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ABSTRACT 

Many accidents in the aviation industry are attributed to pilot error. The probability 

for pilot error increases if there is an extraordinary situation like poor visibility and 

equipment failures. This dissertation studies the eye movements of pilots maneuvering a 

simulator through scenarios of equipment failure and poor visibility. Eye movements are 

tracked because they are good indicators of visual attention. The knowledge gained about 

the visual attention of pilots during these situations leads to critical insights about the 

cognitive states of pilots in dangerous situations. This research demonstrates statistical 

relationships between eye fixations and situation awareness, between eye fixations and 

experience, and throughout workload changes. It also reports the common eye behavior 

characteristics of certified private pilots during dynamic simulations. This analysis of eye 

motions could help improve predictions on pilot decision-making, and reduce the 

occurrences of pilot error. 
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CHAPTER I 

INTRODUCTION 

 

This dissertation is composed of the following six chapters: 

Chapter I. Presents an overall introduction with history, background, general 

hypotheses, sub-hypotheses, research questions, objectives, limitations, and assumptions 

of this study. 

Chapter II. Presents literature review about decision-making, visual attention, 

situation awareness, experience, and workload.  

Chapter III: Presents the methodology, which includes description of participants, 

apparatus, procedure, and experimental design. 

Chapter IV: Presents the experiment results divided by the relationship between 

situation awareness and visual attention, the relationship between experience and visual 

attention, workload in unexpected conditions, and common visual characteristics. 

Chapter V: Presents the discussion of the relationship between visual behavior with 

situation awareness, experience, and workload. 

Chapter VI: Presents conclusions and future research. 

 

History and Background 

According to Allen (2008), the glass-cockpit concept was born in the 1970's, but was 

not fully accepted until the Boeing 767 was introduced in 1982. The glass cockpit was 

developed and tested by engineers at NASA Langley Research Center, Boeing, and 

Rockwell Collins. The concept began with the introduction of cathode ray tube screens, 
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which integrated many instruments suggesting the name "glass-cockpit" by its display 

(Allen, 2008). The high demand for air transportation has lead to an investigation for 

improvement in safety and efficiency in the cockpit. Cockpit designs before the 1970's 

were very complex. They had many instruments and controls, which occupied too much 

space, compromising the pilots attention (Wallace, as referenced in Allen, 2008). One of 

the challenges for designers and engineers was to balance the design with pilot needs and 

understanding. This challenge was overcome with the autopilot, which reduced the 

workload of pilots and improved flight safety (Allen, 2008). 

Today, many aircrafts use a glass-cockpit. According to the General Aviation 

Airplane Shipment report, by the end of 2006 more than 90% of new planes built had 

glass cockpits (as referenced in National Transportation Safety Board; NTSB, 2010). 

However, the interaction between the pilot and the cockpit interface remains a challenge 

today (NTSB, 2010). The report indicated that the challenge is based on the differences 

between the aircrafts without a glass cockpit, and those that have one. The main 

difference between those two displays is that the glass cockpit integrates a variety of 

information onto a single display, while conventional cockpits do not. A glass cockpit is 

traditionally composed of two components: (1) the Primary Flight Display (PFD), and (2) 

the Multifunction Flight Display (MFD). The PFD has six primary components to control 

the aircraft: airspeed indicator, altitude indicator, altimeter, vertical speed indicator, 

horizontal speed indicator, and turn coordinator. All aircrafts have these primary 

elements, but not all of them present these elements on one display, like the ones that 

have a glass-cockpit. The Multifunction Flight Display presents information related to the 
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status of the aircraft such as oil and fuel levels, engine status, weather information, and 

navigational tools that facilitate the controlling of the aircraft.  

The glass cockpit is one of the most important channels of information for piloting. 

However, pilot attention can be compromised by the amount of information presented. 

The National Transportation Safety Board (NTSB, 2010) reported that the way 

information is presented in the glass-cockpit is a key factor while flying, because it 

affects how a pilot controls an aircraft. The report suggested that a pilot's attention is 

affected when there is too much information in the system. Further, the report explained 

that this excess information puts pilots at risk because they cannot effectively monitor the 

situation.  

Many of the accidents related to glass cockpits lack important information that could 

be used for possible improvements of aircraft designs or pilot training. The National 

Transportation Safety Board’s report (NTSB, 2010) noted that even though the number of 

accidents involving glass cockpits has increased, little information about the status of the 

system at the time of an accident was available (p.4). In addition, the report explained 

that computerized integration has received good feedback from flight crews. However, 

the system is still considered to have issues that have not been identified. The Air Safety 

Foundation performed a study and found that technically advanced aircrafts were 

involved in 1.5% of the total accidents, and in 2.4% of deaths caused by accidents in 

general aviation from 2003 to 2006. This was a smaller number than expected 

considering they were 2.8% of the fleet (as referenced in NTSB, 2010, p.8). Even though 

these percentages are low, there is still room for improvement. 
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Pilot decision-making plays an important role in the outcome of a flight. Shappell and 

Wiegmann, and the Aircraft Owners and Pilots Association,  found that pilot accidents 

were mostly attributed to how the pilot made a decision rather than issues associated with 

the interaction between the pilot and the cockpit (as referenced in NTSB, 2010, p.8). The 

Air Safety Foundation's research found that accidents occurring in adverse weather 

conditions were greater than in normal conditions (NTSB, 2010). Pilots who fly Visual 

Flight Rules (VFR) base their flight on the outside visibility. However, when visibility is 

poor (due to adverse weather situations such as foggy weather), they have to use 

instruments to navigate to their destination. This type of flight situation is known as 

Instrument Meteorological Condition (IMC). When a pilot flies under VFR, and 

transitions into IMC, the probability of an accident that ends in a fatality increases. Goh 

and Wiegmann (2002) suggested that as high as four out of five fatalities occur in these 

types of flights.  

The decisions pilots have to make under adverse weather conditions are very 

complex. Pilots have a responsibility to keep themselves and others safe while avoiding 

property damages. Equipment failures do not occur very often, so pilots are not prepared 

for these uncertainties. The Federal Aviation Administration has different parameters and 

rules that pilots must follow during a flight. However, pilots who fly glass cockpits do 

not yet have an appropriate training program on how to deal with uncertainties, which 

affect pilot judgment. Even though a glass cockpit failure is not very common, pilots 

need training to prepare for when these instruments fail or are inaccurate and are forced 

to use backup instruments (NTSB, 2010, p.68). For example, Stuijt (2009) explained that 

the three pilots who were in the Turkish Airlines Boeing 737-800 aircraft could not 
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identify that there was an altimeter failure. This ended with an airplane crash that killed 

nine people. The National Transportation Safety Board’s report stated that the number of 

accidents and fatalities decreased in 2008, but is still a concern for aviation (NTSB, 2010, 

p.9). 

 

Problem statement 

Even though aircraft safety has improved since the introduction of the glass cockpit 

(Allen, 2008), there are still many accidents related to pilot error (Wiener et al., 1999 & 

NTSB, 2010). More information is needed about the cognitive state of the pilot while 

flying into poor visibility environments and equipment failure conditions (NTSB, 2010). 

Pilot eye behavior is one of the most important sources of information about the ability to 

control an aircraft. Aircrafts are controlled by the primary components displayed on the 

glass cockpit. The visual information acquired can predict future outcomes. The use of 

eye tracking devices can provide information about the basic metrics of visual attention 

and cognitive engagement (Ellis, 2009).  

Researchers have shown that a glass cockpit lowers pilot workload during normal 

weather conditions, but they have also found that it increases workload during adverse 

weather conditions (Wiener, as cited in NTSB, 2010, p. 6). Human error is the 

consequence of one or more factors. An individual tends to make an error when there is 

overload, inappropriate response, or inappropriate activities (Goetch, 2008, p.43). Human 

error can be prevented by understanding the system that the human interacts with in 

dynamic situations. Pilots do not frequently encounter situations where there is 

equipment failure, or when there is poor visibility in their environment. When bad 
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weather conditions and key equipment failures occur, the aircraft control could become 

more complex for the pilot. Even though, the cockpit has evolved in the past years, there 

is still a lack of understanding of the cognitive state of the pilot when he or she faces 

these types of environments.  

Attention is one of the most important factors in the decision-making process. 

Information from the working memory and long-term memory will not be appropriately 

retrieved, if the individual is not paying attention. Hence, to gain more understanding in 

the cognitive state of the pilot in these conditions, it is important to understand the 

primary factor of the decision-making process (attention). One way of improving this 

understanding is through analysis of pilot eye behavior during different conditions. 

 

Objectives and research questions  

The objective and research questions of this study are as follows: 

 

Relationship between situation awareness and visual behavior. The objective of this 

research was to provide information about the relationship between the rate of eye 

fixations (visual attention) and situation awareness in poor visibility conditions and 

equipment failure conditions. It sought to aid cockpit designers and instructors to better 

understand the primary factors of the decision-making process by providing information 

of whether the pilot fixates on the areas of interests, but is not aware of the actual 

situation. The research question was the following: Is the visual attention (fixations per 

second of flight time) in the areas of interest positively correlated with pilot situation 

awareness?  
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Relationship between experience and visual behavior. The objective of this research 

was to provide information about the relationship between visual attention and pilot 

experience during both normal or poor visibility, and equipment failure or no failure 

conditions. This study will help cockpit designers and instructors to better understand the 

visual attention of pilots in dynamically conditions. The research questions were: (1) is 

there a correlation between the pilot visual attention (eye fixations in the areas of interest 

per second of flight time) and pilot experience. (2) Is there a correlation between average 

fixation duration and pilot experience? 

Identify changes in workload. The objective of this research was to provide new 

information about the changes in workload on different types of flights. Both clear and 

poor visibility with either equipment failure or no failure scenarios was tested. It is 

expected that this research will help cockpit designers and instructors improve their 

understanding of the cognitive state of pilots in dynamic conditions. The research 

question was- Are weather and equipment failure significant factors affecting workload? 

Identify common characteristics of visual behavior under unexpected conditions. The 

objective of this research was to find commonalities in visual attention by investigating 

the common characteristics of eye behavior and scan patterns during the simulated flight, 

in visual flight conditions and poor visibility conditions, with or without equipment 

failure. This study helps designers and trainers identify the general characteristics in the 

visual attention for private certified pilots during the different types of flights. The 

research questions were:  (1) Are the average rates of fixations per second of flight time 

in each area of interest the same for all pilots? (2) What are the common patterns of 

visual attention observed across the different experimental treatments? 
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General Hypothesis 

Factors of dynamic conditions such as poor visibility environment and equipment 

failure affect pilot visual attention. 

Sub-Hypotheses I. Situation awareness is evaluated with respect to the pilot visual 

attention. While flying, pilots attend to different elements of the aircraft system. 

Therefore, pilots may not be paying attention to all-important elements, and this can lead 

to human errors (Endsley, 1999). Endsley (1999) explained that situation awareness has 

three different stages: the perception, the comprehension, and the projection of what was 

comprehended. Situation awareness plays an important role in the decision-making 

process. For example, if a pilot identifies that there is an altimeter failure, he or she could 

have a better understanding of the aircraft status, and seek to address the situation by 

using other instruments to control the aircraft. The three levels of situation awareness are 

listed in the order of their importance. If the pilot does not perceive the situation, then he 

or she will not be aware of the situation. Researching pilot visual attention can help to 

identify deficiencies in the cognitive state of the pilot during these conditions. This 

manuscript sought to identify the relationship between pilot visual attention and situation 

awareness in dynamic conditions. It was predicted that the rate of eye fixations per 

second of flight time was correlated with pilot visual attention located on the primary 

components to control the flight. Specifically, a pilot who has greater allocation of eye 

fixations would have better situation awareness. The following hypotheses were tested:  

 Ho: The eye fixations per second of flight time, exclusively occurring in the 

designated areas of interest, and situation awareness are mutually independent.  
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Ha: Higher situation awareness scores positively correlate with higher rates of eye 

fixations, exclusively occurring in the designated areas of interest. 

Sub-Hypothesis II. All private pilots must have basic training in instruments and 

instrument flying rules (IFR). Not all the certified private pilots may plan to fly in these 

types of conditions, but they must be able to control the plane successfully if they find 

themselves flying under poor visibility conditions, also called Instruments Meteorological 

Conditions (IMC). A private pilot who holds an instrument ratings certificate has more 

training to control a flight under IMC, and this pilot is even allowed to take-off under 

those types of conditions. However, all pilots could face poor visibility or equipment 

failure. The individual's knowledge and experience play an important role in the decision-

making process. Goh and Wiegmann explained that about eighty percent of the accidents 

that resulted in fatalities were a result of flying from Visual Flight Rules (VFR) 

conditions into IMC (as cited in Johnson & Wiegmann, 2011, p.138). Wickens and 

Hollands (2000) explained that when individuals become more experienced, they develop 

strategies for recall to reduce the load on the working memory. Even when a pilot is 

certified in instrument ratings, there are still occurrences of catastrophes related to issues 

with the cognitive process (e.g., see Stuijt, 2009). It is important to understand the visual 

attention of pilots while flying in those types of conditions because visual attention plays 

an important role in the decision-making process. Eye fixations were used as predictors 

of pilot visual attention. Because all certified private pilots could face IMC, it is 

important to understand their visual attention (eye fixations) in those types of conditions. 

It is expected that pilots with less hours of experience will have a greater fixation rate in 

selective areas of interest when IMC (Russi-Vigoya & Patterson, 2012a). As in previous 
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studies, it is expected that pilots who have more hours of experience will have a uniform 

distribution of their fixations rates across areas of interest, but shorter duration of 

fixations (Liu et al., 2012).  

Certification is required to fly solo, and to rent an aircraft. The Federal Aviation 

Administration private pilot certification for single engine planes requires ten hours of 

solo flight time (FAA, 2006). The pilot certificate allows a pilot to fly without instructor 

supervision. Various studies have determined experience with hours of experience. More 

experienced pilots are defined as pilots with more hours of flying experience, and less 

experienced pilots are classified as those who have less hours of flying experience. 

Schvaneveldt et al., (1985) described more experienced pilots as: (1) Instructor pilots 

with an average of 2583 hours of flying experience, and (2) National Guard pilots who 

have on average 6064 hours of flying experience, but who are not instructors. In their 

study, the less experienced pilots were defined as those who have at most 200 hours of 

flying experience. Rowe et al., (2007) defined more experienced pilots as those who have 

more than 1900 hours of flying experience. Ottati et al., (1999) classified pilots who have 

more experience as the ones who hold a private license, and have at least 50 hours of 

flight experience. The less experienced pilots were classified as those who are certified 

pilots and have at least 5 hours of flying experience or those who have completed the 

private pilot training, and have at least 15 hours of flying experience. Landsberg (1999) 

reported that pilots who have between 100 to 200 hours of flying experience reported 

more accidents than those who have more than 200 hours of flight experience. Landsberg 

(1999) stated that pilots who have less than 200 hours of flying experience should refrain 

from volunteering as pilots, because they tend to have more accidents. Borowsky and 
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Wall (1983) and NTSB (2012) explained that the majority of accidents in the aviation 

industry occur when pilots have less than 300 hours of flying experience. In this study, 

more experienced pilots had more than 300 hours of flying experience, and less 

experienced pilots had at most 300 hours of flying experience.  

 

Test 1: 

Ho:  There is not a relationship between rates of eye fixations per second of flight 

time, exclusively occurring in the designated areas of interest, and pilot flying 

experience. 

Ha: Pilot flying experience is positively correlated with higher rates of eye fixations 

per second of flight time, exclusively occurring in the designated areas of interest. 

Test 2: 

Ho: There is not a relationship between the fixation durations of experienced and 

less experience pilots. 

Ha: Pilots with more hours of flying experience will have shorter average fixations 

durations than pilots with less hours of flying experience. 

 

 Sub-Hypothesis III. The amount of workload is a factor that can strongly affect the 

individual's cognitive state. The individual's visual attention can be affected by the 

amount of workload because high levels of workload can induce the pilot to have a 

higher focus on a component. This selective visual attention could be good, because the 

pilot will focus attention on the critical components to control the aircraft safely. 

However, when there are adverse situations (i.e., equipment failure), selective visual 

attention can cause undesired events. Visual attention is sensitive to the level of 
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workload. Di Nocera et al., (2006) explained that in a normal flight (with VFR), the 

highest workload is found while taking off, and landing, because the amount of eye 

fixations significantly increases. In addition, Di Nocera et al., (2006) suggested that the 

pilot eye fixations when piloting in VFR conditions, without autopilot, without Global 

Positioning System (GPS), and without radio communications were strongly related to 

workload compared with flying in normal conditions. Other researchers such as Van 

Order et al., (2001) have studied the eye behavior (blinking frequency, fixation 

frequency, and pupil diameter), and have found that when there are high levels of 

workload the blinking frequency decreases, the eye fixation frequency increases, and the 

pupil diameter dilates. Because workload affects visual attention, it is important to 

understand the levels of workload that private pilots go through when they face poor 

visibility conditions and equipment failure. It is well known that high levels of workload 

can lead to human error. Therefore, investigating workload based on eye behavior can 

introduce important information on pilot cognitive states in dynamic environments. In 

this study, workload was evaluated in different types of flights during glass cockpit 

simulation. The following hypotheses were tested:  

Ho: Equipment failure and poor visibility conditions are not significant factors 

affecting workload compared to normal visibility and no failure. 

Ha:  Equipment failures and poor visibility environments are significant factors 

affecting workload when compared to normal visibility and no failure conditions. 

 

Sub-Hypothesis IV. Previous studies have suggested that pilots have individual 

differences in eye behavior, suggesting that it will be very complex to develop a valid 

general model for eye behavior (Jipp and Teegen, 2011). It is possible that amongst 
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certified pilots, strategies are adopted to control the aircraft in normal weather conditions. 

However, in dynamic situations pilots may shift their visual attentions, as they have to 

find strategies to control the plane when faced with unexpected conditions. It is possible 

that the pilot visual attention focuses more on some components than other components. 

This research sought to identify the common characteristics of visual behavior in 

different flights. This study helped to understand the visual attention of the pilot. In 

addition, it presented descriptive characteristics of the common visual scanning patterns 

that the different flight types may have. The following hypotheses were tested:     

Ho: There is no difference in the average rate of fixations per second of flight time 

across all areas of interest (primary instruments, backup instruments, outside view, and 

GPS). 

Ha: The average rate of fixations per second of flight time differs across areas of 

interest (primary instruments, backup instruments, outside view, and GPS). 

  

 

Research purpose 

The purpose of this research is to expand the knowledge of certified private pilot 

visual attention to provide improvements in pilot decision-making under dynamic 

conditions. The introduction of the glass cockpit has improved aircraft safety in the past 

ten years (NTBS, 2010). However, the National Transportation Safety Board reported 

that there is still a lack of information about pilot cognitive states during these types of 

flights. This research provided new information that will help practitioners improve 

future cockpit designs, and cultivate private pilot training regimes that will increase pilot 

safety.  
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Constraints 

This dissertation is constrained by the following limitations and assumptions: 

Limitations. (a) Only certified private pilots participated in this study. (b) This study 

only investigated visual attention in glass cockpit simulations. (c) It is possible that pilots 

might not to be as careful as they would be in a real flight because the flight simulator 

will not put their life at risk (Wiegmann et al., 2002; Knecht et al., 2005). On the other 

hand, pilots might want to "please" the researcher and modify their behavior by showing 

more caution than they would in real life (Wiegmann et al., 2002; Knechtet al., 2005). (d) 

Eye tracking equipment did not provide information about the peripheral vision. 

Assumptions. (a) Pilot eye behavior indicates pilot visual attention. (b) Pilots have 

had enough sleep before the experiment, so fatigue will not affect their attention. (c) Pilot 

attention in the simulator will emulate a pilot's real life attention. (d) Every pilot will 

have the same basic knowledge of the aircraft. (e) Every pilot wants to land safely.  

 

Relevance of this study 

One of the most important factors in the decision-making process is attention. Better 

understanding of pilot attention in glass cockpits is of vital importance in the aircraft 

industry. Pilots flying from VFR conditions into IMC with IFR have resulted in fatalities 

(Johnson & Wiegmann, 2011). There are existing regulations that allow only instrument 

rating certified pilots to fly in IMC. However, even pilots who are certified encounter 

difficulties in the flights (i.e., equipment failure). To improve cockpit design and better 

train pilots, it is important to understand how pilots attend to different resources that 

provide information to control the aircraft. This study will provide information towards 



Texas Tech University, M. Natalia Russi-Vigoya, December 2014 

 

15 

 

the ultimate goal of human factors, "enhance performance, increase safety, and improve 

user satisfaction" (Wickens et al., 2004, p.2). Since pilot decisions may have risk factors 

that could result in either good or bad outcomes, this research provided insights for 

supporting private pilots in optimizing their visual attention. 

 

Need for this research 

Air traffic is rapidly increasing, and is expected continue to increase (Federal 

Aviation Administration, as cited in Bearman et al., 2011; Billinghurst et al., 2011). 

Therefore, it is important to improve the understanding of pilots to avoid undesired 

events. One of the most important factors of human information processing in the 

decision-making process is attention.  

Equipment failure in adverse weather conditions (i.e., normal visibility and poor 

visibility environment) does not occur very often. Because these events are not very 

likely, people may have difficulty controlling the aircraft. The National Transportation 

Safety Board (2010) claimed that pilots who fly with glass cockpits need better training 

for flying in adverse weather, and in situations where their primary equipment fails. The 

report suggested that this type of training has not been a priority in the past, but 

accounting for these factors could improve flight safety. To develop new training 

procedures, or improve future cockpit designs, it is important to understand pilot visual 

attention better. This study contributed towards that understanding.  

  

 Benefits of this research 

This study provided new information on an in-flight visual attention in the glass 

cockpit. By the end of 2006, about ninety percent of airplanes were built with glass 
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cockpits (NTBS, 2010). This study benefits users of these aircraft because it provides 

information, which can be used to improve future cockpit designs. To fly from VFR 

conditions into IFR and experience equipment failure is an unexpected event for many 

certified pilots who do not have an IFR certification and in many cases for the pilots who 

have one. This study provided information about the visual attention relationship with 

situation awareness, experience, workload, and it found the common characteristics that 

all pilots have in different types of flights.  

A better understanding of the relationship between eye fixations and situation 

awareness about the primary components that control the airplane benefits future training 

and future cockpit designs. This study sought to identify whether visual attention 

correlates with what the pilot was looking at. It is possible that the pilot fixates on 

primary components, but does not process the information provided by the instruments. 

The primary factor of situation awareness is the perception of information, so it was 

important to identify if the pilot was fixating on the instruments and to find whether the 

pilot was aware of the information perceived from those instruments. This experiment 

provided a greater insight on how to improve the decision-making process based on pilot 

visual attention, and its relationship to awareness of the situation presented. 

In addition, this study identified the relationship between eye fixations of more and 

less experienced pilots in different flight conditions that can potentially benefit both 

future training and future designs. Research has shown that flight mishaps decrease when 

the levels of experience increase, because pilots with more experience (more than 300 

hours) anticipate consequences (Doane et al., 2004). Eye fixations provided information 
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about pilot attention on the primary components and helped to identify ways of 

optimizing scanning performance.  

Furthermore, it was possible that the workload increases in environments of 

equipment failure and poor visibility. However, it was unknown by how much this 

workload will increase if in fact it increases. Research has shown that when workload 

increases the possibility of making a mistake also increases. This study provided 

information about the workload in the different types of flights. It benefits trainers and 

designers because it helps to establish boundaries of workload, facilitating the cognitive 

process, and avoiding mishaps.  

In addition, this study benefits future training and cockpit design by presenting the 

common characteristics that pilots have during different types of flights. By 

understanding visual attention on each of the primary components, and analysis of the 

different paths and scanning strategies that pilots have, researchers and instructors could 

better define criteria for the improvement, because they will provided more information 

about the state of the pilot in different types of flight conditions.   

This study benefits the aviation industry, because it researches different conditions to 

aid situations that are not common, but can have catastrophic outcomes if they occur.  

 

Research outputs and outcomes 

This study provided information about the relationship between visual attention and 

situation awareness during different types of flights in glass cockpit simulations. It 

identified whether pilots fixate on the primary components, but are not aware of the 

actual status of the aircraft. This study could strongly influence training using eye 

tracking technology because instructors could inform pilots about their visual behaviors 
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during different types of flight and teach them how to redirect their behavior, or create 

strategies to improve their situation awareness. In addition, the relationship between 

visual attention (eye fixations) and situation awareness in different flight conditions could 

also influence future cockpit designs. For example, future designs could facilitate the 

perception of the failures of the primary components. The findings presented in this study 

can provide information of needed salient cues that could help pilots identify situations 

faster than before, which could reduce the likelihood of error and improve the final 

decision. This study did not modify the existing glass cockpit, but provided valid 

information to be used in future work training and designs.   

This research provided information about the relationship between visual attention 

and experience. This could influence training and future cockpit designs because pilots 

who have more experience have shown to have a better ability to identify situations. 

Experience cannot be taught, but this study can provide information of the eye behavior 

of more experienced pilots to teach new or less experienced pilots. For example, new 

training and designs could be developed to optimize pilot eye behavior to avoid 

accidents. Therefore, instructors and developers will have a basis to teach from and 

implement ways to improve the scanning performance during different types of flights.  

In addition, this study provided information about the changes of workload during 

different types of flights in glass cockpit simulations. This could influence training 

because instructors will be able to design strategies to cope with workload changes to 

mitigate error during the different types of flights. It could also influence designers 

because knowing what cognitive state the pilot is in during different types of flights 

could spur development concepts to improve the interface.  
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This study provided information about the general visual attention characteristics 

between pilots during different types of flights using glass cockpit simulations. This 

could influence training because knowing the common characteristics of the amount of 

visual attention (eye fixations per second of flight time) in the primary components 

during different types of flights could help instructors and designers develop guidelines 

of what components pilots look to the most in all different conditions. Eye tracking 

technology showed visual patterns that pilots have during these types of flights, and 

design and train based on what pilots actually do while flying in dynamic conditions. 
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CHAPTER II 

LITERATURE REVIEW 

Pilot decision-making is one of the most important factors that affect all aircraft 

industries. Many aircraft accidents are attributed to pilot error, suggesting that it is 

important to understand how pilots make decisions. Pilots have to make decisions within 

a complex system composed of several sub-components working together toward the 

same goal. Each of these components may have a different function, but all work towards 

the same objective (Degani, Shafto, and Kirlk, 1996, p.3). Complex systems often 

generate complex situations that require pilots to make important decisions under 

pressure. For example, pilots may have to make decisions when encountering weather 

emergencies such as poor visibility environments and high turbulences, or technical 

emergencies such as, failure of a primary key component to control the aircraft. Decision-

making is the selection of a choice, when there is lot of perceived information (Wickens 

and Hollands, 2000, p. 294). Decision-making is characterized by the level of 

uncertainty, the degree of familiarity and  experience, and the amount of time available 

for the decision (Wickens and Hollands, 2000). In environments with poor visibility and 

equipment failure, pilots have to make decisions to land safely, decisions that are often 

based on uncertainty. When uncertainty is associated with unpleasant situations, the 

uncertain decision involves risk (Wickens and Hollands, 2000, p. 294). Individual 

perception of risk plays an important role in decision-making, because risk begins when 

there is uncertainty. Furthermore, uncertainty could arise from lack of knowledge or 

incomplete information (Scholz as referenced in Williams, 2007, p.43).  
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Familiarity and failure modes help to optimize decisions. Previous researchers noted 

that individuals make decisions more efficiently when they are familiar with the 

situations they encounter (Zsambok and Klein, as referenced in Wickens and Hollands, 

2000). Differences between individuals having less experience and those with more 

experience generally influence how individuals make decisions. In addition, the time 

available to make decisions influences decision-making (Swenson and Maule, as 

referenced in Wickens and Hollands, 2000). Hollnagel (2006, p.9) described eight 

different failure modes that can influence decision-making (timing, duration, distance, 

speed, direction, force/power/pressure, object, and sequence). These decision failure 

modes indicate that decision-making is more than  choices among alternatives and that 

decision-making is a continuous process (Hollnagel, 2006). One of the biggest limitations 

of decision-making is the attention that an individual uses while making decisions.  

 

Human information processing  

Wickens and Hollands (2000, p. 296) outlined the steps involved in the pilot 

information-processing model of the decision-making, presented as follows (Figure 1). 

Sense, perception, and filtering of information: First, the pilot senses information 

from the environment (e.g., pilot feels the aircraft is stalling). Then, the pilot perceives 

cues from the environment and filters information using selective attention. In this step, 

situation awareness plays an important role in the decision process (as explained later in 

this chapter). 

Pilot assessment and diagnosis: First, the pilot assesses the situation with a 

combination of information from the cues filtered by selective attention (bottom-up 

processing). Next, information is retrieved from sensory memory and long-term memory. 
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Then, the situation is diagnosed. Furthermore, long-term memory may provide different 

hypothesis of the situation. For example, it could reveal pilot knowledge of equipment 

failures, and its associated characteristics and fixes. In addition, the pilot may estimate 

the feasibility and probability of the situation (top-down processing). Then, diagnosis of 

the hypothesis makes decision-making different than other aspects of information 

processing, as there is an iterative process in evaluating hypotheses, because some cues 

may be ambiguous or uncertain. When an individual creates different hypotheses, there is 

often a need to accept or reject them throughout a confirmation (Rouse as referenced in 

Wickens and Hollands, 2000).  

Pilot choices: Pilot enters into the action selection stage. When these action choices 

are uncertain, risk is involved, and requires the estimation of the different outcome values 

(such as advantages and disadvantages). Retrieval from long-term memory could be 

compromised by seven factors: situation awareness, fatigue, workload, stress, individual 

differences, mental models, and risk perception (Russi-Vigoya and Patterson, 2012b). 

The pilot then analyzes the pros and cons of a particular course of action. Meta-cognition 

plays an important role here (Reder as referenced in Wickens and Hollands, 2000). Meta-

cognition is the pilot's thoughts of his or her thoughts. For example, the pilot may think 

the altitude indicator is lower than expected, but also knows that it does not provide 

enough information to respond, and therefore, he or she seeks more information.  

Pilot response: Pilot executes selected response. 

Feedback loop: Information processing for decision-making has a major feedback 

loop related to learning opportunities that may improve the quality of an outcome.  
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Figure 2.1. Information processing of decision-making process (Wickens and Hollands, 2000, p. 296)  

 

Attention  

Attention is one of the most important factors of the human information-processing 

model, but it is restricted by human capabilities. Previous studies sought to investigate 

what factors affect decision-making in dynamic environments (See e.g., Russi-Vigoya-

Patterson, 2012b). It is important to understand the decision-making factors, which may 

be predicted by attention. Wickens (1987) described four principles for visual attention: 

resources, confusion, integration, and selection. He explained that task performance could 

be affected by the pilot's primary task. As the complexity of a system increases, the 

individual tends to focus more on performance of the primary task. Wickens (1987) 

explained that pilot communication is not affected by attention to a primary task, but by 

spatial search and information acquisition. In addition, performance is affected by the 

cognitive demands of the pilot. As workload increases, performance decreases. The next 
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principle is confusion, which can lead to accidents, because the pilot could interpret 

information incorrectly. Integration has three levels (Wickens, 1987, p.605): (1) 

Integration of the display in a single object; (2) Integration of elements from two one-

handed controls into a single multitasking control; and (3) Similarity between tasks. 

Tunneling is another principle that affects the level of attention. Cognitive tunneling 

is also called selective attention (Wickens and Hollands, 2000). Once the pilot is focused 

on one task, it is possible that the pilot will not pay attention to other channels of 

information. For example, previous studies identified that while landing, pilots, may 

ignore auditory alerts, which can affect their situation awareness (Wickens, 1987). 

Wickens and Hollands (2000) added other categories that could result from failures of 

attention: (1) focused attention, is when there are multiple channels of information in the 

environment, and the individual cannot focus on the appropriate stimulus source. (2) 

Divided attention, refers to attention that is involuntarily directed to stimuli that is not 

desired (p.70). 

Visual scanning behavior provides information about the reasoning that drives 

selective attention, and can provide information to optimize decision-making. Eye 

behavior can show the differences in eye behavior between those having more experience 

and those less experienced, and further provide information that could improve designs 

and provide better training for individuals (Wickens and Hollands, 2000. P. 77). Since 

attention is one of the most important factors in the Human Information-Processing 

model for decision-making, it is important to understand the role of attention in this 

model.  
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Attention measurement using eye behavior. Eye tracking can facilitate research on 

visual attention by showing where an individual focuses. Castro (2009) explained that 

eye-tracking systems have pros and cons, suggesting that an advantage is that they can 

record eye behavior while performing a task. She noted that several eye-tracking 

disadvantages are that they do not provide information about peripheral vision nor an 

individual's information processing, only eye fixations. Nevertheless, other studies (e.g., 

Gog, Paas, and Van Merrienboer, 2005) have shown that when eye-tracking studies are 

combined with concurrent or retrospective verbal protocols, one gains insight into the 

cognitive processes, or knowledge elicitation, from the performed task.  

Studies have shown that pilot decision-making is critical when automated systems 

are not programmed for the occurrence of a specific event (Dekker and Hollnagel, as 

cited in Jipp and Teegen, 2011). It has been shown that individuals are usually not 

prepared for situations, which are considered unlikely to happen (e.g., equipment failure). 

Eye behavior plays an important role in visual attention within the decision-making 

process. Glaholt and Reingold (2011) suggested that points of fixations are strongly 

related to the decision maker's attention. Hoffman stated that the focus of attention tends 

to shift as the gaze behavior moves (as cited in Glaholt and Reingold, 2011). The 

distribution of spatial attention in decision information reflects the individual natural eye 

movements (Glaholt and Reingold, 2011, p. 127).  

There are different methods to gather eye movement information. Glaholt and 

Reingold (2011) suggested that a think aloud protocol has limitations. For example, 

concurrent think aloud protocol may reduce decision accuracy, and retrospective protocol 

may rely on the decision maker's memory (Russo, Johnson, and Stephens, as cited in 
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Glaholt and Reingold, 2011, p. 126). However, think aloud protocols can provide  insight 

into the individual cognitive process. Glaholt and Reingold (2011) performed an 

experiment with 16 students, and found the role of eye movement in preference decisions 

by using a gaze cascade model. This model predicts a decision selection, when some 

decision alternatives are exposed for a longer time (400 milliseconds) than others (200 

milliseconds). They found that when alternatives are exposed for a longer time it does not 

affect an individual's selection. They increased the number of fixation points, indicated 

an individual evaluation of alternatives and then the final selection. They further 

suggested that eye tracking techniques with retrospective protocol and neuroimaging are 

a potential tools for future research in decision-making. In addition, Rayner (1977) 

showed that the greater number of eye fixations (visual attention) while reading posit a 

cognitive process. He demonstrated that participants focused more on the main verbs in 

sentences, rather than on the grammatical connectors. The author explained that 

individuals tended to pay more attention to verbs as they are the most important factor for 

the processing and comprehension of the sentences. Eye behavior plays an important role 

in visual attention within the decision-making process. Situation awareness, experience, 

and workload are factors that affect attention in the decision-making process during 

dynamic situations, as follows: 
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Situation awareness (SA) 

Situation awareness (SA) is defined as “the perception of the elements in the 

environment within a volume of time and space, the comprehension of their meaning, and 

the projection of their status in the near future" (Endsley, 1988a). Other researchers (see 

e.g., Sarter and Woods, 1996, p.9) have defined SA as the ability to cope or assess 

situations with an integrated picture of all that is known. There are different factors that 

affect pilot SA. Some of these factors are the pilot individual differences, background and 

experience (Endsley, 1988b; Gipson-Jones, 1996; Endsley, 2001), training, cockpit 

design (Endsley, 1988b), knowledge (Gipson-Jones, 1996; Endsley, 2001; Bolstad, 

Endsley, Costello, and Howell, 2010), environment and equipment (Bolstad, Endsley, 

Costello, and Howell, 2010).   

Research has shown that pilot SA plays an important role in the decision-making 

process (Endsley 1987, 1988, and 1995). Jipp and Teegen (2011) investigated the link 

between attention and SA while analyzing the gaze behavior of 12 commercial pilots. 

They noted that automated systems (i.e. Flight Management System), isolated the pilot 

from the status of the aircraft. In addition, they noted that the attitude indicator of the 

aircraft and the display drove pilot gaze behavior. The significant differences between 

participants did not allow them to generalize the results. They stated that some pilots 

spent more attention on the ‘horizontal situation indicator’ and ‘center pedestal’ displays. 

However, they found that the distribution in how the pilots tended to fixate on the other 

displays was different (p.1208). Furthermore, their study showed that pilots were aware 

of altitude changes even when the communication systems drew their attention away 

from the display. 
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SA and visual attention are related. The complexity of piloting an aircraft in 

dynamically changing conditions can lead to lack of attention, focused attention, or 

divided attention, which can affect SA (Endsley, 1999; 2001). Endsley (2013) suggested 

that SA could degrade in situations where individuals are not searching for information. 

