades: 1 ATT-ALT, 2 ATT-SPD, 3 ATT-HDG, 4 ALT-
HDG, 5 SPD-HDG, 6 SPD-ALT.
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to the concept of VGs we first calculated the transition matrices for
the six possible unordered saccades between the defined AOIs,
coded with numbers from 1 to 6 (Fig. 2). The saccades with the
highest occurring frequencies compared to other saccades form a
saccade grouping set (SG), which represents the main scanning
activity of a pilot. To facilitate the comparison, we only compare SGs
including three saccades. The simpler 2-element SGs cannot suffi-
ciently discriminate between most pilots to characterize a pilot's
visual behavior, while a SG including 4 saccades would result in a
large potential size for comparison, resulting in limited identifica-
tion of common characteristics. For the nomenclature of SGs we
selected the numbers shown in Fig. 2 in combination with braces;
e.g. {123} represents the spokes-of-a-wheel pattern.

3. Results

All effects were reported as significant at p < 0.05 and r
respectively hp

2 was given as effect size. For statistical analyses the
statistical package SPSS 22 was taken.

3.1. Manual flight performance

The pilots’ RMSE of localizer and glideslope deviations are
illustrated in Fig. 3. For flightpath deviation data the assumption of
normality was violated due to a positive skew. Thus, log10-
transformed data was taken for independent t-tests, while for vi-
sualizations and reported means non-transformed data was
considered.

The mean RMSE on localizer of the short-haul pilots (M ¼ 0.11
dot, SD¼ 0.04) was significantly smaller compared to the long-haul
group (M ¼ 0.23 dot, SD ¼ 0.11), t(49) ¼ 6.22, p < 0.001, r ¼ 0.66
(one-tailed). Similarly, the RMSE for glideslope indicated signifi-
cantly smaller tracking deviations of the short-haul pilots (M¼ 0.14
dot, SD ¼ 0.05) compared to long-haul pilots (M ¼ 0.30 dot,
SD ¼ 0.12), t(49) ¼ 7.13, p < 0.001, r ¼ 0.71 (one-tailed). The overall
results showed that the short-haul pilots accomplished the flying
task with smaller deviations regarding both dimensions. The two
groups are thus a good representation for two levels of different
practice and performance, respectively.

3.2. Gaze-based data analysis

A first and general measure was the percent time on AOI
(normalized data depicted by Fig. 4) based on total glance times for
all participants. Glances at the regions outside the designated AOIs
were also presented, denoted as others to provide an overview of
the pilots’ attention allocation.While long-haul pilots focusedmore
dominantly on the ATT with nearly one third of the time (32%),
short-haul pilots showed a more balanced allocationwith scanning
ATT and HDG for about one fourth of the time each (26% and 25%,
respectively).

To examine whether pilots of two fleet affiliations behaved
differently in mean glance durations per AOI (Fig. 5), a 2 � 4
(Fleet � AOI) mixed ANOVA was conducted (Table 2, upper panel).
Glances towards heading were found to last significantly longer
compared to the other three AOIs, independent of the group

Fig. 3. Deviations (i.e. root mean square error in dot) from glideslope and localizer for both groups between 3300 ft and 270 ft above ground level based on non-transformed data.
The reported independent t-tests are based on log10-transformed data; r indicates the effect size.

Fig. 4. Percent time on AOIs between groups shows normalized total glance times on
different areas of interest on the primary flight display. The additional table depicts
mean values, standard deviations (SD), and number of glances (n) of the related raw
gaze data.
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assignment.
Similarly, another 2 � 4 (fleet � AOI) mixed ANOVA was per-

formed for the glance rate (Fig. 6, Table 2, lower panel). There was
an interaction between both main effects, which seems plausible
when analyzing glance rates. Attitude had the highest glance rates
among the different AOIs and it was even significantly higher in
long-haul pilots.

Altogether, seen from the results of the two analyses, the dif-
ferences regarding percent time on AOIs were mainly due to the
pilots’ different sequential scanning strategies rather than glance
duration.

3.3. Gaze pattern analysis

The dominant saccades were calculated for each of the 51 par-
ticipants by transition matrices and were clustered into normal SGs
of three components. Four main SGs were identified (Fig. 7): {123}
for 28 pilots, {134} for 9 pilots, {126} for 6 pilots and {456} for 5
pilots, while three pilots showed other 3-element SGs.

The SG {123} e an attitude-centered pattern e indicates the
dominant transitions between the attitude and other AOIs, which is
consistent with the spokes-of-a-wheel scanning strategy. In
contrast, the two triangular SGs, {134} and {456}, directly link the
peripheral AOI partly without checking attitude. These patterns
align with the cross-checking between altitude, speed, and head-
ing, which were rarely found among long-haul pilots. As shown in
Fig. 8, the spokes-type strategy was observed mainly among long-

haul pilots, representing nearly 70%, while there was no single
dominant pattern among short-haul pilots. Short-haul pilots
showed a more balanced distribution between the spokes-type SG
(42%) and triangular-type SGs (42%). For this exploratory approach
the assumption of independence was met. Consequently, a two-
sided chi-square test comparing the frequencies of spokes-type
and triangular-type SGs between both groups of pilots (fre-
quencies depicted by Table 3) indicated significant differences be-
tween both groups in the use of triangular patterns, X2(1) ¼ 5.78;
p ¼ 0.016. To evaluate spokes types against triangular types con-
cerning flightpath deviations (Table 3) a comparisons based on
short-haul pilots was performed. Pilots using the spokes-type
strategy showed significant larger deviations on the localizer
compared to pilots using triangular types. Long-haul pilots were
not considered because of a bias due to only few cases for the
triangular types. The same applied for the SG {126}.

4. Discussion

Fine-motor flying skills in terms of ILS flightpath deviations
were taken as a factor to distinguish between pilots with a high and
a low level of practice. This has already been analyzed in detail
(Haslbeck and H€ormann, 2016), and thus will not be further dis-
cussed here. An earlier study found differences in certain checks
(for wind, speed, and the flight mode annunciator) based on the
same distinction between long-haul and short-haul pilots
(Haslbeck et al., 2012).

Fig. 5. Mean glance duration (in seconds) on AOIs compared between groups.

Table 2
Statistical analysis for mean glance duration and glance rate.

Source Effects (Univariate Tests) Bonferroni Post Hoc Comparisons

Mean Glance Duration
Fleet F(1, 49)¼ 0.58, p¼ 0.449, hp2 ¼ 0.01, n.s.
AOI ε ¼ 0.70, F(2.09, 102.60) ¼ 64.44,

p < 0.001, hp2 ¼ 0.57
HDG-ALT (p < 0.001); HDG-ATT (p < 0.001); HDG-SPD (p < 0.001); ALT-SPD (p < 0.001); ATT-SPD (p ¼ 0.012)

Fleet * AOI ε ¼ 0.70, F(2.09, 102.60) ¼ 0.12,
p ¼ 0.90, hp2 < 0.01, n.s.

Glance Rate
Fleet F(1, 49) ¼ 5.78, p ¼ 0.020, hp2 ¼ 0.11 A320-A340 (p ¼ 0.020)
AOI ε ¼ 0.68, F(2.04, 99.96) ¼ 58.10,

p < 0.001, hp2 ¼ 0.54
HDG-ALT (p < 0.001); HDG-ATT (p < 0.001); ALT-ATT (p < 0.001); ALT-SPD (p ¼ 0.012); ATT-SPD (p < 0.001)

Fleet * AOI ε ¼ 0.68, F(2.04, 99.96) ¼ 6.72,
p ¼ 0.002, hp2 ¼ 0.12

ATT: A320-A340 (p ¼ 0.004)SPD: A320-A340 (p ¼ 0.014)A320: HDG-ATT (p < 0.001); ALT-ATT (p ¼ 0.025); ALT-SPD
(p ¼ 0.003); ATT-SPD (p < 0.001)A340: HDG-ALT (p ¼ 0.001); HDG-ATT (p < 0.001); HDG-SPD (p ¼ 0.019); ALT-ATT
(p < 0.001); ATT-SPD (p < 0.001)

Note. Greenhouse-Geisser estimates of sphericity (ε) and corrected degrees of freedom are reported because the assumption of sphericity was violated for within-subjects
tests.

Fig. 6. Glance rate (in Hz) on AOIs compared between groups.
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4.1. Single glances

The most remarkable difference between groups was the higher
concentration on attitude among long-haul pilots at the cost of
most other AOIs. This is in line with the glance rates. The only
meaningful prominent difference in this analysis was the high
glance frequency in attitude. This display is the most important AOI
on the primary flight display (Spady, 1978; Harris and Christhilf,
1980) for manual flying, providing a prediction of the near future
(Colvin et al., 2005). This is similar to findings in road traffic studies
(Underwood et al., 2003). Operators performing a dynamic tracking

task seem to prefer a near future prediction. With a significantly
higher glance rate on attitude long-haul pilots were more focused
on the artificial horizon as compared to their short-haul colleagues.

The mean glance durations delivered one unexpected finding:
the average glance duration on heading was about 800 ms, while a
typical duration for glances on the primary flight display is 500 ms
(Senders et al., 1967; Harris and Christhilf, 1980; Steelman et al.,
2011; Chen and Milgram, 2011; Haslbeck and Bengler, 2016). A
possible explanation for this might be the fact that a wind correc-
tion angle had to be maintained, complicating the monitoring of
heading. Another reasonmay be attributed to the definition of AOIs.
Some experts hold the opinion that beside localizer and glideslope,
the vertical speed and heading indicators also provide important
information for pilots when flying the ILS. That is to say, whenpilots
scanned the two integrated AOIs, altitude, and heading, they might
scan multiple indicators at the same time. As reading the digital
numbers on the heading indicator requires more time than
examining whether the pointer of vertical speed is at the desired
place, the averaged glance duration onto heading could also be
longer as a result. Although gaze-based data showed some differ-
ences between groups, it neither satisfactorily describes pilots' vi-
sual behavior, nor sufficiently answers RQ1. The level of practice,
operationalized by the fleet, has a significant effect on pilots’ visual
behavior. However, this approach does not provide more details or
an explanation.

4.2. Saccade grouping sets

Spokes-of-a-wheel was the most widely observed pattern and

Fig. 7. Four most frequent saccade grouping sets. Top left 123 “spokes-of-a-wheel” showed by 12 pilots; top right 134 “small-right-triangle” showed by 8 pilots; bottom left 456
“big-triangle” showed by 5 pilots; bottom right 126 “long-and-short-horizontal” showed by 6 pilots.

Fig. 8. Observed saccade grouping sets for both groups of participants.
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was the dominant SG among the long-haul pilots. In contrast,
short-haul pilots showed more balanced scanning, employing
spokes-types and triangular-types at equal shares. Haslbeck et al.
(2012) found similar results in an experiment comparing the
percent time on AOI on the primary flight display of short-haul first
officers and long-haul captains: the latter had a higher total glance
time on attitude as well. They assumed that long-haul pilots fell
into an accustomed visual behavior even when attitude did not
provide any additional information. It can be inferred from the
present study that such an accustomed gaze behavior is actually the
spokes-type gaze pattern.

Some researchers suggested that spokes-of-a-wheel is a moni-
toring gaze pattern applied during flight phases with less control
inputs in order to maintain the current course (Jones, 1985, p. 55;
Hayashi, 2004, p. 47e48). This technique focuses a pilot's attention
on attitude, a control instrument and preview display similar to the
preview strategy found in novice drivers (Underwood et al., 2003)
and maintains only reduced attention on the surrounding perfor-
mance instruments: speed, altitude, and heading (see Federal
Aviation Administration, 2012, p. 6e18 - 6e19). Since the main
concept of this technique requires the pilots to use attitude as the
primary preview on the flightpath and make control inputs pri-
marily according to this display, it is assumed to be more suitable
for flying tasks in which the information about how to maneuver
the aircraft could be directly obtained from the attitude (see Colvin
et al., 2005), e.g. when the FD provides an easy tracking task.
Within this context the spokes-of-a-wheel strategy is plausible:
first make inputs to change the attitude based on the indication of
the FD, then check other performance instruments to examine the
effect of the adjustment. However, when it comes to manual ILS
flying with AP and FD deactivated e as presented in this experi-
ment e the primary information to guide the pilot to the desired
approach course and glideslope is provided by localizer and gli-
deslope scales located within heading and altitude areas, respec-
tively. Hence, these two AOIs change their meaning, shifting from
performance instruments to control instruments. Consequently,
the spokes-type does not sufficiently facilitate manually flying the
ILS because frequent flightpath corrections require a shift of
attention and, therefore, changes in visual scanning.

Frequent scanning of the localizer and glideslope indicators
becomes important in order to notice the deviation trend as soon as
possible and make the smallest correction necessary. Changing the
attentional allocation from the attitude-centered pattern to address
more heading and altitude areas is suggested as a suitable strategy
in response to task demands. In accordance with previous studies
(Jarodzka et al., 2010), better-skilled pilots could adjust their
strategy to attend more to relevant information. Since long-haul
pilots suffered from skill degradation, we observed that they
maintained the accustomed scanning strategy suitable for the
flying phase with active automated systems and failed to make
adjustments with regard to the actual manual flying tasks. The

pilots who maintained the spokes-type strategy were less sensitive
to external stimuli about current aircraft status and more depen-
dent on their accustomed scanning behavior. Since a considerable
amount of fine-motor skill is required to maintain a complex con-
trol task, the long-haul pilots' significant lower level of practice
(Table 1) could reflect their limited skills and resources (see
Robinski and Stein, 2013) and consequently, their relative stable
scanning behavior regardless of the context (e.g. dynamic changes
in the aircraft status). Our interpretation is that long-haul pilots
predominantly applied a mental model not suitable for the task.
However, when an appropriate scanning strategy is accessible,
flightpath tracking becomes a less demanding and more successful
task, which is reflected by the short-haul pilots’ superior ILS per-
formance. Short-haul pilots frequently using triangular-type stra-
tegies showed a significant better flight performance on localizer,
which confirms our hypotheses concerning the advantages of this
strategy at least for one ILS dimension. The same tendency was
found in long-haul pilots. However, the sample size was too small
for statistical analysis. Finally, pilots using the SG {126} partly had
the lowest ILS deviations, especially on the long haul. However,
again only 3 pilots on every fleet do not allow for further
conclusions.

4.3. Conclusions and application

In terms of RQ1, the level of practice was found to have an effect
on visual scanning, with long-haul pilots fixating on attitude more
frequently (Figs. 4 and 6) and predominantly showing attitude-
based gaze patterns (Fig. 8). The influence of practice on manual
aircraft control (Fig. 3) was also documented. With respect to RQ2
pilots showed recurring gaze patterns analyzed by the SG method,
which addresses undirected saccades (Figs. 7 and 8). In terms of
RQ3 there was a correlation between gaze patterns and flight
performance (Table 3): pilots using triangular scanning strategies
showed the best ILS performance, while their colleagues using
spokes-typed strategies showed larger ILS deviations. Less-
practiced long-haul pilots mostly used spokes-type gaze patterns,
which seem appropriate for monitoring the correct flight path only.
Their performance was poorer when manually flying an ILS. For a
manual raw data precision approach, localizer, and glideslope in-
dicators become the most important control instruments, espe-
cially when correcting flight path deflections. Attitude is too
imprecise to show such deflections immediately after their
appearance. Thus, a well-balanced mix between spokes-type and
triangular types seems more appropriate for this tracking task.
Long-haul pilots have exhibited behavioral deficits comparable to
novice drivers (Chapman et al., 2002; Underwood et al., 2003; see
also Yang et al., 2013).

There was partly no effect of practice (depicted by the fleet
affiliation) on gaze-based behavior but a clear effect on gaze pat-
terns. Gaze-based findings could explain how pilots performed

Table 3
Evaluation of the spokes type SG against triangular type SGs concerning flightpath deviations.

Fleet Dimension Spokes Types Triangular Types SG {126}

n mean SD n mean SD n mean SD

A320/Short-Haul (n ¼ 25) Localizer� 11 0.13� 0.04 11 0.10� 0.03 3 0.10 0.01
Glideslopeþ 0.16þ 0.06 0.12þ 0.04 0.12 0.05

A340/Long-Haul (n ¼ 23) Localizer 17 0.25 0.11 3 0.20 0.10 3 0.17 0.02
Glideslope 0.32 0.12 0.31 0.14 0.22 0.03

Note. T-tests are based on log10-transformed data, while mean and standard deviation are based on non-transformed data. �A one-tailed independent t-test indicated sig-
nificant differences for short-haul pilots between spokes types and triangular types on localizer, t(20)¼ 1.98, p¼ 0.031, r¼ 0.40. þA one-tailed t-test did not indicate significant
differences for short-haul pilots between spokes types and triangular types on glideslope, t(20)¼ 1.33, p¼ 0.100, r¼ 0.28, n.s. For the sake of completeness data for the saccade
grouping set {126} is also depicted.
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their visual scanning based on simple metrics but could neither
explain why and where exactly the observed performance differ-
ences occurred, nor could they identify sequences. Only the anal-
ysis of gaze patterns based on dominant saccades was able to
identify meaningful behavioral differences and, therefore, deficits.

For application in the aviation industry this paper presented
different gaze patterns in correlation with pilots exhibiting
different levels of practice. Short-haul pilots who fly frequently
showed a broader repertoire of various gaze patterns. However,
long-haul pilots with few flights per month were not sufficiently
proficient in this regard. This loss of skills needs to be addressed by
selective training of visual scanning (see Shapiro and Raymond,
1989) in combination with manual aircraft control (see Wetzel
et al., 1998; Chapman et al., 2002; Schütz et al., 2011; Yang et al.,
2013; Kang and Landry, 2014). Long-haul pilots should enlarge
their repertoire of gaze patterns again to shift their attention allo-
cation from attitude to glideslope and localizer indicators in a more
unburdened manner. However, the results of this study also indi-
cate to be very careful with the idea of learning from experts
(Duncan et al., 1991; Wetzel et al., 1998; Robinski and Stein, 2013;
Kang and Landry, 2014; Kuebler et al., 2015) because the
commonly used indicator for expertise in aviation, total flight
hours, insufficiently correlates with practice, skill or proficiency
(Ebbatson, 2009; Franks et al., 2014; Haslbeck and H€ormann, 2016).