A study where fixations indicated where pilots looked for information when encountering 

a fuel malfunction, demonstrated that fixations indicate a pilot's SA (Van de Merwe, et 

al., 2012).   

Equipment failure in different weather conditions (i.e., normal visibility and poor 

visibility) is an uncommon combination of events. Because these events are unlikely, 

people may struggle in those unfamiliar situations. Studies suggests that pilots who fly 

with glass cockpits need improved training regarding flying in adverse weather, and for 

situations where their primary equipment fails (NTSB, 2010; Hengyang et al., 2012). 

Additionally, pilots are trained to avoid poor visibility conditions, but may 

unintentionally encounter them, finding themselves in stressful situations due to their lack 

of understanding of how to fly in those environments (Hunter et al., 2011).  

Pilots with more experience have fewer flight incidents (Borowsky & Wall, 1983; 

Landsberg, 1999; NTSB, 2012). Endsley (1995a & 2013) explained the more experienced 

pilots develop better memory storage, facilitating the categorization of events by 

gathering cues from the environment. Furthermore, she explained that even when pilots 

are not very familiar with a specific aircraft, they tend to maneuver the aircraft based on 

their general knowledge, providing them with "default information," which sometimes 

forms situation awareness. Furthermore, too much information can also negatively affect 

SA, especially in pilots with little experience (Endsley, 2001). Endsley (2013) stated that 
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less experienced pilots tend to either overlook or over sample information because they 

need to think through the information provided.  

Training is an important factor in developing good decisions in unexpected 

situations. Bolstad et al., (2010) recommended training pilots in three skill areas to 

improve SA abilities: (1) basic skills training, (2) higher order cognitive skills training, 

and (3) intensive preflight planning. Additionally, there are many design guidelines to aid 

in display design (U.S DOT FAA, 2001). The Federal Aviation Administration (FAA) 

has established Industry Training Standards (FITS) to enhance general aviation training. 

However, their proposed guidelines do not include training for unexpected events (FAA, 

2013a, b). It has been shown that pilots who are trained in dynamic environments (i.e., 

dynamic stall, low-level wind, and engine failure) are better able to handle unexpected 

situations (Casner et al., 2013).This infers that training may favorably influence decision 

making in uncommon situations.  

 Pilots can encounter poor visibility due to weather or pollution related issues. Visual 

Flight Rules (VFR) pilots are required to avoid poor visibility environments (GSOGS, 

2009) and so have little experience when it is encountered. People do not need to be 

completely aware of a situation to make good decisions, but tend to make better decisions 

when they are aware of and understand the situation (Endsley, 1988b; Hunter et al., 

2011). Not all GPS display weather information, but the glass cockpit used in this study, 

G1000, does. It uses the W-500 storm mapping technology that perceives electrical 

discharges occurring up to 200 nautical miles (20 minutes flight) away from the aircraft's 

current location (L-3 CAS, 2003). If the pilot plans to make a short flight that is less than 

200 nautical miles, the technology would not be able to detect possible thunderstorms 
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that are on their initial stages. A storm outside of this range is capable of only producing 

hazy weather and poor visibility conditions within the storm detector's range. This leaves 

short-range flights (i.e., flying from Austin, TX, to San Marcos, TX, a distance of 26.5 

nautical miles) at a disadvantage because the GPS is not capable of detecting the presence 

of this poor visibility weather before takeoff.  

Training for unusual situations has not been a priority in the past, but accounting for 

dynamic environments is more critical as air traffic increases. To develop new training 

procedures, and improve future cockpit designs, it is important to better understand pilot 

visual behavior and its relation to SA. This study contributes towards that understanding 

by investigating whether eye fixations per second of flight time (fix/s) correlates to SA, a 

relationship that will identify how dynamically changing conditions affect pilot visual 

behavior. It also investigates whether visual search, as determined by eye tracking 

methods, differs between groups demonstrating various levels of SA. The purpose of this 

study was to investigate whether the fix/s, occurring on different areas of the cockpit (i.e., 

primary instruments, backup components, GPS, and outside view), were correlated to SA. 

It was hypothesized that subjects with better SA will have more eye fixations per second 

when encountering unusual conditions.  

Endsley (1988b) noted that SA and decision-making are two related, but different 

concepts. According to Bolstad, Endsley, Costello, and Howell (2010), general aviation 

aircraft accidents have decreased since 2000. Bolstad et al., (2000) stated that an analysis 

done by the Air Safety Foundation (ASF) identified pilot error as the primary factor of 

the accidents during situations of adverse weather conditions, fuel mismanagement, and 

aircraft maneuvers (p.270). Lack of SA plays an important role in accidents attributed to 
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pilot error (Bolstad et al., 2010). Good SA can lead to good decisions, but not all good 

decisions require good SA. Endsley explained that, if a pilot recognizes a situation, he or 

she still might not know what to do (1988b). Endsley's (1988b) model of SA shows that 

workload, individual biases, objectives, pilot skills, training, and background all 

influence SA. Endsley (1988b) used a model to explain the role of SA in decision-making 

(Figure 2.2): 

 

 

Figure 2.2. Endsley’s decision-making model (1988b, p. 98) 

 

Endsley (1988b, p.98) explained that SA has three levels: Level 1: The pilot's 

perception of his or her senses of some element (e.g., a warning light), along with its 

relevant characteristics (e.g., location). Level 2: There is perception, where a pilot 

attaches meaning according to his or her knowledge. Level 3: The ability to project the 

action to follow at that moment based on the environment.  

Pilot error in the decision-making process could be the result of a lack of SA. 

Endsley's previous studies explained that 88% of accidents involved human error, 

suggesting that they could have been caused by poor SA (1999, p. 258). There are five 
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situation requirements in aviation (Endsley, 1999, p. 259-260):  (1) Geographical SA 

(e.g., location of own aircraft); (2) spatial or temporal situation awareness (e.g., altitude 

and heading); (3) system SA (e.g., fuel); (4) environmental SA (e.g., winds); and (5) 

tactical SA (e.g., aircraft detections). 

SA is limited by lack of attention, focused attention, and divided attention. In fact, 

Endsley's studies (1999) identified that a limitation of SA is individual attention. Flying 

an aircraft is a very complex task. Therefore, pilots may not pay attention to everything, 

which can lead to human error. The complex system that surrounds the pilot's work 

environment requires designers to understand all of the possible dynamic situations that 

the pilots encounter to better aid the pilot in making decisions (Endsley, 2001). 

Too much information can also be detrimental to maintaining SA, especially in pilots 

with little experience. Endsley (2001) stated that information should allow pilots to 

understand and respond in a timely manner, suggesting that decision-making is harder for 

less experienced pilots than for experience pilots (2001), because less experienced pilots 

respond by retrieving information from their working memory. However, pilots with 

more experienced, retrieve information from long-term memory, which provides them 

with solutions that are more effective.  

In addition, the training approaches do not always translate to real situations, perhaps 

limiting pilot SA. Jentsch and Bowers suggested that low-fidelity trainers are not always 

the best option to increase situation awareness, even though they are more flexible, have 

lower cost, as they are not as sophisticated as high-fidelity simulators which could 

provide feedback (as cited in Prince and Salas, 2007). Prince and Salas (2007) explained 

that the basic trainers have a lack of feedback cues and controls that make it difficult to 
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assess pilot situation awareness. Pilot situation awareness of their cockpit develops over 

time, with experience (Prince and Salas; Carretta, Perry, and Ree, as cited in Prince et al., 

2007, p. 44). 

Even though the SA approach has limitations, it is useful for understanding how to 

optimize decision-making. Bolstad et al. (2010) suggested that to improve SA, three 

skills areas should be considered when training pilots and promoting situation awareness: 

(1) basic skills training, (2) higher order cognitive skills training, and (3) intensive 

preflight planning. Endsley and Bolstad identified that when there is a higher level of SA, 

there is better performance (as cited in Bolstad et al., 2010). It is known that shared 

attention while performing a task improves SA (Carretta, Perry, and Ree, as cited Bolstad 

et al., 2010). In addition, limiting the workload on the pilot can improve SA. Studies 

suggest that when pilots have low levels of workload, their SA tends to be lower (See 

e.g., Amalberti and Deblon, as cited Bolstad et al., 2010).  

To maintain SA, higher order cognitive skills are needed. These cognitive skills are 

developed and enhanced with training, task management, and auto evaluation of skills 

(Bolstad et al., 2010). Bolstad et al., (2010) found that training improves SA. When pilots 

have a flight plan and review their plan before the execution, they tend to have higher SA 

(Endsley, as cited in Bolstad et al., 2010). Ishibashi modified the Endsley model of SA 

(1999), by including time factors (Figure 2.3).  
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Figure 2.3. Situation awareness model (Ishibashi, 1999) 

 

This model questions the interface design of the glass cockpit. He stated that pilots 

have ten seconds to be aware of the mode changes of the airplane, and that this SA is 

given by what is presented on the screen, and Air Traffic Control (ATC). Ishibashi (1999) 

stated that there should be indicators in case of misinterpretation of the given 

information. There should be a salient warning to help the pilots realize that the decision 

they made is not the correct decision. Recent accidents in aviation show that conditions 

that lead to poor SA are complexity, brittleness, opacity, and difficulties of pilot training 

(Ishibashi, 1999, p. 713). These are recognized by most airlines. New standards and 

procedures have been created based on error management. Endsley presents thirteen 

principles that she derived from the literature to maximize SA (1988b, p.99-100):  (1) 

Place important elements into a spatial proximity to avoid divided attention. (2) Each 

object should present semantic information to optimize short-term memory. (3) The 

presentation of information should provide salient cues allowing for rapid retrieval from 
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long-term memory. (4) Encourage processing strategies to minimize the constraints of the 

attention and biases. (5) Do not overflow displays with information. Present only the 

information relevant and required for the task on hand. (6) To assist pilots in future states 

of the environment, maintain information available to determine changes in the flight. (7) 

The most important information should be the most salient to ensure focused attention 

after pre-attentive processing. (8) Present secondary information within the peripheral 

vision. (9) Minimize verbal information requirements to retrieve information from short-

term memory. (10) Place important information on the visual channels, and provide 

information simultaneously using different modes. (11) Employ methods that allow 

simultaneous access to the secondary information to minimize attention narrowing. (12) 

Spatial information should be rapidly relatable to the pilot cognitive map and his 

orientation in it. (13) Aid pilot situation awareness with design, or technologies, that 

reduce pilot workload and improve upon the quality of information needed.  

 

Experience  

Pilot gaze behavior can be affected by the level of experience, as experienced pilots 

show a wider distribution of eye fixations that provide them with more information about 

the existing conditions. Liu, Liu, Zhuang, Liu, and Yuan (2012) in a study for NASA, 

found that personal computers training improved pilot skills. They used a flight simulator 

game, where ten  experienced and fourteen less experienced pilots participated. They 

found that the more experienced pilots showed a better performance than less 

experienced pilots did, and suggested that eye movement behavior is highly related to 

flight performance. They compared their research with existing research explaining that 
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previous authors (i.e. Fitts, as cited in Liu et al., 2012) identified differences between less 

experienced and more experienced pilots, and that these differences are revealed in their 

flight proficiency. For example, Bellenkes and colleagues (as cited in Liu et al., 2012) 

showed that the frequency at which pilots views their speed meter depends on whether 

they have less experience or if they are more experienced. They posited that more 

experienced search more frequently. Liu et al. (2012) found that more experienced pilots 

used  more channels of information, because of their use of  wider saccadic movement, 

faster information scanning, as well as more frequent scanning. They suggested that in 

future pilot trainings, pilots should be trained to have faster, but more frequent scanning. 

In addition, they posited that the peripheral vision of experienced pilots could be more 

developed than that of non-experienced pilots. Liu et al. (2012) suggested that this is 

probably the reason why they had shorter fixations times. They also mentioned that pilots 

who have experienced flying long distances, may develop top-down efficiency in 

processing flight information, giving them the ability to process information faster and 

more accurately. They explained that these differences between less experienced and 

more experienced are important because it can be used to develop  training programs, to 

more quickly attain the decision-making level of more experienced pilots. They also 

suggested that the eye movement of the pilots improves performance, but also reduces 

workload, explaining that when there are fewer movements, the pupil size reflected the 

larger information-processing task. 

In other transportation vehicles such as cars, it was found that experienced drivers 

respond faster to stimulus presented in dangerous environments, and have more frequent 

eye movements than less experienced drivers (Underwood, Crundall, and Chapman, as 
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referenced in Castro, 2009, p.20). In addition, Schoenfeld found that less experienced 

tend to quickly select a direction, as opposed to more experienced who tend to take 

relatively longer to decide direction, and whether their actions will help them accomplish 

their objectives (as referenced in Gog, Paas, and Van Merrienboer, 2005). Falkmer, and 

Gregersen (2005) found that more experienced drivers had more widely spread fixations 

on objects that were about 5 miles away, than did the inexperienced drivers. However, 

the experienced drivers had fewer fixations on objects that were close to them (0.60 

miles), than the ones who did not have as much experience. In their experiment, visual 

attention was measured by the number of  the participant's fixations. They found that the 

spread of fixations was a factor that defined drivers who had more experience. In other 

words, the drivers' fixation was more spread in the horizontal view within people who 

had more experience driving.    

 

Workload  

Roscoe defined workload as "the integrated mental and physical effort required to 

satisfy the perceived demands of a specified flight task" (as cited in   Gawron, 2000, 

p.106). In previous studies Kantowitz defined pilot workload "as a intervening variable, 

similar to attention, that modulates or indexes the tuning between the demands of the 

environment and the capacity of the operator" (Kantowitz and Campbell, 1996).  They 

stated that workload cannot be directly observed or evaluated, and that it must be noticed 

from the changes observed   (p. 118). They indicated that pilot skills, feedback, system 

reliability, task and environment demands, and fatigue affect pilot workload. They 

implied that pilot errors related to workload are influenced by too much or too little 
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workload. One finding was that workload can be influenced by pilot skills, level of 

situation awareness, communication and coordination with other members of the system, 

and automation (e.g., its understanding, trust or reliability, missuse, speed, and equipment 

and automation malfunction). 

Eye behavior may be an important source of information about how a pilot attempts 

to control an aircraft. The use of eye tracking devices can provide information about the 

basic metrics of visual attention that relate to the individual's cognitive engagement 

(Ellis, 2009). Previous studies have found that fixation frequency, blinking frequency, 

and pupil diameter provide important information about individual workload. 

Fixation frequency. Di Nocera et al., (2006) explained that in a normal flight (with 

VFR), the number of eye fixations indicated that the highest workload is found during 

taking off and landing. Eye fixations also relate to the recognition of situations. When eye 

fixations change, they are showing a strategic response to the situation (Peth et al., 2013). 

Workload can increase with small visual targets (less than 2 cm big) during dynamic 

environments. Studies have suggested that target size (Alonso, et al., 2013) and color 

codes (Backs, et al., 1992) can influence eye fixation accuracy. During unexpected 

conditions, pilots may have to search for information on components different from those 

when flying during no failures and clear weather. However, Jacob and Hochstein (2010) 

suggested that even though more fixations indicate higher target detection, fewer eye 

fixations also reflect perceptual encoding of the information provided on a display.  

Blink frequency. Blink frequency also shows cognitive workload. Different 

researchers (Van Order et al., 2001; Benedetto et al., 2011; Peth, et al., 2013) have found 

that visual workload and blinking frequency are related. Under high visual load 
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conditions, there are fewer blinks than in low load conditions. Benedetto et al. (2011) 

suggested that blinking rate can also increase in instances of boredom and fatigue, and 

decrease in situations of higher workload as the individual tries to avoid information loss.  

Pupil diameter. Pupillometry also indicates changes of workload. Researchers have 

found that when the cognitive workload increases pupil diameter increases (Van Order et 

al., 2001; DOT/FAA/CT-05/32; Ahlstrom & Friedman-Berg, 2006; Benedetto et al., 

2011). When compared with other eye metrics, pupil diameter changes have stronger 

correlations to cognitive workload (Benedetto et al., 2011). However, sometimes the 

pupil does not dilate, but instead constricts, a condition that signifies long-term memory 

processing (Naber et al., 2013).  

Pupil diameter response to changes in illumination is normal. More illumination 

constricts the pupil diameter, but differs from the changes on cognitive workload. Palinko 

and Kun (2012) studied different illumination intensities while using driving simulators; 

they showed that visual cognitive workload as extracted by pupil diameter readings, do 

not relate to illumination  changes, but strongly related to changes in cognitive workload.  

To assume that workload would increase when there is equipment failure seems 

intuitive. However, the objective of this research was to investigate changes in workload 

when encountering unexpected conditions of equipment failure and changes in visibility 

while using a glass cockpit simulation.  

Researchers, such as Ishibashi (1999) and Rudisill (1995), have found that a glass 

cockpit lowers pilot workload in normal situations. However, when abnormal situations 

occur pilot workload increases. This increase in workload is sometimes due to 

automation. Wiener suggested that glass cockpits reduce workload in times of normal 
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conditions, but increase workload in adverse situations because the pilot is forced to 

reconfigure the automated system to modify approach information (as cited inNTSB , 

2010, p. 6).  

Different researchers (Rudisill, 1995 and Ishibashi, 1999; Damos, John, and Lyall, 

2005) found that glass cockpits have some benefits for pilots. However, they have also 

found there are some issues that must be addressed when using these automated systems. 

Wiener, Chute and Moses (1999) suggested that the transition to glass cockpits affects 

pilot decision-making, and stated that the dramatic accidents and incidents that have 

occurred have made the aviation community more aware of the need for better training. 

In particular, they suggested that this is necessary when a pilot is transitioning to a glass 

cockpit from the traditional cockpit. Wiener et al. (1999) identified difficulties in the 

transition to glass cockpit training (such as misinformation, and poor curriculum planning 

and implementation). To improve these types of training, pilots must have a clear 

understanding of the auto flight, the degradation of their skill, and the understanding of 

the different environments (Wiener et al., 1999). This requires approximately 200-300 

hours of training in glass cockpits, understanding advanced maneuvers, training in 

different devices, and understanding the policies and procedures (p.11-22). They 

suggested that one of the factors affecting how pilots behave in the transition to glass 

cockpit is their attitude toward automation.  

Johnson and Wiegmann (2011) stated that inappropriate use of automation was 

constant in their experiment. They affirmed that pilots, who focused on the cockpit-

automated system, relied more on automation when different meteorological conditions 

were presented. However, they found that when automation was not used properly, pilots 
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lost spatial orientation and lost control of the aircraft. They also noted that some pilots 

were aware of their mistake and others were not.  

They suggested that when pilots do not have a clear understanding about the meaning 

of the meteorological conditions that their instruments are portraying, they get 

overwhelmed. This situation may lead them to navigate into dangerous situations with 

poor visibility.  

In addition, researchers have found that the ways automated systems (such as glass 

cockpit) are designed affect the situation awareness of the individuals. Sarter and Woods 

(1992) performed two studies where they evaluated the flight management system of the 

glass cockpit. In one study, they asked pilots who had experience using glass cockpits 

about their personal experience with the system. In the second study, they observed more 

experienced pilots transitioning to a glass cockpit environment. They found that while 

operating the flight management system, the vertical navigation logic, and calculations, 

were not clear for pilots. Some pilots reported that their system failed without 

understanding the causal reason. Pilots reported, in the Sarter and Woods (1992) study, 

that the input of information into the flight management system was difficult in special 

situations (e.g., situations where pilots are under pressure). In addition, the pilots reported 

that the transitions of the modes in the display were difficult to track, and that they did 

not know the modes that were not used often. Sarter and Woods (1992) reported that the 

pilots stated that they did not think these were important modes, because they did not 

have to use them. Some pilots reported in their study that the flight director sometimes 

showed inadequate positioning, which made them lose confidence in the system. The 

pilots reported that there was poor feedback between the mode control panel and the 



Texas Tech University, M. Natalia Russi-Vigoya, December 2014 

 

42 

 

control display unit. This made them unaware of the flight management status (p.307-

313).    

A second study (Sarter and Woods, 1992) revealed that pilots could quickly became 

proficient using a flight management system. Challenging moments occurred when 

entering information in the management system and making sure that the information 

entered was correct. They found that pilots have difficulties in transitioning from 

conventional to automatic systems (as referenced in NTSB, 2010). Sarter and Woods 

noted that there is confusion and feelings toward the transition from a conventional 

cockpit to a glass cockpit (as referenced in NTSB, 2010).  

Blitch and Clegg (2011) studied the impact of automation in training. They studied 

twenty students who did not have any flight simulator experience. They taught the 

students the basics of flying in a flight simulator, and the most important parts of the 

system. Students had to perform three training tasks, and were randomly assigned to 

either a manual system or an automated system.  The researchers found that participants 

who received only guidance in automation, had a harder time than those who used the 

manual system. This could help explain why automation in the cockpit lowers pilot 

workload in a normal flight. However, when pilots encounter dynamic situations that 

require more attention, their workload increases (Ishibashi, 1999). This could be because 

situation awareness can be affected when using automated systems (Ishibashi, 1999).  

Ishibashi suggests that the glass cockpit design is not very user oriented (1999). He 

noted that these automated systems are more focused on functionality than their usability 

(Ishibashi, 1999, p. 710). He explained that the glass-cockpit provides important 

information that could be misread in dynamic situations. For example, Ishibashi stated 
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that since the display is very small, the pilot has to pay more attention to the screen to 

avoid misreading any information. Billings explained the workload changes the pilots' 

experience while using a glass cockpit (Figure 2.4). They are summarized as follows (as 

referenced in Ishibashi, 1999, p.711):  (1). Flight and airplane systems inner control loop: 

Pilot has direct control of components and sensor feedback from the aircraft. (2) Flight 

and airplane systems intermediate control-loop: Pilot controls an autopilot and has an 

indirect control of components, but has sensor feedback from the aircraft.(3) Flight and 

airplane systems outer control-loop: Pilot enters information in the management system, 

and control panel. Then the autopilot receives the aircraft feedback and flies, but in this 

case, the pilot is the last one to have the feedback information about the flight. 

 

 
 

Figure 2.4. Billing model for changes in workload from the inner-loop to outer-loop (Ishibashi, 1999) 

 

 

Ishibashi (1999) cited a report from the Federal Aviation Administration (FAA), 

where it was shown that the commonality between accidents of aircraft flying in 

abnormal conditions was a "failure of situation awareness." Ishibashi stated that in a 
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normal flight, the glass cockpit could reduce the pilot's workload. However, he stated that 

this could affect the pilot's decisions when abnormal conditions are present. When not 

directly controlling the situation, the pilot is likely to make more errors due to poor 

situation awareness. In fact, Ishibashi (1999) stated that abnormal situations could be 

harder to manage when the pilot is not in the loop. He explained an accident from 1995 

where flying from Miami to Cali, Colombia, the pilot lost geographical situation 

awareness due to automation issues. This accident killed 165 people with four survivors.  

Rudisill (1995) performed a survey that provided five different categories of 

crewmembers comments about automated systems. The first category referred to safety 

and general flight deck automation. She noted that all respondents stated that automation 

has improved the flight safety in different ways (e.g., reduction of stress and fatigue). 

However, she found that there were also several concerns with automation (e.g., wrong 

sense of security about aircraft status and boredom). The second category is design. 

Rudisill (1995) stated that the respondents felt many of the software issues had been 

fixed. However, they stated that there were still problems such as communication (e.g., 

poor wording or use of abbreviations) and poor feedback (e.g., incorrect predictions of 

fuel status). The third category mentioned is the understanding of automation use. 

Respondents stated that high-automated systems require more training and experience. 

Pilots with little training or experience can misinterpret the information of the flight, and 

have an inadequate prediction of the behavior of the aircraft.  

Rudisill (1995) stated that respondents perceived inconsistency in training and 

procedures (p.4). In addition, she noted that there is a lack of communication between 

pilots and crewmembers. For example, she stated that the majority of the communication 
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between the pilots and their crew is visual rather than verbal. Sometimes not all of the 

information is clearly communicated. It was stated that since workload increases in 

abnormal situations, pilots feel obligated to control the flight manually to lower 

complexity. The fourth category was crew personal factors. Pilots with less experience 

tend to use, and rely more on, the automation system, than does a pilot with more 

experience. However, she found that pilots who had less experience identified automated 

concepts more easily. Sixteen guidelines were proposed for all four categories, for future 

designs that use automation. She noted that the glass cockpit benefited flight 

management, but cited studies that have shown that automated systems have a lot of 

room for improvement.   

Damos, John, and Lyall (2005) stated that pilots spend a great amount of time looking 

inside the aircraft, rather than outside. They referenced their 1999 study, where pilots 

looked inside of the aircraft more when they were flying highly automated systems, and 

when they were over 10,000 feet. Damos et al. (2005) included data both below and 

above 10,000 feet. They selected this altitude to see the effect of automation on pilot 

activity frequencies. The frequency of the activities that the pilots performed depended 

on the level of automation. In addition, their study found that in highly automated 

systems, pilots are not required to communicate as much with the ATC, because the 

automated system clearly provides the information need to climb or descend. 
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CHAPTER III 

METHODOLOGY 

Participants 

Thirty male VFR certified private pilots participated in this study, ranging in age from 

21 to 68 years old (                 . Each pilot performed two-flight 

simulations. Participant's instrument flight experience varied (               

              hours) and all pilots were non-instrument rated certified. Participants 

had from 99 to 2600 hours of flying experience (                       

      The hours of experience were non-normally distributed, and were not significantly 

different from a three parameter Weibull (p > .05). Analysis of experience thus required 

the use of non-parametric statistical methods. Participation was voluntary. All 

participants signed a written informed consent prior to the study and participated 

voluntarily. The study was approved by the Human Research Protection Program at 

Texas Tech University (Appendix A).  

 

Apparatus 

Flight simulator. Microsoft Flight Simulator X software was selected because it was 

designed by real pilots, and provides a complete representation of a real glass cockpit. 

This software allows flights with pre-set characteristics of different weather conditions 

and equipment failures. The simulation was displayed on a 46-inch monitor screen. Pilots 

train in computers with all ranges of screen sizes from a 19-inch screen to the screen of 

the size of a full room. However, the computer screen has not shown to have a common 

consensus when researchers have evaluated effective training. In other words, computer 
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graphics have not shown to affect significantly the effectiveness of training in low 

fidelity and high fidelity simulators (Hays and Jacobs, 1992, p. 71-73). The 46-inch 

monitor is not required, but it allowed for  more realistic picture of how the cockpit looks 

in a real flight. Cessna Aircraft Company (2011-2012) stated that glass cockpit displays 

are colorful and each measures exactly 10.4 inches. The Primary Flight Display presents 

the six primary components to control the aircraft: airspeed indicator, altitude indicator, 

altimeter, vertical speed indicator, directional gyro, and turn coordinator. The 

Multifunction Flight Display presents information related to the status of the aircraft such 

as oil and fuel levels, engine status, weather information, and navigational tools that 

facilitate the controlling of the aircraft. A screen of 46 inches allowed this study to 

display a full cockpit with the same dimensions as that of the actual display (10.4 inch). 

In addition, it provided a bigger outside view for the pilot, and an opportunity to display 

the backup components. Several researchers have investigated the benefits of personal 

computer (PC) simulators (Jentsch & Bowers, 1998), and have found that pilots enhance 

their skills by using them. The glass cockpit is a display that integrates all of the primary 

components onto one screen. Figure 3.1 shows the complete image that will be displayed 

on the screen. The simulator hardware includes a pilot chair from Playseat and a Logitech 

G940 Flight System Figure 3.2. The pilot chair has a force feedback joystick attached on 

the left hand side, which controls aircraft movements. On the right hand, side of the 

simulator is a throttle that generates the power of the aircraft. The throttle also has a 

mounted wheel, which is programmed to retract and extract the flaps. A mouse was 

installed to allow pilots to select switches and knobs, but not to control the aircraft.  

Figure 6 presents the hardware used in this study. 
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Figure 3.1. Areas of interest of the glass cockpit display: 

The primary instruments from the Primary Flight Display (PFD: 10) :  (1) Airspeed indicator; (2) attitude 

indicator; (3) altimeter; (4) vertical speed indicator; (5) directional gyro; (6) turn indicator; Other areas of 

interest were: (7) outside view; (8) compass; (9) GPS; (1b) backup airspeed indicator; (2b) backup attitude 

indicator; (3b) backup altimeter; and (9b) backup GPS. From the Multi-functional Display (MFD: 11) only 

the GPS was investigated. 
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Figure 3.2. Flight simulator hardware:  

(1) Seat, (2) throttle, (3) mouse, (4) joystick, and (5) rudder pedals 

 

The advisory circular number 61-126 provides guidelines for the use of PC 

simulators in training private pilots. It also instructs manufacturers of those PC 

simulators to seek approval from the Federal Aviation Administration (FAA, 1997). 

However, since Microsoft has not sought the approval, Microsoft Flight Simulator X 

does not have it (Hamilton, Brittain, and McKinley, 2006; AOPA, 2012). After 

reviewing the guidelines proposed by the FAA, Microsoft Flight Simulator X has 
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shown to be a reliable and a valid tool for the proposed research. The proposed 

simulator has control requirements, display requirements, flight dynamic 

requirements, and task requirements that the Federal Aviation Administration 

recommends. The "instructional management requirements" were partially fulfilled. 

The simulator will not be directed by an aircraft instructor; the software will be 

managed by a researcher instead. The Federal Aviation Administration guideline is 

that "the instructor must be able to pause the system at any point for the purpose of 

administering instructions regarding the task (p. 9)." The researcher is not an 

instructor, but the researcher will be able to pause the system at any point for the 

purposes of research. In addition, Microsoft Flight Simulator X does not allow the 

researcher to change the settings while the participant is flying. However, it allows 

presetting the flight before the simulation starts. This helps to configure treatments at 

the same time for all participants. Microsoft Flight Simulator X provides presetting 

configurations before the flight, so the researcher can enter an exact time for the 

events to happen (i.e., a participant can have an altimeter failure 5 minutes after the 

flight starts). Microsoft Flight Simulator X is "capable of recording both a horizontal 

and vertical track of aircraft movement for later playback and review." The 

researcher (instructor in the guidelines), "is able to disable the instruments prior to 

the beginning of a training session, and to simulate failure of any of the instruments 

during a training session without stopping or freezing the simulation to effect the 

failure" (FAA, 1997. p. 9). In addition, the simulator offers a navigational log as 

proposed by the guidelines. This specifically positively affects the proposed 
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simulator training because professional and student pilots have experienced these 

types of software and hardware. 

In addition, the Microsoft Flight Simulator X software and the Logitech 

hardware meet all three guidelines that Lane (1995) suggested for a game to become 

a simulator. It has subject skill, pedagogic ability, and technical capability. Microsoft 

Flight Simulator X presents the primary display characteristics that all planes must 

have to control a flight. It provides realistic scenarios, which include Texas airports. 

This simulator has settings for real pilots to practice different types of flights. 

Microsoft Corporation (2009) explained that real pilots can enhance their skills by 

using this simulator, and that it is "an integral part of training programs conducted by 

the US Navy, FlightSafety International, and Embry-Riddle Aeronautical 

University." In addition, this flight simulator was designed by real pilots and well-

known companies that work with aircrafts (including Boeing, Cessna, and Garmin), 

who validated the simulator content because they were part of the development 

phase (Jentsch and Bowers, 1998; Microsoft corporation, 2009). Microsoft Flight 

Simulator X is well documented on the website in the game documents (Microsoft 

corporation, 2009), and other developers document it (as noted in Hamilton, Brittain, 

and McKinley, 2006). 

3.2.2 Eye tracking system. The Eye-Trac 6 system, developed by Applied 

Science Laboratories (ASL), was used in evaluating the pilot eye behavior. This 

system allows one to define areas of interest (AOI; i.e., airspeed indicator, altitude 

indicator, altimeter, vertical speed indicator, horizontal speed indicator, and turn 

coordinator) on the glass cockpit. ALS results provide overall eye behavior but also 
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provide the number of fixations within each of the AOIs selected. It provides pupil 

diameter information, blinks, and records the time. The following equipment is 

required for using the ASL system (Figure 3.3-4) 

 

 
 
Figure 3.3. Eye-tracker equipment from control room: 

(1) Eye tracking software controller, (2) Eye-tracker scene monitor (3) Researcher scene monitor to 

control flight simulator, (4) Eye monitor, (5) Control Unit, (6)   ASL Eye-Trac6 Tracker 

 

 

 

 

 
 

Figure 3.4. Eye tracker D6-from participant room 
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(1)  Eye tracking software controller. The eye tracking software is controlled by a 

monitor that presents the eye-tracking interface to the researcher. (2)  Eye-tracker scene 

monitor. A scene monitor helps in the calibration process and shows the points of fixation 

of the pilot at the time of simulation. (3)  Researcher scene monitor to control the flight 

simulator. This monitor has its own keyboard and mouse, allowing the researcher to 

control the screen that the participant sees from a control room. (4). Eye monitor. An eye 

monitor shows the participant's eye, pupil, and cornea reflection. (5)  Control Unit. The 

control unit controls the eye tracker by setting the eye tracker-sampling rate (60Hz), and 

turning on/off the scene and eye monitors.  (6)  ASL Eye-Trac6 Tracker. The eye tracker 

follows the participant's eye behavior. 

 

Procedure 

On the day of the study, the participant signed an informed consent form, and filled 

out a pre-questionnaire to obtain demographic and background information. The 

participant then practiced in the simulator for as long as needed to control effectively the 

simulated aircraft. The eye tracking system was then calibrated following the guidelines 

of ASL (2009). After calibration, the pilot was given a scenario; fly from Austin, to San 

Marcos, Texas; a flight, which would take about 15 minutes with a Cessna 172 Skywalk 

aircraft. Then, the control flight was undertaken, once the participant landed in San 

Marcos, eye tracking data recording was stopped. The participant rested for 10 minutes. 

Calibration was checked and the pilot was given a scenario; fly from Austin, to San 

Marcos, Texas for a wedding, once the scenario was understood, the pilot started the 

experimental flight. The aircraft was placed at the beginning of the runway facing north. 
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However, to get to their final destination they had to turn south. The participant was 

asked to think aloud during the simulation, and instructed to fly as in real life. In the 

experimental flight, five minutes after taking-off, the participant experienced their 

assigned randomized failure condition (altimeter failure, DG failure, or no failure) with a 

weather condition (clear or overcast visibility). The poor visibility did not provide an 

instant white out of the outside view. The poor weather started as a light mist followed by 

the encountering of a stratus cloud. At five nautical miles, the screen blanked and 

displayed the SA questions. After the questionnaire, the flight resumed and the 

participant continued flying to the final destination. The SA questions were asked only 

asked this one time. For both flights, the eye-tracking recording started as soon as the 

participant moved the throttle to begin. The takeoff section was defined as the segment 

from the point of departure to the section where the pilot turned 180 degrees in the air 

towards the south. The landing section began when the participant was five nautical miles 

from the final destination, and the mid-flight section was defined as the section between 

the takeoff and landing. Once the participant touched down, data recording ceased. The 

following figure summarizes the procedure: 
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Figure 3.4. Experimental procedure 

 

Experimental conditions 

All participants flew under normal conditions of clear visibility and no failure for 

five minutes. At that point, participants randomly encountered unexpected weather and 

failure conditions or continued flying under normal conditions. Unexpected conditions 

were defined as conditions in which there was either poor visibility with an altimeter 

failure, poor visibility with a directional gyro (DG) failure, or clear visibility with either 

altimeter failure or DG failure. These conditions were selected because many of the 

accidents that end in fatalities are related to pilots encountering poor visibility conditions 

while flying under VFR (Johnson & Wiegmann, 2011), and the most often reported 

service difficulties for the glass cockpit primary instruments are altimeter failure and DG 

failure (FAA, 1995b-2012). The order of these conditions was randomized; each subject 

was assigned to one weather condition and one failure condition. Half of the participants 

experienced poor visibility; five of these 15 pilots also experienced altimeter failure, five-

experienced DG failure, and five did not have a failure. The other 15 participants 
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experienced clear visibility; five of these pilots experienced altimeter failure, five pilots 

experienced DG failure, and five pilots had no failure.  

 

Randomization of experimental conditions  

The experimental conditions were randomized to eliminate order effects, and to 

allow testing for causality between the dependent and independent variables. There were 

six experimental conditions with five replications per experimental condition (Table 3.1).  