4.4. Limitations

There is a potential confound of practice and different aircraft
types. Airbus A320 and A340 have the same display layout. Visual
scanning can be done the same way on both types but there are
differences in the flight dynamics of the aircraft. Control of the two
types is not identical, which has a residual influence on the whole
closed-loop control information processing. The Airbus fly-by-wire
flight control system was designed in alignment with the principle
of commonality, providing the same flying and handling qualities
(Bri�ere and Traverse, 1993; Favre, 1994; Joint Aviation Authorities,
2004; Bissonnette and Culet, 2013). Thus both types have a
similar look and feel and can be controlled with identical precision.
Furthermore, we only studied pilots from one airline, all with very
similar training experience and pilot career models. Pilots from
completely different operations might show different visual scan-
ning behavior. Finally, manual flying is not restricted to ILS ap-
proaches only. Other flight phases and maneuvers will prompt
other gaze patterns potentially with other AOI.
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This paper reports an experimental study with the objective to assess pilots’ raw-data-based flight perfor-
mance which is affected by long-term practice and structured training. Fifty-seven airline pilots with differ-
ent levels of aviation experience scheduled on an Airbus fleet, representing contrary levels of practice and 
training, had to fly a simulated 45 minutes approach and landing scenario while flight performance data 
were objectively recorded. The level of practice and training was found to have a significant influence on 
manual flying skills. Pilots with low levels of practice and training showed a large variance in manual flight 
performance; pilots with high levels of practice and training demonstrated high and homogenous perfor-
mance.
 
 

INTRODUCTION 
 
For today’s aviation experts, manual flying is a critical issue. 
The aviation industry, primarily aircraft manufacturers and air 
carriers, is trying to manage the trade-off between safe and 
economic flight operation. On the one hand, they put emphasis 
on the training of their pilots’ manual skills, but on the other 
hand, obligatory manual training hours are to be reduced with 
every new type of aircraft introduced, in order to reduce the 
effort for necessary type rating training sessions. In preventing 
accidents, the pilot’s manual flying skills are considered as the 
last line of defense: if all the automation breaks down and 
manual operation becomes necessary, a pilot is still in charge 
of conducting a safe landing on his own. Two very prominent 
disasters, indicating lacking manual flying skills are Air 
France flight 447 and Asiana Airlines flight 214 (BEA, 2012; 
NTSB, 2014)   
Although much research has been done in the field of aviation, 
empirical studies on manual flight performance in specific 
comparable scenarios are still rare. Some of the more promi-
nent works in this area are discussed below. In the present 
paper, the question is addressed whether airline pilots can 
maintain sufficient manual flying skills by recurrent training 
and daily flight practice over the course of a pilot’s career. 
The experimental results are derived from a flight simulator 
study, which was performed in cooperation with a major Eu-
ropean airline. 
 
Acquisition of manual flight 
 
Manual control of an aircraft is an active task relative to when 
pilots monitor the aircraft under automation (Flach, 1990; 
Sarter & Woods, 1994); also known as a closed-loop control 
problem (Field & Harris, 1998; Wickens, 2003). Manual fly-
ing is a psychomotor process requiring more than operating 
the control stick of an aircraft. Three main stages of infor-
mation processing have to be considered in manual flying: 
perception, cognitive processing, and response execution 
(Childs & Spears, 1986). One model frequently referred to for 
these sequent stages was founded by Wickens (Wickens & 
Hollands, 1999). In flight school, pilots learn and intensively 

train these active processes before they are introduced to au-
tomation, which then switches their task as a pilot from han-
dling an aircraft to managing it (Childs & Spears, 1986; JAA, 
2006). From this point on, pilots are faced with automation 
induced skill degradation (Balfe, Wilson, Sharples, & Clarke, 
2012), caused by the automation taking over the responsibility 
for tasks previously performed by the human operators (Par-
asuraman & Riley, 1997). 
 
Automation-induced changes on the flight deck 
 
As flying becomes more automated, pilot´s manual flying 
skills degrade. This inverse relationship is primarily caused by 
the automation altering the active flying task to a passive mon-
itoring task (Sarter & Woods, 1995). The introduction of early 
glass cockpits (late 1970s), flight management systems, and 
fly-by-wire control (late 1980s) in commercial aviation were 
significant automation milestones. Billings (1991) also de-
scribed these changes in terms of information, management, 
and control automation. Automation helps the human operator 
in difficult situations when incapacity, workload, fatigue or 
inaccuracy occur – just to name a few. Well known ironies of 
automation describe negative automation effects like skill deg-
radation (Billings, 1991; Endsley & Kiris, 1996) or reduced 
operator vigilance (Endsley, 1999).  
 
Evidence-based experimental studies to assess degrading 
manual flying skills 
 
In the mid-1980s, empirical studies shed some light on this 
issue. While a large number of experiments explored exposure 
to automation and related situation awareness, only a few at-
tempts were made at investigating and measuring the devel-
opment and degradation of manual flying skills under automa-
tion.  
An early effort to warn of diminishing flying skills was made 
by Childs and Spears (1986). They postulated a concern that 
ineffective perceptual processes lead to deteriorated motor 
responses. Sarter and Woods (1994) reported a study focusing 
on pilots’ mental models of the flight management system. 
Their findings revealed that these mental models do not ac-
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count for monitoring skills and, to some degree, manual skills, 
as they require active interventions by the pilot, like the loss of 
glideslope information. The transition from conventional flight 
decks towards automated ones was evaluated in a simulator 
study by Veillette (1995). In an experiment with non-
voluntary airline pilots, he measured manual flight perfor-
mance across varying degrees of automation. The results of 
this study showed significant differences in manual flight per-
formance between the two groups: the pilots accustomed to 
automation had significantly larger deviations from the ideal 
flight paths – evidence of degrading manual skills due to au-
tomation. A more recent study analyzing manual flight per-
formance was introduced by Gillen (2008). His comparison 
showed that pilots’ self-assessment delivered higher ratings 
than pilots were able to perform in the simulator experiment – 
pilots’ confidence in their own skills was subject to a bias. In 
addition, the pilots tested performed below certification stand-
ards, which means these subjects would have failed in a certi-
fication situation. 
Ebbatson (2009) showed in a large-scale analysis of manual 
flight performance data a correlation between manual flying 
skills and practice rather than overall flight experience. Recent 
flight practice including manual flying occurring a few weeks 
prior to the experiment had more influence on the measured 
performance than flight hours accumulated over a pilot’s en-
tire career. Finally, Ebbatson suggests replicating his experi-
ment with a group of long-haul pilots, where he assumes even 
stronger effects between manual flight performance and prac-
tice would be found. 
These studies all had specific foci, but cannot deliver a com-
prehensive view on the performance of pilots with a low level 
of practice and only few opportunities for training, like pilots 
in long-haul operation. Attempting to fill this gap, the follow-
ing study was conducted to focus on long-haul pilots. Consid-
ering different approaches already mentioned, the current 
study addresses the following aspects specifically (see also 
Haslbeck et al. (2012)):  

• A randomized sample for manual flying experiments 
is necessary to avoid self-selection and volunteer bi-
ases, thus, participants should not be chosen on a 
voluntary basis. Otherwise pilots with fairly high 
skill levels tend to participate in such experiments. 

• A highly realistic and valid standardized setting for 
experimental simulator studies is needed, using a cer-
tified full flight simulator with motion effects e.g. 
from light turbulence weather effects and having real 
air traffic control instructions, which would force pi-
lots to handle a higher workload by distinguishing 
between remote messages and their own messages in 
radio communications. 

• The difficulty of a scenario should deliver tasks that 
can be fulfilled but should also give participants a 
chance to fail due to their manual flying skills. 

• The highly standardized progress sequence of the ex-
perimental simulation scenario should ensure that, in 
general, all participants face the same technical, envi-
ronmental, and organizational conditions. 

 
 

METHOD 
 
Research Question and Aim of the Study 
 
The main research question is: How do practice and training 
influence manual flying skills? The concept ‘level of practice 
and training’ (according to the German expression 
Trainiertheit) stands for the manual flying skill level of pilots 
and is affected by the following three aspects: 

• passed time since initial flight school to account for 
long-time skill degradation;  

• daily flight practice to consider aspects of on-the-job 
training of skill; 

• the effect of flight simulator training lessons, when 
selected flying tasks and maneuvers are repeatedly 
practiced and tested under supervision.  

Flight experience, for example in terms of flight hours, and the 
level of practice and training are inversely proportional: while 
their flight hours are continuously rising, for most pilots, sec-
tions including active handling are rare especially on the long-
haul. In this context, experience is rather meant as declarative 
knowledge how to solve problems and tasks than implicit 
knowledge or skill how to fly an aircraft. Therefore, it is ex-
pected that long-haul captains (CPTs) would have a lower skill 
level than short-haul first officers (FOs), because it has been 
longer since they attended flight school including systematic 
initial flight training, and they have a significantly lower fre-
quency of recent flights than their short-haul colleagues. 
 
Participants 
 
To investigate the influence of practice and training, younger 
FOs on short-haul schedules and elder CPTs on long-haul ser-
vice were chosen at random (stratified random sample), to 
establish an extreme groups design, representing two typical 
populations on both evaluated fleets. All participants occupied 
the same seat as they do in line operation. Two Airbus-type 
qualified full-flight simulators (JAR-FSTD A) were used for 
this study because of the very comparable cockpit designs and 
the resulting ease of transferring between different types 
(communality). 27 male CPTs participated, representing a low 
level of daily practice and training but a high level of opera-
tional experience. Their simulator was operated in an Airbus 
A340-600 configuration. For the other group, representing a 
high level of daily practice and training but a low level of op-
erational experience, 30 FOs (27 male, 3 female) took part in 
this experiment in an Airbus A320-200 simulator. They should 
have been in line operation for about five years. Two random-
ly selected CPTs reported sick and were replaced by two 
equally qualified but voluntary CPTs. All participating pilots 
experience four simulator events per annum. The CPTs had 
more operational tasks (executive decisions) in their last two 
simulator sessions prior to the experiment, while the FOs were 
said to have experienced manual flying tasks. This means that 
the kind of training for both groups of pilots ideally met the 
experiment’s demands. Table 1 shows the demographical data, 
showing flight experience as overall flight hours and years 
since flight school, as well as the number of individually per-
formed landings within the past 30 days. Participating pilots 
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were scheduled for the experiment by their company’s flight 
operations department, so participation was part of their ser-
vice schedule and not on a voluntary basis. All pilots were 
airline pilots (ATPL) and in service of the cooperating airline. 
All CPTs held the type rating for A330/340 family aircraft, 
and the FOs held the type rating for A319/320/321 family 
types. 

Table 1. Demographical data of participants (mean values). 

 
age 

overall flight 
hours 

indiv. landings 
in past 30 days 

years since 
flight school 

CPTs (n=27) 50.4 15,019.7 3.4 24.6

FOs (n=30) 30.4 3,373.9 16.6 4.5

 
Procedure 
 
The participating pilots were prepared the same way as for a 
regular flight, wearing pilot uniforms and bringing their daily 
used computers for the electronic flight bag system. Subjects 
were always instructed to be the pilot flying (PF). A confeder-
ate pilot monitoring (PM) was instructed to have a passive but 
cooperative role, and not to cause errors. These confederate 
pilots (two alternating for each group of participants) were 
also scheduled by the partner airline on the correspondent 
fleet. The first subject began the experiment (three subjects 
per night) approximately two and a half hours after the starting 
time. The whole procedure resembles longer flights with land-
ings during the early morning hours, representing long-haul 
flights from the east or mid-range flights operated with short-
haul aircraft in the partner airline (Haslbeck et al., 2012). 
 
Scenario 
 
After an uneventful flight from the east toward Munich Air-
port, the PF returned from his last break to perform the ap-
proach and landing 25 minutes prior to scheduled touchdown. 
All flight crews had to perform a missed approach before in-
tercepting the ILS (guide beam provided by the instrument 
landing system) for a second time. At this time the approach 
mode could not be armed and the autopilot was disabled by a 
scripted event. After this point, the pilots had to perform all 
flying activities manually without the flight director and auto-
pilot assistance. When the localizer was manually intercepted 
– providing runway centerline guidance – the measurement of 
manual flight performance started. A hand-flown landing (raw 
data ILS) with touchdown ended the 45-min. scenario. 
 
Dependent Measures 
 
Pilots were instructed to act and fly according to standard op-
erating procedures of their airline (including licensing stand-
ards) – the same as in a real flight. Flight performance data 
were objectively measured by the flight simulator’s data re-
corder. Here, deviations from the ideal glide slope (vertical 
guidance), and localizer (lateral guidance) were measured. 
These metrics represent the resulting system performance ac-
cording to a control loop including the pilot and the aircraft 
(Morris & Miller, 1996). Flight path deviations can be consid-

ered in two different ways: measurement of absolute values 
with averaging afterwards or comparing maximum deviations 
to licensing standards. Both approaches were pursued and are 
subsequently shown. 
All data for the localizer and glide slope are standardized to 
aberrations in dots, a unit which can be monitored on the pri-
mary flight display in the cockpit and which gives pilots in-
formation about their actual attitude with respect to the ideal 
approach path. The individual glide slope variations for all 
participants are observed from 3,000 ft. AGL (above ground 
level) down to 200 ft. AGL, whereas localizer aberration is 
considered significant from 3,000 ft. AGL to the model height 
of the aircraft above the threshold of 50 ft. AGL.  
According to partner airline manuals, guidelines and laws 
(JAA, 2006), a maximum variance of one dot deflection on 
each side of the primary flight display localizer and glide 
slope scale must be maintained on precision approaches at all 
times. All measures can be directly compared to pilots’ licens-
ing standards (JAA, 2006; Ebbatson, 2009). To complement 
the comparison of maximum deviation values to legal stand-
ards, the root mean square error (RMSE) was calculated for all 
pilots to give a combined measure of their accuracy, equally 
weighting mean error and standard deviation (Hubbard, 1987; 
Flach, 1990). Here this measure is taken to express the differ-
ences between both groups, rather than to distinguish between 
the directions of both the localizer and glide slope. 
 

RESULTS 
 
Pilots´ manual flying performance in terms of maximum local-
izer and glide slope deviations from the manually flown ILS 
approach is shown in figure 1 and 2. These two diagrams 
evaluate pilots’ skill against licensing standards (± 1dot max.). 
 

 
Figure 1: participants’ maximum localizer deviations 
 

 
Figure 2: participant’s maximum glide slope deviations 
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Each bar represents the maximum deviation for each pilot 
from the target value in figure 1 and 2. Positive localizer devi-
ations imply a horizontal drift to the right of the runway cen-
terline, with negative deviations correspondingly to the left. 
Vertical drift information is provided via the glide slope indi-
cator. Positive deviances equal an aircraft position higher than 
the ideal glide path, while negative deviances in contrast rep-
resent a lower than ideal position of the airplane. Given the 
results depicted in Figure 1, six out of 57 subjects violated 
restrictions on the allowed localizer variance. For glide slope 
deviation, eight out of 57 participants could not perform with-
in the acceptable limits. A total of nine different pilots (15.8 
%) did not meet the mandatory skill test requirements in this 
scenario. Relative to test-person groups, seven (25.9 %) out of 
27 CPTs did not fulfil at least one of the binding ILS deviation 
parameters, while two (6.7 %) out of 30 FOs did not. For lo-
calizer and glide slope deviations, the RMSE is shown in Fig-
ure 3. 
 

 
Figure 3: RSME for localizer and glide slope deviations 
 
Table 2: statistical analysis of ILS deviations data 

 mean 
Independent 

t-Test 
Mann-Whitney 

test 
 t (df); p; r U; z; p; r 

max. 
localizer 
devia-
tions 

left 
CPTs .254 t(36.12)=2.55

2; p< .008; 
r= .39 

U=249.5; 
z=2.489; 

p= .006; r= .33 FOs .143 

right 
CPTs .646 t(55)=2.873; 

p= .003; 
r= .36 

U=70; z=5.356; 
p< .001; r= .71 FOs .298 

RMSE localizer 
CPTs .025 t(23.86)=5.19

1; p< .001; 
r= .73 

U=28; z=5.629; 
p< .001; r= .78 FOs .010 

max. 
glide 
slope 
devia-
tion 

high 
CPTs .796 t(55)=2.077; 

p= .021; 
r= .27 

U=154; 
z=4.013; 

p< .001; r= .53 FOs .481 

low 
CPTs .471 t(55)=3.08; 

p< .002; 
r= .38 

U=211; 
z=3.102; 

p= .001; r= .41 FOs .271 

RMSE glide 
slope 

CPTs .035 t(24.48)=5.49
3; p< .001; 

r= .74 

U=25; z=5.684; 
p< .001; r= .79 FOs .015 

 
The two groups were compared using parametric as well as 
non-parametric tests, as assumptions of normality could not be 
met for all deviation data. Both tests using an alpha-level of 
.05 indicate highly significant differences between the two 

groups’ manual flying performances. In addition, the effect 
sizes expressed by a point-biserial r show moderate to very 
large effects. 
 
DISCUSSION AND CONCLUSIONS 
 
Evidence was found that participating CPTs with a lower level 
of practice and training (table 1) cause larger deviations from 
the ideal approach parameters than their more practiced FO 
colleagues; even if one limitation to this study is the fact that 
A320 and A340 differ in size, weight, and handling character-
istics. From a technical or aeronautical perspective, these are 
completely different types of aircraft, while seen from a hu-
man factors view, both are successive milestones on a pilot’s 
career and the human-machine-interfaces thinly differ because 
of the communality design principle of Airbus planes. When 
thinking about the differences in both types, the A340 is over 
four times heavier than its smaller counterpart and so it has 
larger flight path inertia. However both types are controlled by 
comparable roll and pitch rates, realized by larger control sur-
faces. In addition, the A340’s higher flight path inertia might 
be an advantage in case of external perturbations like gusty 
wind. Based upon licensing standards on the one hand and 
flight operation realities on the other hand, all pilots have to 
perform within the same limits. Licensing standards neither 
differ between CPTs and FOs nor between long-haul or short-
haul. Moreover both groups of pilots as well as both types of 
aircraft can use the same airports and runways. Thus require-
ments for manual aircraft handling are the same for all pilots. 
Another argument for choosing this comparison between 
A320 FOs and A340 CPTs is the assumed maximum range 
between the pilots’ different skill levels (table 1) to utilize an 
extreme groups design.  
That degrading manual flying skills have been observed in this 
rather small sample of pilots suggests that this is likely more 
prevalent than one could have suspected. As participants were 
active professional pilots, the results should be valid for other 
airline’s personnel. In several cases, the deviations from ideal 
performance are large enough that pilots would have even 
failed a check situation – a dramatic finding that could reflect 
inadequate maintained skills. As training lessons normally 
cover equal contents for short-haul and long-haul pilots in 
longer sequences, one can assume that differences in manual 
flight performance are instead a consequence of everyday 
flight practice. This hypothesis is also supported by Ebbat-
son’s (2009) study: accordingly, recent flight practice result-
ing from frequent flight operations, seem to be the most im-
portant factor in maintaining manual flying skills. Duncan, 
Williams and Brown (1991) have found some comparable 
insights in a real driving car experiment, “that adequate driv-
ing skills cannot be assumed, even for the `average´ experi-
enced motorist, simply because they once were mastered 
[…]”. In comparison, simulator training can instead teach the 
right techniques for handling the aircraft (Buckley & Caple, 
2009).   
A further limitation to this study is that the level of practice 
and training is confounded with pilot’s age and experience. 
Tsang (2003) describes and cites findings in her comprehen-
sive review that “older, experienced individuals do not neces-
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sarily perform more poorly than their younger counterparts in 
tasks specific to their domain of expertise.” Taylor, Kennedy, 
Noda, and Yesavage (2007) have reported a study investigat-
ing performance changes of pilots with different age and also 
under regard of different levels of expertise. Their results indi-
cate no strong decline of landing skills by experienced (ATPL) 
pilots over time. In spite of these findings, in a field experi-
ment with airline pilots, their level of practice and training will 
always be partially confounded with age and experience. For 
the measurement of manual flying skills, operational flight 
experience plays only a minor role and in an airline’s daily 
operation, experience and the level of practice and training 
normally develop contrarily: CPTs have accumulated a vast 
amount of flight experience but experience only very few op-
portunities to practice flight skills – neither in simulator ses-
sions nor in real operation. In spite of these limitations, the 
results of this study deliver a highly valuable picture of pro-
fessional pilots’ ability to manually control an aircraft. 
Long-haul operation with its high degree of automation and 
pilots’ long exposition to automated systems, was shown to 
have an eroding effect on manual flying skills; pilots with re-
duced flight duties and part-time schedules, like management 
pilots or ones who are on parental leave, should be kept in 
mind. Some examples to be supposed to airlines to implement 
strategies against deteriorating skills: additional simulator 
training sessions as well as type rating trainings concentrating 
on manual aircraft handling; combining short-haul and long-
haul operation for long-haul pilots (mixed-fleet flying), espe-
cially for CPTs suffering from a lack of practice opportunities. 
For human-machine-interface designers, the approach of adap-
tive automation (Parasuraman, 2000) could also lead to a more 
flexible and dynamic task sharing between human and auto-
mation in the near future.     
Future studies should further operationalize and analyze the 
influence of simulator training sessions. In addition, further 
groups of pilots with medium levels of practice and training, 
like short-haul CPTs and long-hauls FOs could complement 
insights in pilot’s manual flying skills.  
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Objective: The aim of this study was to evaluate 
the influence of practice and training on fine-motor 
flying skills during a manual instrument landing system 
(ILS) approach.