 

TABLE 3.1: Experimental conditions 

 Failure 

Weather No failure DG failure Altimeter failure 

Clear visibility 5 participants 5 participants 5 participants 

Poor visibility 5 participants 5 participants 5 participants 

 

Analysis about SA, HEF, and allocation of fixations were found based on the data 

collected from all experimental conditions. The workload section analyses all the 

experimental flights changes in eye behavior based on all experimental flights and an 

initial flight without any treatment. The presentation of the control flight was not 

randomized. The reason for not randomizing the control trial was that the interest in the 

study was the change in the individual behavior of a participant. It is a within subject 

experiment. Within subject experiments have the advantage of providing more power 

because they do not have to account for variability between the participants. This study 

gathered visual information used during unexpected conditions. Participants were told 

that anything could happen in their flight; that they could have a flight with normal 

weather and no failure, or that they could experience a failure and poor visibility 

condition. It is possible that randomizing the control flight would change visual behavior 
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on the second flight because participants could be looking for the same conditions 

encountered in the first flight. A disadvantage of not randomizing the control flight was 

that it could be susceptible to practice effects. Normally the practice effect would be 

addressed by randomization of the treatments. Negatively, this will add considerable 

observations to the experimental design. This experiment focuses on the differences in 

workload for the different treatments, whether one treatment presented more workload 

than another did. The relative differences for workload are the same because any learning 

effect that took place would affect all of the treatments. The investigation is not focused 

on whether one treatment delivers a higher workload than the control. For example, it is 

not a priority to identify the workload difference between control and poor visibility 

because one can safely assume a lower workload for the control flight. However, 

knowing the relative differences between two different treatment conditions, like poor 

visibility with no failure, and clear visibility with DG failure allow for a scale of 

comparison. For these treatments, the practice effect is equivalent for both. Future studies 

could seek to isolate the learning or practice effect of these flights.   

 

Variables to identify the relationship between SA and visual behavior 

Relationships between SA and the fix/s on the AOIs were analyzed for five different 

levels of specificity. The first level studied the relationships between SA and fix/s on the 

AOIs for all participants (n=30). This analysis ignored treatment effects to determine if 

there was a general relationship present. The second level studied the average fix/s on 

each AOI separating participants into two groups based on SA score, regardless of their 

experimental condition. One group had participants with high SA (scores from156 to 
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210) and the other group had participants with low SA (from 53 to 131). The third level 

studied the relationships between SA and fix/s on the AOIs for participants who 

encountered clear visibility (n=15) or poor visibility (n=15). The fourth level studied the 

relationships between SA and fix/s on all AOIs for participants who encountered the 

same failure condition: altimeter failure (n=10), DG failure (n=10), or no failure (n=10). 

Finally, the fifth level studied the relationships between SA and fix/s on all AOIs, for all 

combined visibility and equipment failure conditions (six groups of 5 participants). SA 

was normally distributed, but fix/s were not always normally distributed within the 

different groups. Therefore, when both SA and fix/s were normally distributed, the 

Pearson correlation (r) was used, but when one or the other was not normally distributed, 

then the Spearman Rho test was used (rs). 

Rate of eye fixations per second of flight time (fix/s). A fixation was defined to have 

occurred when the pilot focused on an AOI for at least 100 milliseconds (ASL, 2010, 

p.24). Fix/s was calculated by counting the total number of fixations on the AOI and 

dividing by the flight segment length.  

Situation awareness (SA). SA was measured using the SAGAT technique (Situation 

Awareness Global Assessment Technique, Endsley, 1995b, 2012; Bolstad et al., 2010). 

Queries were presented to all pilots at the same point during the flight. At this point, the 

screen blanked and displayed one of 13 sequential questions. The participants answered 

each question to the best of their recollection. Each question was marked with a "1" if the 

answer was correct, and a "0" if the answer was outside set tolerances (Endsley, 2012). 

Dummy questions were included to avoid the subject determining the topic of 

investigation (Endsley, 1995b, 2000, 2012). To get an overall SA score, questions that 
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were not related to the primary components were weighted with a zero, and those 

referring to the primary components were weighted using pilot ratings of the importance 

of the aircraft components (Endsley, 1990, p.65-73).  

 

Variables to identify the relationship between experience and visual behavior 

Average fixation duration (AFD) on the AOIs. AFD was defined as the total time of 

fixation durations divided by the total number of fixations occurring in that segment. 

AFD was analyzed using three different grouping approaches: (1) AOIs over all pilots 

and conditions, (2) by weather condition, and (3) by combinations of weather visibility 

and equipment failure. 

Hours of flying experience (HEF). Certified pilots reported HEF on a pre-

questionnaire. Pilots with more than 300 hours of flight time were defined as the more 

experienced or more experienced group (n=16) and those with less, the less experienced 

group (n=14). The more experienced HEF varied from 300 to 2600 hours (M = 1190.71, 

SD = 792.60), with the less experienced varying from 99 to 270 hours (M = 186.38, SD = 

63.34). 

Eye fixations per second of flight time (fix/s). A fixation was defined as when the 

participant focused for at least 0.1 seconds (ASL, 2010, p.24) on one of the areas of 

interest (Figure 1: (1) Airspeed indicator; (2) attitude indicator; (3) altimeter; (4) vertical 

speed indicator; (5) directional gyro; (6) turn indicator; (7) outside view; (8) compass; (9) 

GPS; (1b) backup airspeed indicator; (2b) backup attitude indicator; (3b) backup 

altimeter; and (9b) backup GPS). The number of fixations on each area of interest (AOI) 

was normalized by dividing the count by flight segment time (segments both before and 
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after encountering conditions). Fix/s were analyzed using five grouping approaches:  (1) 

for all AOIs over all pilots and conditions, (2) on each AOI , (3) by weather condition, (4) 

by failure type, and (5) over combinations of visibility and equipment failure. 

Variables to identify changes in workload 

Eye behavior was analyzed into the overall analysis of eye behavior across flight 

sections and the analysis of eye behavior during takeoff, midflight, and during landing. 

Rate of fixations per second of flight time (fix/s). For each section (takeoff, midflight, 

and landing), the fix/s was defined the same than as the variables to identify the 

relationship between SA and visual behavior.  

Average pupil diameter (APD). The pupil diameter was defined as  the diameter in 

millimeters of the pupil ellipse and was recorded with the ASL eye tracker system (ASL, 

2009, p. 47). For each flight section, all recorded pupil diameters were summed and then 

divided by the total number of pupil diameters recorded.  

 Blinks rate per second of flight time (blink/s). For each flight section, blink rate was 

defined as the total number of blinks during each section of the flight divided by the total 

section duration. A blink was defined as the moment when the pupil was not located by 

the eye tracking system for a period between 0.08 to 0.4 seconds (ASL, 2010, p.49). 

 

Variables to identify common characteristics of visual behavior under unexpected 

conditions 

Average eye fixations per second of flight time (fix/s). The average fix/s were used to 

investigate visual attention characteristics, when using a glass cockpit in visual flight 
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conditions and poor visibility conditions, with or without equipment failure. This variable 

was defined as the average of the eye fixations per second on each area of interest. 
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CHAPTER IV 

 RESULTS  

Relationship between SA and visual behavior 

This study investigated the relationship between SA and fix/s for non-instrument 

rated pilots in unexpected conditions of weather and equipment failure. It was expected 

that higher SA scores would correlate with higher fix/s, regardless of the experimental 

condition. The results presented are divided into five analyses. The first presents the 

relationship between SA and eye behavior for all combined conditions. The second 

presents the eye behavior of participants with high SA and low SA. The third presents the 

relationships for the two visibility conditions. The forth investigates the three different 

equipment failures, and the fifth presents the relationships for participants who 

encountered the same combination of weather and failure conditions. 

Relationships across all conditions. The participants' SA scores (n=30) ranged from 

53 to 210 (M = 144.76, SD = 43.59) and were normally distributed. Participants' 

combined fix/s for all AOIs (M = 1.383, SD = .796) were normally distributed during 

normal conditions (normal weather and no failure). However, after participants 

encountered the experimental conditions, the combined eye fix/s for all AOIs (M = .878, 

SD = .745) were no longer normally distributed (p < .05). Therefore, the Upper Tailed 

Pearson test was used to assess these relationships. SA scores and fix/s were not related 

during normal conditions (r = .091, p > .05). Furthermore, after participants encountered 

all experimental conditions, the Upper Tailed Spearman's Rho test showed that there was 

no relationship between SA and fix/s on all combined AOIs (rs = .039, p > .05).  

This study then investigated the relationship between SA and all fix/s on each AOI 
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during normal conditions. There were no significant relationships before the equipment 

failure and visibility conditions were encountered. However, the Spearman Rho Lower 

Tailed test showed there was a significant relationship between SA and fix/s, occurring 

on the backup GPS (AOI 9b) after encountering the experimental conditions (rs = -.305, p 

< .05). 

Fixation differences between high and low situation awareness. Participant data was 

divided into two groups based on their SA scores. High SA scores ranged from 156 to 

210 (17 participants) and Low SA scores ranged from 53 to 131 (13 participants). For 

both groups, fix/s across all AOIs were not normally distributed. For these cases, 

Friedman test was used to determine whether there were differences among the AOIs for 

these groups. The results showed that in both groups the fix/s on specific AOIs were 

significantly different. This finding was true for the high SA group in both normal 

conditions (F (12, 192) = 24.83, p < 0.05) and experimental conditions (F (12, 192) = 

32.43, p < .05). The results were similar for the low SA group during normal conditions 

(F (12, 144) = 17.76, p < .05) and experimental conditions (F (12,144) =  20.72, p < .05). 

To get a more detailed picture on how the AOIs differed, Fisher's LSD procedure on the 

rank sums was used to order AOIs according to their average fixation frequency (Table 

4.1).  
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TABLE 4.1: LSD of rank sums for average eye fixations per second of flight time on each area of interest 

Higher SA scores (n=17)   

Fix/s before conditions    Fix/s after conditions    

AOI Rank sum Grouping   AOI Rank sum Grouping   

7 209 A           7 218 A             

9 194 A B         9 195   B           

2 184   B         2 187   B           

3 147     C       3 140     C         

1 134     C       1 139     C         

6 104       D     6 113       D       

9b 89       D E   5 96       D E     

5 89       D E   4 88         E     

4 82       D E   1b 82         E     

2b 81         E   8 81         E     

1b 80         E   9b 80         E     

8 80         E   2b 78         E     

3b 78         E   3b 58           F   

                                  

Lower SA scores (n=13) 

Fix/s before conditions    Fix/s after conditions  

AOI Rank sum Grouping   AOI Rank sum Grouping 

7 155 A           9 153 A             

9 147 A B         7 148 A             

2 126   B C       2 143 A B           

3 122     C       3 124   B C 

 

      

6 89       D     6 102     C D       

1 88       D     1 84       D E     

5 78       D E   5 77         E F   

9b 77       D E   4 72         E F   

4 77       D E   9b 69         E F   

8 62         E F 8 64         E F   

2b 59         E F 2b 63         E F   

1b 57         E F 1b 56           F   

3b 50           F 3b 31             G 

 
Note. AOI that do not share a letter are significantly different.  

 

 

Relationships during unexpected visibility conditions. Subjects experiencing clear visibility 

(n=15) had SA scores ranging from 53 to 210 (M = 141, SD = 45) and those experiencing poor 

visibility (n=15) scores ranging from 53.89 to 210 (M = 147, SD = 44). In both clear and poor 

visibility conditions, the SA scores and some fix/s on the AOIs were normally distributed. 

Therefore, the Pearson Test (r) and Spearman Rho (rs) were used to test the relationships where 

applicable. During clear visibility, before encountering failure conditions, there were no 

significant correlations between SA and fix/s; but in poor visibility significant correlations were 



Texas Tech University, M. Natalia Russi-Vigoya, December 2014 

 

65 

 

found on the turn indicator (rs = .448, p < .05) and on the backup GPS (rs = -.518, p < .05). 

Higher SA during the poor visibility condition correlated with higher fix/s on the turn indicator 

(AOI 6; rs = .448, p < .05). Moreover, higher SA scores correlated with lower fix/s, and lower 

SA scores correlated with higher fix/s on the backup GPS (AOI 9b; rs = -.518, p < .05). This 

situation was similar after the introduction of the poor visibility condition (rs = -.529, p < .05). 

Furthermore, after conditions of poor visibility were encountered, higher SA scores showed more 

fix/s on the vertical speed indicator (AOI 4; rs = .513, p < 0.05).  

 Relationships during unexpected failure conditions. SA during the no failure (M = 177, SD 

= 22), altimeter failure (M = 136, SD = 57), and DG failure (M = 121, SD = 24) conditions were 

normally distributed. Eye fix/s were normally distributed for some AOIs. Pearson's and 

Spearman's Rho tests were used to assess the relationships. When there was no failure present, 

there were no significant relationships before encountering weather conditions, but were present 

after encountering the weather conditions. Higher SA correlated to more fix/s on the altimeter 

(AOI 3; rs = .613, p < .05) and vertical speed indicator (AOI 4; r = .618 p < .05). Furthermore, 

participants with higher SA showed fewer fix/s on the compass (AOI 8; r = -.613, p < .05) than 

those with lower SA scores. Participants encountering altimeter failure showed that higher SA 

was related to higher fix/s on the airspeed indicator (AOI 1; rs = .587, p < .05) and the turn 

indicator (AOI 6; rs = .617, p < .05) before experiencing any failure. There were no significant 

relationships before the DG failure. After the DG failed, higher SA scores correlated more with 

fix/s on the backup altimeter (AOI 1b; rs = .551, p < .05). Furthermore, higher SA related to 

fewer fix/s on the GPS (AOI 9; rs = -.572, p < .05) than did those with lower SA scores.  

Relationships during the six unexpected visibility and failure condition combinations. There 

were five participants in each of the six conditions. Relationships between SA and fix/s on each 
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AOI were evaluated for participants who experienced the same set of visibility and failure 

conditions. Before participants encountered one of the six-condition combinations, there were no 

significant correlations between SA and fix/s found. Furthermore, there were no significant 

relationships found after the conditions of clear visibility and no failure, clear visibility with 

altimeter failure, poor visibility with no failure, and poor visibility with altimeter failure. Four 

out of five participants in the poor visibility and DG failure condition failed to notice that the DG 

failed, but thought something was wrong. During the verbal protocol, participants expressed 

feelings of uncertainty, not being sure of what was wrong. However, after the conditions were 

encountered there was a very strong negative correlation; participants with lower SA had more 

fix/s on the airspeed indicator (AOI 1; rs = -.975, p < .05) than did participants with higher SA 

scores. The SA scores for subjects who encountered poor visibility and DG failure were low, 

ranging from 103 to 131 (M = 120, SD = 14.3).  

During poor visibility and DG failure there was only one significant correlation, which 

occurred on the backup airspeed indicator (AOI 1b: r = .822, p < .05). SA scores in this group 

ranged from 82 to 157 (M = 122, SD = 33). Participants with higher SA had more fix/s on the 

backup airspeed indicator. 

 

Relationship between hours of flying experience (HEF) and visual behavior 

This study investigated the relationships between visual behavior and HEF using five 

different grouping analyses:  

(1) Correlations between HEF and fix/s, and between HEF and AFD, for all combined 

flight-conditions,  
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(2) Fix/s and AFD for two different experience groups to determine whether any AOI 

tended to receive more visual attention than did the other AOIs,  

(3) Correlations between HEF and fix/s, and between HEF and AFD, for flight-conditions 

having the same visibility type,  

(4) Flight-conditions having the same type of failure, and  

(5) Combined visibility and failure flight-conditions.  

 

All pilots regardless of flight-conditions. Visual attention differences based on experience 

over all participants (n = 30) were analyzed. The relationships between HEF and eye fix/s, and 

between HEF and AFD, were investigated for each AOI using Spearman's Rho (rs). Notable 

differences were found for the attitude indicator (AOI 2), GPS (AOI 9), altimeter (AOI 3), and 

turn indicator (AOI 6). The negative relationships indicated that fewer fix/s and AFD were 

related to more HEF on the specific AOIs (Table 4.2) both before and after conditions were 

encountered. 

 

TABLE 4.2: Correlations between visual behavior and hours of flying experience for all 30 participants 

HEF vs. Fix/s 

 

 HEF vs. AFD 

AOI Before     After 

 

AOI Before   

 

After 

1       rs = -.443   1       rs = -.373 

2 

   

rs = -.528 

 

3 

   

rs = -.497 

9 

   

rs = -.403 

 

6 

   

rs = -.314 

2b rs =  -.474         2b rs =  -.464       

 

Note. This table shows only statistically significant correlations (p < .05). rs: Spearman Rho 

Correlations. 

 

Visual attention differences based on HEF. For both the more experienced and less 

experienced groups, fix/s and AFD across all AOIs were not normally distributed. The Friedman 

test was used to determine differences among the AOIs, both before and after participants 
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encountered the experimental flight-conditions. The results showed that fix/s on the AOIs were 

different from each other even before encountering the experimental flight-conditions; for the 

more experienced group, F (12, 156) = 19.69, p < .05, and for the  less experienced group, F (12, 

180) =  22.52, p < .05. Fix/s on the AOIs were also different from each other after encountering 

the experimental flight-conditions for both the more experienced group, F (12, 156) = 26.16, p < 

.05; and for the  less experienced group, F (12, 180) = 26.38, p < .05. The AFD on the AOIs 

were significantly different before experimental flight-conditions for both the more experienced 

group, F (12, 156) = 10.47, p < .05 and for the less experienced group, F (12, 180) = 5.00, p < 

.05. Moreover, the AFD on the AOIs were different from each other after the experimental 

flight-conditions for both groups; more experienced, F (12, 156) = 5.32, p < .05; and for  less 

experienced, F(12, 180) = 2.98, p < .05. To get a more detailed picture of how the AOIs differed, 

Fisher's LSD procedure on the rank sums was used to order AOIs according to their average fix/s 

(Table 4.3) and AFD (Table 4.4).TABLE 4.3: Multiple comparisons of eye fixations per second 

of flight time for each experience group before and after all experimental flight-conditions 
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Participants with more HEF (n=16)   

Fix/s before flight-conditions    Fix/s after flight-conditions            

AOI Rank sum Grouping   AOI Rank sum Grouping   

7 168 A           7 171 A             

9 160 A B         9 159 A             

2 139   B C       2 155 A             

3 135     C       3 123   B           

1 96       D     1 107   B           

6 94       D     6 107   B C         

4 79       D E   5 85     C D       

5 78       D E   9b 84       D       

9b 77       D E   4 74       D E     

8 68         E   2b 62         E     

1b 63         E   1b 61         E     

3b 61         E   8 53         E     

2b 60         E   3b 37           F   

                                  

Participants with less HEF (n=14)   

Fix/s before flight-conditions 

  

  Fix/s after flight-conditions 

AOI Rank sum Grouping     AOI Rank sum Grouping   

7 196 A           7 196 A             

9 181 A B         9 190 A             

2 171   B         2 176 A             

3 133     C       3 140   B           

1 127     C       1 118   B C         

6 99       D     6 108     C D       

9b 89       D E   8 90       D E     

5 88       D E   5 88       D E     

4 80       D E   4 85         E F   

2b 80       D E   2b 77         E F   

1b 75         E   1b 75         E F   

8 74         E   9b 65           F   

3b 67         E   3b 50             G 

 

Note. AOIs that do not share a letter are significantly different.  
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TABLE 4.4: Multiple comparisons of average fixation duration for each experienced group before and after all 

experimental flight-conditions 

Participants with more HEF (n=16) 

AFD before flight-conditions      AFD after flight-conditions  

AOI Rank sum Grouping         AOI Rank sum Grouping 

3 153 A               2 129 A     

7 144 A B             7 128 A     

9 141 A B             9 120 A     

2 126   B C           1 119 A     

1 107     C D         3 119 A     

6 101       D E       6 115 A     

9b 89       D E F     5 112 A     

5 81       D E F     9b 108 A     

4 76         E F     4 74   B   

8 68           F     8 73   B   

1b 67           F     2b 72   B   

3b 63           F     1b 63   B   

2b 62             G   3b 45   B   

                              

Participants with less HEF (n=14)   

AFD before flight-conditions    AFD after flight-conditions  

AOI Rank sum Grouping   AOI Rank sum Grouping 

2 154 A               7 142 A     

7 148 A               1 139 A     

9 142 A               9 136 A     

3 138 A B             2 132 A     

1 136 A B             2b 128 A B   

6 125 A B             3 125 A B   

9b 107   B C           6 118 A B   

5 92     C           5 113 A B   

8 88     C           1b 97   B C 

2b 88     C           4 93   B C 

4 85     C           8 93   B C 

1b 81     C           9b 74     C 

3b 76     C           3b 68     C 

 

Note. AOIs that do not share a letter are significantly different.  

 

Visual attention differences for HEF and visibility conditions.  Fifteen participants 

experienced poor-visibility and fifteen clear-visibility. For the clear-visibility group, HEF ranged 

from 114 to 2500 hours (M = 783, SD = 804.20), and was not normally distributed. For the poor-

visibility group, HEF ranged from 99 to 2600 hours (M = 527.13, SD = 666.17), and was not 

normally distributed. During clear-visibility, before the point where visibility flight-conditions 
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were introduced, there were three significant correlations. Table 4.5 shows the significant 

relationships found between HEF and fix/s, and for AFD.  

 

TABLE 4.5: Relationship between hours of flying experience and visual behavior during visibility flight-conditions 

 

  HEF vs. Fix/s    HEF vs. AFD 

Visibility AOI Before 

 

After 

 

AOI Before 

 

After 

Clear  2 

   

rs =  -.649 

 

1 

   

rs= -.621 

9 

   

rs =  -.626 

 

2 

   

rs=  .488 

2b rs =  - .514 

    

5 

 

  rs= -.513 

3b 

   

rs =  -.514 

 

7 

   

rs=   .431 

       

2b rs = -0.514 

   

        

3b rs = -0.529 

 

rs= -.514 

Poor  2b rs =  - .474         2       rs= -.481 

3b rs =    .769 

    

3 

   

rs= -.701 

              2b rs = -0.448       

 

Note. This table shows only statistically significant correlations (p < .05). rs: Spearman Rho Correlations. 

 

All pilots who experienced the poor-visibility condition expressed concern about the clouds, 

and about losing their most important tool, the outside view. Our subjects made many decisions 

in the poor-visibility environment; some chose to fly back, fly under the clouds, or fly all the 

way to the destination through the clouds. Critically, more experienced pilots flew under the 

clouds or flew back to the originating airport. 

Visual attention differences for HEF and each failure flight condition. There were three 

different types of failure: no failure, altimeter-failure, and directional gyro (DG) failure. For each 

condition, there were ten participants. For the no failure group, HEF ranged from 100 to 2500 

hours (M = 800.3, SD = 926.34); for altimeter-failure, from 114 to 900 hours (M = 301.9, SD = 

248.21); and for DG-failure, from 99 to 2600 hours (M = 863, SD = 788.14). The high variation 

of HEF in the groups was due to the experimental flight-conditions not being assigned based on 

HEF. HEF during both the no failure and altimeter-failure flight-conditions was not normally 

distributed. However, during DG failure, they were normally distributed. When the HEF and 
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fix/s or AFD were normally distributed Pearson's test was used (r), otherwise the Spearman Rho 

test (rs) was used. Before failure occurrences, more relationships existed between a participant's 

HEF with fix/s and AFD than after encountering failures (Table 4.6).  

 

TABLE 4.6: Relationships between hours of flying experience and visual behavior during failure conditions 

 

 Fix/s and HEF 
 

AFD and HEF 

 AOI Before    After 

 

AOI Before    After 

No failure 

(n=10) 

2 

   

rs = -.636  7 

   

rs =   .592 

9 rs =   -.564         3b rs =   -.580       

Altimeter 

failure 

(n=10) 

1b rs =   -.759 

    

2 rs =    -.695 

   2b rs =   -.766 

    

3 

   

rs =   -.701 

       

7 rs =   -.567 

   

       

8 rs =    -.639 

   

       

1b rs =   -.745 

                 2b rs =          -.759       

DG failure 

(n=10) 

1 r =   -.605 

 

rs = -.732 

 

1b r =    .858 

   9 

   

rs = -.585 

 

2b r =    .667 

   1b r =    .859 

    

3b r =    .774 

 

r =   .774 

2b 

   

r =  .609 

       3b r =    .774   r =  .774               

 

Note. This table shows only statistically significant correlations (p < .05). rs: Spearman Rho 

Correlations; r: Pearson Correlation. 

 

 

Relationships during combined failure and weather flight-conditions. The data was divided 

into six failure/weather groups of five subjects, each having the same set of failure and weather 

flight-conditions. There were no significant relationships found between HEF and fix/s, or 

between HEF and AFD, on flight-conditions having clear-visibility and altimeter-failure (Table 

4.7). Some correlations looked promising, but because the group sample size was small (n=5), 

the relationships were not significant.   
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TABLE 4.7: Relationships between hours of flying experience and visual behavior during combined flight-

conditions of failure and visibility 

  HEF vs. fix/s     HEF vs. AFD 

 

AOI Before  

 

After  

 

AOI Before  

 

After  

Clear-visibility 

and no failure 

3 r  =    .417 

 

rs = -.915 

 

2 r = .047 

 

r =    .877 

              9b r = -.854   r =  -.364 

Clear-visibility 

and DG-failure 

1 rs  = -.474 

 

rs = -.900 

 

7 r = .510 

 

r =     .914 

              9b r = .904   r =    .677 

Poor-visibility 

and no failure 

1 r =  .874         1b r = -.914       

1b r = -.914 

 

r = -.914 

 

3b 

   

r =   -.914 

2b r = -.914 

 

r = -.914 

       3b r = -.914   r = -.914               

Poor-visibility 

and altimeter-

failure 

1b             1b       r =   -.893 

2b rs = -.860                     

Poor-visibility 

and DG-failure 

1 r = -.822                     

1b r =   .893 

    

1b r = .893 

   2b r =   .859 

 

r = .893 

 

2b 

   

r =   .893 

3b r =   .893   r = .893   3b r = .893   r =   .893 
 

Note. This table shows only statistically significant correlations. rs: Spearman Rho Correlations; r: Pearson 

Correlation. 

 

 Relationship between situation awareness and experience during conditions of equipment 

failure and poor visibility 

Relationships between HEF and SA were analyzed for five different levels of specificity. The 

first level studied the relationships between HEF and SA for all participants (n=30). This 

analysis ignored treatment effects to determine if there was a general relationship present. The 

second level studied the relationships between HEF and SA for participants who encountered 

clear visibility (n=15) or poor visibility (n=15) regardless to the type of failure encountered. The 

third level studied the relationships between HEF and SA for participants who encountered the 

same failure condition: altimeter failure (n=10), DG failure (n=10), or no failure (n=10). Finally, 

the fourth level studied the relationships between HEF and SA, among all visibility and 

equipment failure conditions (six groups of 5 participants).The HEF and SA varied in each levels 

of specificity (Table 4.8).  



Texas Tech University, M. Natalia Russi-Vigoya, December 2014 

 

74 

 

 

TABLE 4.8: Descriptive statistic of situation awareness and hours of flying experience during the different 

experimental conditions 

 

Experimental conditions 
SA HEF 

M SD M SD 

All participants (n=30) 145 44 655 755 

Clear visibility (n=15) 141 44 783 804 

Poor visibility (n=15) 149 44 527 666 

No failure  (n=10) 177 22 800 926 

Altimeter failure (n=10) 136 57 302 248 

Directional gyro failure (n=10) 121 24 863 788 

Combined clear visibility and no failure (n=5) 178 30 1388 1031 

Combined clear visibility and  altimeter failure (n=5) 125 57 255 170 

Combined clear visibility and  directional gyro failure (n=5) 120 14 706 599 

Combined  poor visibility and no failure (n=5) 176 13 213 69 

Combined poor  visibility and  altimeter failure (n=5) 148 61 349 323 

Combined poor  visibility and  directional gyro failure (n=5) 122 33 1020 989 

 

Note.  rs: Spearman Rho Correlations; r: Pearson Correlation. 

 

 

The Shapiro Wilk Test (Conover, 1999) was used to assess the variable's normality. The SA 

scores were normally distributed at all levels of specificity. However, the participants who 

encountered directional gyro failure, had HEF that was not normally distributed (p = < .05). 

Therefore, this study used the Spearman Rho and Pearson correlations to assess the relationships 

(Conover, 1999). There was only one statistically significant relationship between SA and HEF 

(Table 4.9). Participants with less HEF had higher SA. Another relationship, such as the 

correlation during the combined clear visibility and directional gyro failure seemed high. 

However, it was not significant because under this experimental condition there were only five 

participants. Perhaps with more participants this relationship would show significance. 
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TABLE 4.9: Correlation between situation awareness and hours of flying experience during different failure and 

weather conditions 

 

Conditions Correlation 

All (n=30) rs= - 0.100 

Clear visibility (n=15) rs= - 0.069 

Poor visibility (n=15) rs= - 0.062 

No failure  (n=10) rs= - 0.751* 

Altimeter failure (n=10) rs= - 0.028 

Directional gyro failure (n=10) r= 0.409 

Combined clear visibility and no failure (n=5) rs= - 0.418 

Combined clear visibility and  altimeter failure (n=5) rs= - 0.539 

Combined clear visibility and  directional gyro failure (n=5) rs= 0.728 

Combined  poor visibility and no failure (n=5) rs= 0.382 

Combined poor  visibility and  altimeter failure (n=5) rs= 0.231 

Combined poor  visibility and  directional gyro failure (n=5) rs= 0.330 

 

Note.  rs: Spearman Rho Correlations; r: Pearson Correlation. 
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Changes in workload 

The results were separated into the analysis of eye behavior across four flight sections as shown 

in figure 4.1. During the control flight, there were no failures or poor visibility conditions 

introduced to the participants. However, the control flight also was divided into these four 

sections to compare the eye behavior of the subjects during the control and the experimental 

flight conditions. 

 

 

Figure 4.1. Flight sections analyzed:  

(1) takeoff, (2) midflight before conditions, (3) midflight with conditions, and (4) landing. 

 

Take-off section. No differences in APD (F (1, 29) = 3.276, p > .05), AFD, fix/s (F (1, 29) = 

.858, p > .05), and blinks/s (F (1, 29) = .858, p>.05) were found between the takeoff section of 

the control flight and the experimental flight. These results were not surprising, because the 

treatment and control flights had the same flight-conditions during this stage.  
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Midflight section  

 Eye fix/s of flight time. Each group (control and experimental) of fix/s were checked for 

normality and variance. A Two Factor ANOVA was used when all groups were normally 

distributed and had equal variance. Otherwise, the Friedman test (Conover, 1999) was used. If 

there was a significant difference, the LSD was used to determine how they differed. Tables 4-10 

to 4-13 show the significant results of the comparison of fix/s between the control flight and 

experimental flight per group of conditions. 

 

TABLE 4.10: Eye fixations per second of flight time during sections 2 and 3 for all conditions 

All conditions n=30    
Section Flight-group description Statistic Test Note 

2 Control vs experimental  F(1,29) =87.52, p < .05 Friedman MC 

3 Control vs experimental  F(1,29) = 87.52, p < .05 Friedman MC 

 

Note. MC: there were more fix/s on the control flight 

 

TABLE 4.11: Eye fixations per second of flight time during sections 2 and 3 by visibility conditions 

Visibility conditions (n=15 each) 

Section Flight-group description Statistic Test Note 

2 Control vs experimental  

(clear visibility )  

F(1, 14) = 42.25, p < .05 Friedman  MC   

3 Control vs experimental   

(clear visibility) 

F(1,14) = 23.91, p < .05 ANOVA: Two Factor MC 

2 Control vs experimental 

(poor visibility 

F(1,14) = 42.25, p < .05 Friedman MC  

3 Control vs experimental  

(poor visibility flight) 

F(1,14) = 16.29, p < .05 Friedman MC  

 

Note. MC: more fix/s on the control flight 
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TABLE 4-12: Eye fixations per second of flight time during sections 2 and 3 by failure conditions 

Failure conditions (n=10 each) 

Section Flight-group description Statistic Test Note 

2 Control vs no failure  F(1,9) = 27.48, p < .05 ANOVA: Two Factor MC 

2 Control vs altimeter failure  F(1,9) = 26.9, p < .05 ANOVA: Two Factor MC  

2 Control vs DG failure  F(1,9) = 27.97, p < .05 ANOVA: Two Factor  MC  

3 Control vs no failure  F(1,9) = 19.48, p < .05 ANOVA: Two Factor MC  

3 Control vs altimeter failure  F(1,9) = 22.17, p < .05 ANOVA: Two Factor MC 

3 Control vs DG failure  F(1,9) = 14.26, p < .05 ANOVA: Two Factor MC  

 

Note. MC: more fix/s on the control flight 

 

 

TABLE 4-13: Eye fixations per second of flight time during sections 2 and 3 by failure and visibility 

combination conditions 

Control flight vs. failure and visibility combinations (six groups of n=5) 

Section Control flight vs 

Experimental flight description 
Statistic Test Note 

2 Clear visibility  and no failure F(1,4) = 18.66, p < .05 ANOVA: Two Factor MC  

2 Clear visibility  and altimeter failure  F(1,4) = 15.61, p < .05 ANOVA: Two Factor MC  

2 Clear visibility  and DG failure  F(1,4) = 8.63, p <  .05 ANOVA: Two Factor MC  

2 Poor visibility and no failure  F(1,4) = 8.73, p < .05 ANOVA: Two Factor MC 

2 Poor visibility and altimeter failure  F(1,4) = 9.49, p < .05 ANOVA: Two Factor MC  

2 Poor visibility and DG failure  F(1,4) = 20.10, p < .05 ANOVA: Two Factor MC 

3 Clear visibility and  no failure  F(1,4) = 65535, p < .05 Friedman MC 

3 Clear visibility and  altimeter failure  F(1,4) = 88.19, p < .05 ANOVA: Two Factor MC 

3 Clear visibility and DG failure  F(1,4) = 29.84, p < .05 ANOVA: Two Factor MC 

3 Poor visibility and no failure  F(1,4) = 19.95, p < .05 ANOVA: Two Factor MC  

3 Poor visibility and altimeter  failure  F(1,4) = 11.19, p < .05 ANOVA: Two Factor MC 

3 Poor visibility and DG  failure  F(1,4) = 2.87, p >.05 ANOVA: Two Factor NS 

 

Note. MC: more fix/s on the control flight; NS: No significant difference 

 

 

There were more fix/s during the control flight. The overall allocation of fix/s on the 

AOIs was investigated; the fix/s from the control flight on the AOIs were compared to 

the fix/s during the experimental flight. The results showed that the fix/s were allocated 

differently on the AOIs 1 to 3, 5 to 7, 9 and 9b. The Friedman test was performed for all 

of the comparisons as shown in Table 4.14. 

 

TABLE 4.14: Eye fixations per second of flight time during sections 2 and 3 by each AOI 
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AOI Section 2  Section 3 

1 F(1,29) = 10.88, p < .05 ME  F(1,29) = 26.36, p < .05 ME 

2 F(1,29) = 11.53, p < .05 ME  F(1,29) = 51.56, p < .05 ME 

3 F(1, 29) = 29.81, p < .05 ME  F(1,29) = 10.12, p < .05 ME 

4 F(1, 29) = 3.08, p > .05 NS  F(1,29) = 2.22, p > .05 NS 

5 F(1, 29) = 22.18, p < .05 MC  F(1,29) = 18.21, p < .05 ME 

6 F(1, 29) = 6.17, p < .05 ME  F(1,29) =12.71, p < .05 ME 

7 F(1, 29) = 33.74, p < .05 ME  F(1,29) = 51.56, p < .05 ME 

8 F(1,29) = .28, p > .05 NS  F(1,29) =  .66, p > .05 NS 

9 F(1,29) = 149.94, p < .05 ME  F(1,29) = 87.52, p < .05 ME 

1b F(1,29) = 1.63, p > .05 NS  F(1,29) = 4.80, p < .05 ME 

2b F(1,29) = 1.63, p > .05 NS  F(1,29) = 2.73, p > .05 NS 

3b F(1,29) = .66, p > .05 NS  F(1,29) =  .33, p > .05 NS 

9b F(1,29) = 5.48, p < .05 ME   F(1,29) = 18.18, p < .05 ME 

 

Note. NS: No significant difference; MC: more fix/s on the control flight; ME: 

more fix/s on the experimental flight 

 

 AFD. Tables 4-15 to 4-19 present the results of the AFD based on the flight 

conditions. The AFD was higher during the control flight. However, table 11 shows that 

this difference was significant on the AFD of participants on the outside view (AOI 7) 

and attitude indicator (AOI 2). Table 11 also shows that during the experimental flight, 

participants checked the GPS more than on the control flight. 