Background: There is an ongoing debate that 
manual flying skills of long-haul crews suffer from a lack 
of flight practice due to conducting only a few flights 
per month and the intensive use of automation. How-
ever, objective evidence is rare.

Method: One hundred twenty-six randomly 
selected airline pilots had to perform a manual flight 
scenario with a raw data precision approach. Pilots 
were assigned to four equal groups according to their 
level of practice and training by fleet (short-haul, long-
haul) and rank (first officer, captain).

Results: Average ILS deviation scores differed 
significantly in relation to the group assignments. 
The strongest predictor variable was fleet, indicating 
degraded performance among long-haul pilots.

Conclusion: Manual flying skills are subject to ero-
sion due to a lack of practice on long-haul fleets: All 
results support the conclusion that recent flight practice 
is a significantly stronger predictor for fine-motor flying 
performance than the time period since flight school or 
even the total or type-specific flight experience.

Application: Long-haul crews have to be sup-
ported in a timely manner by adequate training tailored 
to address manual skills or by operational provisions 
like mixed-fleet flying or more frequent transitions 
between short-haul and long-haul operation.

Keywords: skilled performance, automation, percep-
tual-motor performance, manual controls, information 
processing

In his classical book about pilots’ stick and rud-
der skills, Wolfgang Langewiesche (1944) 
explained that for learning the art of flying an 
aircraft, the pilot sometimes needs to withstand 
his or her natural responses. For example, in a 
stall situation at low altitude, the correct recov-
ery requires to push the stick forward and point 
the aircraft’s nose to the ground. A very strong 
skill is required to hold back powerful instinc-
tive behaviors of pulling the stick backward in 
this situation. Hard and continuous drill is 
indispensable for pilots to acquire and main-
tain the adequate touch and feel essential to 
manually control the aircraft in any conceiv-
able maneuver. However, in today’s advanced 
technology, aircraft pilots are often lacking 
sufficient opportunities to practice when they 
are relieved too often from manual flying tasks 
by using automated systems (cf. SKYbrary, 
2016a).

Manual control implies lateral (roll, heading), 
vertical (pitch, altitude, vertical speed), and lon-
gitudinal (airspeed) control of an aircraft (Puen-
tes, 2011) mainly through adequate fine-motor 
inputs by the human pilot to a control yoke 
(Boeing types) or a sidestick (Airbus types) gov-
erning an aircraft’s pitch and roll and the thrust 
levers. Yaw control by rudder pedals is a minor 
task performed in normal operation only 
momentarily during takeoff, the landing flare, 
and the deceleration after touchdown. In other 
words, manual control means hand flying by ref-
erence to raw data without highly automated 
systems like flight director, autopilot, autothrust, 
or other flight management systems (SKYbrary, 
2016a). Raw data flying specifies the absence of 
the flight director (Casner, Geven, Recker, & 
Schooler, 2014). Under this basic but challenging 
condition, the pilot performs a compensatory 
tracking task and in parallel cognitively processes 
information about speed, altitude, and the flight-
path. This task requires adequate knowledge and 
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skills to control the dynamics of the aircraft to 
actively follow the intended trajectory. In addi-
tion, the localizer and glideslope indicators are 
among the most important information in the 
case of an instrument landing. For Airbus air-
craft, manual flying is still supported by enve-
lope protections in normal law mode.

Previous Work Investigating Pilots’ 
Manual Flying Skills

Increased flight deck automation could reduce 
the opportunity for flight deck crews to practice 
their manual flying skills and therefore could 
degrade their levels of performance. Early warn-
ings were raised by Wiener and Curry (1980) 
even prior to having broader data sets to examine 
this anticipated threat. Childs and Spears (1986) 
addressed perceptual and cognitive aspects of 
manual flying and its degradation, while Sar-
ter and Woods (1994) reported few deficits in 
pilots’ proficiency in standard tasks like aborting 
a takeoff or disengaging the approach mode. 
Veillette (1995) showed a significant influence 
of automation on manual flying skills. More 
recent experimental studies were performed by 
Gillen (2008), showing that pilots performed 
below licensing standards, and Ebbatson (2009) 
evaluated the effect of degradation on manual 
skills due to a lack of opportunities to practice 
among short-haul crews. In one of the latest 
studies, Casner et al. (2014) observed pilots 
having difficulties in cognitive tasks correspond-
ing to manual flight. Quite recently though, 
aviation regulatory authorities have raised com-
mon concerns about the deterioration of basic 
manual flying skills among pilots flying highly 
automated aircraft and recommended some pre-
ventive actions (Civil Aviation Authority, 2014; 
European Aviation Safety Agency, 2013; Federal 
Aviation Administration, 2013a). On one side, 
there is a high level of agreement among pilot 
and training communities as well as manufactur-
ers that manual and cognitive flying skills tend 
to decline because of a lack of practice due to 
increased use of automated systems. On the 
other side, as Civil Aviation Authority (2014) 
criticizes, scientific findings are still inconclu-
sive as to which degree such decline occurs 
because evidence is often based on pilots’ opin-
ions and experiences or an analysis of narratives.

Evidence From Accident Statistics
With respect to long-haul crews, there is 

only anecdotal evidence that they suffer from 
an absence of practice opportunities, resulting 
in lower manual skills (Civil Aviation Author-
ity, 2014; Drappier, 2008; Learmount, 2011). 
Aviation accidents with clear indications of a 
lack of manual flying skills, like the prominent 
Air France Flight 447 (Bureau d’Enquêtes et 
d’Analyses pour la sécurité de l’aviation civile, 
2012) and Asiana Airlines Flight 214 (National 
Transportation Safety Board, 2014), are too 
rare to provide statistical evidence. Dismukes, 
Berman, and Loukopoulos (2007) analyzed 19 
predominantly short-haul aviation accidents in 
the United States and found in 8 cases clear 
evidence for insufficient manual flying skills at 
least as a contributing factor. Lacking manual 
skills are also involved in many upset and loss-
of-control accidents (Lambregts, Nesemeier, 
Wilborn, & Newman, 2008; Newman, 2012). 
The International Air Transport Association 
(IATA) published in 2015 an in-depth analysis 
of 415 accidents in commercial aviation, which 
occurred worldwide between 2010 and 2014. 
In 26% of these accidents (mostly landing acci-
dents but also loss of control in flight), IATA 
found tangible evidence that manual handling 
flight crew errors were involved. As one of the 
recommendations to operators, IATA concluded 
that “Stable approaches are the first defense 
against runway excursions. The final, more 
important, defense is landing in the touchdown 
zone” (p. 77).

Degradation of Fine-Motor Flying Skills
While manual flying could be considered a 

rather simple tracking task in theory, pilots need 
regular practice and training to maintain this 
distinct set of fine-motor skills. Short-haul and 
long-haul operations support the maintenance of 
manual flying skills differently: For the former, 
8 to 12 duty cycles per month with up to four 
legs each is typical, and for the latter, three to 
four long-range flights are performed monthly 
due to legal rest periods. Thus, both types of 
operation lead to different levels of practice in 
pilots’ manual skills. None of the aforemen-
tioned studies directly addressed the influence 
of practice and training on fine-motor skills. 
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Based on the reviewed literature, we identified 
a research gap concerning a valid, holistic, and 
comparative evaluation of pilots’ manual flight 
proficiency: (a) regarding different types of 
operations—long haul and short haul; (b) dif-
ferent levels of experience, responsibility, and 
tasks—captain (CPT) and first officer (FO); (c) 
under the recent amount of exposure to automa-
tion in today’s advanced technology aircraft; 
and (d) in a realistic flying scenario familiar 
to the pilots. In our work, we are dealing with 
pilots who have different levels of practice, 
training, and experience while facing the same 
flying tasks within identical limits of licensing 
standards (European Union, 2011).