 

TABLE 4.15: Average fixations duration during sections 2 and 3for all conditions 

All conditions n=30       

Section Flight-group description Statistic Test Note 

2 Control vs experimental  F(1,29) = 11.53, p < .05 Friedman MC  

3 Control vs experimental F(1,29) = 33.74, p < .05 Friedman MC  

 

Note. MC: more AFD on the control flight 
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TABLE 4-16: Average fixations duration during sections 2 and 3by visibility conditions 

Visibility conditions (n=15 

each)       

Section Flight-group description Statistic Test Note 

2 Control vs clear visibility  F(1,14) = 5.16, p < .05 ANOVA: Two Factors MC 

3 Control vs clear visibility  F(1,14) = 6.09, p < .05 ANOVA: Two Factors MC 

2 Control vs poor visibility  F(1,14) = 7.85, p <. 05 ANOVA: Two Factors MC 

3 Control vs poor visibility   F(1,14) = 20.77, p < .05 ANOVA:  Two Factors MC 

 

Note. MC: more AFD on the control flight 

 

 

TABLE 4-17: Average fixations duration during sections 2 and 3by failure conditions 

Failure conditions (n=10 each)       

Section Flight-group description Statistic Test Note 

2 Control vs no failure F(1,9) = 5.06, p > .05 Friedman NS  

2 Control vs altimeter failure  F(1,9) = 9.46, p < .01 ANOVA: Two factors MC  

2 Control vs DG failure  F(1,9) = .59, p > .05 ANOVA: Two Factors NS 

3 Control and no failure  F(1,9) = 16, p < .05 Friedman MC  

3 Control and altimeter failure F(1,9) = 11.16, p < .05 ANOVA: Two Factors MC  

3 Control  and DG failure F(1,9) = 8.05, p < .05 ANOVA: Two Factors MC  

 

Note. MC: more AFD on the control flight; NS: No significant difference 

 

 

TABLE 4-18: Average fixations duration during sections 2 and 3by failure and visibility combination 

conditions 

 Failure and visibility combinations (six groups of n=5) 

Section Control flight vs 

Experimental flight description 
Statistic Test Note 

2 Clear visibility and no failure  F(1,4)= 6.77, p > .05 ANOVA: Two Factor NS 

2 Clear visibility and altimeter failure F(1,4)= 4.75, p > .05 ANOVA: Two Factor NS 

2 Clear visibility and DG failure F(1,4)=  .06, p > .05 ANOVA: Two Factor NS 

2 Poor visibility and no failure F(1,4)= 1.35, p > .05 ANOVA: Two Factor NS 

2 Poor visibility and altimeter failure  F(1,4)= 3.78, p > .05 ANOVA: Two Factor NS 

2 Poor visibility and DG failure  F(1,4)=  4.35, p > .05 ANOVA: Two Factor NS 

3 Clear visibility and  no failure F(1,4)=  5.51, p > .05 ANOVA: Two Factor NS 

3 Clear visibility and  altimeter failure  F(1,4)=  3.50, p > .05 ANOVA: Two Factor NS 

3 Clear visibility and DG failure F(1,4)=  2.34, p > .05 ANOVA: Two Factor NS 

3 Poor visibility and no failure  F(1,4)=  3.04, p > .05 ANOVA: Two Factor NS 

3 Poor visibility and altimeter  failure F(1,4)=  9.12, p < .05 ANOVA: Two Factor MC 

3 Poor visibility and DG  failure  F(1,4)=  16.23, p < .05 ANOVA: Two Factor MC 

 

Note. MC: more AFD on the control flight; NS: No significant difference 
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TABLE 4-19: Average fixations duration during sections 2 and 3by each AOI 

 

 

 

 

 

 

 

 

 

 

 

 

N

o

t

e. NS: No significant difference; MC: more AFD on the control flight; ME: 

more AFD on the experimental flight difference 

 

 APD. The APD was also separated by flight-conditions during each flight section. 

Tables 4-20 to 4-23 show the results of the comparison of APD between the control flight 

and experimental flight per group of conditions. 

 

TABLE 4-20: Average pupil diameter during sections 2 and 3for all conditions 

All conditions n=30       

Section Flight-group description Statistic Test Note 

2 Control vs experimental  F(1,29)= .77, p > .05 ANOVA: Two Factors NS 

3 Control vs experimental   F(1,29)= 8.34, p < .05 ANOVA: Two Factors MC  

 

Note. NS: No significant difference; MC: more APD on the control flight 

 

TABLE 4-21: Average pupil diameter during sections 2 and 3 by visibility conditions 

Visibility conditions (n=15 each)     

Section Flight-group description Statistic Test Note 

2 Control vs clear visibility  F(1,14) = .06, p > .05 Friedman NS 

2 Control vs poor visibility  F(1,14) = .61, p > .05 ANOVA: Two Factors NS 

3 Control vs clear visibility  F(1,14) =  4.31, p > .05 ANOVA: Two Factors NS 

3 Control vs poor visibility  F(1,14) =  3.79, p > .05 ANOVA: Two Factors NS 

 

Note. NS: No significant difference 

AOI Section 1 
 

Section 2 

1 F(1,29) = .16, p > .05 NS  F(1,29) =   .04, p > .05 NS 

2 F(1,29) = 0, p > .05 NS  F(1,29) =   11.53, p < .05 MC 

3 F(1,29) =  .14, p > .05 NS  F(1,29) =   1.73, p > .05 MC  

4 F(1,29) =  .06, p > .05 NS  F(1,29) =   2.22, p > .05 NS 

5 F(1,29) =  .06, p > .05 NS  F(1,29) =    .14, p > .05 NS  

6 F(1,29) =  2.12, p > .05 NS  F(1,29) =   3.92, p > .05 NS 

7 F(1,29) =  8.07, p < .05 MC  F(1,29) =   5.52, p < .05 MC 

8 F(1,29) =  .28, p > .05 NS  F(1,29) =   3.92, p > .05 NS 

9 F(1,29) =  3.23, p > .05 NS  F(1,29) =   5.23 p < .05 ME 

1b F(1,29) =  .39, p > .05 NS  F(1,29) =   1.33 p > .05 NS 

2b F(1,29) =   .09, p > .05 NS  F(1,29) =   1.33 p > .05 NS 

3b F(1,29) =   .14, p > .05 NS  F(1,29) =   .33, p > .05 NS 

9b F(1,29) =   1, p > .05 NS   F(1,29) =   .04 p > .05 NS 
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TABLE 4-22: Average pupil diameter during sections 2 and 3for failure conditions 

Failure conditions (n=10 each)       

Section Flight-group description Statistic Test Note 

2 Control vs no failure  F(1,9) = 10.59, p < .05 ANOVA: Two Factors MC 

3 Control vs  no failure flight   F(1,9) = 4.81, p > .05 ANOVA: Two Factors NS 
2 Control vs  altimeter failure  F(1,9) = .05, p > .05 ANOVA: Two Factors NS 
3 Control vs  altimeter failure  F(1,9) = .1.22, p > .05 ANOVA: Two Factors NS 
2 Control  vs DG failure  F(1,9) = 1.32, p > .05 ANOVA: Two Factors NS 
3 Control vs  DG failure F(1,9) = 2.49, p > .05 ANOVA: Two Factors NS 

 

Note. MC: more APD on the control flight; NS: No significant difference 

 

TABLE 4-23: Average pupil diameter during sections 2 and 3by failure and visibility combination 

conditions 

 Failure and visibility combinations (six groups of n=5) 

Section 
  Control flight vs 

Experimental flight description 
Statistic Test Note 

2 Clear visibility flight and no failure  F(1,4) = 32.22, p < .05 ANOVA: Two Factors MC 

2 Clear visibility and altimeter failure F(1,4) =  .04, p > .05 ANOVA: Two Factors NS 

2 Clear visibility and DG failure F(1,4) =  1.98, p > .05 ANOVA: Two Factors NS 

2 Poor visibility and no failure  F(1,4) = 2.25, p > .05 Friedman NS 

2 Poor visibility and altimeter failure F(1,4) =  .01, p > .05 ANOVA: Two Factors NS 

2 Poor visibility and DG failure  F(1,4) =  .01, p > .05 ANOVA: Two Factors NS 

3 Clear visibility and  no failure  F(1,4) =  1.65, p > .05 ANOVA: Two Factors NS 

3 Clear visibility and  altimeter failure F(1,4) = 3.00, p > .05 ANOVA: Two Factors NS 

3 Clear visibility and DG failure F(1,4) = 2.25, p > .05 Friedman NS 

3 Poor visibility and no failure  F(1,4) =  .02, p > .05 ANOVA: Two Factors NS 

3 Poor visibility and altimeter  failure F(1,4) =  .30, p > .05 ANOVA: Two Factors NS 

3 Poor visibility and DG  failure  F(1,4) =  2.28, p > .05 ANOVA: Two Factors NS 

 

Note. MC: more APD on the control flight; NS: No significant difference 

 

Blinks/s of flight time. Blink/s per second were also evaluated based on the flight 

section and conditions. Tables 4-24 to 4-27 show the results. The only significant 

difference showed that there were more blinks/s during the control flight than during the 

experimental flight. 

TABLE 4-24: Blinks per second of flight time during sections 2 and 3for all conditions 

All conditions n=30 

Section   Flight-group description Statistic Test Note 

2 Control vs experimental  F(1,29) = .10.12, p < .05 Friedman  MC 

3 Control vs experimental  F(1,29) = 51.55, p < .05  Friedman  MC 
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Note. MC: more blinks/s on the control flight 

 

TABLE 4-25: Blinks per second of flight time during sections 2 and 3by visibility conditions 

Visibility conditions (n=15 each) 

Section   Flight-group description Statistic Test Note 

2 Control vs clear visibility  F(1,14) = 3.38, p> .05 ANOVA: Two Factors NS 

2 Control vs poor visibility  F(1,14) = 7.88, p < .05 Friedman MC 

3 Control vs clear visibility  F(1,14) = 10.05, p < .05 ANOVA: Two Factors MC  

3 Control vs poor visibility  F(1,14) = 3.90, p > .05 Friedman NS 

 

Note. MC: more blinks/s on the control flight; NS: No significant difference 

 

Participants who experienced poor visibility had variability in their decisions. Eight 

participants flew under the clouds, three flew in the clouds and managed to get under, 

two continued flying the whole flight through the clouds, and two returned to their 

departure location. 

 

TABLE 4-26: Blinks per second of flight time during sections 2 and 3by failure conditions 

Failure conditions (n=10 each) 

Section Flight-group description Statistic Test Note 

2 Control vs no failure  F(1, 9) = 10.76, p < .05 Friedman MC 

3 Control vs  no failure  F(1, 9) = 16, p < .05 Friedman MC 

2 Control vs altimeter failure  F(1, 9) = 1.47, p > .05 ANOVA:  Two Factors NS 

3 Control vs  altimeter failure F(1, 9) = 16, p < .05 Friedman MC 

2 Control  vs DG failure  F(1, 9) =  .90, p > .05 ANOVA: Two Factor NS 

3 Control vs  DG failure F(1, 9) = 16, p < .05 ANOVA: Two Factors MC 

 

Note. MC: more blinks/s on the control flight; NS: No significant difference 
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TABLE 4-27: Blinks per second of flight time during sections 2 and 3 by failure and visibility combination 

conditions 

Failure and visibility combinations (six groups of n=5) 

Section Control flight vs 

Experimental flight description 
Statistic Test Note 

2 Clear visibility and no failure  F(1,4) = 2.10, p > .05 ANOVA: Two Factors NS 

2 Poor visibility and no failure  F(1,4) = 3.11, p > .05 Two factor NS 

2 Clear visibility and altimeter failure  F(1,4) = 2.25, p > .05 Friedman NS 

2 Poor visibility and altimeter failure  F(1,4) = 2.25, p > .05 Friedman NS 

2 Clear visibility and DG failure F(1,4) = .36, p > .05 Two factor NS 

2 Poor visibility and DG failure  F(1,4) = .48, p > .05 ANOVA: Two Factor NS 

3 Clear visibility and no failure F(1,4) = 3.11, p > .05 ANOVA: Two Factors NS 

3 Poor visibility and no failure  F(1,4) = 7.24, p > .05 ANOVA: Two Factors NS 

3 Clear visibility and altimeter failure F(1,4) = 14.20, p < .05 ANOVA: Two Factors MC  

3 Poor visibility and altimeter failure  F(1,4) = 9.45, p < .05 ANOVA: Two Factors MC 

3 Clear visibility and DG failure  F(1,4) =2.25, p > .05 Friedman NS 

3 Poor visibility and DG failure  F(1,4) =2.25, p > .05 Friedman NS 

 

Note. MC: more blinks/s on the control flight; NS: No significant difference 

 

Landing section 

All participants landed without crashing. There was no significant difference 

between the control flight and the experimental flight (section 4) in AFD (F (1,29) = .52, 

p > .05), blinks/s (F (1,29) = .15, P > .05), and fix/s (F(1, 29) = 1.32, p > .05). However, 

there was a significant difference in APD (F (1,29) = 7.95, P < .05) between the control 

flight and the experimental flight (section 4). The APD increased during the control flight 

(landing section) more than during the landing section of the experimental flight.  
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Common characteristics of visual behavior under unexpected conditions 

There is limited information about conditions of poor visibility and equipment failure 

while flying under VFR. Since certified pilots have accidents flying under these 

conditions (NTSB, 2010), it is worthwhile to investigate what are the common visual 

characteristics under poor visibility and equipment failure conditions. Therefore, to 

identify the common visual characteristics, the average fix/s on the AOIs were 

investigated in four levels of specificity before and after conditions.  

The Shapiro Wilk Test for normality showed those fix/s were not normally 

distributed for all AOIs under all conditions. Therefore, the Friedman test (Conover, 

1999) was used to investigate the levels of specificity.  

 All combined conditions. The Friedman Test on the total fix/s on each AOI showed 

there was a statistically significant difference between average fix/s on each AOI before 

conditions (F (12, 348) = 42.28, p < .05) and after conditions (F (12, 348) = 51.24, p < 

.05). The LSD method for multiple comparisons showed the overall mean difference on 

average fix/s on each AOI (Table 4-28). 
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TABLE 4-28: Grouping information using Friedman Test Method and 95.0% confidence for total fix/s on 

each area of interest. 

 
All 30 conditions                         

Before 

 
After 

AOI Grouping         AOI Grouping 

7 A 

       
7 A 

      9 A B 

      
9 A B 

     2 

 
B 

      
2 

 
B 

     3 

  
C 

     
3 

  
C 

    1 

   
D 

    
1 

   
D 

   6 

   
D E 

   
6 

   
D 

   5 

    
E F 

  
5 

    
E 

  9b 

    
E F 

  
4 

    
E F 

 4 

    
E F G 

 
9b 

    
E F 

 8 

     
F G 

 
8 

    
E F 

 2b 

     
F G 

 
2b 

    
E F 

 1b 

     
F G 

 
1b 

     
F 

 3b             G   3b             G 

 
Note. Means that do not share a letter are significantly different. 

 

Visibility conditions. The Friedman Test on the average fix/s on each AOI during 

clear visibility conditions showed there was a statistically significant difference between 

average fix/s on each AOI before conditions (F (12, 168) = 18.47, p < .05) and after 

conditions (F (12, 168) = 23.23, p < .05). Furthermore, the Friedman Test on the average 

fix/s on each AOI during poor visibility conditions also showed there was a statistically 

significant difference between average fix/s on each AOI before conditions (F (12, 168) = 

24.45, p< .05) and after conditions (F (12, 168) = 27.93, p < .05). The LSD method for 

multiple comparisons showed the overall mean difference on average fix/s on each AOI 

during clear and poor visibility conditions (Table 4-29). 
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TABLE 4-29: Grouping information using LSD Method and 95.0% confidence for total fix/s on each area 

of interest during clear and poor visibility separately 

 
Clear visibility     

 Before           

    
After             

AOI Grouping     

  
AOI Grouping 

7 A 

        
7 A 

     9 A B 

       
9 A 

     2 

 
B 

       
2 A B 

    3 

 
B 

       
3 

 
B 

    1 

  
C 

      
6 

  
C 

   6 

  
C D 

     
1 

  
C D 

  4 

  
C D E 

    
4 

  
C D E 

 8 

   
D E 

    
5 

  
C D E 

 9b 

   
D E 

    
9b 

   
D E 

 5 

   
D E 

    
8 

   
D E 

 1b 

    
E 

    
2b 

   
D E F 

2b 

    
E 

    
1b 

    
E F 

3b         E   

   
3b           F 

                 Poor visibility 

Before               

 
After             

AOI Groupings 

 
AOI Groupings 

7 A 

        
7 A 

     9 A B 

       
9 A 

     2 

 
B 

       
2 A 

     3 

  
C 

      
1 

 
B 

    1 

  
C D 

     
3 

 
B C 

   9b 

   
D E 

    
6 

  
C D 

  6 

   
D E F 

   
9b 

   
D E 

 5 

    
E F G 

  
5 

   
D E 

 2b 

    
E F G H 

 
8 

    
E 

 4 

    
E F G H 

 
1b 

    
E 

 8 

     
F G H 

 
2b 

    
E 

 1b 

      
G H 

 
4 

    
E F 

3b               H   3b           F 

 

Note. Means that do not share a letter are significantly different. 

 

Failure conditions. During the no failure conditions, there was a statistically 

significant difference between average fix/s on each AOI before (F (12, 108) = 16.10, p < 

.05) and after condition (F (12, 108) = 21.17, p < .05). There was also a statistically 

significant difference between average fix/s on each AOI during altimeter failure, before 

(F (12, 108) = 16.37, p < .05) and after the failure (F (12, 108) = 12.87, p < .05). During 

DG failure conditions, there was a statistically significant difference between average 
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fix/s on each AOI before (F (12, 108) = 10.63, p < .05 ) and after DG failure condition 

(F (12, 108) = 17.03, p < .05). Any participant who faced a failure returned during clear 

visibility. As suggested by previous studies (Gog, Paas, & Van Merrienboer, 2005), the 

verbal protocol gave  an insight into the cognitive processes as the participants stated 

after the study that when there is a clear view of the outside world an altimeter failure 

would not be as worrisome as an altimeter failure during poor visibility. The LSD method 

for multiple comparisons showed the overall mean difference on average fix/s on each 

AOI during each type of failure (Table 4-30). 
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TABLE 4-30: Grouping information using LSD Method and 95.0% confidence for total fix/s on each area 

of interest during each of the failures 

No failure 

Before 

  
After 

AOI Groupings 

  
AOI Groupings 

7 A 

        
7 A 

     9 A B 

       
9 A B 

    2 

 
B C 

      
2 

 
B 

    3 

  
C D 

     
1 

  
C 

   1 

   
D E 

    
3 

  
C 

   6 

    
E F 

   
6 

  
C D 

  8 

     
F G 

  
5 

   
D E 

 9b 

     
F G 

  
8 

   
D E 

 5 

     
F G 

  
9b 

   
D E F 

4 

     
F G 

  
4 

   
D E F 

2b 

     
F G 

  
1b 

    
E F 

3b 

      
G 

  
2b 

    
E F 

1b 

      
G 

  
3b 

     
F 

                 Altimeter Failure 

Before 

  
After 

AOI Groupings   

  
AOI Groupings   

7 A 

        
7 A 

     9 A B 

       
9 A 

     2 

 
B C 

      
2 A 

     3 

  
C D 

     
3 

 
B 

    1 

   
D E 

    
6 

 
B C 

   6 

    
E F 

   
1 

  
C 

   4 

    
E F 

   
1b 

  
C D 

  5 

     
F 

   
2b 

  
C D 

  1b 

     
F 

   
5 

  
C D 

  2b 

     
F 

   
9b 

  
C D 

  9b 

     
F 

   
4 

  
C D 

  8 

     
F 

   
8 

   
D E 

 3b 

     
F 

   
3b 

    
E 

                  DG Failure 

Before 

  
After 

AOI Groupings   

  
AOI Grouping 

7 A 

        
7 A 

     9 A 

        
9 A 

     2 A B 

       
2 A 

     3 

 
B C 

      
3 

 
B 

    9b 

  
C D 

     
1 

 
B C 

   1 

  
C D 

     
6 

 
B C 

   6 

  
C D E 

    
5 

  
C D 

  5 

   
D E F 

   
9b 

  
C D E 

 4 

   
D E F 

   
4 

   
D E 

 2b 

    
E F 

   
8 

   
D E 

 1b 

     
F 

   
2b 

   
D E F 

8 

     
F 

   
1b 

    
E F 

3b           F       3b           F 

 

Note. Means that do not share a letter are significantly different. 
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 Combined visibility and failure conditions. The Friedman Test on the average fix/s 

on each AOI during each condition showed there was a statistically significant difference 

between average fix/s on each AOI for all conditions (table 4-31), and the LSD method 

for multiple comparisons showed the overall mean difference on average fix/s on each 

AOI during each condition (Table 4-32,33). 

 

TABLE 4-31:  Friedman test on combined conditions 

Condition Before After 

Clear visibility withour failure F(12, 48) = 6.81, p < .05 F(12, 48) = 10.06, p < .05 

Clear visibility and altimeter failure F(12, 48) = 10.06, p <.05 F(12, 48) = 5.28, p < .05 

Clear visibility and DG failure F(12, 48) = 5.57, p <.05 F(12, 48) = 13.11, p <.05 

Poor visibility without failure F(12, 48) = 8.42, p < .05 F(12, 48) = 11.59, p < .05 

Poor visibility and altimeter failure F(12, 48) = 10.47, p< .05 F(12,48) = 8.86, p <.05 

Poor visibility and altimeter failure F(12, 48) = 8.44, p < .05 F(12, 48) = 11.45, p < .05 
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TABLE 4-32: Grouping information using LSD Method and 95.0% confidence for total fix/s on each area of interest for each flight type 

Clear visibility without failure   Clear visibility and altimeter failure   Clear visibility and DG failure 

Before 

 
After 

 
Before 

 
After 

 
Before 

 
After 

AOI Groupings 

 
AOI Groupings 

 
AOI Groupings 

 
AOI Grouping 

 
AOI   Groupings 

 
AOI Groupings   

7 A 

     
7 A 

      
7 A 

     
9 A 

      
7 

 
A 

    
7 A 

     9 A B 

    
9 A B 

     
9 A B 

    
7 A 

      
9 

 
A 

    
9 A B 

    2 A B 

    
2 A B 

     
2 

 
B 

    
2 A B 

     
3 

 
A B 

   
2 A B 

    3 A B C 

   
3 

 
B C 

    
3 

 
B C 

   
3 

 
B C 

    
2 

 
A B C 

  
3 A B 

    1 

 
B C D 

  
6 

  
C D 

   
1 

  
C D 

  
4 

  
C D 

   
6 

 
A B C 

  
6 

 
B C 

   6 

  
C D 

  
1 

  
C D 

   
4 

   
D E 

 
2b 

  
C D 

   
4 

  
B C D 

 
5 

  
C 

   9b 

   
D E 

 
9b 

  
C D E 

  
1b 

   
D E 

 
6 

  
C D 

   
1 

  
B C D 

 
4 

  
C 

   8 

   
D E 

 
5 

  
C D E 

  
8 

   
D E 

 
8 

  
C D 

   
5 

   
C D 

 
1 

  
C D 

  5 

   
D E 

 
8 

   
D E F 

 
2b 

   
D E 

 
1b 

  
C D 

   
9b 

    
D 

 
2b 

   
D E 

 4 

    
E 

 
4 

   
D E F 

 
3b 

   
D E 

 
9b 

  
C D 

   
1b 

    
D 

 
1b 

    
E 

 1b 

    
E 

 
1b 

    
E F 

 
6 

    
E 

 
1 

  
C D 

   
8 

    
D 

 
8 

    
E 

 2b 

    
E 

 
2b 

    
E F 

 
9b 

    
E 

 
5 

  
C D 

   
2b 

    
D 

 
9b 

    
E 

 3b 

    
E 

 
3b 

     
F 

 
5 

    
E 

 
3b 

   
D 

   
3b 

    
D 

 
3b 

    
E 

 
                                             

Note. Means that do not share a letter are significantly different. This table presents multiple comparisons between same types 

of treatments 
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TABLE 4-33: Grouping information using LSD Method and 95.0% confidence for total fix/s on each area of interest for each flight type 

Poor visibility without failure 

 
Poor visibility and altimeter failure 

 
Poor visibility and DG failure 

Before 

 
After 

 
Before 

 
After 

 
Before 

 
After 

AOI Groupings 

 
AOI Groupings   

 
AOI Groupings 

 
AOI Groupings 

 
AOI Grouping 

 
AOI Groupings 

7 A 

     
7 A 

      
7 A 

     
7 A 

      
7 A 

     
7 A 

     9 A 

     
9 A B 

     
9 A 

     
9 A 

      
2 A B 

    
2 A 

     2 A B 

    
2 

 
B 

     
2 A B 

    
2 A 

      
9 A B 

    
9 A 

     3 

 
B C 

   
1 

 
B C 

    
3 A B C 

   
3 A B 

     
9b 

 
B C 

   
1 

 
B 

    1 

 
B C D 

  
3 

  
C D 

   
1 

 
B C 

   
6 

 
B C 

    
3 

  
C D 

  
9b 

 
B 

    6 

  
C D E 

 
6 

   
D E 

  
6 

  
C D 

  
1 

 
B C 

    
1 

  
C D E 

 
3 

 
B C 

   8 

   
D E 

 
5 

   
D E 

  
5 

  
C D 

  
5 

  
C D 

   
5 

  
C D E 

 
6 

 
B C D 

  4 

    
E 

 
8 

   
D E 

  
9B 

   
D E 

 
1b 

  
C D 

   
2b 

   
D E 

 
8 

 
B C D E 

 2b 

    
E 

 
4 

   
D E 

  
4 

   
D E 

 
2b 

  
C D E 

  
8 

   
D E 

 
5 

  
C D E F 

9b 

    
E 

 
2b 

    
E 

  
1B 

    
E 

 
9b 

  
C D E 

  
3b 

   
D E 

 
1b 

   
D E F 

5 

    
E 

 
9b 

    
E 

  
2B 

    
E 

 
4 

   
D E F 

 
6 

   
D E 

 
2b 

   
D E F 

3b 

    
E 

 
1b 

    
E 

  
8 

    
E 

 
8 

    
E F 

 
1b 

    
E 

 
4 

    
E F 

1b         E   3b         E     3B         E   3b           F   4         E   3b           F 

 

Note. Means that do not share a letter are significantly different. This table presents multiple comparisons between same types 

of treatments 
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CHAPTER V 

DISCUSSION  

Relationship between SA and visual behavior 

Visual behavior differed between pilots with higher SA and those with lower SA, 

after encountering unexpected conditions. The experimental conditions in this study 

investigated the relationship between SA and fix/s for non-instrument rated pilots 

encountering unexpected conditions of weather and equipment failure. Our results 

partially support the work of Van de Merwe et al. (2012) because it was expected that 

higher SA scores would correlate with higher fix/s, regardless of the experimental 

condition. However, this was not always the case.  

 Fixation differences between high and low situation awareness. Before and after 

encountering all condition combinations, all participants significantly focused more often 

on the outside view than on the primary instruments. Participants were VFR pilots; VFR 

training is based on flying using the outside view, instead of flying with only the use of 

the instruments (GSOGS, 2009). Therefore, it was expected that subjects would use the 

outside view often in good conditions and, even though they were not instrument 

certified, would check the primary instruments more frequently after encountering the 

unexpected conditions. Research has shown that SA is related to eye fixations (Van de 

Merwe et al., 2012). Therefore, since the primary components provide information 

needed to control the aircraft, it was expected that the fix/s on the instruments would not 

be significantly different from that of the outside view for all conditions. However, the 

results indicated that regardless of the SA score, participants managed all environments 

by looking toward the outside view more often than to their instruments. FAA training 
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guidelines (FAA, 2013 a; b) include information on how to avoid poor visibility 

situations, but does not include training on how to overcome equipment failure and poor 

visibility when they are unexpectedly encountered. This is plausibly why participants 

fixated more on the outside view than on the actual instruments over all experimental 

conditions. Furthermore, participants fixated on the attitude indicator more than all other 

primary instruments. The attitude indicator is a virtual representation of the outside view, 

again showing the importance of the outside view for all participants. 

The GPS was a critical point of visual attention as participants also frequently fixated 

on it. The GPS was important because participants were on a simulated flight plan and 

the GPS provided geographical SA. After participants encountered any set of conditions, 

participants with low SA scores had as much fix/s on the GPS as they had on the outside 

view. In contrast, participants with higher SA had fewer fix/s on the GPS than on the 

outside view. Subjects with higher SA scores thus reduced their visual attention on the 

GPS. Endsley (1995. 1999, 2001, and 2013) explained that visual attention could affect 

SA. The results indicated that SA could have been affected by how participants looked 

for information. 

 Relationships over all conditions. Van de Merwe et al. (2012) showed that SA 

relates to visual attention, therefore, it was expected that high SA scores would have 

more fix/s on the primary components, which was not found. Endsley's research (1999; 

2000) indicated that SA is limited by attention. The results of this study suggest that SA 

could have affected participants' visual attention for all conditions. SA was low when 

participants had more fix/s on the backup GPS. Research suggests that SA should 

improve when the primary components are in close proximity (Endsley, 1988a) because 
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pilots can cross check components using their peripheral vision. The primary instruments 

and the backup GPS were closely grouped on our glass cockpit display, which minimized 

the problem of divided attention (Endsley, 1988a) for all participants. However, SA still 

could have affected their use of eye behavior to find information. 

 Relationships during unexpected visibility conditions. In this situation, it was 

expected that participants with high SA would focus more on the primary flight 

components because research has shown that SA improves when there is more visual 

attention on the status of a fuel gauge. (Van de Merwe et al., 2012). The relationship 

between SA and eye fixations differed depending on the weather condition experienced. 

Participants who flew in the clear visibility conditions did not know whether weather 

conditions would change. Participants who encountered poor visibility received 

indications that weather was changing. The poor visibility did not provide an instant 

white out of the outside view. The poor weather started as a light mist followed by the 

encountering of a stratus cloud. In the poor visibility condition, SA affected visual 

attention on the backup GPS. Both before and after conditions were encountered, 

participants with lower SA checked the GPS more than those with higher SA did. The SA 

and fix/s on the other primary components did not show any significant relationships. 

This was intriguing because the PFD instruments were in the participants' line of sight, 

and the results showed that participants looked at these primary instruments. However, 

they were following a flight plan in which the GPS was needed. Participants who 

experienced the poor visibility environment verbally indicated that the GPS was 

necessary, even before the condition was introduced. There was no significant 
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relationship with the GPS, but results indicated that participants with low SA had more 

fix/s on the backup GPS, which is located on the PFD. 

 Even though there are no existing governmental guidelines for training in glass 

cockpits (FAA, 2013 a, b), pilots are trained to check their primary components even 

when training with older mechanical round dials (Lindo et al., 2012). However, their 

training in poor visibility environments is limited because they are taught to avoid 

hazardous conditions, not how to manage these conditions once they are encountered 

(NTSB, 2010; Hunter et al., 2011; FAA, 2013a, b). In general, the think aloud protocol 

showed that participants who encountered poor visibility environments were more 

focused on getting out of the situation by flying under the clouds, flying back to the 

departure location, or flying through the clouds, than they were on checking their 

instruments. All pilots indicated verbally that they looked at the GPS to keep track of 

their actual location in the poor visibility conditions. This is not surprising because pilots 

have previously reported the importance of the GPS when encountering poor visibility 

conditions (Hunter et al., 2011).  

Relationships during unexpected failure conditions. During the no failure condition, 

the relationships found align with the finding of previous studies (Van de Merwe et al., 

2012) about SA. Higher SA resulted in more fix/s on the components. Higher SA scores 

also related to more fix/s on primary components such as the altimeter, vertical speed 

indicator, and DG.  

Participants who encountered an altimeter failure showed a positive relationship 

between SA and fix/s on the airspeed indicator and the turn indicator before the failure 

was encountered (normal conditions). This relationship was expected because high SA 
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scores were related to more fix/s on instruments in the PFD. What was unexpected was 

that, after the altimeter failed, there was no significant relationship between SA and fix/s 

on any AOI. This study did not gather information about how much trust participants had 

in the PFD once the altimeter failed. However, it is possible that the failure of one of the 

components destroyed the trust for all PFD instruments and therefore no relationships 

were found.   

Participants who encountered the DG failure did not show correlations with the 

primary components from the PFD instruments. The results indicated that during the DG 

failure, participants were seeking new information using eye behavior patterns that were 

not related to their SA. This result contradicted previous studies (Van de Merwe et al., 

2012) because high SA was not related to an increase in visual attention on the primary 

instruments. Perhaps the strategy of these participants was to check the backup 

component from the primary instrument. Furthermore, the GPS showed again its 

importance and SA level influenced fixation on this component.  

 Relationships during the six unexpected visibility and failure conditions. There were 

only two significant relationships found; during clear visibility and DG failure, and 

during poor visibility and DG failure. It was anticipated that higher SA scores would be 

correlated with more fix/s on the AOIs from the PFD. During clear visibility, this 

relationship was very strong, but negative. Perhaps since all participants who encountered 

this environment had SA scores that belonged to the lower SA group, the expected 

relationship did not occur. Furthermore, during the poor visibility environment there was 

a positive relationship with the backup altimeter, but not with the primary components 

from the PFD. The results suggest that SA scores do not relate to views of the AOIs from 
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the PFD, but it indicates that participants with high SA sought alternatives of 

information, such as looking toward the backup components. Furthermore, it indicates 

that more fix/s on the primary components could possibly improve their SA. 

Research has shown that targeted training can improve, as well as reduce, variability 

in decision-making (Casner et al., 2013). This study did not evaluate training on failure 

and weather conditions during glass cockpit simulations, and it is known that there is a 

lack of training for these conditions (FAA, 2013a, b). Future studies should investigate 

training on the unexpected conditions presented in this study to determine if training 

pilots for the presented conditions would improve SA.  

In this study, no programmed thunderstorm was presented; therefore, no electrical 

discharge was detected by the GPS. Thunderstorms might not actually occur until well 

into a poor visibility environment. Since there was no warning about the poor weather 

before taking off, and all takeoffs were in a good visibility environment, perhaps pilots 

felt more confident about their abilities to control the aircraft. Future studies should 

investigate whether or not identifying the poor visibility before a thunderstorm and 

alerting the pilot would prevent pilots from taking off, and help them avoid poor visibility 

conditions. Five participants stated that they were not able to determine how far away the 

clouds were so they unintentionally entered poor visibility conditions. One participant 

mentioned that the experimental situation of poor visibility was very similar to a real life 

event he once faced. The GPS is very helpful in these situations, but perhaps information 

about proximity and density of the clouds becomes even more important under these 

conditions. Future studies should investigate if such information would facilitate cloud 

avoidance by VFR pilots. 
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Relationship between experience and visual behavior 

The principal objective of this research was to explore the relationship between 

experience and visual behavior when faced with unexpected conditions. Pilots with less 

than 300 HEF have more accidents than those having more (Borowsky & Wall, 1983; 

Landsberg, 1999; NTSB, 2012), making it worthwhile to investigate the relationships 

between visual behavior and HEF during unexpected flight-conditions. 

Visual attention differences among all participants based on experience. This 

grouping was used to investigate whether a relationship existed between visual behavior 

and HEF regardless of flight-conditions. While all participants were certified private 

pilots, none had an instrument rating. Results showed that all participants looked to the 

outside view frequently during all flight-conditions. Focusing on the outside view would 

be considered normal behavior as all were non-instrument certified pilots, and should 

normally be flying during clear skies (FAA, 2013).  

Some differences were found based on HEF. Visual attention was different before 

and after encountering unexpected flight-conditions. Before the encounters, more 

experienced did not spend equal amounts of time looking at each of the primary 

components (AOI 1 to 6). However, after experiencing any experimental flight-condition, 

they spent longer, and roughly equal, periods looking at these primary instruments, 

except for the vertical speed indicator (AOI 4). Less experienced showed more variability 

in their time spent looking at the primary components. One could argue that the less 

experienced needed more time to process the information provided by the display, and 

therefore fixated longer on a component. These results indicate that future training and 

research should be focused on how to best gather information from the PFD without 
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compromising the use of important instruments. This behavior was also observed for the 

time spent viewing the attitude indicator; more experienced focused more often on the 

primary attitude indicator than on the backup attitude indicator, with less experienced 

showing no significant difference in their visual attention between the primary and 

backup attitude indicator. 

The backup GPS did not receive the same visual attention as did the primary GPS by 

the less experienced. This was intriguing because, as the PFD has all its components in 

close proximity, it is reasonable to think that it would be easier to check all instruments 

by using the PFD. This was an important difference between the more experienced and 

less experienced pilots. After any set of flight-conditions the more experienced chose to 

view the PFD instruments, and the backup GPS, for information and not search other 

locations in the cockpit as often. These differences indicate that our more experienced 

settled more quickly on the information source needed for the set of circumstances.  

 Relationships over all flight-conditions. This grouping was used to investigate the 

relationship between HEF and visual behavior regardless of conditions experienced. The 

GPS was very important to the participants under all flight-conditions. Before 

experiencing a condition, all participants, regardless of HEF, looked at the GPS as often 

as they did to the outside view. Eye behavior indicates the allocation of visual attention, 

and is representative of a cognitive process (Glaholt & Reingold, 2011). Scanning eye 

behavior is particularly important because it shows how an individual searches for 

information (Wickens & Hollands, 2000). Since the GPS is located on the MFD and not 

on the PFD, participants with less HEF had to use longer eye movements to search for 

information. The results showed that after any flight condition was encountered, more 
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experienced checked the GPS less often than did less experienced. It is possible that 

participants focused heavily on the GPS because the glass-cockpit had a flight plan 

entered before the flight began, and were following that plan to the final destination. This 

could also indicate that less experienced had more difficult time gathering information 

from the GPS.  

Considering all weather and failure flight-conditions, the relationships between HEF 

and fix/s were unexpected, while the AFD relationships were as expected. Based on 

previous studies, it was anticipated that pilot experience would be positively related to 

fix/s, exclusively occurring on AOI in the PFD. The initial hypothesis was based on the 

findings of Kasarkis et al. (2001) and Liu et al. (2012). However, these studies did not 

investigate the combined flight-conditions used in this study, instead focusing on normal 

flight-conditions.  

Visual attention indicates the analysis of alternatives (Glaholt & Reingold, 2011). 

The negative correlations found between HEF and AFD on the attitude indicator, 

altimeter and turn indicator were expected, based on previous studies (Kasarkis et al., 

2001; Liu et al., 2012). Our results indicated that our more experienced scanned for 

information rapidly, spending less time looking at the primary components than did less 

experienced. Again, the results do not suggest that pilots should be trained to spend less 

time looking at these instruments, but instead trained to gather information from the 

primary components more quickly, so they can attend to information more efficiently. 

When the data was separated by weather, failures, and combinations of weather and 

failure flight-conditions, it was observed that even before subjects encountered any flight-

condition, different relationships already existed among the groups. It was anticipated 
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that since participants did not encounter poor-visibility or equipment failure in the before 

flight-conditions, these relationships would remain the same. However, this was not 

always true, as each group had pilots with differing levels of experience, which attributed 

to some of these group differences.  

 Relationships during visibility flight-conditions. This group was used to investigate 

relationships between HEF and visual behavior during different visibility conditions, 

regardless of the type of failure encountered. During normal flight-conditions, studies 

have suggested that more experienced pilots spend less total time looking at the primary 

instruments, but check these instruments frequently (Kasarskis et al., 2001; Liu et al., 

2012). Therefore, during clear-visibility this same relationship between HEF and AFD on 

the airspeed indicator and the directional gyro were expected. More experienced checked 

the primary instruments less frequently and spent less time looking at the instruments. 

The results indicated that no matter the type of failure there were changes in visual 

attention. Participants who continued flying in clear-visibility (ten of the fifteen subjects) 

also encountered an equipment failure, with more experienced then looking less to the 

attitude indicator. If a pilot had a clear view of the skies, there would be fewer fixations 

needed on this virtual representation; perhaps this is why more experienced spent more 

time looking to the outside view. Nevertheless, they also spent time looking at the 

attitude indicator. Less experienced may have looked at this instrument longer because 

they were having difficulty processing its information. Endsley (1988; 2013) suggested 

that instruments in close proximity to each other allow for faster cross checking. Perhaps, 

the less experienced needed to learn how to scan the attitude indicator more efficiently. 

More experienced also checked the GPS and backup altimeter less often. During clear-
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visibility, those instruments provide valuable information. Participants did not crash in 

this study, but based on the understanding that more experienced pilots have fewer 

accidents, our results suggest that looking more to the GPS and backup indicators was a 

less efficient strategy for information gathering in our conditions. Pilots should be trained 

to gather information from these components more efficiently, focusing more on the PFD 

instruments. 

Experience played an important role during the poor-visibility flight-conditions. 

Participants revised the time spent looking at the instruments with the more experienced 

using shorter periods looking at the attitude indicator and altimeter. These results align 

with previous studies (Kasarskis et al., 2001; Liu et al., 2012). However, it was intriguing 

that after participants encountered the poor-visibility flight-conditions, no significant 

relationship was found between HEF and visual attention; that is, visual behavior did not 

relate to experience. Regardless of experience, participants visually attended to what they 

were trained to do as VFR pilots. Verbal comments indicated that the poor-visibility 

condition was an intimidating environment. All pilots expressed discomfort in this 

condition; VFR pilots are trained to avoid poor-visibility environment (GSOGS, 2009). 

This verbal feedback provided important insights into the cognitive processes when 

decisions were made to fly under the clouds, through the clouds, or return to their 

departure location. Participants who encountered poor-visibility had a hint that they were 

going to face the condition, as a mist appeared prior to its becoming an overcast cloud. It 

is possible that as HEF increases, pilots have an improved ability to recognize and predict 

such poor-visibility environments, as suggested by Kahneman (2011). Verbal statements 

indicated that all more experienced participants identified the situation before getting into 
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the cloud. Less experienced were not always sure of the condition. In fact, four 

participants entered the overcast cloud with two managing to get out of the cloud. One of 

these participants mentioned that in the past he had faced a similar situation, and told the 

ATC that he was too close before noticing the cloud. As only one participant made this 

comment, it is hard to determine if the other participants could not determine the 

proximity of the cloud until they were inside, but his comment suggests that it could be 

one of the reasons participants entered the cloud. Another participant explained that he 

went in the clouds because he believed that was what he was required to do. Based on the 

eye behavior results and the verbal comments our more experienced were able to identify 

poor-visibility flight-conditions more quickly.  

 Relationships during each of the failure flight-conditions. This grouping was used to 

investigate the relationship between HEF and visual behavior after encountering a failure, 

regardless of the visibility condition. Unexpectedly, all participants who did not 

encounter a failure showed a negative relationship with fix/s on the attitude indicator 

after visibility flight-conditions were encountered. The results indicated that when there 

was no failure, the more experienced participants checked the virtual representation of 

the outside view less, using the outside view more often. VFR pilots learn to fly based on 

clear-visibility flight-conditions and learn to escape poor-visibility flight-conditions; 

therefore, a positive relationship between HEF and AFD on the outside view was 

expected.  

Visual attention changed after participants encountered an altimeter-failure. A 

rational behavior would be to not pay attention to an instrument that is obviously 

malfunctioning. It is possible that fix/s and HEF did not show any relationships after the 
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altimeter failed because the failure lead to mistrust in the system. Kahneman (2011) 

explained when something deviates from normality; there are recognition of changes of 

what is known to be normal. Our results aligned with this concept as our more 

experienced spent less time looking at the altimeter. Interestingly, before this failure 

occurred more experienced spent less time looking at the attitude indicator, outside view, 

and backup components. The results indicate that spending more time looking at a single 

component was not an optimal eye strategy and that learning to gather information from 

the primary components more efficiently could be beneficial.  

Before the DG failed, more experienced looked frequently and longer at the backup 

components, while checking the primary airspeed indicator less. This study did not 

identify individual preferences for display type, so it is unknown whether participants 

may have been more familiar with older style mechanical gauges, providing an 

explanation of why the more experienced paid more attention to the backup components, 

which were displayed in the form of older style gauges. Studies have shown that the 

attitude towards automation and the propensity to trust automation are not related (Merritt 

et al., 2013), but that ambiguous automation can enhance mistrust. This may explain why, 

after the DG failed, more experienced spent longer looking at the backup altimeter and 

looking more often at the backup attitude indicator and backup altimeter. Furthermore, 

the negative relationship on the primary airspeed indicator got stronger with more 

experienced looking less frequently at the GPS. It is difficult to say whether this was the 

best visual behavior for this situation as only one participant detected this problem at the 

time of the failure. Therefore, it is possible that when using a primary flight display, 

focusing more on the backup components could create a safety issue.  
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 Relationships during combinations of failure and weather flight-conditions. This 

grouping was used to investigate the relationship between HEF and visual behavior for 

all combined flight-conditions. Differences were found both before and after any flight-

conditions were encountered, except for the clear-visibility with altimeter failure 

condition, which did not show any relationships with experience. 

During clear-visibility and no failure, less experienced participants started checking 

the backup GPS more frequently than did those with more experience. These results were 

expected because the backup GPS is located on the PFD and, as participants were using a 

flight plan on the GPS, the backup components were not needed if no malfunction was 

perceived. Later, for this flight condition, participants with more HEF checked the 

altimeter less often and spent longer looking at the attitude indicator. It is possible that 

during normal flight-conditions, more experienced participants focused more on the 

attitude indicator due to its strategic location, at the center of the PFD.  

Before participants encountered the poor-visibility flight-conditions with no failure, 

they focused more on the primary airspeed indicator and less on the backup components. 

After encountering poor-visibility, experience was not related to visual attention on the 

airspeed indicator, but remained the same for the backup components. Since all 

participants in this category had less than 300 hours of experience, it is difficult to 

determine whether continuing to look toward the backup components was a good 

strategy.  

More experienced participants who continued flying under clear skies, but faced DG 

failure, showed correlations with the airspeed indicator and outside view. Participants 

with more HEF looked more to the backup GPS, but once they encountered the failure, 
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there was a strong correlation between more HEF and spending more time looking at the 

outside view. This was expected of VFR pilots in clear skies; however, they checked the 

primary airspeed indicator less often, which was unexpected because it was a primary 

component. It is possible that since they had a clear view of the skies, participants with 

more experience knew how to gather information faster from this PFD instrument, thus 

not requiring as many fix/s.  

During poor-visibility with DG-failure, participants with more experience focused 

more often on the backup components, both before and after the failure. The only 

difference was that participants with more HEF looked less to the airspeed indicator after 

the failure. The results indicated that more experienced participants visually attended 

more to the backup components and less to the PFD instruments. It is possible that this 

resulted from these participants feeling more comfortable with the backup components 

display format; however, as previously mentioned, display preference was not evaluated. 

Perhaps participants were looking to the backup components because they were gathering 

visual information to confirm what they observed on the PDF instruments. As previous 

researchers have shown that eye behavior indicates visual attention and that more 

fixations indicate the evaluation of alternatives (Glaholt & Reingold, 2011), it is possible 

that participants with more experience were gathering information in a way different 

from the inexperienced participants.  

During clear-visibility and altimeter-failure, no significant relationships were found. 

However, during poor-visibility with altimeter-failure, visual attention was related to 

HEF. More experienced participants checked the backup attitude indicator less often 

before failure, but after failure participants with more HEF spent less time looking at the 
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backup air speed indicator; indicating that after an altimeter failed, they gathered 

information more quickly from this instrument.  

These results, taken together, suggest that efficiency in visual search for information 

differs between less experienced and more experienced pilots when faced with 

unexpected failure and visibility flight-conditions.  

 

Relationship between situation awareness and experience during conditions of 

equipment failure and poor visibility 

SA and HEF are two variables that can play an important role during dynamically 

changing flight conditions. People with high SA and more HEF tend to have less aviation 

accidents. Therefore, this study sought to investigate whether these variables were related 

to each other under flight conditions of poor visibility and equipment failure. The results 

showed that participants with more experience had less SA when there was no failure. It 

was expected that since both pilots with more experience (Borowsky & Wall, 1983; 

Landsberg, 1999; NTSB, 2012) and pilots with better SA (Endsley 1988; 1995; 2013) 

have less accidents, there would be a correlation of these variables when participants 

faced equipment failure and poor visibility conditions. However, this relationship was 

insignificant.  

It is unknown why most of these relationships were insignificant. It is possible that 

there was no relationship between these two variables because participants with more 

experience develop skills that allow them to manage the aircraft even without having a 

clear understanding of the instrument readings. Furthermore, since all participants were 

VFR pilots and did not have instrument-rating certification, they were not trained to fly 
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solely by instruments, but with the outside view. Participants with more experience 

would have more flying experience based on the clear view of the skies. Therefore, they 

may not have developed a higher SA of the primary instruments.  

The results showed that when participants did not encounter a failure, a relationship 

existed between SA and HEF. Participants with less experience had higher SA. It is 

possible that since the participants with more HEF had more familiarity flying using the 

outside view, they did not check the primary instruments as often. Perhaps, participants 

with less experience were more concerned about their instrument status than the actual 

outside view; perhaps that is a potential factor in their having more accidents. Possibly 

those with less SA were skilled individuals that under any visibility condition (poor or 

clear) have less SA of the primary instruments status. The results suggested that when 

participants did not encounter a failure, higher SA was related to less experience. 

 

Changes in workload 

 Takeoff. As expected, during the takeoff section workload from the control flight did 

not differ from workload of the experimental flight because they had the same set of 

flying conditions.  

 Midflight before conditions. During the second flight section, it was expected no 

differences between the control and experimental flight in visual behavior, but there was 

a difference. Researchers have shown that more fixations and longer fixations had 

indicated increments in workload (Tole et al. 1982; Ottati et al. 1999; Nocera et al., 2006; 

Konstantopoulos et al., 2010). During the control flight, participants were more alert 

looking around. Overall, the results showed that participants checked the control flight 
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more than the experimental flight. Participants also fixated longer during the control 

flight. This was intriguing because in both flights the control and experimental flight had 

clear visibility and not failure during the second flight section. 

Participants were told that they could experience a failure or poor visibility and that they 

could have a normal flight with clear visibility and no failure. The results showed that 

participants were looking around during the first flight (control flight) and that the main 

difference was in their allocation of fixations. The results showed that during the control 

flight participants checked the outside world for longer periods. Perhaps, since they had 

not experienced a failure or poor visibility in the first flight, this made them expect that 

something would happen in their second flight (experimental flight), which led them to 

check the primary instruments more during the second flight. 

VFR pilots are expected to look more to the outside world than to the instruments. 

One reason is because they are allowed to fly under clear skies (GSOGS, 2009) and 

because regardless of the level of experience, more fixation durations on the outside 

world could indicate pilots could be searching for important landmarks (Ottatti et al., 

1999). Therefore, the results could also indicate that the workload of flying for the first 

time from Austin to San Marcos, TX led them to check more for landmarks to find 

whether they were going in the right direction. 

The results of blinks/s provided contradictory information. Research had shown that 

less blinks/s relate to higher levels of workload. This study did not expect to find 

differences in the blink rate during the second flight section, but the results indicated that 

there was less workload during the control flight than during the experimental flight. 
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Perhaps, during the second flight (experimental flight), participants were again alert to 

find whether or not the second flight would have an adverse condition. 

Previous research showed that when the pupil diameter increases, the workload increases 

(Van Order et al., 2001; DOT/FAA/CT-05/32; Ahlstrom & Friedman-Berg, 2006; 

Benedetto et al., 2011). Therefore, additional results showed that the workload was 

higher during the control flight when compared to the workload of those who did not 

experience a failure in the third flight section and those experiencing the experimental 

flight with clear visibility and no failure. 

 Midflight after conditions. During the third flight section, participants again looked 

around more during the control flight. However, they checked the primary instruments, 

backup instruments, and outside world more during the experimental flight. These results 

were expected because during the experimental flight participants were faced with a set 

of conditions that would lead them to check and rely on, the primary instruments more. 

Nevertheless, during the control flight, they looked at the attitude indicator, altimeter, and 

outside world longer than during the experimental flight. These results indicated that the 

experimental conditions lead participants to check the instruments more.  

It was expected that during the experimental flight participants would look at the 

GPS longer than during the control flight. Ottatti et al. (1999) showed that when task 

complexity increases, pilots tend to check the GPS more, so they can verify that the 

landmarks on the outside world show the actual location of the aircraft. The results 

indicated that facing the weather and failure conditions during the experimental flight 

increased their workload and therefore, participants spent more time checking the GPS.  
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The attitude indicator is the representation of the outside world in the glass cockpit, so it 

was not expected that participants would look at the attitude indicator longer during the 

control flight. Perhaps, participants looked at the attitude indicator longer during at the 

control flight because there were no special circumstances, so they did not have to check 

all the other primary instruments as often. The results indicated that participants checked 

their instruments more often during the experimental flight than during the control flight.  

Participants who experienced poor visibility did not show significant workload 

changes. However, participants who experienced clear visibility did show changes in 

visual behavior, which indicated less workload. This is probably because; the majority of 

the participants flew under the clouds. Participants who experienced clear visibility 

during the experimental flight had less workload during the control flight. This result was 

expected because from the fifteen participants who experienced clear visibility some  also 

experienced a failure. In fact, the results showed that there was more workload when 

participants encountered altimeter failure, as their blinks/s were higher than in the control 

flight. This difference was not significant when there was no failure, but when there was 

a DG failure; workload again was higher than the control flight workload. When the 

combinations of visibility and failure were examined, the workload of the altimeter 

failure was significantly higher than during the control flight for those who experienced 

clear or poor visibility with altimeter failure. These results were expected because it was 

anticipated that a failure in the system during either poor or clear visibility would 

increase the complexity of piloting an aircraft. This significance was also expected during 

the DG failure, but the results showed that in fact the workload significantly changed 

when there was an altimeter failure. 



Texas Tech University, M. Natalia Russi-Vigoya, December 2014 

 

113 

 

 Landing section. Participants had a clear visibility condition during the landing 

section. It was expected that those who encountered a failure in the previous flight 

section would have a higher workload than in the control flight. However, participants 

had a larger pupil diameter during the control flight; pupil diameter increases are strongly 

correlated to increments in workload (DOT/FAA/CT-05/32; Ahlstrom & Friedman-Berg, 

2006; Benedetto et al., 2011). Therefore, the results indicated that overall, the workload 

was higher during the landing section of the control flight than the experimental flight. 

Landing is a complex task. Perhaps, landing in the control flight gave participants more 

confidence to land during the experimental flight. Furthermore, it is possible that since 

participants did not have a poor visibility condition and only had a failure condition, they 

felt relieved. Future research should investigate this.  

 

Common characteristics of visual behavior under unexpected conditions 

The visual attention of all certified pilots differed even in normal conditions. In fact, 

Jipp and Teegen (2011) showed that during clear visibility, it was very complex to 

develop a model that generalizes the visual behavior. Before conditions of visibility and 

failure were introduced, there were some differences on pilot visual attention. However, 

this study aimed to identify whether VFR pilots focus more on some components than 

other components, and identify the common visual characteristics that the different flight 

types may have. 

When facing unexpected visibility and failure conditions, pilots have to make 

decisions where human error often occurs (NTSB, 2010; Lindo et al., 2012). Even though 

there are governmental guidelines for training such as the FITS (GSOGS, 2009; FAA, 
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2013a; b), these guidelines does not aim to provide a better understanding to unexpected 

events. Research has shown that training individuals can help to shape behaviors. All 

certified pilots have to take an exam that shows that they satisfy the requirements to fly 

an aircraft. This will suggest that there would not be great differences in visual behavior. 

However, since their training in poor visibility and equipment failure is very limited in 

VFR pilots these unexpected conditions can lead to differences in visual attention and 

sometimes lead to accidents. 

 All combined conditions. The results portrayed that no matter what conditions 

participants faced, they focused more times on the outside view than on the other AOIs. 

Furthermore, the results also showed that even though participants looked to the backup 

instruments (AOIs 1b, 2b, & 3b), they looked more to the instruments from the primary 

flight display (AOIs 1, 2, & 3). The instruments from the primary flight display (PFD) 

provided the same information as the backup instruments. Therefore, upon failure of 

primary instruments it was expected that participants would develop a different visual 

attention on the primary instruments.  

The results also showed that when participants looked at the backup instruments, 

they had very similar visual behavior on the three instruments, but when they focused on 

the PFD instruments, they looked more toward the attitude indicator, which is the virtual 

representation of the outside world. In addition, the results showed participants pay more 

attention to the GPS than to other primary components and that even though the backup 

GPS is located on the PFD, all participants looked more at the main GPS. In fact, they 

looked to the GPS as much as they looked to the outside world. 
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 Visibility conditions. All participants looked more to the outside view regardless of 

the conditions. During clear visibility conditions, this was expected because if the pilot 

has a clear view of the outside world, the pilot is trained to check the outside world more. 

During poor visibility, there was nothing to see in the outside world other than an 

overcast cloud, so it was expected that the participants would look more toward the 

instruments. Glaholt and Reingold (2011) suggested that visual attention is strongly 

related to the decision making process; 13 out of 15 pilots managed to get out of the 

overcast cloud. Even though this was easier for some than for others, they managed to 

have a partial view of the outside world, and therefore looked more toward the outside 

world. 

The visual attention on the attitude indicator was strong. This instrument was as 

visually attended as the outside world and the GPS. Differences were found on how the 

participants checked the altimeter and vertical speed indicator during clear visibility. 

Participants pay more attention to those instruments than during poor visibility 

conditions. Perhaps it is because  participants felt the need to get out of the poor visibility 

condition, and were more focused on getting out of the situation. Observations from 

verbal protocol support this theory. 

 Failure conditions. During all failure conditions participants looked more  toward  

the outside world and GPS. During no failure, this behavior was expected. However, 

given there was a failure on the primary instruments, it was expected that the participants 

would check all of the instruments more. However, VFR pilots have limited training with 

instruments. Therefore, this visual behavior was not a surprise. Interestingly, during 

altimeter failure and during DG failure, participants paid more attention to the attitude 
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indicator than all other instruments. They look at the attitude indicator as much as the 

outside world and GPS, which they did not do during no failure conditions. Perhaps, the 

failure of the instruments triggered the participants to check whether the virtual 

representation matched the actual outside world.  

Furthermore, even though they all looked more toward the main GPS, during failure 

conditions they increased the attention to the backup GPS. As expected when there was a 

failure of the altimeter, participants looked more toward the backup altimeter. This was 

not necessarily a good thing because it was not providing the correct information.  

 Combined visibility and failure conditions. All participants looked mostly at the 

outside world and GPS during all visibility and failure conditions. None of the 

participants showed the same visual characteristics before and after conditions. 

Therefore, participant's eye behavior showed shifts in their visual attention. It was 

expected that during normal conditions, the first and second part of the flight would show 

the same visual characteristics because there were not conditions of failure or poor 

visibility. However, during the second section, participants looked more toward the DG 

than during the first section. This is perhaps because at the beginning of the flight, 

participants were crosschecking this instrument with the backup components, but since 

everything was okay, (no failure or poor visibility) they stopped cross checking and 

looked more to the DG from the PFD and less to the backup components. 

Participants who experienced clear visibility and altimeter failure started by paying 

less attention to the turn indicator, DG, and backup GPS. However, after the altimeter 

failed, they looked at those instruments as much as the vertical speed indicator, compass, 
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and airspeed indicator. The results suggested that the failure of the altimeter triggered 

participants to look at those instruments.  

Participants who encountered the clear visibility and DG failure conditions showed 

that before and after the failure, the altimeter and attitude indicator were as important as 

the outside view and the GPS. The main difference in their visual attention was on the 

backup GPS. Initially, they looked at the backup GPS the same as the DG, attitude 

indicator, and vertical speed indicator. However, after the DG failed, they looked more 

toward the DG than to the backup GPS. These results suggest that this is one of the 

reasons they could not identify the DG failed. Perhaps, they distrusted the backup GPS 

and decided to follow the DG. They also looked more at the backup attitude indicator, 

which could indicate that the participants were cross checking the backup virtual 

representation to verify that the outside world matched with the system. It is possible that 

the participants who faced this condition had more experience with the old mechanical 

gauges because after the failure, they looked to the backup attitude indicator as much as 

the altimeter from the PFD. 

Participants who experienced poor visibility also looked more to the outside view 

and the GPS. They checked the PFD more than the backup instruments. After 

encountering poor visibility, they looked more toward the DG. As expected, the DG 

became very important during poor visibility because it confirms the direction of the 

aircraft. Once participants encountered the poor visibility condition, they checked the DG 

as much as the other primary instruments from the PFD.  

During poor visibility and altimeter failure, participants checked the altimeter and 

attitude indicator as much as they checked the outside world and GPS. These results were 
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expected because VFR pilots are trained to avoid the clouds by flying under or over the 

clouds. The scenario indicated an altitude, but to avoid the clouds they had to change the 

altitude. These three instruments were very important for the participants before and after 

conditions. The problem is that after the altimeter failed, this visual behavior did not 

change and the altimeter was not working. Therefore, they were guiding themselves with 

incorrect readings. Furthermore, even though the backup GPS is on the PFD, participants 

paid less attention to the backup GPS and more to the primary GPS. The proximity of the 

backup GPS to the main instrument could have been beneficial because the participants 

would not have to search across the cockpit. However, the results indicated that 

participants had this preference. Perhaps this preference was because the main GPS is 

bigger and can layout more information on a bigger screen. The visual attention was also 

different when checking the vertical speed indicator. When the altimeter failed, 

participants checked the instrument less than the other primary instruments from the 

PFD. Previous studies (Russi-Vigoya & Patterson, 2012) suggested that during poor 

visibility the vertical speed indicator is very important while landing. Perhaps because the 

participants were not in the landing section, but in the midflight section, they did not pay 

much attention to this instrument.  

When participants encountered the DG failure, they changed their visual attention on 

the altimeter. Initially they were checking the altimeter more, but once the DG failed, 

they checked the altimeter as much as the other primary instruments of the PFD, the 

compass, and the backup GPS. Perhaps they were cross checking instruments to verify 

the instruments were providing the correct information. Furthermore, they checked the 

DG less and checked the compass more. This was expected because the compass helps to 
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provide the direction. The participants also checked the turn indicator more after the DG 

failed. It is possible that they were checking the primary instruments more to find what 

was wrong with the system.  
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CHAPTER VI 

CONCLUSIONS 

Relationship between SA and visual behavior 

SA is a key component in the decision-making process (Endsley, 1999; Wickens & 

Hollands, 2000). This study presented the relationship between SA and fix/s when 

seeking information during different conditions of visibility and equipment failure. 

Previous researchers have shown that SA often improves our decision-making, mitigating 

human error (Endsley, 1999, 2001, 2013; Bolstad et al., 2010; Hengyang et al., 2012). 

Therefore, this study sought to identify the relationship between SA and visual behavior 

during different simulated flight conditions. Based on the eye-tracking results, the 

relationship between SA and pilot visual behavior changes when unexpected conditions 

are encountered. All participants focused primarily on three areas: the outside view, GPS, 

and attitude indicator. Visual behavior varied between participants with low and high SA. 

Participants with high SA attended to the primary instruments more than those with low 

SA. When all conditions were analyzed, it was found that higher SA was related to the 

fewer fix/s on the backup GPS. When the combined unexpected conditions of failure and 

weather were evaluated, only DG failure showed a relationship between SA scores and 

fix/s for both the clear visibility and poor visibility conditions.  

Participants with higher SA looked more toward backup components than did those 

with lower SA. However, participants with higher SA checked the PFD attitude indicator 

and the outside view more often. The results show that most of the subjects focused on 

the outside view and the GPS, and that their SA did not always correlate with their fix/s. 
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Few relationships were found between SA and fix/s across all conditions. However, the 

results showed that high SA scores related to more fix/s on the primary instruments. The 

strength of the relationships during poor visibility and altimeter failure suggest that a 

larger sample might provide significant correlations. This was also true during poor 

visibility conditions. However, the weak and insignificant relationships during poor 

visibility and altimeter failure suggest that pilots were not prepared for these conditions. 

Training pilots for these conditions could improve their SA performance during 

unexpected situations. Furthermore, future cockpit design could include eye-tracking 

technology that redirects the pilot's attention when they are over fixating on a particular 

component in their search for information (like the GPS). Based on our results, it is  

recommended that future designs incorporate salient features that redirect visual attention 

to appropriate instrumentation, and train for improvement in the use of eye scanning 

patterns during unexpected conditions. 

 

Relationship between experience and visual behavior 

This study compared the visual behavior of private pilots by using relationships 

between HEF and eye fix/s, and between HEF and AFD, on different areas of the glass-

cockpit.  

Visual behavior to pilot experience relationships showed strategies that more experienced 

participants tended to use during adverse flight-conditions. The relationships lead to a 

better understanding of pilot response to infrequent events, such as poor-visibility 

coupled with equipment failure. More experienced tended to spend less time looking at 

the primary components during clear-visibility flight-conditions, but this relationship 
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changed under poor-visibility. Additionally, moe experienced participants spent 

significantly more time looking all instruments in the PFD.  

Future training could include practice in scanning for information related to 

searching the primary instruments on the PFD. Visual search on the PFD should focus on 

all primary instruments, as any of these may be needed to understand the status of the 

aircraft when faced with unexpected flight-conditions. The development of more efficient 

scanning strategies that reduce fixation duration without degrading information value 

could help pilots detect and survive unexpected flight-conditions. Future training 

regimens should encourage pilots to look at the backup components for information, but 

refrain from extensively focusing on those components. Furthermore, given that poor-

visibility flight-conditions are unusual for VFR pilots, future training should not only 

instruct pilots to "get out of the situation," but prepare them to recognize unusual flight-

conditions earlier in flight by helping pilots gather information and comprehend that 

information more quickly. During our poor-visibility conditions, there were a variety of 

decision possibilities; but, the more experienced were able to quickly identify the 

situation and not fly into the clouds.  

 

Relationship between situation awareness and experience during conditions of 

equipment failure and poor visibility 

Higher HEF and SA have been related to fewer accidents when encountering flight 

conditions such as equipment failure and poor visibility combinations. However, in this 

study, these two variables were not related under those conditions. In fact, these two 
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variables were only related when there were no failures, regardless of the visibility 

condition. This research provides a better awareness of the relationship between SA and 

HEF in private pilot decision making, when facing unexpected conditions in a glass 

cockpit.  

 

Changes in workload 

This study uses the analysis of visual behavior to examine the changes in workload 

during visibility and failure conditions. It could benefit aviation trainers and designers 

because it used realistic scenarios that can help in understanding the workload of pilots 

during adverse conditions. Instructors may use this study to design strategies that enable 

pilots to cope with workload changes and mitigate error during instrument failures. It 

could also influence designers because knowing what cognitive state the pilot is in during 

different types of flights could spur development concepts that improve cockpit 

interfaces. During clear visibility and no failure conditions, the visual behavior showed 

that workload was related to the view of the outside world, which was expected. Even 

though, it was anticipated that when VFR pilots encounter visibility and failure 

conditions their workload would increase; participants' eye behavior showed that the 

workload increases significantly during altimeter failure and DG failure. The altimeter 

failure created significant workload during either clear or poor visibility. Some of the 

limitations of this study are opportunities for future research.  
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Common characteristics of visual behavior under unexpected conditions 

Even though unexpected conditions are rare, answering questions about pilot visual 

attention becomes worthwhile as the aircraft industry grows. Eye tracking accompanied 

with verbal protocols while using glass cockpit simulations, provided information about 

visual attention, and cognitive processes, when non-instrument certified private pilots 

faced unexpected weather and equipment failure conditions. This study found that 

participants looked to the outside view and main GPS more during all conditions. 

Furthermore, even though not all participants had the same visual behavior in the before 

conditions, they still showed a change in their visual attention with the introduction of 

conditions. This research provided information about the visual characteristics that pilots 

have during weather and equipment failure conditions. For example, during DG failure, 

participants look just as much to the outside view, and the GPS, as to the attitude 

indicator. During poor visibility and DG failure, the backup GPS became very important 

to the participants because they looked to this instrument as much as to their primary 

instruments. Furthermore, during poor visibility and altimeter failure, participants 

checked the backup instruments more frequently. This visual information is different 

from conditions of clear visibility and no failure where participants looked more to the 

primary instruments than to the backup instruments.  

The results of this study could help future training regimens inform pilots about their 

visual behavior and develop strategies to overcome unexpected conditions. Furthermore, 

this study could help practitioners to improve cockpit design because it identifies areas 

where pilots look during normal and unexpected conditions of equipment failure.  
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Overall conclusions 

Every decision implies a risk and when individuals are not prepared to face 

unexpected conditions; this risk can lead to human error. There was limited information 

about unexpected conditions such as equipment failure and poor visibility conditions, 

which are some of the reasons many unwanted events happen in the aviation industry 

(NTSB, 2010). Certified private pilots have the most accidents in all aviation, and as the 

air traffic increases, learning more about the cognitive state of the pilots under 

unexpected conditions becomes important. Human information processing is based on 

attention because without attention there is no process of information. Visual attention is 

a form of attention that is imperative in pilots. Using eye tracking technology this study 

provided a better understanding of pilots' visual attention and gave an insight of their 

cognitive state under unexpected visibility and failure conditions. This study provided 

information about the relationship between visual attention and situation awareness, 

visual attention and experience, informed on workload characteristics, and common 

visual characteristics that pilots have when faced with unexpected conditions. 

Situation awareness (SA) can lead to good decisions when the pilot knows what to 

do. If the individual is aware of a situation, and has learned how to handle it, the pilot 

will be more likely to overcome the conditions safely. Since, VFR pilots have very 

limited training on equipment failure and poor visibility; they are not expected to fly 

under these conditions. Still, they can unexpectedly face these conditions.  

It was found that the relationship between SA and pilot visual behavior changes 

when unexpected conditions are encountered. SA scores provided an insight of where 

individuals with different levels of SA look. Overall, participants looked more to the 
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outside world and most frequently to the GPS. SA could have affected participant visual 

attention in  all conditions on the backup GPS because participants with lower SA looked 

at the outside world as much as they looked at the GPS. When there was a failure, people 

who fixated more on the GPS had lower SA, but participants who checked the backup 

components had higher SA scores. 

There was no relationship between hours of flying experience and SA. Research has 

shown that pilots with more hours of flying experience have fewer accidents. However, 

based on the results, one can state that more experience does not necessarily relate to 

more SA during the presented conditions. 

Since experience plays an important role in how pilots make decisions, it was 

important to evaluate the relationship of the pilots' eye behavior and their hours of 

experience. Even though the relationship between visual attention and experience has 

been thoroughly investigated, there was very limited information about this relationship 

during unexpected conditions of failure and poor visibility. This study found that more 

experienced individuals have different strategies when faced with these conditions. Since 

the majority of accidents in aviation occur with  pilots of less than 300 hours of flying 

experience, this study identified their visual attention characteristics based on experience. 

Participants with more experience looked less to failed instruments, and spent more time 

looking at the backup components, when there was a failure. They all were non-

instrument pilots, therefore it was expected that they would look more toward the outside 

world, but more experience pilots looked more toward the outside world than those 

having less experience.   
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An insight of the cognitive state of the pilot during unexpected failure and visibility 

conditions was also gathered from the changes in workload. It was expected that the 

introduction of these conditions would increase the workload. However, the specifics 

were unknown. This study presented the changes of workload from a normal flight 

without failure and with clear visibility to a variety of flight simulations with clear or 

poor visibility, and directional gyro failure, or altimeter failure. Furthermore, this study 

also identified the allocation of fixations during the different conditions. It found 

common characteristics of these allocations by investigating where the participants 

looked based on the conditions encountered. 

In conclusion, this study provided an insight of the cognitive state of certified private 

pilots in unexpected failure and visibility conditions. This research showed the 

relationship between visual behavior, situation awareness, experience, and workload 

changes on unexpected flight conditions. Furthermore, it identified the allocation of 

visual attention based on SA, experience, and failure and visibility conditions.  

 

Future research 

This study provided a good understanding of certified pilots flying under unexpected 

conditions. Limitations and some of the finding gave an insight of opportunities for future 

research. 

This research only studied male certified pilots. Because there are few studies 

involving women, it is unknown if there are differences between genders when presented 

with the scenarios used in this study. Previous research (Mitchell et al., 2010) has shown 
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differences in gender preference of the cockpit, but it is unknown whether female pilots 

use different flight strategies under failure and visibility flight conditions.  

Moreover, this study only used one type of glass cockpit (G1000 glass cockpit). 

However, other modern cockpits should be investigated because many times private 

pilots install glass cockpits that are economic and slightly different. Even though all 

instruments are on the same T shape layout, it is possible that other layouts can provide 

more information. 

 In the present study no programmed thunderstorm was presented, therefore no 

electrical discharge was detected by the GPS. Thunderstorms might not actually occur 

until well into a poor visibility environment. Since there was no warning about the poor 

weather before taking off, and pilots took off in a good visibility environment, perhaps 

pilots felt more confident about their abilities to control the aircraft. Future studies should 

investigate whether or not identifying the poor visibility created before a thunderstorm 

and alerting the pilot would prevent pilots from taking off, and encourage them to avoid 

poor visibility conditions.  

Furthermore, five participants stated that they were not able to determine how far 

away the clouds were so they unintentionally entered poor visibility conditions. One 

participant mentioned that the experimental situation of poor visibility was very similar to 

a real life event he once faced. The GPS is very helpful in these situations, but future 

research should investigate if perhaps information about proximity and density of the 

clouds becomes more important under these conditions; and how beneficial it could be to 

add this information.   
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This study was done with certified private pilots who did not have instrument-rating 

certification. However, further research should investigate the relationship between visual 

behavior and hours of experience during unusual conditions for instrument certified 

pilots. 

Perhaps additional workload measurement techniques could extract more 

information, such as the effect of perceived workload on performance. For example, the 

use of the NASA TLX could be employed in future studies to corroborate or contradict 

the findings of this study. 

Future studies could evaluate the feedback provided on the PFD. Since there is 

limited understanding of these conditions, identifying whether advising pilots during 

failure and poor visibility has an improved effect on their flight performance is 

worthwhile. 

Future studies could investigate the perception of which instruments more 

experienced and less experienced pilots think are more important when faced with 

unexpected conditions. The Federal Aviation Administration has a public database of 

certified private pilots to whom surveys could be sent to initially gather this information. 

Future research could investigate what private pilot perceptions exist about the 

predominant methods for gathering information from the instruments. This could provide 

information of visual understanding during unexpected conditions. 