Research Questions and Hypotheses
The main research question of this paper is: 

What influence does the level of practice and 
training have on fine-motor flying skills? The 
level of practice and training is not a single 
and measurable metric or unit but rather a con-
cept concerning flight proficiency that includes 
several influences: (a) elapsed time since ini-
tial flight training, addressing the long-term 
skill degradation (cf. Ebbatson, 2009; Franks, 
Hay, & Mavin, 2014); (b) daily flight prac-
tice, addressing on-the-job training (Fleishman, 
1966; Savion-Lemieux & Penhune, 2005); and 
(c) the influence of flight simulator sessions, 
when periodically selected flying tasks and 
maneuvers are to be practiced (recurrent train-
ing) and tested (proficiency checks) under the 
supervision of trainers and examiners (Buckley 
& Caple, 2009). It was hypothesized that with a 
higher level of practice and training, pilots show 
better fine-motor flight performance (Haslbeck, 
Kirchner, Schubert, & Bengler, 2014). Referring 
to the level of practice and training, a secondary 
research question arises: whether the time dated 
back to flight school and expertise (determined 
by rank) or the daily flight practice (determined 
by fleet) has a stronger influence on manual 
flight proficiency. If the former aspect prevails, 
first officers would perform better because their 
elapsed time since flight school is shorter; in the 
latter case, short-haul crews would perform bet-
ter because they have more daily flight practice. 
Ebbatson (2009) and Franks et al. (2014) have 
argued that (initial) training long ago cannot 

sufficiently support recent manual flying skills. 
Addressing these research questions, we expect 
to see a stronger effect from the daily flight 
practice and a slightly weaker effect from the 
time period since flight school, which conse-
quently leads to the expected order of manual 
flight performance: FO short haul > CPT short 
haul > FO long haul > CPT long haul.

MEtHoD
This paper reports on the analysis of the 

fine-motor flight performance of airline pilots 
derived from two consecutive flight simulator 
studies. Both studies were funded by a German 
research program in cooperation with a major 
European airline. Experiment A took place in 
2011, comparing manual flight performance 
of two groups of pilots: FOs scheduled on 
short-haul service, representing a high level of 
practice and training, as well as CPTs scheduled 
for long-haul operation, representing a low 
level of practice and training. To complement 
Experiment A with the two missing groups 
(i.e., CPTs on short haul and FOs on long haul), 
Experiment B was conducted in 2013 with CPTs 
scheduled for short-haul service and FOs sched-
uled for long-haul service.

Apparatus
Airbus types were selected for two reasons: 

First, the fly-by-wire technology designed under 
the commonality principle (Vadrot & Aubry, 
1994) ensures very similar handling character-
istics, and second, being equipped with second-
generation electrical flight control systems, they 
expose pilots to high levels of automation 
(Brière & Traverse, 1993). Thus, we conducted 
both experiments in a southern German flight 
simulator training center equipped with two 
Airbus-type full-flight simulators (FFS Level 
D): one Airbus A320 device and another one in 
an Airbus A340-600 configuration.

Scenario and Instruction
Prior to both experiments, all participants 

completed another simulated flight scenario 
concerning operational problems (35 minutes) 
and simultaneously warmed up for the manual 
flying task. The flight scenario (10 minutes) for 
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our study was a manual approach to Munich 
Airport (26R EDDM) and was the same for all 
participants. It started shortly before a defect in 
the autopilot and the flight director occurred; 
thus, lateral and vertical control of the aircraft 
in an instrument landing system (ILS) approach 
had to be performed manually based on raw 
data. Pilots were, however, allowed to use auto-
thrust for the longitudinal control, but very few 
did; auto-trim was engaged. The weather was 
set to the following parameters: visibility 1,200 
meters, wind 220°/17–22 knots gusty, ceiling 
270 feet, light rain. All pilots were instructed 
to perform a landing as accurately as possible 
according to company standard operating proce-
dures and ATP licensing standards. Participants 
had the role of pilot flying (PF) and were sup-
ported by a pilot monitoring who was either a 
confederate pilot (Experiment A) or the second 
participating crewmember (Experiment B).

Participants
All participants were randomly selected by 

the crew scheduling department of the cooperat-
ing airline and occupied the same seat as well as 
the same aircraft type for which they were rated. 
Four groups (stratified random sample) of ATP 
licensed airline pilots, about 30 pilots per group, 
were scheduled as the PF in this experiment: FOs 
and CPTs on Airbus A320 as well as Airbus A340. 
All participating pilots experience routinely four 
annual 4-hour flight simulator training sessions: 
two recurrent training sessions and two legal 
licensing checks. Table 1 shows relevant demo-
graphical data for the 126 participants (see supple-
mental material available at http://hf.sagepub.com 
/supplemental). The overall flight hours are a  

general measure of flying experience. Landings 
within the last 30 days prior to the experiment 
account for short-term practice, and time period 
since flight school indicates long-term skill retention.

Dependent Measures
Deviations from ideal flight performance and 

landing parameters (cf. IATA, 2015, p. 77) were 
recorded and analyzed. ILS flightpath deflections 
were recorded in two different dimensions: For 
horizontal deviations from the localizer (LOC) 
and for vertical deviations from the 3°-glideslope 
(GS), maximum values were considered and the 
root mean square errors (RMSE) were calculated. 
The latter is a frequently used measure for fine-
motor (flight) performance evaluations (McCler-
non, Miller, & Christensen, 2012; Rantanen, 
Johnson, & Talleur, 2004), even if it does not 
deliver the position information (Hubbard, 1987), 
which is of no interest for this study. Flight crew 
licensing standards require adhering deflections 
no larger than one dot for precision approaches 
(European Union, 2011). This unit corresponds 
to a deviation of ±0.8° on the LOC and ±0.4° 
on the GS for Airbus types and is indicated on 
two scales in the primary flight display. These 
flightpath deviations were measured for three 
different altitude segments. The upper segment, 
3,000–1,000 feet above ground level (AGL), 
represents the initial instrument approach phase 
with medium difficulty, preparing the stabilized 
approach (SKYbrary, 2016b). The next segment, 
1,000–270 feet AGL, stands for the increasingly 
demanding instrument approach phase within the 
limits for a stabilized approach, not exceeding 
deviations larger than one dot. The last segment, 
270–50 feet AGL, represents the transition to the 

TAblE 1: Demographic Data for Participants

Age
Flight Hours:  

Overall/On Type
Landings in  

Past 30 Days
Years Since  

Flight School

Rank Fleet N Mean SD Mean SD Mean SD Mean SD

FO A320 39 30.1 2.8 3,438/2,415 1,848/1,266 16.1 6.3 5.8 2.8
FO A340 28 36.4 3.3 7,204/3,469 1,987/1,812 2.4 1.5 12.2 2.9
CPT A320 30 43.0 4.3 11,276/3,847 1,931/2,355 16.6 10.2 18.1 3.3
CPT A340 29 49.8 3.6 14,969/2,909 2,951/1,818 3.5 2.1 24.4 4.1

Note. ILS deviation data evaluation is based on these 126 participants; TD points were calculated for these and 
four more CPTs on A340. FO = first officer; CPT = captain; ILS = instrument landing system; TD = touching down.
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visual approach shortly before the landing flare. 
Apparently, GS data become somewhat unreliable 
in the last segment because some pilots seem to 
have commenced the flare above 50 feet AGL. 
The data sets were only analyzed if the participant 
had completely finished the approach without 
aborting it. A further measure for manual flight 
performance with high practical relevance is the 
first point of touching down (TD) upon landing. 
We measured these TD points in two dimensions: 
absolute longitudinal distances to the threshold 
of the runway and absolute lateral distances to 
the centerline. The ideal TD point is the boldly 
marked aiming point located about 400 meters 
(1,312 feet) behind the threshold. For this evalua-
tion all data sets were included where the aircraft 
touched down, with or without a preceding go-
around.

RESultS
All effects will be reported as significant at p < 

.05, and ηp
2 is given as effect size. If the assump-

tion of sphericity is violated, Greenhouse-Geisser 
estimates of sphericity are reported by ε. The 
mean values of all groups are presented in Table 
2 for both measures: the flightpath deviations and 
the touchdown points.

Deviations From localizer and 
Glideslope

The maximum deviations on localizer (Fig-
ure 1) and glideslope (Figure 2) in the segment 

between 1,000 and 270 feet AGL indicate that 
10 (18%) out of 57 approaches (all on A340) 
exceeded with at least one flight parameter the 
limits of a stabilized approach or of the licens-
ing standards of a precision approach.

All individual flightpath deviations averaged 
by the RMSE in the most relevant segment 
between 1,000 and 270 feet AGL are displayed 
in Figure 3. These flight performance data were 
analyzed with a 2 × 2 × 3 (between-subjects fleet 
[A320, A340] × between-subjects rank [FO, 
CPT] × within-subjects altitude [3,000–1,000, 
1,000–270, 270–50]) multivariate analysis of 
variance with two dependent variables: devia-
tions on localizer and glideslope. In most cases, 
RMSE and absolute deviation scores are not 
normally distributed but positively skewed. For 
that reason, all flightpath deviation data have 
been log-transformed for the further statistical 
analysis. The results of ILS deviations, which 
contain a number of significant between- and 
within-subjects effects, are depicted in Table 3. 
Average differences between groups are visual-
ized in Figure 4 and Figure 5.