     This research investigated common characteristics of where pilots looked, but future 

research could investigate the sequence of the eye behavior between and on the 

instruments. It is possible that these patterns could uncover other important visual 

strategies used by more experience pilots.
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Pilot visual attention in dynamically changing situations during decision-making in 

glass cockpit simulations 

 

Patrick Patterson 

Maria Natalia Russi-Vigoya 

 

I. Rationale: 

Although aircraft safety has improved since the introduction of the glass cockpit (Allen, 

2008), there are still many accidents related to pilot error (Wiener et al., 1999 and NTSB, 

2010). There is not enough information about the cognitive state of the pilot while flying 

into poor visibility environments and experiencing equipment failure conditions (NTSB, 

2010).  

Human error can be prevented through understanding of the system in which the 

human experiences dynamic situations. Pilots do not frequently encounter situations 

where there is equipment failure, or where there is poor visibility. When bad weather 

conditions and key equipment failures occur, aircraft control could become more 

complex for the pilot. The cockpit has evolved in the past years, but there is still a lack of 

understanding about the cognitive state of the pilot when he or she faces these types of 

conditions. The National Transportation Safety Board reported that there is little 

information about the state of the pilot while flying into these types of conditions (NTSB, 

2010).  

Attention is the most important factor in the decision-making process (Wickens and 

Hollands, 2000). Information from the working memory and long-term memory will not 
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be appropriately retrieved, if there a lack of attention. Hence, to gain more understanding 

about the cognitive state of the pilot in these conditions, it is important to understand 

attention. 

Many pilot errors are the result of poor situation awareness (Endsley, 1999).  

Situation awareness plays an important role in the decision-making process. Researching 

situation awareness through pilot visual attention can help to identify deficiencies in the 

cognitive state of the pilot during these conditions. Pilots who are aware of the situation 

are better able to find alternative methods to compensate for an instrument failure than 

those pilots with little awareness of the situation. A lack of situation awareness can lead 

to incorrect perception, and ultimately incorrect actions. 

An individual's knowledge and experiences play an important role in the decision-

making process.  Goh and Wiegmann explained that about eighty percent of the aircraft 

accidents that resulted in fatalities were the result of flying from Visual Flight Conditions 

into Instrument Meteorological Conditions (as cited in Johnson and Wiegmann, 2011, 

p.138). Wickens and Hollands (2000) explained that when individuals become experts, 

they develop strategies for recall to reduce the load on working memory. Even when a 

pilot is certified in instrument ratings, there are still catastrophes related to issues with the 

cognitive process (Stuijt, 2009). 

The amount of workload is a factor that can strongly affect an individual's cognitive 

state. An individual's visual attention can be affected by the amount of workload because 

high levels of workload can induce the pilot to have a higher selective attention. This 

selective visual attention could be good, because the pilot will focus attention on the 

critical components to control the aircraft safely. However, when there are adverse 
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situations (i.e., equipment failure), selective visual attention can cause the pilot to neglect 

other helpful components.  Visual attention is sensitive to the level of workload. Di 

Nocera, Camilli, and Terenzi (2006) explained that in a normal flight (with Visual Flight 

Rules), the highest workload is found while taking off, and landing, because the amount 

of eye fixations heavily increases. In addition, Di Nocera et al., (2006) suggested that 

when piloting in Visual Flight Conditions, without autopilot, without Global Positioning 

System (GPS), and without radio communications pilot eye fixations were strongly 

related to the workload of flying in normal conditions. Other researchers such as Van 

Order, Limbert, and Makeig (2001) have studied eye behavior (blinking frequency, 

fixation frequency, and pupil diameter), and found that when there are high levels of 

workload, the blinking frequency decreases, the eye fixation frequency increases, and the 

pupil dilates. Because workload affects visual attention, it is important to understand the 

levels of workload that private pilots experience when they face poor visibility 

environments (Instrument Meteorological Conditions) and equipment failure. It is well 

known that high levels of workload induce human error. Therefore, investigating 

workload through eye behavior can introduce important information on pilot cognitive 

states in dynamic environments. In this study, workload will be evaluated for different 

type's glass of cockpit simulated flights. The purpose of this research is to expand the 

knowledge of certified private pilot visual attention and to provide improvements for 

pilot decision-making in dynamic conditions. The objectives of this study are: (1) to 

provide novel information about the relationship between eye fixations rates (visual 

attention) and situation awareness in poor visibility conditions and equipment failure 

conditions, (2) to provide novel information about the relationship between visual 
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attention, pilot experience, and workload of flights from Visual Flight Rules to poor 

visibility, and equipment failure conditions, and (3) to find commonalities in visual 

attention by investigating the common characteristics of eye behavior, and scan patterns 

during simulated flight in visual flight conditions and poor visibility conditions, with or 

without equipment failure.  Because air traffic is rapidly increasing, and is expected to 

continue to increase (Federal Aviation Administration, as cited in Bearman et al., 2011; 

Billinghurst et al., 2011), it is important to improve the understanding of pilots to avoid 

undesired events. The most important factor of human information processing in the 

decision-making process is attention.  

Equipment failure in different weather conditions (i.e., normal or foggy weather) is 

not an event that happens very often. Because these events are not very likely, people are 

not adequately prepared to overcome those environments. The National Transportation 

Safety Board (NTSB, 2010) claimed that pilots who fly with glass cockpits need better 

training for flying in adverse weather, and in situations where their primary equipment 

fails. The report suggested that this type of training has not been a priority in the past, but 

is becoming critical due to increasing air traffic. To develop new training procedures, or 

improve future cockpit designs, it is important to improve the understanding of pilot 

visual attention.  

This study will contribute to that understanding.  This study will benefit training 

regimens to increase pilot safety on existing aircrafts, and also benefit users of new 

aircrafts because it will provide information which can be used to improve future cockpit 

designs. To fly from Visual Flight Conditions into Instrument Meteorological Conditions 

and experience equipment failure is an unexpected event for many certified pilots who do 
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not have an Instrument Meteorological Conditions certification and in many cases also 

for the pilots who have one. This study will benefit the aviation industry improving 

training and future cockpit designs. It researches different situations that are not common, 

but can have catastrophic outcomes if they occur and pilots are not prepared for them. 

This research will provide the following outputs and outcomes: 

1. A relationship between visual attention and situation awareness during different 

types of flights in glass cockpit simulations. It will identify whether pilots fixate on 

the primary components, but are not aware of the actual status of the aircraft.  

2. A relationship between visual attention and experience.  

3. It will provide information about the changes in workload during different types of 

flights in glass cockpit simulations.  

4. It will provide information about the critical visual attention characteristics between 

pilots during different types of flights using glass cockpit simulations.  

 

II. Subjects: 

This study will have 30 males participants, who are certified private pilots, but do 

not hold an Instrument Ratings certification. Not all certified private pilots can schedule a 

flight in Instrument Meteorological Conditions, but they must be able to control the plane 

successfully if they find themselves with equipment failure and foggy weather conditions. 

A private pilot who holds an instrument ratings certificate has more training for 

controlling a flight during Instrument Meteorological Conditions, and is allowed to take-

off under those types of environments. However, all private pilots could encounter poor 

visibility or equipment failure on any given flight.  
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To recruit participants, a letter (Appendix A) will be sent to the academies of 

aviation located in Texas airports, and pilots who are registered in the database of the 

Federal Aviation Administration (FAA, 2012). A notice (Appendix B) will also be posted 

in the Industrial Engineering building, Construction Engineering building, and in 

TechAnnounce. Each willing participant will contact the researcher by e-mail, phone or 

in person. An appointment will be set for a time that is convenient for both the participant 

and the researcher. 

Participation will be voluntary. Any personal identification information gathered will 

be codified with a participant number. The data will only be used for research purposes 

and will be in the researcher's secure files. Each participant will be administered a 

demographic questionnaire (Appendix C) that will gather information about the pilot's 

background, such as hours flown and experience with flight simulators.  

 

III. Apparatus: 

a. Flight simulator: The flight simulator is divided into two components: (1) 

software and (2) hardware. Microsoft Flight Simulator X software was selected because it 

was designed by real pilots, and provides a complete representation of a real glass 

cockpit. This software allows flights with pre-set characteristics of different weather 

conditions and equipment failures. The glass cockpit will be displayed on a 46 inch LED 

high-definition screen with 1080p. This screen will display the full cockpit, including 

navigation system and backup instruments. Several researchers have investigated the 

benefits of personal computer (PC) simulators (see e.g., Jentsch and Bowers, 1998), and 

have found that pilots enhance their skills by using PC simulators. The size of the display 
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enhances reality of the actual real flight. The glass cockpit is a display that integrates all 

of the primary components onto one screen. Figure 1 shows the complete image that will 

be displayed on the screen.  

 

 

Figure 1. Microsoft Flight Simulator X - Glass cockpit display 

 

The simulator hardware includes a pilot chair made by Playseat and a Logitech G940 

Flight System. The pilot chair has a force feedback joystick attached on the left hand 

side. The joystick controls aircraft movements. It is located on the left side because pilots 

are trained to control the aircraft with the left hand and push buttons with the right hand. 

On the right hand side of the simulator is the throttle that generates the power of the 
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aircraft. This throttle also has scroll wheels mounted to retract and extract the flaps. 

Figure 2 displays the hardware to be use in this study. 

 

 

Figure 2. Flight simulator hardware 

 

The advisory circular number 61-126 provides guidelines for the use of personal 

computer (PC) simulators for training private pilots. It also, advises manufactures of 

those PC simulators to seek approval from the Federal Aviation Administration (FAA, 

1997). However, since Microsoft has not sought for that approval, Microsoft Flight 

Simulator X does not have it (Hamilton, Brittain, and McKinley, 2006; AOPA, 2012). 

After reviewing the guidelines proposed by the Federal Aviation Administration, 

Microsoft Flight Simulator X shows to be a reliable and a valid tool on which to base the 
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proposed research. The proposed simulator has the control requirements, display 

requirements, flight dynamic requirements, and task requirements that the Federal 

Aviation Administration recommends. The only requirements which are partially fulfilled 

are the "instructional management requirements." The simulator will not be directed by 

an aircraft instructor; the software will be managed by a researcher instead. The Federal 

Aviation Administration guideline states that "the instructor must be able to pause the 

system at any point for the purpose of administering instruction regarding the task (p. 9)," 

the researcher is not an instructor, but the researcher will be able to pause the system at 

any point for the purposes of investigation. In addition, Microsoft Flight Simulator X 

does not allow the researcher to change the settings while the participant is flying. 

However, it allows presetting the flight before the simulation starts. This helps to 

administer the treatments at the same time for all participants. Microsoft Flight Simulator 

X provides presetting configurations before the flight, so the researcher can enter an exact 

time for the events to happen (i.e., a participant can have an altimeter failure 5 minutes 

after the flight starts). Microsoft Flight Simulator X is "capable of recording both a 

horizontal and vertical track of aircraft movement for later playback and review (p.9)." 

The researcher (instructor in the guidelines), "is able to disable the instruments prior to 

the beginning of a training session, and to simulate failure of any of the instruments 

during a training session without stopping or freezing the simulation to effect the failure" 

(FAA, 1997. p. 9). In addition, the simulator offers a navigational log, as proposed by the 

guidelines. This positively affects the proposed simulator training, because professional 

and student pilots have likely experienced these types of software and hardware. 
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b. Eye-Trac 6 (ASL Eye-tracking system): The Eye-Trac 6 system, developed by the 

Applied Science Laboratories (ASL), will be used to capture pilot eye behavior. This eye 

tracker system is an unobtrusive system that uses an eye tracker camera to track the eye 

behavior and does not involve any risks for the participants beyond those of everyday 

life. This system provides coordinates of fixation (X and Y) which begins when the data 

collected is stabilized (Applied Science Laboratories, 2009, p.26). The software will 

present X and Y coordinates per fixations, when a fixation takes at least 0.1 seconds. The 

system allows the researcher to pre-define areas of interest on the glass cockpit. The 

primary components will be preselected as the areas of interest (i.e., airspeed indicator, 

altitude indicator, altimeter, vertical speed indicator, horizontal speed indicator, and turn 

coordinator) on the glass cockpit. ALS results provide overall eye behavior but also 

provide the number of fixations within each of the areas of interest selected. The fixation 

ends when several sequential samples and their averages "deviate from the fixation start 

position by more than one value" (Applied Science Laboratories, 2009, p.26-27). In 

addition, this system also provides pupil diameter information and the average frequency 

of blinks (Applied Science Laboratories, 2009, p.46). The following equipment is 

required for using the ASL system: 

1. Eye tracking software controller: The eye tracking software is controlled by a 

monitor that displays the eye-tracking interface to the researcher.  

2. Eye tracker scene monitor: A scene monitor helps in the calibration process and 

shows the points of fixation of the pilot at the time of simulation.  
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3. Researcher scene monitor to control the flight simulator:  This monitor has its 

own keyboard and mouse, allowing the researcher to control the screen that the 

participant sees from a control room. 

4. Eye monitor: An eye monitor shows the participant's eye, pupil, and cornea 

reflection. 

5. Control Unit: The control unit controls the eye tracker by setting the eye tracker-

sampling rate (60Hz), and turning on/off the scene and eye monitors.   

6. ASL Eye-Trac6 Tracker: The eye tracker follows the participant's eye behavior. 

The following Figure shows the ASL Eye-tracking system, and Appendix D shows 

the steps for recording the eye: 

 

 

 

No. Description 

1 Eye tracking software controller 

2 Eye-tracker scene monitor 

3 Researcher scene monitor  to control flight simulator 

4 Eye monitor 

5 Control Unit 

6 VHT3 Dongle  

7 ASL Eye-Trac6 Tracker 
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IV. Procedures: 

On the day of the study, the researcher will fully explain the experiment to the 

participant. Each participant will be informed that their participation is voluntary, and the 

data collected will be used only for research purposes. If the participant decides to 

participate in this study, the researcher will follow a script to provide the same 

information to all participants (Appendix F). The researcher will provide the participant 

with a consent form, and if the participant wants to participate will sign an informed 

consent form upon agreement (Appendix E). The researcher will explain that all 

questions in the pre-questionnaire are voluntary, and that they may stop the study at 

anytime if they do not feel comfortable. Then, the participant will fill out a pre-

questionnaire. This pre-questionnaire provides background information (Appendix C). 

The participant will sit in the flight simulator and will then practice in the simulator as 

long as he needs to get familiar with the setup.  The researcher will then ask the 

participant to decide if more practice is needed, or if he is ready to continue with the 

actual experiment.  

Once the participant is ready, the researcher will load the experimental flight, 

minimize the screen, and calibrate the eye tracking system. To calibrate the eye tracking 

system, the researcher will follow the Applied Science Laboratories (2009) steps outlined 

in Appendix D. The researcher will present the participant with a scenario (Appendix G), 

in which the participant is to fly from Austin to San Marcos. The researcher will ask the 

participant to think aloud during the simulation. There will be two different flights: (1.) 

control flight, which is defined as a flight without treatments, and (2) the treatment flight, 

which is defined as the flight that has normal or foggy weather or a failure (i.e., no 
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failure, altimeter failure, and gyro failure). The participant will be instructed to fly as he 

would in real life in the control flight. Then the participant will have a ten minute rest 

period. The researcher will check the calibration and the participant will be instructed to 

fly as they would in real life in the second flight.  

In the middle of the second simulation the participant will experience equipment 

failure (given they are assigned a failure condition). Later the screen will freeze and show 

questions about his situation awareness (Endsley, 1987). The Situation Awareness Global 

Assessment Technique (SAGAT) will be used to measure the pilot's situation awareness 

(Endsley, 1987, 1988, 1995, 2012). This questionnaire will be administrated to all of the 

pilots at the same point in time (when they have traveled 5 nautical miles) within the 

study. This technique consists of stopping the simulation to ask questions regarding the 

status of the aircraft (Appendix H). After the questionnaire, the participant will resume 

flying and landing in San Marcos. Once the participant lands, the researcher will stop 

recording with the eye tracker. Workload will be evaluated after the study, based on Van 

Orden et al. (2001) evaluations of the relationship of the eye behavior, such as pupil 

dilatation, blinking frequency rate, and eye fixations frequency in both flights. The 

researcher will conclude the experiment by thanking the participant for his or her 

participation.  

 

V. Adverse events and liability: 

The proposed research does not increase risk for participants more than minimally 

beyond the ordinary risk of daily life. 
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VI. Consent form: 

The consent form is attached in appendix D. 
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Appendix A.2- Letter to certified pilots, academies, and airports to recruit 

participants: 

 

[Name] 

[Address] 

City, Zip code 

 

Dear [Name], 

 

My name is Natalia and I am a Ph.D candidate in Human Factors, from the Industrial 

Engineering program at Texas Tech University. Many of the aviation accidents are 

attributed to pilot error. However, human error can be induced by many different factors.  

I am researching about pilot visual attention in dynamically changing situations during 

glass cockpit simulations. Your voluntary participation is needed and greatly appreciated 

to improve the understanding of pilots' capabilities and limitations. There are no risks 

associated with the participation in this study. Personal information about each 

participant will be kept anonymous, and data will be used only for research purposes.  

My study seeks to: 

 

1. Learn about the pilots both eye behavior and situation awareness. The research will 

identify whether the eye fixations differ between pilots in dynamically conditions. 

2. Learn about pilot eye behavior, in relation to experience, and workload in dynamic 

situations.  

3. Learn about the common characteristics private pilots have in eye behavior during 

different types of simulated flights, including flights in Visual conditions and 

Instrument meteorological conditions, with or without equipment failure.  

 

This study requires private male pilots who are certified, but who do not have instrument 

ratings certification. It will take place at the Industrial Engineering building at Texas 

Tech University, room 204. It will start on [to be determine], and will take about 1 hour 

or less of your time. The researcher will be available at all times.  

 

 

I look forward to hear from you if you would like to be part of this important research. 

Participation is voluntary, but greatly appreciated. If you desire, we can make an 

appointment to further discuss this study. My contact information is below. 

 

Sincerely, 

 

Natalia Russi-Vigoya, Ph.D-Student                        Patrick E. Patterson, PhD, PE, CPE 

mail: mn.russi-vigoya@ttu.edu                                          Chairperson of the Committee      

Phone: (512) 740-3005                                                      E-mail: pat.patterson@ttu.edu                               

mailto:mn.russi-vigiya@ttu.edu
mailto:pat.pateterson@ttu.edu
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Appendix A.3- Participants recruitment advertisement:   This advertisement will be 

placed in the Industrial Engineering, Construction Engineering, and the College of 

Business building at Texas Tech University, and in Tech-announce: 

 

Research on Pilot decision-making in dynamically changing situations 

during glass cockpit simulations 
 

 

Synopsis: 

Private Certified Pilots are invited to participate in a research project investigating pilot 

attention during glass cockpit simulations. This study seeks to analyze eye motion while 

flying in a glass cockpit simulator. The overall purpose of this study is to determine the 

eye motion characteristics during equipment failure, and during good or poor visibility 

environments. 

 

Location:  

University: Texas Tech University,  

Department: Industrial Engineering building 

Room: 204.  

 

Date: 

You can select any day after February 1, 2013. 

 

Time: 

This study will take approximately 1 hour. You can schedule a time that is convenient for 

you.  

 

Detailed Description: 

Many accidents in the aircraft industry are attributed to pilot error. This study aims to 

understand how pilots make decisions in dynamic environments. This study seeks to: 

 

Learn about eye movement and situation awareness. 

Learn about eye motion, experience, and workload.  

Learn about the common eye movements and characteristics private pilots share 

 

Your help and input are needed and would be greatly appreciated. There are no risks 

associated with this research, your personal information will be kept confidential to 

protect your privacy, and data collected will be only used for research purposes. If you 

are interested in participating in this important study, please contact Natalia Russi-Vigoya 

at the following e-mail address: mn.russi-vigoya@ttu.edu 

 

mailto:mn.russi-vigoya@ttu.edu
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Appendix A.4- Pre- Questionnaire 

Please take a few minutes to answer these questions. We want to know a little bit about 

your background and experience. Your participation on this questionnaire will only be 

used for research purposes. It is voluntary and you can skip any questions that make you 

feel uncomfortable.  When you complete this pre-questionnaire, please return it to the 

researcher to continue with this study. 

 

 

1) Your present age to closest  month: ________years  

 

 

2) Are you right-handed?  (  ) Yes           (  ) No 

 

 

3) Gender:    (  ) Male  (  ) Female  

 

 

4) Are you a certificated private pilot? (  ) Yes     (  ) No 

 

 

5) Are you certified in instrument ratings? (  ) Yes     (  ) No 

 

6) Have you have a basic training in Instruments Meteorological Conditions 

(IMC)?   (  ) Yes     (  ) No 

 

 

7) How many hours of actual instrument flight experience do you have? 

_____hours 

 

 

8) Approximate total flying hours, all aircraft (airline, military, general aviation, 

etc.): _______hours 

 

 

9) Approximate total flying hours using a glass cockpit: _______hours 

 

 

10) Approximate total flying hours in a simulator using a glass cockpit: 

_______hours 

 

 

11) What glass cockpit aircraft have you flown? (Please select all that apply) 

        (  ) Cessna Skyhawk SP Model 172                 (  ) Mooney M20M “Bravo”                     

        (  ) Beechcraft Baron 58                                 (  ) Other:_____________     
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12) Approximate total flying hours in a Cessna Skyhawk SP Model 172 : 
_______hours 

 

13)  Approximate total flying hours during the past 30 days?  _______hours 

 

 

14) Approximate total flying hours during the past 90 days?  _______hours 

 

15) Do you have any visual difficulty?         

(  ) Yes         (  ) No          (  ) Yes, but its corrected (e.g. you use glasses or lenses) 
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Appendix A.5- Steps for recording eye behavior with the Eye-trac6 

 

a. Participant computer: 

1. Click on the "Display target points" from the desktop 

2.Minimize the screen 

 

b. Researcher computer: 

1. Turn on the eye tracker central processing unit 

2. Insert the VHT3 Dongle 

3. Click on programs → Eye-trac6.Net User Interface  

 The box "Upload to ASL Eye Tracker Control Unit" will open 

4. Click on upload  

 The box of the "ASL Eye-Trac6.Net Interface" will open 

5. Click on HT (Head Tracker) 

 The head tracker box will open 

6. Check the "Advance Controls" box 

 Note that the head tracker window should display coordinates arrows on the participants 

face and  centered on the participant's nose.  

 

 

7. Click on "Auto" (for eye discrimination) from the "Pan/Tilt Tracking" (from the "ASL 

Eye-Trac 6.Net  Interface" box) 

8. Click on F3 key from the keyboard to set sensor to eye vector (if it is not displayed). 

 Verify pupil (white cross) and corneal reflection (black cross) discrimination in the eye 

monitor. The  eye monitor should display an eye with two crosses in the pupil (black and 

white), make sure they are  stable and that both are inside the pupil. If there is not clear 

detection of the eye, the "illuminator  level," Pupil threshold" or "CR threshold" maybe 

have to be adjusted. 

 9. Change the mode of the scene-monitor to Video 1 

 The mode charges when pushing the "PC/AV" button from the eye monitor.  

Video 1: Displays the participant 

Video 2: Displays the participant's screen 

10. Center the eye image in the eye monitor 

 Click contrary on the "POG display" from the "ASL Eye-Trac6.Net Interface" box, and 

move the cursor  to center the eye image in the eye monitor. 

11. Click on the icon that displays an eye with nine dots, to calibrate the eye (locate in 

"ASL Eye-Trac6.Net  Interface" box). 

12. From the participant monitor maximize the "display target points" screen. 

13. Tell participant to look to point one and click on "Save current point" (do this for all 

nine points) 

 Verify pupil and cornea reflection discrimination in the scene monitor before setting 

each calibration  point. 

14. Click on new file (from the "ASL Eye-Trac6.Net Interface" box). 

15. Choose and name, path and a description and click on Ok. 
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16. Click on the green triangle that states "REC" to start recording/ 

 Stop sign will light red. You can push it to pause if needed. 

17. Click on the red "STOP" sign to pause. 

18. Click on the floppy disk to save the data file, and stop recording.  

 

If eye monitor does not provide a clear picture of the eye: 

1. Click on "Pan/Tilt Control" 

2. Check camera auto focus 

 

To see the results: 

1. Click on programs → ASL Results. 

2. Click on file → Open  

3. Look for the data file saved (e.g., Participant 1).  

4. Highlight the file node and click on "Open file." 

5. Highlight the sub file and click on "More Info." 

6. Click on fixations 
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Appendix A.6- Consent form 

 

CONSENT FORM: 

 

What is the purpose of this study? 

This study seeks to analyze eye motion while flying in a glass cockpit simulator. The 

overall purpose of this study is to determine eye motion characteristics during simulations 

of equipment failure, and during good or poor visibility conditions. It is expected that 

results of this study will help practitioners develop and improve pilot training, and they 

help designers improve the designs of future cockpits to increase pilot safety.  

 

Who will see the information I provide?  

To protect your privacy, the data collected today will not be associated with your 

personal information. All data recorded will be used for research purposes. Audio and 

video recordings will be used to capture quantitative and qualitative data. For example, 

flight status and encountered situations will be used for analysis, but never to identify 

you. Your face will not be recorded, and your name will not be associated with the data 

collected. The results of this study will be published in scholarly journals or conferences, 

and used to benefit future training and cockpit designs. 

 

What will happen during the study?  

First, you will complete a pre-questionnaire that collects demographic information and 

information about your flying experience. You will then receive a brief tutorial on how 

this simulation works, and will be given time to familiarize yourself with the system. 

Next, we will then take 5 to 10 minutes to setup and calibrate the eye tracking system. 

There are no risks associated with this research. You will be presented with a scenario to 

read before your simulated flight. You will fly twice. The first flight will be continuous 

and there will be no stops. During your second flight you may encounter poor visibility 

conditions. In addition, key instrument may fail during your second flight. The second 

flight will pause at an unknown time. During this pause the researcher will present you 

with a questionnaire. After completing the questionnaire to the best of your abilities you 

will resume your second flight.  

 

How long will it take? 

This study will take approximately one hour, including a short break if you request it. 

 

What are the risks and benefits of the study?  

There are no risks associated with this study, other than risks encountered in daily life. 

We hope that the information gathered from this study provides greater insight into eye 

motion. If for any reason you decide that you do not want to continue with the 

experiment, you may quit at any time. There are no repercussions with prematurely 

ending the experiment. You will not receive any personal benefit from participating in 

this study.  
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Will I be paid for participating?  

Your participation in this study is voluntary, and you will not receive any compensation 

for participating. However, your participation would be greatly appreciated. 

 

What if I have questions?  

This study is run by Natalia and Dr. Patterson. If you have any questions about the study 

you can contact them at: 

 

Natalia Russi-Vigoya, Ph.D-Candidate                 Patrick E. Patterson, PhD, PE, CPE 

E-mail: mn.russi-vigoya@ttu.edu                         E-mail: pat.patterson@ttu.edu 

Phone: 512 740 3005                                        

 

In addition, Texas Tech University has an organization that protects the rights of the 

people who participate in research. You can ask for more information at this phone 

number: (806) 742-2064. You can also mail them at Human Research Protection 

Program, Office of the Vice President for Research, Texas Tech University, Lubbock, 

Texas 79409.  

 

 

__________________________________                                                 ____________  

Signature                                                                                               Date  

 

__________________________________  

Printed name  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This consent form is not valid after December 31 of 2013. 

mailto:mn.russi-vigiya@ttu.edu
mailto:pat.pateterson@ttu.edu
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Appendix A.7 - Experiment Instruction Script 

 

Hello [participant’s name], my name is [researcher’s name] and I would like to thank you 

for expressing interest in participating in our experiment. This study is voluntary and you 

can decline your participation at any time if you do not feel comfortable. The purpose of 

this study is to better understand eye motion while flying in good or poor visibility 

environments a possible experiencing failure of key components occur while using a 

glass cockpit. I want to let you know that if you have questions about your rights as a 

research participant, you can contact the Texas Tech University Human Research 

Protection Program Office of the Vice President for Research at 806-742-3905.  

I will be the moderator of this study today and will be administrating the experimental 

setup/apparatus. Just to let you know, the data collected today will not be associated with 

your personal information to protect your privacy. All participant data will only be used 

for research purposes. This study will analyze eye motion and compare it to a situation 

awareness, experience, and workload, and find common characteristic between pilots 

during different simulated flights. It will investigate common visual patterns that pilots 

have while piloting different types of flights.  

 

Consent form: 

 Before starting, our study I would like to present you with this consent form [moderator 

present the consent form to the participant and explains it]. After providing information 

about this study, would you like to participate? [Researcher waits for an answer. If a 

participant says yes, the researcher will continue]. Ok, you can sign and print your name 

on the agreement of participation. 

 

Pre-questionnaire: 

We would like to know a little bit more about you to understand the results of the study 

based on your background and experience. Please take a few minutes to answer this 

questionnaire, and remember that all of the questions on this questionnaire will be only 

used for research purpose and no personal identification information will be recorded. 

[researcher gives the demographic questionnaire to the participant and waits for 

completion]. Thank you. 

 

Practice time: 

Thank you, you have as long as you need to get familiar with the simulator. Please check 

the experimental setup with respect to your own comfort. This includes chair, height of 

the controllers, and position of your feet [moderator will make sure, that the participant 

has easy access to all controllers].  

 

Calibration and instructions: 

If you need a break, you can let me know. When you are ready, we can proceed with the 

study. Would you like to proceed, or would you like to rest? [Researcher waits for 

response, if participant needs a break, the researcher will wait, and if the participant 

wants to proceed, the researcher will continue with calibration]. During calibration and 
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the simulated flights, please limit your head movements. The movement of your head 

could affect the results of the study, and we want to collect data as accurately as possible.  

Nine points will appear on the screen. They read left to right horizontally [researcher 

points the calibration points]. During the simulation, you may ask questions that I may 

not be able to answer. Please, do not get discouraged and continue to do the best you can; 

as you would in a real flight, flying by yourself. I would like to ask you to think aloud 

during the simulated flight, beacuse we would like to know your thoughts at all moments 

of the flight [Researcher starts calibration process].  

You will have two simulated flights and have a rest of 10 minutes between the flights. 

[Researcher will ask the participant if he is ready to start, and wait for response. If the 

participant is ready, the researcher will proceed and load the first simulated flight]. Please 

start the simulated flight as you would in a real flight, flying by yourself. [As soon as the 

participant lands, the researcher will thank him and provide him with a 10 minute rest 

period. After the 10 minute period, the researcher will check the eye tracker calibration]. 

Ok, before starting the second simulation, please take some time to read the scenario you 

have been provided. Let me know when you are ready, so I can start the simulation 

[researcher waits for participant, and load the flight].  

 

At end-of the flight:  

 Thank you again! Are there any comments that you would like to share about your flight 

experience? [Researcher waits for answer, and listens. If there are no comments, the 

researcher thanks the participant]. 
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Appendix A.8 - Scenario 

You are a private pilot and your best friend is getting married in 20 minutes. He is in 

Austin, but he needs to get to San Marcus as soon as possible for his wedding. It is thus 

very important for him to get to San Marcos in 10 minutes. The crossing altitude is 4500 

feet. You do not have much information about the weather conditions and in fact, the sky 

seems clear to you. You think that with your skills, you will be able to get your friend to 

San Marcos in time. 
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Appendix A.9- Situation Awareness Global Assessment Technique: (SAGAT; 

Endsley, 1995; Bolstad, Endsley, Costello, and Howell, 2010) 

Endsley (2000) explain that the queries can be changed to be more goal directed. 

However, Endsley (2000) stated that the pilot should not be asked only about the primary 

components of the aircraft, but other questions to do not shift the pilot attention to only 

the primary components. In Endsley (2012) other queries were suggested. Question 10 

will be modified from: "How far away is special use airspace from you?" to:  "What is 

the location of the nearest airport? (bearing, distance)" (Endsley, 2012).  Question 14 will 

be modified from: "How does your planned groundspeed compare to your current 

groundspeed at this point?"  to "What is the current course of your aircraft? (right, left, 

on) (Endsley, 2012). Question 15 was changed from: "What air traffic control (ATC) 

organization are you currently in contact with?" to "Are there any system 

degrades/problems affecting flight performance?" (Endsley, 2012). 

Measurement:  Endsley (2000) stated that the pilot should not be asked only about 

the primary components of the aircraft, but other questions to do not shift the pilot 

attention to only the primary components. Questions that are not about the readings of the 

six primary components will not be accounted in the analysis. For example, the 

difference in time will not have any specific tolerance of what is right or wrong, because 

the accuracy of the time will not affect the reading of the primary components. In 

addition, Endsley (1995a) stated that the pilot can be 10 miles per hour off when ask what 

the groundspeed is (Endsley,1995a). However, this question will not be part of the 

analysis, as the groundspeed is calculated from the true airspeed, but it is not read from 

the primary flight components. In addition, the fuel readings will not be part of the 
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analysis either. Visual flight rules (regulation 14 CFR 91.151) and Instrument flight rules 

(14 CFR 91.167) provide guidelines of the reserve fuel requirements. In Visual Flight 

Rules a pilot should have 30 minutes of fuel (4.2 gallons) in the reserve, and in 

Instrument Flight Rules, the pilot should have at least 45 minutes of fuel (6.3 gallons). 

However, the flight plan from Austin to San Marcos will take less than 30 minutes. The 

aircraft will take off with full fuel, and not fuel failure will be programmed. The fuel 

consumption will not be very significant; in addition, the fuel reading is not part of the 

primary components, so it will not be analyzed. Each of the participant’s answers to the 

SAGAT queries will be compared with the actual values of the simulator computer 

during the participant’s flight. The answer to the readings of the primary components will 

be classified in correct (1) or incorrect (0). The heading indicator may indicate as much 

as +/-15 degrees error (DOT/FAA, 2008, p. 20), so the participant operative tolerance 

will be 15 degrees when refereeing to the heading indicator. The altimeter indication can 

be off less than 75 feet from the surveyed field elevation, when it is off 75 feet, the pilot 

should take it to service (DOT/FAA, 2008, p. 7). Hence, the pilot can be off less than 75 

feet in cruise, approach, landing when answering what the altimeter reading is. Other 

tollerances are +/- 500 feet in all other phases, and +/- 200 climb and descent (Endsley, 

2012). Endsley (2012) stated that the airspeed operative tolerance is +/- 10 knots, the 

pitch can be off by +/- 5 degrees, the roll +/- 10 degrees, the winds:  +/- 15 degrees 

direction,  +/- 5 knots velocity, +/- 5 knots gusting, the heading compared to plan +/- 10 

degrees, the speed compared to plan +/- 10 knots 
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Question  Correct Incorrect 

1. What is the current heading of your aircraft? 

          Tolerances:+/-15 degrees 

 

  2.  What is the current altitude of your aircraft?  

Tolerances: 

+/- 100 feet in approach and landing phases 

+/- 500 feet  in all other phases 

+/- 200 climb and descent 

+/- 100 feet cruise, approach, landing 

 

  3.  How does your current altitude compare to your planned altitude at this 

point?  

Tolerances: 

+/- 100 feet in approach and landing phases 

+/- 500 feet  in all other phases 

+/- 200 climb and descent  

+/- 100 feet cruise, approach, landing 

 

  4.  What is the indicated airspeed of your aircraft? 

           +/- 10 knots 

 

  5.  What is the current attitude of your aircraft? (pitch): 

           Pitch +/- 5 degrees 

           Roll +/- 10 degrees 

 

  6.  What is the reading of your vertical speed indicator? 

100 fpm 

 

  7.  Are you on time?  

         (Yes/No) 

 

  8.  What is your indicated fuel?  

         +/- 5 Gallons 

 

  9.  How long will take to get to the nearest airport? 

 (Bearing, distance in minutes) 

         +/- 3 minutes in approach and landing phases 

         +/- 5 minutes in all other phases 

 

  10.  Is a change in path or altitude needed to avoid obstacles or terrain? 

       (Yes/No) 

 

  11.  Is a change in path or altitude needed to avoid restricted or special use 

airspace? 

       (Yes/No) 

 

  12.  What is your current rate of turn? (Right, left, on) 

This is the reading of the rate of turn indicator 

 

  13.  Are there any system degrades/problems affecting flight performance? 
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APPENDIX B- All results for the relationship between SA and visual behavior 

 

Friedman test and multiple comparisons: 

a. Average fixations per second of flight time on each area of interest of high SA scores 

before all conditions (n=17) 

k =AOI b Sum Average Variance 

  1  17 134 7.882 7.673 

  2 17 183.5 10.794 4.596 

  3 17 146.5 8.618 5.173 

  4 17 82 4.824 4.248 

  5 17 88.5 5.206 4.283 

  6 17 103.5 6.088 6.070 

  7 17 209 12.294 1.846 

  8 17 79.5 4.676 6.967 

   9 17 193.5 11.382 3.235 

  1b 17 80 4.706 4.908 

   2b 17 80.5 4.735 6.566 

   3b 17 77.5 4.559 6.153 

   9b 17 89 5.235 5.847 

  

              ANOVA 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0 16 0 0 1 1.696 

Columns 1677.47 12 139.789 24.828 5.985E-33 1.803 

Error 1081.03 192 5.630 

          Total 2758.5 220         

 

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 192) = 

 24.83 p<.05 . 

 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                         22.93 
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Multiple comparisons: 

 

AOI 7 9 2 3 1 6 9b 5 4 2b 1b 8 3b 

AO

I SUM 

20

9 194 

183.

5 147 134 

103.

5 89 88.5 82 

80.

5 80 

79.

5 78 

7 209 0 

15.

5 25.5 

62.

5 75 

105.

5 120 

120.

5 127 129 129 130 

13

2 

9 193.5 

 

0 10 47 

59.

5 90 

104.

5 105 112 113 114 114 

11

6 

2 183.5 

  

0 37 

49.

5 80 94.5 95 102 103 104 104 

10

6 

3 146.5 

   

0 

12.

5 43 57.5 58 64.5 66 

66.

5 67 69 

1 134 

    

0 30.5 45 45.5 52 

53.

5 54 

54.

5 57 

6 103.5 

     

0 14.5 15 21.5 23 

23.

5 24 26 

9b 89 

      

0 0.5 7 8.5 9 9.5 12 

5 88.5 

       

0 6.5 8 8.5 9 11 

4 82 

        

0 1.5 2 2.5 4.5 

2b 80.5 

         

0 0.5 1 3 

1b 80 

          

0 0.5 2.5 

8 79.5 

           

0 2 

3b 77.5 

            

0 

 

b. Average fixations per second of flight time on each area of interest of high SA scores 

after all conditions (n=17) 

k =AOI b=Participants Sum Average Variance 

1 17 139 8.176 7.592 

2 17 187 11.000 0.969 

3 17 139.5 8.206 5.627 

4 17 87.5 5.147 5.555 

5 17 96 5.647 4.180 

6 17 113 6.647 8.430 

7 17 218 12.824 0.186 

8 17 80.5 4.735 8.504 

9 17 195 11.471 0.796 

1b 17 82 4.824 4.092 

 2b 17 78 4.588 4.289 

 3b 17 58 3.412 3.789 

 9b 17 80 4.706 5.096 

   

ANOVA 

      Source of 

Variation SS df MS F P-value F crit 

Rows 6.520 16 0.408 0.083 1.00 1.696 

Columns 1902.912 12 158.576 32.420 

7.445E-

40 1.803 

Error 939.127 192 4.891 

   

       Total 2848.559 220         
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Note. k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 192) =  32.42, p<.05. 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

Critical difference =                         21.37 

  

Multiple comparisons: 

 

AOI 7 9 2 3 1 6 5 4 1b 8 9b 2b 3b 

AO

I SUM 

21

8 195 

18

7 140 

13

9 113 96 87.5 82 

80.

5 80 78 58 

7 218 0 23 31 

78.

5 79 105 122 130.5 136 138 138 140 

16

0 

9 195 

 

0 8 

55.

5 56 82 99 107.5 113 115 115 117 

13

7 

2 187 

  

0 

47.

5 48 74 91 99.5 105 107 107 109 

12

9 

3 139.5 

   

0 0.5 

26.

5 

43.

5 52 

57.

5 59 

59.

5 

61.

5 82 

1 139 

    

0 26 43 51.5 57 

58.

5 59 61 81 

6 113 

     

0 17 25.5 31 

32.

5 33 35 55 

5 96 

      

0 8.5 14 

15.

5 16 18 38 

4 87.5 

       

0 5.5 7 7.5 9.5 30 

1b 82 

        

0 1.5 2 4 24 

8 80.5 

         

0 0.5 2.5 23 

9b 80 

          

0 2 22 

2b 78 

           

0 20 

3b 58 

            

0 

 

c. Average fixations per second of flight time on each area of interest of low SA scores 

before all conditions (n=13) 

k =AOI b=Participants Sum Average Variance 

1 13 88 6.769 5.151 

2 13 126 9.692 7.939 

3 13 121.5 9.346 6.766 

4 13 76.5 5.885 7.381 

5 13 77.5 5.962 5.353 

6 13 88.5 6.808 7.022 

7 13 155 11.923 3.577 

8 13 61.5 4.731 8.317 

9 13 146.5 11.269 3.276 

1b 13 57 4.385 1.965 

 2b 13 58.5 4.500 2.292 

 3b 13 49.5 3.808 1.856 

 9b 13 77 5.923 2.952 

 

ANOVA 
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Source of 

Variation SS df MS F P-value F crit 

Rows 0 12 0 0 1 1.82 

Columns 1133.85 12 94.487 17.759 6.0E-23 1.82 

Error 766.154 144 5.321 

   

       Total 1900 168         

 

Note. k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 144) = 17.759, p<.05. 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

Critical difference =                         22.335 

 

Multiple comparisons: 

 

AO

I 7 9 2 3 6 1 5 9b 4 8 2b 1b 3b 

AO

I 

Su

m 155 146.5 126 121.5 

88.

5 88 78 77 77 61.5 58.5 57 49.5 

7 155 0 8.5 29 33.5 

66.

5 67 78 78 79 93.5 96.5 98 106 

9 147 

 

0 

20.

5 25 58 58.5 69 69.5 70 85 88 89.5 97 

2 126 

  

0 4.5 

37.

5 38 49 49 50 64.5 67.5 69 76.5 

3 122 

   

0 33 33.5 44 44.5 45 60 63 64.5 72 

6 88.5 

    

0 0.5 11 11.5 12 27 30 31.5 39 

1 88 

     

0 11 11 12 26.5 29.5 31 38.5 

5 77.5 

      

0 0.5 1 16 19 20.5 28 

9b 77 

       

0 

0.

5 15.5 18.5 20 27.5 

4 76.5 

        

0 15 18 19.5 27 

8 61.5 

         

0 3 4.5 12 

2b 58.5 

          

0 1.5 9 

1b 57 

           

0 7.5 

3b 49.5 

            

0 
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d. Average fixations per second of flight time on each area of interest of low SA scores 

after all conditions (n=13) 

 

k =AOI b=Participants Sum Average Variance 

1 13 84 6.462 6.603 

2 13 143 11.000 2.000 

3 13 124 9.538 3.894 

4 13 72 5.538 3.769 

5 13 76.5 5.885 5.590 

6 13 101.5 7.808 7.064 

7 13 147.5 11.346 6.641 

8 13 63.5 4.885 10.965 

9 13 153 11.769 0.692 

1b 13 55.5 4.269 7.776 

 2b 13 63 4.846 8.474 

 3b 13 31 2.385 1.131 

 9b 13 68.5 5.269 3.942 

 

ANOVA 

      Source of 

Variation SS df MS F P-value F crit 

Rows 0 12 0 0 1 1.820 

Columns 1420.5 12 118.375 20.725 8.939E-26 1.820 

Error 822.5 144 5.712 

   

       Total 2243 168         

 

 

Note. k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 144) = 20.72, p<.05. 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

Critical difference =                         23.14 
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Multiple comparisons: 
AOI 

 

9 7 2 3 6 1 5 4 9b 8 2b 1b 3b 

 

SUM 153 147.5 143 124 102 84 77 72 69 63.5 63 55.5 31 

9 153 0 5.5 10 29 

51.

5 69 77 81 85 89.5 90 97.5 122 

7 148 

 

0 4.5 23.5 46 63.5 71 

75.

5 79 84 84.5 92 117 

2 143 

  

0 19 

41.

5 59 67 71 75 79.5 80 87.5 112 

3 124 

   

0 

22.

5 40 48 52 56 60.5 61 68.5 93 

6 102 

    

0 17.5 25 

29.

5 33 38 38.5 46 

70.

5 

1 84 

     

0 

7.

5 12 16 20.5 21 28.5 53 

5 76.5 

      

0 4.5 8 13 13.5 21 

45.

5 

4 72 

       

0 

3.

5 8.5 9 16.5 41 

9b 68.5 

        

0 5 5.5 13 

37.

5 

8 63.5 

         

0 0.5 8 

32.

5 

2b 63 

          

0 7.5 32 

1b 55.5 

           

0 

24.

5 

3b 31 

            

0 

 

e. Correlations between SA and fix/s on all AOIs for all conditions and descriptive 

statistics of fix/s before and after conditions 

  
Before  After 

r=  0.091 rs= 0.039 

M= 1.383 M= 0.878 

SD 0.796 SD 0.473 

Mdn= 1.318 Mdn= 0.745 

 

Note. The r and rs reported is the correlation between SA and fix/s before and after conditions. Significant 

levels are Upper Tailed tests and based on n = 30,  p<.05.  
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f. Correlations between SA and fix/s from all conditions on each AOIs with their 

respective descriptive statistics 

 

      Before         After     

AOI 

 

rs Mnd M SD 

 

rs Mnd M SD 

1 

 

0.212 0.027 0.057 0.083  0.248 0.073 0.159 0.252 

2  0.065 0.124 0.234 0.276 

 

0.054 0.294 0.680 0.809 

3 

 

0.074 0.054 0.097 0.098 

 

-0.044 0.155 0.232 0.264 

4 

 

0.043 0.000 0.012 0.020 

 

0.089 0.015 0.048 0.088 

5 

 

0.114 0.000 0.023 0.051 

 

0.017 0.031 0.077 0.174 

6 

 

0.222 0.008 0.035 0.061 

 

0.102 0.062 0.131 0.246 

7 

 

0.274 0.615 0.875 0.583 

 

0.263 1.364 1.689 1.052 

8 

 

0.049 0.000 0.016 0.046 

 

-0.039 0.008 0.040 0.068 

9 

 

0.185 0.263 0.322 0.211 

 

0.119 0.649 0.850 0.741 

1b 

 

-

0.025 0.000 0.008 0.018 

 

-0.004 0.004 0.032 0.055 

2b 

 

-

0.056 0.000 0.013 0.030 

 

-0.040 0.000 0.043 0.074 

3b 

 

0.045 0.000 0.008 0.024 

 

0.182 0.000 0.013 0.042 

9b   

-

0.082 0.002 0.018 0.033   
-

0.305* 0.015 0.041 0.063 

 

Note. rs reported is the correlation between SA and fix/s before and after conditions. Significant levels are 

Upper Tailed-Tests and based on n = 30, p<.05 (*). Some of the AOIs were not normally distributed. AOI 

1b was normally distributed, but had outliers; therefore, the Spearman Rho tested the relationships. 
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g. Descriptive statistics of eye fix/s on the AOIs, and correlations between SA and fix/s 

on the AOIs during each of the visibility conditions 
 Clear visibility 

 

Before  

 

After   

AOI Correlation M SD Mdn  Correlation M SD Mdn 

1 rs= -0.080 0.027 0.039 0.008 

 

r= 0.009 0.055 0.053 0.046 

2 rs= -0.027 0.157 0.241 0.039 

 

rs= -0.032 0.462 0.615 0.294 

3 rs= -0.288 0.092 0.120 0.039 

 

rs= -0.208 0.272 0.277 0.317 

4 r= -0.003 0.015 0.025 0.000 

 

rs= -0.038 0.062 0.080 0.031 

5 rs= -0.057 0.016 0.039 0.000 

 

rs= -0.067 0.050 0.057 0.039 

6 rs= -0.015 0.032 0.058 0.008 

 

rs= 0.026 0.139 0.227 0.070 

7 rs= 0.312 0.593 0.634 0.495 

 

r= 0.374 1.580 1.090 1.237 

8 rs= 0.032 0.016 0.050 0.000 

 

rs= 0.115 0.052 0.076 0.008 

9 rs= 0.040 0.258 0.258 0.193 

 

r= -0.232 0.744 0.510 0.727 

1b r= 0.126 0.009 0.021 0.000 

 

r= -0.129 0.044 0.072 0.000 

2b r= 0.137 0.007 0.018 0.000 

 

r= -0.335 0.048 0.073 0.000 

3b r= 0.129 0.006 0.017 0.000 

 

r= 0.136 0.021 0.056 0.000 

9b rs= 0.193 0.003 0.006 0.000   rs= -0.131 0.030 0.056 0.015 

            Poor visibility 

Before  

  

After   

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 rs= 0.301 0.087 0.102 0.085 

 

rs= 0.278 0.263 0.311 0.147 

2 rs= 0.075 0.310 0.284 0.178 

 

rs= 0.202 0.898 0.905 0.348 

3 rs= 0.392 0.101 0.107 0.077 

 

rs= 0.297 0.192 0.243 0.147 

4 rs= 0.388 0.008 0.014 0.000 

 

rs= 0.513* 0.035 0.092 0.008 

5 rs= 0.193 0.030 0.060 0.008 

 

rs= 0.150 0.105 0.232 0.023 

6 rs= 0.448* 0.038 0.063 0.008 

 

rs= 0.213 0.124 0.256 0.031 

7 rs= 0.041 1.158 1.631 0.734 

 

rs= 0.286 1.798 1.738 1.492 

8 rs= 0.067 0.016 0.041 0.000 

 

rs= -0.110 0.029 0.054 0.008 

9 rs= 0.353 0.387 0.411 0.271 

 

rs= 0.353 0.956 0.919 0.572 

1b r= 0.007 0.008 0.014 0.000 

 

r= 0.017 0.020 0.023 0.008 

2b rs= -0.218 0.019 0.036 0.000 

 

rs= 0.291 0.038 0.073 0.000 

3b r= 0.075 0.010 0.029 0.000 

 

r= 0.368 0.006 0.013 0.000 

9b rs= 
-

0.518* 0.032 0.041 0.023   rs= 
-

0.529* 0.053 0.068 0.031 

 

Note. The r and rs reported are the correlations between SA and fix/s before and after 

conditions. Significant levels are Upper and Lower Tailed-Tests and based on n = 15 for 

clear visibility and n = 15 for poor visibility. * p<.05.  
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h. Descriptive statistics of eye fix/s on the AOIs, and correlations between SA and fix/s 

on the AOIs during each of the failure conditions 
No failure 

 

Before condition 

 

After condition 

AOI Correlation M SD Mdn 
 

Correlation M SD Mdn 

1 rs= 0.391 0.052 0.064 0.008 

 

r= -0.014 0.117 0.120 0.116 

2 rs= 0.000 0.118 0.120 0.093 

 

rs= 0.271 0.410 0.517 0.251 

3 rs= 0.330 0.076 0.125 0.027 

 

rs= 0.613* 0.127 0.169 0.027 

4 rs= 0.496 0.006 0.017 0.000 

 

r= 0.618* 0.017 0.022 0.006 

5 rs= 0.331 0.005 0.010 0.000 

 

r= 0.258 0.024 0.029 0.015 

6 r= 0.193 0.016 0.025 0.004 

 

r= 0.300 0.049 0.061 0.039 

7 rs= 0.425 1.417 1.995 0.796 

 

rs= 0.455 2.007 1.801 1.735 

8 rs= 0.129 0.027 0.061 0.000 

 

rs= 
-

0.613* 0.026 0.043 0.006 

9 rs= 0.499 0.399 0.504 0.262 

 

rs= 0.295 0.759 0.815 0.502 

1b r= -0.236 0.003 0.010 0.000 

 

r= -0.164 0.006 0.013 0.000 

2b r= -0.236 0.009 0.029 0.000 

 

r= -0.184 0.008 0.018 0.000 

3b r= -0.236 0.004 0.012 0.000 

 

r= -0.236 0.003 0.010 0.000 

9b r= 0.129 0.005 0.008 0.000   r= -0.408 0.012 0.010 0.012 

            Altimeter failure 

 

Before condition 

 

After condition 

AOI Correlation M SD Mdn 
 

Correlation M SD Mdn 

1 rs= 0.587* 0.071 0.120 0.027 

 

rs= 0.100 0.209 0.361 0.058 

2 r= 0.249 0.260 0.265 0.174 

 

rs= 0.421 0.686 0.832 0.321 

3 r= 0.421 0.102 0.098 0.089 

 

rs= 0.359 0.269 0.285 0.220 

4 r= 0.360 0.016 0.022 0.008 

 

rs= 0.272 0.095 0.132 0.031 

5 rs= 0.454 0.039 0.072 0.004 

 

rs= 0.462 0.152 0.276 0.043 

6 rs= 0.617* 0.048 0.073 0.019 

 

rs= 0.517 0.169 0.304 0.054 

7 r= 0.319 0.526 0.346 0.518 

 

r= 0.532 1.561 1.353 1.388 

8 rs= -0.202 0.006 0.012 0.000 

 

r= 0.128 0.052 0.082 0.004 

9 r= -0.114 0.341 0.279 0.274 

 

r= 0.402 1.030 0.723 1.132 

1b r= 0.184 0.017 0.025 0.000 

 

r= -0.031 0.072 0.071 0.050 

2b r= 0.093 0.020 0.033 0.000 

 

r= 0.236 0.097 0.094 0.062 

3b r= 0.168 0.009 0.020 0.000 

 

r= 0.264 0.035 0.067 0.000 

9b rs= 0.236 0.013 0.024 0.000   rs= -0.278 0.052 0.064 0.031 

            Directional gyro failure 

 

Before condition 

 

After condition 

AOI Correlation M SD Mdn 
 

Correlation M SD Mdn 

1 r= -0.220 0.049 0.051 0.050 

 

rs= -0.314 0.152 0.204 0.081 

2 r= 0.093 0.324 0.355 0.166 

 

r= -0.276 0.944 0.951 0.444 

3 r= -0.220 0.112 0.119 0.073 

 

r= -0.109 0.300 0.297 0.247 

4 r= 0.078 0.013 0.023 0.000 

 

rs= -0.225 0.033 0.045 0.019 

5 rs= 0.142 0.026 0.045 0.008 

 

rs= -0.360 0.056 0.066 0.035 

6 rs= 0.214 0.040 0.070 0.008 

 

rs= 0.061 0.175 0.273 0.066 

7 r= 0.245 0.684 0.654 0.483 

 

r= -0.310 1.498 1.157 1.040 

8 r= 0.245 0.015 0.049 0.000 

 

rs= -0.397 0.043 0.072 0.008 

9 r= 0.064 0.226 0.176 0.209 

 

rs= 
-

0.572* 0.760 0.718 0.657 

1b r= 0.543 0.005 0.010 0.000 

 

rs= 0.551* 0.019 0.039 0.000 

2b rs= 0.295 0.009 0.024 0.000 

 

r= 0.350 0.025 0.052 0.000 

3b r= 0.509 0.011 0.034 0.000 

 

r= 0.509 0.002 0.007 0.000 
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9b rs= -0.099 0.034 0.047 0.015   rs= 0.013 0.061 0.082 0.015 

Note. The r and rs reported is the correlation between SA and fix/s before 

and after conditions. Significant levels are Lower Tailed-Tests and Upper 

Tailed tests and based on n = 10, * p<.05. Blanks spaces where fix/s was 

zero up to 12 significant digits. 
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i. Descriptive statistics of eye fix/s on the AOIs, and correlations between SA and fix/s on 

the AOIs during each of the combined visibility and failure conditions 
Clear visibility and no failure 

 

Before condition 

 

After condition 

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 rs= 0.372 0.031 0.061 0.008 

 

r= 0.575 0.053 0.060 0.031 

2 r= 0.279 0.057 0.060 0.039 

 

r= 0.799 0.246 0.239 0.224 

3 r= 

-

0.028 0.022 0.013 0.015 

 

rs= 0.214 0.121 0.189 0.031 

4 

No 

fixations 0.000 0.000 0.000 

 

r= 0.658 0.017 0.025 0.000 

5 r= 0.100 0.006 0.014 0.000 

 

r= 0.292 0.028 0.036 0.015 

6 r= 0.174 0.011 0.015 0.000 

 

r= 0.385 0.066 0.079 0.062 

7 r= 0.435 0.867 0.959 0.495 

 

r= 0.025 1.636 0.838 1.933 

8 r= 0.100 0.039 0.086 0.000 

 

rs= 0.446 0.034 0.056 0.008 

9 r= 0.411 0.192 0.149 0.193 

 

r= -0.050 0.459 0.375 0.433 

1b 

No 

fixations 0.000 0.000 0.000 

 

r= 0.169 0.005 0.007 0.000 

2b 

No 

fixations 0.000 0.000 0.000 

 

r= 0.100 0.005 0.010 0.000 

3b 

No 

fixations 0.000 0.000 0.000 

 

No fixations 0.000 0.000 0.000 

9b r= 0.144 0.006 0.010 0.000   r= -0.691 0.015 0.008 0.015 

            Clear visibility and altimeter failure 

 

Before  

 

After  

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 r= 0.304 0.019 0.022 0.008 

 

r= 0.117 0.042 0.033 0.046 

2 r= 

-

0.170 0.209 0.263 0.039 

 

r= 0.001 0.393 0.152 0.294 

3 rs= 

-

0.051 0.096 0.131 0.039 

 

r= 0.147 0.232 0.198 0.317 

4 r= 0.494 0.022 0.030 0.000 

 

r= 0.389 0.107 0.119 0.046 

5 r= 0.312 0.002 0.003 0.000 

 

r= 0.425 0.042 0.023 0.039 

6 r= 0.400 0.008 0.013 0.000 

 

r= 0.105 0.048 0.035 0.031 

7 r= 0.654 0.719 0.339 0.657 

 

r= 0.699 1.973 1.454 1.538 

8 r= 0.242 0.011 0.016 0.008 

 

r= 0.306 0.091 0.103 0.070 

9 r= 

-

0.245 0.419 0.368 0.456 

 

r= 0.130 1.161 0.572 1.144 

1b r= 0.484 0.023 0.033 0.000 

 

r= 0.132 0.102 0.094 0.162 

2b r= 0.479 0.020 0.029 0.000 

 

r= -0.290 0.107 0.085 0.131 

3b r= 0.436 0.017 0.027 0.000 

 

r= 0.475 0.062 0.089 0.000 

9b r= 0.302 0.002 0.003 0.000   r= -0.522 0.068 0.089 0.015 

            Clear visibility and directional gyro failure 

 

Before  

 

After  

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 rs= 

-

0.406 0.032 0.031 0.039 

 

rs= -0.975* 0.071 0.068 0.054 

2 rs= 

-

0.051 0.206 0.335 0.046 

 

rs= -0.667 0.747 1.039 0.301 

3 rs= 0.308 0.158 0.148 0.100 

 

rs= -0.103 0.464 0.343 0.394 

4 rs= 0.205 0.025 0.030 0.015 

 

rs= -0.148 0.062 0.050 0.031 

5 rs= - 0.042 0.062 0.000 

 

rs= -0.564 0.080 0.088 0.054 
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0.344 

6 rs= 0.359 0.077 0.087 0.062 

 

rs= -0.103 0.303 0.349 0.093 

7 rs= 0.564 0.193 0.245 0.093 

 

rs= 0.132 1.130 0.944 1.036 

8 

No 

fixations 0.000 0.000 0.000 

 

rs= 0.000 0.029 0.061 0.000 

9 rs= 0.154 0.162 0.160 0.100 

 

rs= -0.564 0.611 0.318 0.572 

1b rs= 0.544 0.003 0.007 0.000 

 

rs= 0.057 0.026 0.055 0.000 

2b 

No 

fixations 0.000 0.000 0.000 

 

rs= 0.057 0.034 0.068 0.000 

3b 

No 

fixations 0.000 0.000 0.000 

 

rs= No fixations 0.000 0.000 0.000 

9b rs= 

-

0.229 0.002 0.003 0.000   rs= -0.592 0.006 0.008 0.000 

Poor visibility and no failure 

 

Before  

 

After  

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 r= 0.165 0.073 0.066 0.085 

 

r= -0.535 0.181 0.137 0.147 

2 r= 0.387 0.179 0.141 0.158 

 

r= 0.100 0.574 0.690 0.278 

3 r= 0.745 0.130 0.167 0.045 

 

r= 0.742 0.133 0.170 0.023 

4 r= 0.597 0.012 0.024 0.000 

 

r= 0.631 0.016 0.022 0.008 

5 r= 0.729 0.003 0.004 0.000 

 

r= 0.144 0.020 0.024 0.015 

6 r= 0.396 0.022 0.033 0.008 

 

r= -0.111 0.032 0.038 0.015 

7 rs= 0.700 1.966 2.698 0.858 

 

r= 0.575 2.378 2.500 1.538 

8 r= 0.480 0.014 0.025 0.000 

 

r= 0.522 0.018 0.030 0.004 

9 rs= -0.410 0.607 0.665 0.271 

 

r= 0.612 1.058 1.063 0.572 

1b r= -0.585 0.006 0.014 0.000 

 

r= -0.585 0.008 0.017 0.000 

2b r= -0.585 0.019 0.041 0.000 

 

r= -0.585 0.011 0.024 0.000 

3b r= -0.585 0.008 0.017 0.000 

 

r= -0.585 0.006 0.014 0.000 

9b r= 0.070 0.005 0.007 0.000   r= -0.325 0.008 0.011 0.000 

            Poor visibility and altimeter failure 

 

Before  

 

After  

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 r= 0.357 0.124 0.159 0.062 

 

r= 0.664 0.376 0.471 0.100 

2 r= 0.549 0.311 0.287 0.247 

 

r= 0.613 0.979 1.149 0.348 

3 r= 0.774 0.108 0.066 0.100 

 

rs= 0.686 0.306 0.375 0.162 

4 r= 0.562 0.011 0.009 0.008 

 

r= 0.617 0.083 0.157 0.008 

5 r= 0.037 0.076 0.091 0.054 

 

rs= 0.700 0.263 0.374 0.178 

6 r= 0.292 0.088 0.088 0.054 

 

rs= 0.700 0.291 0.413 0.193 

7 r= 0.463 0.332 0.246 0.286 

 

r= 0.463 1.149 1.258 0.464 

8 r= 0.085 0.002 0.003 0.000 

 

r= 0.462 0.012 0.024 0.000 

9 r= 0.349 0.263 0.156 0.271 

 

r= 0.674 0.900 0.897 0.379 

1b r= -0.132 0.011 0.017 0.000 

 

r= -0.104 0.042 0.021 0.046 

2b rs= -0.335 0.020 0.041 0.000 

 

r= 0.674 0.087 0.111 0.046 

3b r= 

No 

fixations 0.000 0.000 0.000 

 

r= 0.574 0.008 0.017 0.000 

9b r= 0.161 0.025 0.032 0.023   r= -0.030 0.036 0.028 0.031 

            Poor visibility and directional gyro failure 

 

Before  

 

After  

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 r= -0.298 0.065 0.066 0.085 

 

r= -0.293 0.2319 0.269 0.201 

2 r= 0.349 0.442 0.370 0.417 

 

r= -0.103 1.141 0.926 1.600 

3 r= -0.598 0.066 0.071 0.070 

 

r= -0.455 0.1361 0.115 0.147 
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4 r= -0.685 0.002 0.003 0.000 

 

r= -0.799 0.0046 0.007 0.000 

5 r= 0.773 0.011 0.009 0.008 

 

r= -0.269 0.0309 0.023 0.031 

6 r= 0.280 0.003 0.004 0.000 

 

r= 0.486 0.0479 0.069 0.015 

7 r= 0.290 1.175 0.548 1.306 

 

r= -0.422 1.8661 1.335 1.492 

8 r= -0.243 0.031 0.069 0.000 

 

r= -0.243 0.0572 0.085 0.008 

9 r= 0.009 0.291 0.184 0.301 

 

r= -0.630 0.9091 1.001 0.742 

1b r= 0.571 0.006 0.014 0.000 

 

r= 0.822* 0.0108 0.017 0.000 

2b r= 0.559 0.017 0.034 0.000 

 

r= 0.571 0.0155 0.035 0.000 

3b r= 0.571 0.022 0.048 0.000 

 

r= 0.571 0.0046 0.010 0.000 

9b r= -0.434 0.066 0.048 0.039   r= -0.124 0.116 0.086 0.116 

Note. The r and rs reported is the correlation between SA and fix/s before and after conditions. Significant 

levels are Lower Tailed-Tests and Upper Tailed tests and based on n = 5 each. * p<.05. Blanks spaces 

where fix/s was zero up to 12 significant digits. 

 

 



Texas Tech University, M. Natalia Russi-Vigoya, December 2014 

186 

 

APPENDIX C- All results for the relationship between experience and visual 

behavior 

 

Friedman test and multiple comparisons 

Friedman test and multiple comparisons: 

a. Average fixations per second of flight time on each area of interest of more 

experienced participants before conditions (n=14) 
k =AOI b Sum Average Variance 

1 14 95.5 6.821 7.562 

2 14 138.5 9.893 5.776 

3 14 135 9.643 4.363 

4 14 79 5.643 7.516 

5 14 78 5.571 2.802 

6 14 93.5 6.679 8.908 

7 14 168 12.000 2.000 

8 14 67.5 4.821 9.677 

9 14 159.5 11.393 4.545 

1b 14 62.5 4.464 2.479 

2b 14 59.5 4.250 2.721 

3b 14 60.5 4.321 3.523 

9b 14 77 5.500 3.423 

 
Source of 

Variation SS df MS F P-value F crit 

Rows 0 13 0 0 1 1.783 

Columns 1285.64 12 107.137 19.689 1E-25 1.815 

Error 848.857 156 5.441 

   

       Total 2134.5 181         

 

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 156) = 

 19.69, p<.05 . 

 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                         22. 57 
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AOI 

 

7 9 2 3 1 6 4 5 9b 8 1b 3b 2b 

 

SUM 168 159.5 138.5 135 95.5 93.5 79 78 77 67.5 62.5 60.5 59.5 

7 168 0 8.5 29.5 33 72.5 74.5 89 90 91 101 106 108 108.5 

9 159.5 

 

0 21 24.5 64 66 80.5 81.5 82.5 92 97 99 100 

2 138.5 

  

0 3.5 43 45 59.5 60.5 61.5 71 76 78 79 

3 135 

   

0 39.5 41.5 56 57 58 67.5 72.5 74.5 75.5 

1 95.5 

    

0 2 16.5 17.5 18.5 28 33 35 36 

6 93.5 

     

0 14.5 15.5 16.5 26 31 33 34 

4 79 

      

0 1 2 11.5 16.5 18.5 19.5 

5 78 

       

0 1 10.5 15.5 17.5 18.5 

9b 77 

        

0 9.5 14.5 16.5 17.5 

8 67.5 

         

0 5 7 8 

1b 62.5 

          

0 2 3 

3b 60.5 

           

0 1 

2b 59.5 

            

0 

 

b. Average fixations per second of flight time on each area of interest of more 

experienced participants after conditions (n=14) 

 
k =AOI b Sum Average Variance 

1 14 107 7.643 6.055 

2 14 155 11.071 1.610 

3 14 122.5 8.750 6.721 

4 14 73.5 5.250 5.798 

5 14 85 6.071 5.033 

6 14 106.5 7.607 8.738 

7 14 171 12.214 3.874 

8 14 52.5 3.750 4.298 

9 14 159 11.357 0.863 

1b 14 60.5 4.321 4.985 

2b 14 61.5 4.393 8.161 

3b 14 36.5 2.607 1.276 

9b 14 83.5 5.964 4.364 

 
Source of 

Variation SS df MS F P-value F crit 

Rows 0 13 0 0 1 1.783 

Columns 1615.93 12 134.661 26.158 1.77E-31 1.815 

Error 803.071 156 5.148 

   

       Total 2419 181         

 

 

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 156) = 

26.158, p<.05 . 
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Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                          21.96 

 
AOI 

 

7 9 2 3 1 6 5 9b 4 2b 1b 8 3b 

 

Sum 171 159 155 122.5 107 106.5 85 83.5 73.5 61.5 60.5 52.5 36.5 

7 171 0 12 16 48.5 64 64.5 86 87.5 97.5 110 111 119 134.5 

9 159 

 

0 4 36.5 52 52.5 74 75.5 85.5 97.5 98.5 107 122.5 

2 155 

  

0 32.5 48 48.5 70 71.5 81.5 93.5 94.5 103 118.5 

3 122.5 

   

0 15.5 16 37.5 39 49 61 62 70 86 

1 107 

    

0 0.5 22 23.5 33.5 45.5 46.5 54.5 70.5 

6 106.5 

     

0 21.5 23 33 45 46 54 70 

5 85 

      

0 1.5 11.5 23.5 24.5 32.5 48.5 

9b 83.5 

       

0 10 22 23 31 47 

4 73.5 

        

0 12 13 21 37 

2b 61.5 

         

0 1 9 25 

1b 60.5 

          

0 8 24 

8 52.5 

           

0 16 

3b 36.5 

            

0 

 

c. Average fixations durations on each area of interest of more experienced participants 

before conditions (n=14) 

 
k =AOI b Sum Average Variance 

1 14 107 7.643 13.209 

2 14 125.5 8.964 6.556 

3 14 152.5 10.893 6.468 

4 14 75.5 5.393 4.815 

5 14 80.5 5.750 5.529 

6 14 101 7.214 9.797 

7 14 144 10.286 5.297 

8 14 68 4.857 10.363 

9 14 141 10.071 6.995 

1b 14 66.5 4.750 5.490 

2b 14 61.5 4.393 3.545 

3b 14 62.5 4.464 4.479 

9b 14 88.5 6.321 7.293 

 

 

 

 

 

 

 

 

 



Texas Tech University, M. Natalia Russi-Vigoya, December 2014 

189 

 

Source of 

Variation SS df MS F P-value F crit 

Rows 0 13 0 0 1 1.783 

Columns 940.64 12 78.3869 10.471 5E-15 1.815 

Error 1167.9 156 7.486264 

   

       Total 2108.5 181         

 

 

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 156) = 

10.471, p<.05 . 

 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                          26.48 

 
AOI 

 

3 7 9 2 1 6 9b 5 4 8 1b 3b 2b 

 

SUM 152.5 144 141 125.5 107 101 88.5 80.5 76 68 66.5 62.5 61.5 

3 152.5 0 8.5 11.5 27 45.5 51.5 64 72 77 84.5 86 90 91 

7 144 

 

0 3 18.5 37 43 55.5 63.5 69 76 77.5 81.5 82.5 

9 141 

  

0 15.5 34 40 52.5 60.5 66 73 74.5 78.5 79.5 

2 125.5 

   

0 18.5 24.5 37 45 50 57.5 59 63 64 

1 107 

    

0 6 18.5 26.5 32 39 40.5 44.5 45.5 

6 101 

     

0 12.5 20.5 26 33 34.5 38.5 39.5 

9b 88.5 

      

0 8 13 20.5 22 26 27 

5 80.5 

       

0 5 12.5 14 18 19 

4 75.5 

        

0 7.5 9 13 14 

8 68 

         

0 1.5 5.5 6.5 

1b 66.5 

          

0 4 5 

3b 62.5 

           

0 1 

2b 61.5 

            

0 
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d. Average fixations duration on each area of interest of more experienced participants 

after conditions (n=14) 

 
k =AOI b Sum Average Variance 

1 14 119 8.500 7.192 

2 14 129 9.214 7.566 

3 14 118.5 8.464 8.941 

4 14 73.5 5.250 9.760 

5 14 112 8.000 9.692 

6 14 114.5 8.179 11.216 

7 14 128 9.143 7.670 

8 14 72.5 5.179 15.754 

9 14 120 8.571 7.187 

1b 14 62.5 4.464 7.518 

2b 14 72 5.143 16.747 

3b 14 44.5 3.179 7.523 

9b 14 108 7.714 15.143 

 

 
Source of 

Variation SS df MS F P-value F crit 

Rows 0 13 0 0 1 1.783363 

Columns 701.68 12 58.47321 5.319 1.69E-07 1.814696 

Error 1714.8 156 10.99245 

   

       Total 2416.5 181         

 

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 156) = 

5.319, p<.05 . 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                          32.084 
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AOI 

 

2 7 9 1 3 6 5 9b 4 8 2b 1b 3b 

  

129 

12

8 120 119 

118.

5 

114.

5 

11

2 108 

7

4 72.5 72 

62.

5 

44.

5 

2 129 0 1 9 10 10.5 14.5 17 21 

5

6 56.5 57 

66.

5 

84.

5 

7 128 

 

0 8 9 9.5 13.5 16 20 

5

5 55.5 56 

65.

5 

83.

5 

9 120 

  

0 1 1.5 5.5 8 12 

4

7 47.5 48 

57.

5 

75.

5 

1 119 

   

0 0.5 4.5 7 11 

4

6 46.5 47 

56.

5 

74.

5 

3 

118.

5 

    

0 4 6.5 

10.

5 

4

5 46 46.5 56 74 

6 

114.

5 

     

0 2.5 6.5 

4

1 42 42.5 52 70 

5 112 

      

0 4 

3

9 39.5 40 

49.

5 

67.

5 

9b 108 

       

0 

3

5 35.5 36 

45.

5 

63.

5 

4 73.5 

        

0 1 1.5 11 29 

8 72.5 

         

0 0.5 10 28 

2b 72 

          

0 9.5 

27.