Analysis of touchdown Points
A two-way MANOVA was conducted, 

including the aforementioned factors fleet and 
rank, and two dependent variables: longitudinal 
(LONG) and lateral (LAT) absolute distance to 
the threshold and to the centerline of the runway, 
respectively. Furthermore, Pillai’s trace was 

TAblE 2: Results of Pilot Groups for ILS Flightpath and Touchdown Point Deviations

RMSE ILS Flightpath  
Deviations (Dot)

TD Point Deviations 
(Meters)

 
3,000–1,000  

Feet AGL
1,000–270  
Feet AGL

270–50  
Feet AGL

 LOC GS LOC GS LOC GS LONG LAT 

Group M SD M SD M SD M SD M SD M SD M SD M SD

FO A320 .10 .04 .14 .05 .12 .06 .19 .08 .14 .08 .74 .55 418 115 2.0 1.5
FO A340 .20 .08 .25 .10 .25 .14 .30 .13 .23 .18 .88 .67 501 133 2.1 2.0
CPT A320 .11 .04 .13 .06 .14 .06 .17 .07 .18 .12 .58 .28 428 104 1.2 1.1
CPT A340 .31 .22 .38 .20 .26 .10 .38 .18 .25 .11 1.2 .72 510 182 5.3 5.0

Note. RMSE = root mean square errors; ILS = instrument landing system; TD = touchdown; AGL = above ground 
level; LOC = localizer; GS = glideslope; LONG = longitudinal absolute distance to the threshold of the runway;  
LAT = lateral absolute distance to the centerline of the runway; FO = first officer; CPT = captain.
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chosen as a rather robust multivariate test sta-
tistic showing significant differences between 
groups. Statistical analysis of TD points is given 
by Table 4, and differences between groups are 
illustrated in Figure 6.

Effect of Age and time Since Initial 
training

As shown in Table 1, the between-subjects 
effects of rank and fleet are correlated with 
the elapsed time since initial training and also 
with age. Based on the assumption that basic 

flight training is essential for building manual 
flying skills (cf. Langewiesche, 1944) and that 
these skills are prone to decay without regular 
practice in advanced-technology aircraft, the 
reported significant effects of fleet and rank 
could be confounded with differences in time 
since initial flight training or with age. In order 
to rule out the possibility that we simply found 
time-related effects, we included age and time 
since flight training as covariates in separate 
MANCOVAs, corresponding to the aforemen-
tioned MANOVAs in Table 3 and Table 4. In 

Figure 1. Individual maximum flightpath deviations on localizer. Negative values indicate an aircraft left 
of the extended centerline. Dotted lines indicate limits not to be exceeded for stabilized approach and 
license checks.

Figure 2. Individual maximum flightpath deviations on glideslope. Negative values indicate an aircraft 
below the glidepath. Dotted lines indicate limits not to be exceeded for a stabilized approach and license 
checks. Values larger than ±1.4 dot are depicted by numbers.
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fact, age and time since flight training are inter-
correlated, rs = .95, one-tailed p < .001. Conse-
quently, the results are almost identical, and we 
only report the findings for the covariate time 
since initial training.

In the MANCOVA of the ILS deviations, 
with time since initial training as a covariate, 
only two between-subjects effects are signifi-
cant. While the effect for rank disappears, fleet 
(V = .31, F[2, 120] = 26.72, p < .001, ηp

2 = .31) 
and Fleet × Rank (V = .09, F[2, 120] = 5.98,  
p = .003, ηp

2 = .09) are significant. The effect 
of time since initial training itself is not sig-
nificant. The findings for the TD-point devia-
tions are similar. Time since initial training has 
no significant direct effect on the absolute 
deviation scores, and rank is also not a signifi-
cant between-subjects factor. Nevertheless, the 
differences between long-haul and short-haul 
pilots are still statistically significant (V = .08, 
F[2, 123] = 5.13, p = .007, ηp

2 = .08) as well as 
the Fleet × Rank (V = .11, F[2, 123] = 7.71,  
p = .001, ηp

2 = .11) interaction. Through these 
MANCOVAs, we can provide evidence that 
the differences in flying performance between 
long-haul and short-haul pilots cannot be inter-
preted as simple age or time effects. This con-
firms our second research question that daily 
flight practice has a stronger influence on 
manual flight proficiency than the time dated 
back to flight school.

DIScuSSIon
General Findings According to  
Fine-Motor Flying Skills

With the comparison of flight performance of 
pilots on long-haul versus short-haul fleets, this 
study offers a quasi-experimental approach to 
the analysis of practice and training effects on 
the level of manual flying skills. The reported 
results clearly confirm that the level of practice 
and training as measured by daily flying prac-
tice and elapsed time since initial flight training 
does have significant influences on fine-motor 
flying skills of airline pilots. In summary, we 
found the following rank order for fine-motor 
flight performance: CPT A320 > FO A320 > 
FO A340 > CPT A340. According to Table 1, 
the A320 CPTs had at least two advantageous 
factors: (a) They performed the highest number 
of landings in the past month, and (b) they had 
more flight hours on type compared to all other 
groups. The A320 FOs had an equal amount of 
practice in the past month but less total flying 
experience and less time on type. When look-
ing at the long-haul data, it seems that the total 
flight time and the time on type beyond 2,000 
or 3,000 hours are less important factors for 
the level of manual skills than the daily prac-
tice and the time period since flight school. 
Therefore, the A340 FOs generally had more 
difficulties than the A320 FOs. Moreover, the 
A340 CPTs could not use their enormous flying 

Figure 3. Root mean square error of all individual flightpath deviations on localizer (upper half) and 
glideslope (lower half). Values larger than ±0.6 dot are depicted by numbers.
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experience as an advantage for the manual fly-
ing tasks. These senior long-haul pilots perform 
on average less than a quarter of the number of 
takeoffs and landings compared to short-haul 
pilots (Table 1). Hence, they have substantially 
less opportunity to practice their manual flying 
skills. If the level of skill is directly related to 
the amount of daily practice, long-haul pilots 
should show inferior performance in a manual 
flying task. Besides the type of operation (fleet), 
another factor is suspected as being respon-
sible for reduced manual flying skills: the pilot 
generation (called time since initial training in 
this study). According to the opinion of the Euro-
pean Aviation Safety Agency (2013, p. 1), senior 
pilots may be less comfortable with automation, 
while younger pilots may lack basic flying skills 

because they normally have less flying time 
on non–glass cockpit aircraft types. But then, 
the time interval since basic flight training and 
hence the time for skill decay is shorter for 
younger pilots. Consequently, as expected, we 
found an interaction of the main effect for fleet 
with the factor rank.

A limiting factor of our previous research 
(Haslbeck et al., 2014) was that the different 
sources of variance (e.g., level of practice, flying 
experience, and type of aircraft) could not be 
separated because only A320 FOs had been 
compared to A340 CPTs. To reach a more con-
clusive comparison, we included two additional 
groups, A320 CPTs and A340 FOs, in this study. 
The findings concerning the importance of  
the amount of current practice for the level of 

TAblE 3: Statistical Analysis of Log-Transformed ILS Flightpath Deviations

Source Multivariate Tests Univariate Tests

Between-subjects
Fleet V = .45, F(2, 121) = 48.90,  

p < .001, ηp
2 = .45

LOC: F(1, 122) = 76.84, p < .001, ηp
2 = .39

GS: F(1, 122) = 75.77, p < .001, ηp
2 = .38

Rank V = .08, F(2, 121) = 5.50,  
p = .005, ηp

2 = .08
LOC: F(1, 122) = 11.09, p = .001, ηp

2 = .08
GS: F(1, 122) = 3.24, p = .074, ηp

2 = .03, ns
Fleet × Rank V = .09, F(2, 121) = 5.60,  

p = .005, ηp
2 = .08

LOC: F(1, 122) = .20, p = .655, ηp
2 = .00, ns

GS: F(1, 122) = 9.20, p = .003, ηp
2 = .07

Within-subjects
Altitude V = .80, F(4, 119) = 118.53,  

p < .001, ηp
2 = .80

LOC: ε = .87, F(1.75, 213.18) = 1.78, p = .175, 
ηp

2 = .01, ns
GS: ε = .88, F(1.76, 215.03) = 318.66, p < 

.001, ηp
2 = .72

Altitude × Fleet V = .14, F(4, 119) = 4.73,  
p = .001, ηp

2 = .14
LOC: ε = .87, F(1.75, 213.18) = 8.00, p = .001, 
ηp

2 = .06.
GS: ε = .88, F(1.76, 215.03) = 7.00, p = .002, 
ηp

2 = .05
Altitude × Rank V = .02, F(4, 119) = .70,  

p = .595, ηp
2 = .02, ns

 

Altitude × Fleet × Rank V = .03, F(4, 119) = .81,  
p = .524, ηp

2 = .03, ns
 

Note. These analyses are based on log10-transformed flightpath deviation data. The assumption of normality 
was violated for only 1 out of 24 data sets: glideslope, 3,000–1,000 feet AGL, CPTs on A320. The assumption of 
equality of covariance matrices and error variances was violated; however, by having only two dependent variables, 
we assume this violation as minor (Tabachnick & Fidell, 2007). For multivariate tests, Pillai’s statistic was reported. 
When the assumption of sphericity was violated (within-subjects tests), degrees of freedom were corrected using 
Greenhouse-Geisser estimates of sphericity (ε). The assumption of equality of error variances was violated for one 
out of six data sets: localizer, 270–50 feet AGL. ILS = instrument landing system; LOC = localizer; GS = glideslope; 
CPT = captain; AGL = above ground level.
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manual flying skills can generally be confirmed. 
After all, in this study we identified additional 
factors that are related to time since initial train-
ing, age, and experience.

All results in this study have clearly shown 
substantial influences of fleet on all manual flight 
performance scores. Many long-haul pilots have 
demonstrated consistently larger deviations from 
the ideal ILS flightpath, which can be explained 
by the lower level of practice. While the mean 

RMSE deviations from the localizer tend to 
remain constant across the three altitude seg-
ments, the deviations from the glideslope 
increase sharply for the final segment—the tran-
sition from instrument to visual flying. The first-
order interaction effect (Altitude × Fleet) illus-
trates that the differences between the fleets 
become somewhat smaller when the aircraft 
approaches the ground, with the exception of the 
glideslope deviations during the visual segment. 

Figure 4. Visualization of localizer deviations based on non-transformed data indicating Bonferroni 
post hoc comparisons based on log-transformed data.

Figure 5. Visualization of glideslope deviations based on non-transformed data indicating Bonferroni 
post hoc comparisons based on log-transformed data. Values larger than 0.6 dot are depicted by 
numbers.
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Long-haul crews flew higher above the glide- 
slope, obviously aiming at a TD point wider 
into the runway. For the sake of completeness, 
it must be said that Munich (EDDM) has 4,000 
meter–long runways that significantly reduce 
the potential consequences of longer landings.

As a second performance parameter, we ana-
lyzed the absolute distances of the TD points 
from the threshold and from the centerline, 
respectively. Again, a strong effect for fleet was 
found. Short-haul pilots landed closer to the  
centerline and about 400 meters down the run-

way, while long-haul pilots performed longer 
landings (about 500 meters beyond the thresh-
old) with larger deviations from the centerline. 
The interaction Fleet × Rank is due to the lower 
performance of long-haul CPTs.

The nature of effects for the between-subjects 
factor rank is more complex because CPTs were 
on average 13 to 14 years older than the FOs. 
Additionally, CPTs have accumulated about 
8,000 hours more flight time, and the time since 
initial flight training was 12 to 13 years longer. 
Age, flight time, and time since flight school are 

TAblE 4: Statistical Analysis of Touchdown Point Deviations

Source Multivariate Tests Univariate Tests

Fleet V = .18, F(2, 125) = 13.43,  
p < .001, ηp

2 = .18
LONG: F(1, 126) = 11.67, p = .001, ηp

2 = .09
LAT: F(1, 122) = 17.25, p < .001, ηp

2 = .12
Rank V = .04, F(2, 121) = 2.54,  

p = .083, ηp
2 = .04, ns

LONG: F(1, 126) = .15, p = .699, ηp
2 = .00, ns

LAT: F(1, 126) = 5.06, p = .026, ηp
2 = .04

Fleet × Rank V = .11, F(2, 125) = 7.90, 
 p = .001, ηp

2 = .11
LONG: F(1, 126) = .00, p = .980, ηp

2 = .00, ns
LAT: F(1, 126) = 15.84, p < .001, ηp

2 = .11

Note. For multivariate tests, Pillai’s statistic was reported. The assumption of equality of covariance matrices and 
error variances was violated. For rank, only a statistical trend was found in the multivariate test. Univariate results 
are reported to complete the picture (Tabachnick & Fidell, 2007). LONG = longitudinal absolute distance to the 
threshold of the runway; LAT = lateral absolute distance to the centerline of the runway.

Figure 6. Touchdown point deviations indicating univariate test results.
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highly correlated. In order to neutralize these 
confounding variables, we executed MANCO-
VAs with time since initial training as a covari-
ate. In these analyses, all between-subject effects 
of rank were insignificant, while fleet still 
explained 31% of the variance for the ILS devia-
tion measures and 8% of the variance for the TD 
points. Obviously, the level of practice measured 
by the number of executed landings per month 
contributed significantly to the decrement of 
manual flying skills in both CPTs and FOs of the 
long-haul fleet. This effect remained significant 
regardless of age or other time-related factors. 
The first-order interaction effects Fleet × Rank 
explained further variance in the analyses of ILS 
deviations and of the TD points. While CPTs 
showed better performance than FOs on the 
short-haul fleet, the long-haul FOs performed 
slightly better than the long-haul CPTs.

Besides the significance of current practice for 
fine-motor flying performance, our findings do 
not confirm recent concerns about a general lack 
of basic flying skills among the younger genera-
tion of pilots (Civil Aviation Authority, 2014; 
European Aviation Safety Agency, 2013). As the 
youngest group, the A320 FOs with an average 
age of 30 and a little less than six years of airline 
experience performed second best on the manual 
ILS and landing. At this stage of their career, they 
clearly had sufficient opportunity in practice and 
training to develop the necessary level of flying 
skills. In summary, pilots with little recurrent 
practice and extensive use of automation seem to 
be running the risk of losing Langenwiesche’s 
(1944) touch and feel of how to fly an aircraft. 
Especially when considering Figure 3, the con-
cern arises: What happens to pilots with even 
higher automated aircraft and longer working 
lifetime possibly spent on long-haul operation?

limitations
Our analysis was carried out with pilots from 

one airline only. Findings could be different 
in other airlines with other training schemes 
and other pilot career models for their flight 
crews. We are also aware that manual flying 
skills in fact cover more tasks than a manual 
ILS approach with a precise landing within the 
touch-down zone. However, our aim was to 
complement existing research with objective 

performance data. By using scale deflections as 
the unit of accuracy, we assured that flightpath 
deviations are not weighed disproportionally 
against distance to touchdown.

One latent confound in this study deals with 
the different aircraft types. Both aircraft types 
are equipped with a fly-by-wire flight control 
system that has been designed to provide the 
same flying and handling qualities and maintain 
the highest applicable extent of commonality 
(Bissonnette & Culet, 2013; Brière & Traverse, 
1993; Favre, 1994; Joint Aviation Authorities, 
2004) providing a similar look and feel for the 
pilot. Nevertheless, differences in the dynamics 
between both types exist. However, the question 
is not whether both types can be controlled  
identically but whether both types can be con-
trolled identically precisely when sufficient pilot 
training accounting for specific peculiarities of 
each type has been completed. This second 
question can be confirmed by the fact that run-
ways, precision approaches, and certification 
standards for these types as well as licensing 
standards for the pilots are the same. According 
to the manufacturer’s homepage, “a large major-
ity of pilots prais[e] the handling qualities of 
Airbus aircraft and their commonality across the 
complete range of products” (Airbus SAS, 
2016). Additional evidence for the commonality 
of the two aircraft types with respect to achiev-
able precision in manual control comes from 
several A340 pilots in our sample who per-
formed nearly on the same high level as the 
A320 crews did (Figures 1–3). However, none 
of the A340 pilots had the high level of daily 
flight practice as the A320 pilots did.

Recommendations
Until fail-proof automation outperforms 

human performance in all situations, the pilots 
remain the last line of defense in the cock-
pit. Under the described circumstances, these 
pilots need even stronger manual flying skills 
as proposed by Langewiesche (1944) in the 
earlier days of aviation. Based on our findings, 
we suggest a number of organizational and 
design recommendations for how to prevent a 
significant deterioration of manual flying skills. 
First of all, our findings indicate that the recent 
amount of regular simulator training is not suf-
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ficient to maintain manual flying skills of long-
haul crews. Pilots with part-time schedules or 
reduced flight duties, like management pilots 
and pilots on parental leave, need special atten-
tion even when operating on short-haul service. 
Specific flight simulator training with a focus on 
manual flying tasks is one possible intervention. 
Mixed-fleet flying could be another powerful 
approach to increase a pilot’s practice if nega-
tive transfer effects can be kept under control 
(Lyall & Wickens, 2005). In this case, pilots 
would perform short-haul and long-haul flights 
with type ratings for both types of aircraft in an 
alternating scheme. Another measure could be 
the operation of highly frequented short-haul 
connections with long-haul aircraft, like several 
flights within Japan. More manual flight prac-
tice could also be derived by changing compa-
nies’ automation policies to encourage pilots to 
fly manually if the situation permits (European 
Aviation Safety Agency, 2013; Federal Aviation 
Administration, 2013b). Such interventions have 
to be applied in the earlier stages of a pilot’s 
career before degradation can take place. Other-
wise, avoidance behaviors and a feeling of dis-
comfort according to manual flying could lead 
into a negative spiral of permanently less manual 
flight conduction. From a design perspective, 
intelligent (Geiselman, Johnson, & Buck, 2013) 
or adaptive automation (Parasuraman, 2000) 
could charge a pilot with several tasks to main-
tain his or her attention and situation awareness, 
thus keeping the pilot in the loop. Short-term 
effects can be avoiding automation surprises, 
which can lead to severe accidents, while a long-
term effect can be the preservation of skills. 
However, all recommendations have to be con-
sidered for potential tradeoffs at the expense of 
safety by possible undesired side effects.
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kEy PoIntS
 • Commercial airline pilots showed different levels 

of practice and training according to their sched-
uled type of operation, short haul or long haul.

 • Fleet (distinction between short haul and long haul) 
showed large significant effects on all analyzed 
manual flight performance indicators.

 • Rank (distinction between captain and first offi-
cer) only showed little effects on manual flight 
performance.

 • All results supported the conclusion that recent 
flight practice is a significantly stronger predic-
tor for manual flying performance than the time 
period since flight school or even the total or type-
specific flight experience.
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