5 

1b 62.5 

           

0 18 

3b 44.5 

            

0 

 

e. Average fixations per second of flight time on each area of interest of less experienced 

participants before conditions (n=16) 

 
k =AOI b Sum Average Variance 

1 16 126.5 7.906 5.774 

2 16 171 10.688 6.529 

3 16 133 8.313 6.529 

4 16 79.5 4.969 4.249 

5 16 88 5.500 6.700 

6 16 98.5 6.156 4.491 

7 16 196 12.250 3.133 

8 16 73.5 4.594 5.674 

9 16 180.5 11.281 2.132 

1b 16 74.5 4.656 4.691 

2b 16 79.5 4.969 6.249 

3b 16 66.5 4.156 5.257 

9b 16 89 5.563 5.863 
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Source of 

Variation SS df MS F 

P-

value F crit 

Rows 0 15 0 0 1 1.722 

Columns 1514.94 12 126.2448 22.520 

7E-

30 1.806 

Error 1009.06 180 5.605903 

   

       Total 2524 207         

 

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 180) = 

22.52, p<.05 . 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                          22.89 

 

 

 

 
AOI 

 

7 9 2 3 1 6 9b 5 4 2b 1b 8 3b 

  

196 180.5 171 133 127 99 89 88 79.5 79.5 74.5 73.5 66.5 

7 196 0 15.5 25 63 70 98 107 108 116.5 116.5 121.5 122.5 130 

9 180.5 

 

0 9.5 47.5 54 82 91.5 92.5 101 101 106 107 114 

2 171 

  

0 38 45 73 82 83 91.5 91.5 96.5 97.5 105 

3 133 

   

0 6.5 35 44 45 53.5 53.5 58.5 59.5 66.5 

1 126.5 

    

0 28 37.5 38.5 47 47 52 53 60 

6 98.5 

     

0 9.5 10.5 19 19 24 25 32 

9b 89 

      

0 1 9.5 9.5 14.5 15.5 22.5 

5 88 

       

0 8.5 8.5 13.5 14.5 21.5 

4 79.5 

        

0 0 5 6 13 

2b 79.5 

         

0 5 6 13 

1b 74.5 

          

0 1 8 

8 73.5 

           

0 7 

3b 66.5 

            

0 
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f. Average fixations per second of flight time on each area of interest of less experienced 

participants after conditions (n=16) 
k =AOI b Sum Average Variance 

1 16 117.5 7.344 9.757 

2 16 176 11.000 1.200 

3 16 140 8.750 5.333 

4 16 84.5 5.281 4.232 

5 16 88 5.500 4.500 

6 16 108 6.750 7.800 

7 16 195.5 12.219 3.232 

8 16 90 5.625 12.650 

9 16 190 11.875 0.650 

1b 16 74.5 4.656 6.457 

2b 16 77 4.813 4.363 

3b 16 50 3.125 3.783 

9b 16 65 4.063 3.529 

 
Source of 

Variation SS df MS F P-value F crit 

Rows 0 15 0 0 1 1.7222703 

Columns 1780.188 12 148.348958 26.378 

1.374E-

33 1.8062885 

Error 1012.313 180 5.62395833 

   

       Total 2792.5 207         

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 180) = 

26.378, p<.05 . 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                          22.92 

 

 
AOI 

 

7 9 2 3 1 6 8 5 4 2b 1b 9b 3b 

  

196 190 176 140 117.5 108 90 88 84.5 77 74.5 65 50 

7 195.5 0 5.5 19.5 55.5 78 88 105.5 108 111 118.5 121 130.5 146 

9 190 

 

0 14 50 72.5 82 100 102 105.5 113 115.5 125 140 

2 176 

  

0 36 58.5 68 86 88 91.5 99 101.5 111 126 

3 140 

   

0 22.5 32 50 52 55.5 63 65.5 75 90 

1 117.5 

    

0 9.5 27.5 29.5 33 40.5 43 52.5 67.5 

6 108 

     

0 18 20 23.5 31 33.5 43 58 

8 90 

      

0 2 5.5 13 15.5 25 40 

5 88 

       

0 3.5 11 13.5 23 38 

4 84.5 

        

0 7.5 10 19.5 34.5 

2b 77 

         

0 2.5 12 27 

1b 74.5 

          

0 9.5 24.5 

9b 65 

           

0 15 

3b 50 

            

0 
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c. Average fixations durations on each area of interest of less experienced participants 

before conditions (n=16) 
AOI b=Participants Sum Average Variance 

1 16 135.5 8.469 8.749 

2 16 153.5 9.594 6.307 

3 16 137.5 8.594 14.474 

4 16 84.5 5.281 6.999 

5 16 92 5.750 6.600 

6 16 124.5 7.781 10.999 

7 16 148 9.250 8.067 

8 16 88 5.500 8.367 

9 16 142 8.875 7.083 

1b 16 80.5 5.031 10.682 

2b 16 87.5 5.469 10.516 

3b 16 76 4.750 8.700 

9b 16 106.5 6.656 16.691 

 
Source of 

Variation SS df MS F 

P-

value F crit 

Rows 0 15 0 0 1 1.72227 

Columns 620.5 12 51.708333 4.995 

3.9E-

07 1.80629 

Error 1863.5 180 10.352778 

   

       Total 2484 207         

 

 

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 180) = 

4.995, p<.05 . 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                          31.104 
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AOI 

 

2 7 9 3 1 6 9b 5 8 2b 4 1b 3b 

  

153.

5 

14

8 142 138 136 

124.

5 107 92 88 

87.

5 

84.

5 

80.

5 76 

2 153.5 0 5.5 

11.

5 16 18 29 47 

61.

5 

65.

5 66 69 73 

77.

5 

7 148 

 

0 6 

10.

5 

12.

5 23.5 

41.

5 56 60 

60.

5 

63.

5 

67.

5 72 

9 142 

  

0 4.5 6.5 17.5 

35.

5 50 54 

54.

5 

57.

5 

61.

5 66 

3 137.5 

   

0 2 13 31 

45.

5 

49.

5 50 53 57 

61.

5 

1 135.5 

    

0 11 29 

43.

5 

47.

5 48 51 55 

59.

5 

6 124.5 

     

0 18 

32.

5 

36.

5 37 40 44 

48.

5 

9b 106.5 

      

0 

14.

5 

18.

5 19 22 26 

30.

5 

5 92 

       

0 4 4.5 7.5 

11.

5 16 

8 88 

        

0 0.5 3.5 7.5 12 

2b 87.5 

         

0 3 7 

11.

5 

4 84.5 

          

0 4 8.5 

1b 80.5 

           

0 4.5 

3b 76 

            

0 

 

 

c. Average fixations durations on each area of interest of less experienced participants 

after conditions (n=16) 

 

AOI b=Participants Sum Average Variance 

1 16 138.5 8.656 12.291 

2 16 132 8.250 6.467 

3 16 125 7.813 9.463 

4 16 93 5.813 8.496 

5 16 113 7.063 10.296 

6 16 117.5 7.344 12.357 

7 16 142 8.875 7.717 

8 16 93 5.813 19.163 

9 16 135.5 8.469 8.316 

1b 16 97 6.063 15.196 

2b 16 127.5 7.969 17.582 

3b 16 68 4.250 13.533 

9b 16 74 4.625 12.617 
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Source of 

Variation SS df MS F P-value F crit 

Rows 0 15 0 0 1 1.722 

Columns 457.625 12 38.135417 2.981 0.0008029 1.806 

Error 2302.375 180 12.790972 

   

       Total 2760 207         

        

Note. b = Number of participants; k1 = (k - 1); k2 = (b-1)(k-1). Therefore, F(12, 180) = 

2.981, p<.05 . 

Critical t (Excel formula: TINV(0.05,deg. freedom)). Therefore the critical difference: 

 

Critical difference =                          34.572 

 

 

AOI 

 

7 1 9 2 2b 3 6 5 1b 4 8 9b 3b 

  

142 139 136 132 128 125 118 113 97 93 93 74 68 

7 142 0 3.5 6.5 10 14.5 17 24.5 29 45 49 49 68 74 

1 138.5 

 

0 3 6.5 11 13.5 21 25.5 41.5 45.5 45.5 64.5 70.5 

9 135.5 

  

0 3.5 8 10.5 18 22.5 38.5 42.5 42.5 61.5 67.5 

2 132 

   

0 4.5 7 14.5 19 35 39 39 58 64 

2b 127.5 

    

0 2.5 10 14.5 30.5 34.5 34.5 53.5 59.5 

3 125 

     

0 7.5 12 28 32 32 51 57 

6 117.5 

      

0 4.5 20.5 24.5 24.5 43.5 49.5 

5 113 

       

0 16 20 20 39 45 

1b 97 

        

0 4 4 23 29 

4 93 

         

0 0 19 25 

8 93 

          

0 19 25 

9b 74 

           

0 6 

3b 68 

            

0 
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f. Descriptive statistics of eye fix/s  and average fixations durations on the AOIs and 

correlations between hours of flying experience and fix/s, and hours of flying experience 

and AFD before and after all conditions (n=30) 

 

Fixations per second of flight time 

 

Before condition (n=30)   After condition (n=30) 

AOI Correlations M SD Mdn 

 

Correlations M SD Mdn 

1 rs= -0.286 0.057 0.082 0.027 

 

rs= -0.443 0.159 0.243 0.073 

2 rs= -0.281 0.234 0.270 0.124 

 

rs= -0.528 0.680 0.792 0.294 

3 rs= 0.019 0.097 0.112 0.054 

 

rs= -0.210 0.232 0.260 0.155 

4 rs= -0.090 0.012 0.021 0.000 

 

rs= -0.153 0.048 0.086 0.015 

5 rs= -0.096 0.023 0.050 0.000 

 

rs= -0.205 0.077 0.168 0.031 

6 rs= -0.031 0.035 0.060 0.008 

 

rs= -0.163 0.131 0.238 0.062 

7 rs= -0.040 0.875 1.249 0.615 

 

rs= -0.069 1.689 1.430 1.364 

8 rs= -0.112 0.016 0.045 0.000 

 

rs= -0.126 0.040 0.066 0.008 

9 rs= -0.206 0.322 0.344 0.263 

 

rs= -0.403 0.850 0.738 0.649 

1b rs= -0.301 0.008 0.017 0.000 

 

rs= -0.008 0.032 0.054 0.004 

2b rs= -0.474 0.013 0.029 0.000 

 

rs= -0.138 0.043 0.072 0.000 

3b rs= -0.190 0.008 0.023 0.000 

 

rs= -0.240 0.013 0.041 0.000 

9b rs= 0.024 0.018 0.032 0.002   rs= -0.084 0.041 0.062 0.015 

            Average fixations durations 

 

Before conditions (n=30) 

 

After conditions(n=30) 

AOI Correlations M SD Mdn 

 

Correlations M SD Mdn 

1 rs= -0.274 0.224 0.201 0.226 

 

rs= -0.373 0.307 0.173 0.324 

2 rs= -0.214 0.300 0.142 0.318 

 

rs= -0.004 0.343 0.147 0.310 

3 rs= 0.042 0.314 0.230 0.335 

 

rs= -0.497 0.298 0.150 0.314 

4 rs= -0.097 0.101 0.151 0.000 

 

rs= -0.287 0.188 0.169 0.185 

5 rs= -0.184 0.137 0.179 0.000 

 

rs= -0.118 0.277 0.176 0.277 

6 rs= -0.042 0.207 0.215 0.191 

 

rs= -0.314 0.289 0.196 0.266 

7 rs= -0.094 0.397 0.436 0.323 

 

rs= 0.170 0.498 0.977 0.309 

8 rs= -0.205 0.084 0.153 0.000 

 

rs= -0.160 0.190 0.243 0.155 

9 rs= -0.019 0.312 0.183 0.311 

 

rs= -0.088 0.309 0.119 0.329 

1b rs= -0.244 0.073 0.144 0.000 

 

rs= -0.101 0.157 0.165 0.146 

2b rs= -0.464 0.085 0.170 0.000 

 

rs= -0.209 0.222 0.278 0.000 

3b rs= -0.254 0.054 0.129 0.000 

 

rs= -0.195 0.066 0.157 0.000 

9b rs= -0.067 0.169 0.221 0.000   rs= 0.034 0.250 0.260 0.208 

 
 

Note. rs  and r reported is the correlation between hours of experience and fix/s, and between hours of 

experience and AFD  before and after conditions. Significant levels are Upper and Lower Tailed-Tests and 

based on n = 30, p<.05 (*). 
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g. Descriptive statistics of eye fix/s on the AOIs and correlations between hours of flying 

experience and fix/s before and after clear and poor visibility conditions (n=15) 

 
Fixations per second of flight time 

Clear visibility 

 

Before 

 

After 

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 rs= -0.292 0.027 0.039 0.008 

 

rs= -0.110 0.055 0.053 0.046 

2 rs= -0.101 0.157 0.241 0.039 

 

rs= -0.649 0.462 0.615 0.294 

3 rs= -0.001 0.092 0.120 0.039 

 

rs= -0.376 0.272 0.277 0.317 

4 rs= -0.333 0.015 0.025 0.000 

 

rs= -0.405 0.062 0.080 0.031 

5 rs= -0.133 0.016 0.039 0.000 

 

rs= -0.131 0.050 0.057 0.039 

6 rs= 0.049 0.032 0.058 0.008 

 

rs= -0.114 0.139 0.227 0.070 

7 rs= -0.334 0.593 0.634 0.495 

 

rs= -0.388 1.580 1.090 1.237 

8 rs= -0.175 0.016 0.050 0.000 

 

rs= -0.413 0.052 0.076 0.008 

9 rs= -0.318 0.258 0.258 0.193 

 

rs= -0.626 0.744 0.510 0.727 

1b rs= -0.331 0.009 0.021 0.000 

 

rs= -0.110 0.044 0.072 0.000 

2b rs= -0.514 0.007 0.018 0.000 

 

rs= -0.212 0.048 0.073 0.000 

3b rs= -0.293 0.006 0.017 0.000 

 

rs= -0.514 0.021 0.056 0.000 

9b rs= 0.065 0.003 0.006 0.000   rs= -0.123 0.030 0.056 0.015 

            Poor visibility 

 

Before 

 

After 

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 rs= -0.401 0.087 0.102 0.085 

 

rs= -0.415 0.263 0.311 0.147 

2 rs= -0.251 0.310 0.284 0.178 

 

rs= -0.366 0.898 0.905 0.348 

3 rs= 0.105 0.101 0.107 0.077  rs= -0.235 0.192 0.243 0.147 

4 rs= 0.136 0.008 0.014 0.000 

 

rs= -0.127 0.035 0.092 0.008 

5 rs= -0.081 0.030 0.060 0.008 

 

rs= -0.288 0.105 0.232 0.023 

6 rs= -0.228 0.038 0.063 0.008 

 

rs= -0.274 0.124 0.256 0.031 

7 rs= 0.361 1.158 1.631 0.734 

 

rs= 0.157 1.798 1.738 1.492 

8 rs= 0.014 0.016 0.041 0.000 

 

rs= 0.238 0.029 0.054 0.008 

9 rs= -0.286 0.387 0.411 0.271 

 

rs= -0.286 0.956 0.919 0.572 

1b rs= -0.276 0.008 0.014 0.000 

 

rs= 0.138 0.020 0.023 0.008 

2b rs= -0.474 0.019 0.036 0.000 

 

rs= -0.106 0.038 0.073 0.000 

3b rs= 0.769 0.010 0.029 0.000 

 

rs= -0.041 0.006 0.013 0.000 

9b rs= 0.232 0.032 0.041 0.023   rs= 0.177 0.053 0.068 0.031 

 

Note. rs  and r reported is the correlation between hours of experience and fix/s before and after conditions. 

Significant levels are Upper and Lower Tailed-Tests and based on n = 15, p<.05 (*).  
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h. Descriptive statistics of average fixation durations on the AOIs and correlations 

between hours of flying experience and fix/s before and after clear and poor visibility 

conditions (n=15) 

 

Average fixation duration 

Clear visibility 

 

Before 

 

After 

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 rs= -0.309 0.186 0.201 0.150 

 

rs= -0.621 0.323 0.185 0.334 

2 rs= -0.077 0.276 0.138 0.326 

 

rs= 0.488 0.359 0.125 0.314 

3 rs= -0.140 0.334 0.282 0.284 

 

rs= -0.428 0.322 0.172 0.319 

4 rs= -0.356 0.111 0.181 0.000 

 

rs= -0.353 0.231 0.189 0.226 

5 rs= -0.133 0.107 0.207 0.000  rs= -0.513 0.304 0.188 0.342 

6 rs= -0.064 0.196 0.233 0.163 

 

rs= -0.304 0.336 0.213 0.311 

7 rs= 0.105 0.464 0.617 0.317 

 

rs= 0.431 0.702 1.371 0.324 

8 rs= -0.312 0.087 0.169 0.000 

 

rs= -0.398 0.230 0.269 0.200 

9 rs= -0.027 0.302 0.219 0.315 

 

rs= -0.086 0.342 0.123 0.371 

1b rs= -0.275 0.046 0.100 0.000 

 

rs= -0.032 0.133 0.159 0.000 

2b rs= -0.514 0.033 0.089 0.000 

 

rs= -0.236 0.202 0.239 0.000 

3b rs= -0.529 0.038 0.105 0.000 

 

rs= -0.514 0.056 0.159 0.000 

9b rs= 0.101 0.133 0.191 0.000   rs= 0.195 0.312 0.314 0.259 

            

            Poor visibility 

AOI Correlation M SD Mdn 

 

Correlation M SD Mdn 

1 rs= -0.240 0.262 0.202 0.348 

 

rs= -0.276 0.290 0.164 0.313 

2 rs= -0.242 0.324 0.148 0.317 

 

rs= -0.481 0.327 0.169 0.304 

3 rs= 0.213 0.267 0.183 0.321 

 

rs= -0.701 0.274 0.125 0.271 

4 rs= 0.202 0.092 0.121 0.000 

 

rs= -0.228 0.144 0.138 0.150 

5 rs= -0.224 0.144 0.142 0.184 

 

rs= -0.048 0.250 0.166 0.275 

6 rs= -0.086 0.219 0.204 0.250 

 

rs= -0.334 0.242 0.170 0.239 

7 rs= -0.213 0.330 0.066 0.339 

 

rs= -0.052 0.294 0.076 0.281 

8 rs= -0.048 0.080 0.141 0.000  rs= 0.070 0.151 0.215 0.133 

9 rs= -0.100 0.322 0.146 0.307 

 

rs= -0.150 0.275 0.110 0.284 

1b rs= -0.193 0.099 0.177 0.000 

 

rs= -0.176 0.180 0.173 0.164 

2b rs= -0.448 0.138 0.215 0.000 

 

rs= -0.257 0.242 0.320 0.000 

3b rs= -0.061 0.070 0.151 0.000 

 

rs= 0.026 0.075 0.160 0.000 

9b rs= -0.298 0.205 0.249 0.178   rs= -0.342 0.188 0.183 0.167 

 

Note. rs  and r reported is the correlation between hours of experience and AFD before and after conditions. 

Significant levels are Upper and Lower Tailed-Tests and based on n = 15, p<.05 (*).  
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i. Descriptive statistics of fix/s on the AOIs and correlations between hours of flying 

experience and fix/s before and after failure conditions (n=15) 

 
Fixations per second of flight time 

No failure 

 

Before   

 

After 

AOI Correlation M SD Mdn  Correlation M SD Mdn 

1 rs= -0.401 0.052 0.064 0.008 

 

rs= -0.498 0.117 0.120 0.116 

2 rs= -0.152 0.118 0.120 0.093 

 

rs= -0.636 0.410 0.517 0.251 

3 rs= -0.073 0.076 0.125 0.027 

 

rs= -0.427 0.127 0.169 0.027 

4 rs= -0.164 0.006 0.017 0.000 

 

rs= -0.324 0.017 0.022 0.006 

5 rs= 0.000 0.005 0.010 0.000 

 

rs= -0.213 0.024 0.029 0.015 

6 rs= 0.249 0.016 0.025 0.004 

 

rs= 0.013 0.049 0.061 0.039 

7 rs= -0.321 1.417 1.995 0.796 

 

rs= -0.127 2.007 1.801 1.735 

8 rs= 0.186 0.027 0.061 0.000 

 

rs= 0.142 0.026 0.043 0.006 

9 rs= -0.564 0.399 0.504 0.262 

 

rs= -0.515 0.759 0.815 0.502 

1b rs= -0.522 0.003 0.010 0.000 

 

rs= -0.052 0.006 0.013 0.000 

2b rs= -0.522 0.009 0.029 0.000 

 

rs= -0.311 0.008 0.018 0.000 

3b rs= -0.522 0.004 0.012 0.000 

 

rs= -0.522 0.003 0.010 0.000 

9b rs= -0.034 0.005 0.008 0.000   rs= 0.125 0.012 0.010 0.012 

            Altimeter failure 

 

Before   

 

After 

AOI Correlation M SD Mdn  Correlation M SD Mdn 

1 rs= -0.230 0.071 0.120 0.027 

 

rs= -0.498 0.209 0.361 0.058 

2 rs= -0.530 0.260 0.265 0.174 

 

rs= -0.459 0.686 0.832 0.321 

3 rs= -0.310 0.102 0.098 0.089 

 

rs= 0.000 0.269 0.285 0.220 

4 rs= -0.167 0.016 0.022 0.008 

 

rs= 0.199 0.095 0.132 0.031 

5 rs= -0.351 0.039 0.072 0.004 

 

rs= -0.341 0.152 0.276 0.043 

6 rs= -0.017 0.048 0.073 0.019 

 

rs= -0.417 0.169 0.304 0.054 

7 rs= -0.268 0.526 0.346 0.518 

 

rs= -0.220 1.561 1.353 1.388 

8 rs= -0.530 0.006 0.012 0.000 

 

rs= -0.280 0.052 0.082 0.004 

9 rs= -0.098 0.341 0.279 0.274 

 

rs= -0.006 1.030 0.723 1.132 

1b rs= -0.759 0.017 0.025 0.000 

 

rs= 0.144 0.072 0.071 0.050 

2b rs= -0.766 0.020 0.033 0.000 

 

rs= 0.058 0.097 0.094 0.062 

3b r= -0.509 0.009 0.020 0.000 

 

rs= -0.338 0.035 0.067 0.000 

9b rs= -0.147 0.013 0.024 0.000   rs= 0.117 0.052 0.064 0.031 

            DG failure 

 

Before   

 

After 

AOI Correlation M SD Mdn  Correlation M SD Mdn 

1 r= -0.605 0.049 0.051 0.050 

 

rs= -0.732 0.152 0.204 0.081 

2 r= -0.411 0.324 0.355 0.166 

 

r= -0.546 0.944 0.951 0.444 

3 r= 0.053 0.112 0.119 0.073 

 

r= -0.140 0.300 0.297 0.247 

4 r= -0.124 0.013 0.023 0.000 

 

rs= -0.108 0.033 0.045 0.019 

5 rs= -0.091 0.026 0.045 0.008 

 

rs= -0.476 0.056 0.066 0.035 

6 rs= 0.104 0.040 0.070 0.008 

 

rs= 0.024 0.175 0.273 0.066 

7 r= 0.398 0.684 0.654 0.483 

 

r= 0.098 1.498 1.157 1.040 

8 r= 0.398 0.015 0.049 0.000 

 

rs= -0.092 0.043 0.072 0.008 

9 r= 0.334 0.226 0.176 0.209 

 

rs= -0.585 0.760 0.718 0.657 

1b r= 0.859 0.005 0.010 0.000 

 

rs= 0.390 0.019 0.039 0.000 

2b rs= 0.078 0.009 0.024 0.000 

 

r= 0.609 0.025 0.052 0.000 

3b r= 0.774 0.011 0.034 0.000 

 

r= 0.774 0.002 0.007 0.000 

9b rs= 0.114 0.034 0.047 0.015   rs= -0.225 0.061 0.082 0.015 
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Note. rs  and r reported is the correlation between hours of experience and fix/s before and after conditions. 

Significant levels are Upper and Lower Tailed-Tests and based on n = 15, p<.05 (*).  
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j. Descriptive statistics of AFD on the AOIs and correlations between hours of flying 

experience and fix/s before and after failure conditions (n=15) 

 
Average fixations durations 

No failure 

 

Before 

 

After 

AOI Correlation M SD Mdn 
 

Correlation M SD Mdn 

1 rs= -0.142 0.197 0.234 0.100 

 

rs= -0.173 0.232 0.191 0.247 

2 rs= -0.115 0.289 0.160 0.285 

 

rs= 0.401 0.393 0.204 0.311 

3 rs= 0.029 0.174 0.165 0.188 

 

rs= -0.381 0.256 0.170 0.263 

4 rs= -0.040 0.019 0.060 0.000 

 

rs= -0.315 0.154 0.187 0.092 

5 rs= -0.155 0.084 0.141 0.000 

 

rs= -0.078 0.239 0.202 0.238 

6 rs= 0.058 0.139 0.176 0.081 

 

rs= -0.337 0.256 0.219 0.246 

7 rs= 0.088 0.549 0.755 0.320 

 

rs= 0.592 0.868 1.685 0.321 

8 rs= -0.223 0.097 0.161 0.000 

 

rs= -0.223 0.123 0.133 0.100 

9 rs= -0.109 0.244 0.199 0.269 

 

rs= 0.177 0.274 0.169 0.290 

1b rs= -0.508 0.032 0.102 0.000 

 

rs= -0.142 0.122 0.181 0.000 

2b rs= -0.491 0.075 0.174 0.000 

 

rs= -0.312 0.148 0.264 0.000 

3b rs= -0.580 0.065 0.143 0.000 

 

rs= -0.508 0.025 0.079 0.000 

9b rs= -0.106 0.149 0.219 0.000   rs= 0.031 0.204 0.238 0.134 

            Altimeter failure 

AOI Correlation M SD Mdn 
 

Correlation M SD Mdn 

1 rs= -0.101 0.269 0.184 0.326 

 

rs= -0.463 0.367 0.199 0.370 

2 rs= -0.695 0.290 0.133 0.325 

 

rs= -0.506 0.295 0.072 0.298 

3 rs= -0.372 0.404 0.178 0.415 

 

rs= -0.701 0.292 0.119 0.323 

4 rs= -0.088 0.174 0.159 0.217 

 

rs= 0.037 0.241 0.191 0.224 

5 rs= -0.351 0.137 0.165 0.092 

 

rs= -0.427 0.265 0.143 0.276 

6 rs= -0.293 0.233 0.216 0.276 

 

rs= -0.341 0.300 0.141 0.277 

7 rs= -0.567 0.314 0.033 0.311 

 

rs= -0.445 0.325 0.054 0.314 

8 rs= -0.639 0.123 0.187 0.000 

 

rs= -0.280 0.209 0.275 0.067 

9 rs= 0.012 0.318 0.053 0.314 

 

rs= 0.018 0.332 0.040 0.334 

1b rs= -0.745 0.119 0.165 0.000 

 

rs= -0.028 0.253 0.151 0.319 

2b rs= -0.759 0.137 0.215 0.000 

 

rs= 0.113 0.386 0.279 0.367 

3b rs= -0.509 0.056 0.127 0.000 

 

rs= -0.248 0.130 0.220 0.000 

9b rs= -0.021 0.137 0.213 0.000   rs= 0.104 0.194 0.092 0.228 

            DG failure 

AOI Correlation M SD Mdn 
 

Correlation M SD Mdn 

1 r= -0.497 0.206 0.196 0.226 

 

r= -0.253 0.323 0.097 0.338 

2 r= 0.011 0.322 0.146 0.367 

 

r= -0.161 0.342 0.131 0.325 

3 r= 0.102 0.365 0.279 0.330 

 

r= -0.462 0.347 0.156 0.318 

4 r= -0.245 0.110 0.177 0.000 

 

r= -0.485 0.168 0.124 0.199 

5 r= -0.153 0.190 0.223 0.167 

 

r= 0.100 0.326 0.186 0.335 

6 r= 0.304 0.250 0.253 0.224 

 

r= -0.126 0.310 0.232 0.266 

7 r= -0.202 0.327 0.065 0.346 

 

r= 0.107 0.300 0.059 0.288 

8 r= 0.150 0.031 0.097 0.000 

 

r= -0.136 0.240 0.297 0.180 

9 r= 0.125 0.373 0.238 0.388 

 

r= -0.154 0.320 0.117 0.316 

1b r= 0.858 0.067 0.157 0.000 

 

r= 0.489 0.095 0.128 0.000 

2b r= 0.667 0.044 0.108 0.000 

 

r= 0.137 0.131 0.238 0.000 

3b r= 0.774 0.041 0.129 0.000 

 

r= 0.774 0.042 0.134 0.000 

9b r= 0.050 0.222 0.245 0.162   rs= 0.159 0.353 0.368 0.336 
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Note. rs  and r reported is the correlation between hours of experience and AFD before and after conditions. 

Significant levels are Upper and Lower Tailed-Tests and based on n = 15, p<.05 (*).  

 

j. Descriptive statistics of fix/s on the AOIs and correlations between hours of flying 

experience and fix/s before and after combined weather and failure conditions (n=5) 

 
Fixations per second of flight time 

Clear visibility and no failure 

 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 rs= -0.446 0.031 0.061 0.008 r= -0.894 0.053 0.060 0.031 

2 r= -0.114 0.057 0.060 0.039 r= -0.810 0.246 0.239 0.224 

3 r= 0.417 0.022 0.013 0.015 rs= -0.915 0.121 0.189 0.031 

4 No fixations 0.000 0.000 0.000 r= -0.458 0.017 0.025 0.000 

5 r= -0.482 0.006 0.014 0.000 r= 0.045 0.028 0.036 0.015 

6 r= -0.176 0.011 0.015 0.000 r= -0.029 0.066 0.079 0.062 

7 r= -0.103 0.867 0.959 0.495 r= -0.061 1.636 0.838 1.933 

8 r= 0.603 0.039 0.086 0.000 rs= -0.307 0.034 0.056 0.008 

9 r= -0.733 0.192 0.149 0.193 r= -0.727 0.459 0.375 0.433 

1b - 
 

0.000 0.000 0.000 r= 0.145 0.005 0.007 0.000 

2b - 
 

0.000 0.000 0.000 r= -0.482 0.005 0.010 0.000 

3b - 
 

0.000 0.000 0.000 - 
 

0.000 0.000 0.000 

9b r= -0.363 0.006 0.010 0.000 r= 0.000 0.015 0.008 0.015 

                      Clear visibility and altimeter failure 

 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 r= -0.475 0.019 0.022 0.008 r= -0.536 0.042 0.033 0.046 

2 r= -0.539 0.209 0.263 0.039 r= 0.277 0.393 0.152 0.294 

3 rs= -0.526 0.096 0.131 0.039 r= 0.108 0.232 0.198 0.317 

4 r= -0.550 0.022 0.030 0.000 r= -0.365 0.107 0.119 0.046 

5 r= -0.464 0.002 0.003 0.000 r= 0.147 0.042 0.023 0.039 

6 r= -0.526 0.008 0.013 0.000 r= -0.408 0.048 0.035 0.031 

7 r= -0.075 0.719 0.339 0.657 r= -0.583 1.973 1.454 1.538 

8 r= -0.327 0.011 0.016 0.008 r= -0.644 0.091 0.103 0.070 

9 r= 0.774 0.419 0.368 0.456 r= 0.721 1.161 0.572 1.144 

1b r= -0.465 0.023 0.033 0.000 r= 0.235 0.102 0.094 0.162 

2b r= -0.453 0.020 0.029 0.000 r= 0.621 0.107 0.085 0.131 

3b r= -0.545 0.017 0.027 0.000 r= -0.446 0.062 0.089 0.000 

9b r= -0.181 0.002 0.003 0.000 r= -0.195 0.068 0.089 0.015 
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Clear visibility and directional gyro failure 

 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 rs= -0.474 0.032  0.031  0.039  rs= -0.900 0.071  0.068  0.054  

2 rs= -0.100 0.206  0.335  0.046  rs= -0.700 0.747  1.039  0.301  

3 rs= 0.400 0.158  0.148  0.100  rs= 0.100 0.464  0.343  0.394  

4 rs= 0.132 0.025  0.030  0.015  rs= -0.289 0.062  0.050  0.031  

5 rs= -0.447 0.042  0.062            -    rs= -0.700 0.080  0.088  0.054  

6 rs= 0.200 0.077  0.087  0.062  rs= -0.300 0.303  0.349  0.093  

7 rs= 0.500 0.193  0.245  0.093  rs= 0.205 1.130  0.944  1.036  

8 - 
 

        -              -              -    rs= 0.112 0.029  0.061          -    

9 rs= 0.000 0.162  0.160  0.100  rs= -0.600 0.611  0.318  0.572  

1b rs= 0.707 0.003  0.007            -    rs= 0.224 0.026  0.055          -    

2b - 
 

        -              -              -    rs= 0.224 0.034  0.068          -    

3b - 
 

        -              -              -    - 
 

        -            -            -    

9b rs= -0.224 0.002   0.003            -    rs= -0.577 0.006  0.008          -    

 

 

Poor visibility and no failure 

 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 r= 0.874 0.073 0.066 0.085 r= 0.429 0.181 0.137 0.147 

2 r= 0.349 0.179 0.141 0.158 r= 

-

0.128 0.574 0.690 0.278 

3 r= 0.438 0.130 0.167 0.045 r= 0.440 0.133 0.170 0.023 

4 r= 0.441 0.012 0.024 0.000 r= 0.344 0.016 0.022 0.008 

5 r= 0.449 0.003 0.004 0.000 r= 0.092 0.020 0.024 0.015 

6 r= 0.572 0.022 0.033 0.008 r= 

-

0.291 0.032 0.038 0.015 

7 rs= 0.200 1.966 2.698 0.858 r= 0.348 2.378 2.500 1.538 

8 r= 0.010 0.014 0.025 0.000 r= 0.238 0.018 0.030 0.004 

9 rs= -0.300 0.607 0.665 0.271 r= 0.267 1.058 1.063 0.572 

1b r= -0.914 0.006 0.014 0.000 r= -0.914 0.008 0.017 0.000 

2b r= -0.914 0.019 0.041 0.000 r= -0.914 0.011 0.024 0.000 

3b r= -0.914 0.008 0.017 0.000 r= -0.914 0.006 0.014 0.000 

9b r= -0.316 0.005 0.007 0.000 r= -0.778 0.008 0.011 0.000 
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Poor visibility and altimeter failure 

 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 r= -0.368 0.124 0.159 0.062 r= -0.342 0.376 0.471 0.100 

2 r= -0.559 0.311 0.287 0.247 r= -0.459 0.979 1.149 0.348 

3 r= 0.355 0.108 0.066 0.100 rs= 0.020 0.306 0.375 0.162 

4 r= 0.402 0.011 0.009 0.008 r= -0.072 0.083 0.157 0.008 

5 r= -0.520 0.076 0.091 0.054 rs= -0.564 0.263 0.374 0.178 

6 r= -0.368 0.088 0.088 0.054 rs= -0.564 0.291 0.413 0.193 

7 r= -0.568 0.332 0.246 0.286 r= -0.568 1.149 1.258 0.464 

8 r= -0.396 0.002 0.003 0.000 r= -0.167 0.012 0.024 0.000 

9 r= -0.433 0.263 0.156 0.271 r= -0.374 0.900 0.897 0.379 

1b r= -0.566 0.011 0.017 0.000 r= 0.552 0.042 0.021 0.046 

2b rs= -0.860 0.020 0.041 0.000 r= -0.177 0.087 0.111 0.046 

3b r= No fixations 0.000 0.000 0.000 r= -0.163 0.008 0.017 0.000 

9b r= -0.251 0.025 0.032 0.023 r= 0.747 0.036 0.028 0.031 

           Poor visibility and directional gyro failure 

 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 r= -0.822 0.065 0.066 0.085 r= -0.692 0.232 0.269 0.201 

2 r= -0.647 0.442 0.370 0.417 r= -0.757 1.141 0.926 1.600 

3 r= -0.160 0.066 0.071 0.070 r= -0.715 0.136 0.115 0.147 

4 r= -0.068 0.002 0.003 0.000 r= -0.328 0.005 0.007 0.000 

5 r= 0.501 0.011 0.009 0.008 r= -0.304 0.031 0.023 0.031 

6 r= 0.304 0.003 0.004 0.000 r= 0.744 0.048 0.069 0.015 

7 r= 0.527 1.175 0.548 1.306 r= 0.103 1.866 1.335 1.492 

8 r= 0.102 0.031 0.069 0.000 r= 0.102 0.057 0.085 0.008 

9 r= 0.317 0.291 0.184 0.301 r= -0.325 0.909 1.001 0.742 

1b r= 0.893 0.006 0.014 0.000 r= 0.746 0.011 0.017 0.000 

2b r= 0.859 0.017 0.034 0.000 r= 0.893 0.015 0.035 0.000 

3b r= 0.893 0.022 0.048 0.000 r= 0.893 0.005 0.010 0.000 

9b r= 0.441 0.066 0.048 0.039 r= -0.588 0.116 0.086 0.116 

 
Note. rs  and r reported is the correlation between hours of experience and fix/s on the AOIs  before and 

after conditions. Significant levels are Upper and Lower Tailed-Tests and based on n = 5, p<.05 (*).  
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K. Descriptive statistics of AFD on the AOIs and correlations between hours of flying 

experience and AFD before and after combined weather and failure conditions (n=5) 

 
Average fixation duration 

Clear visibility and no failure 

 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 r= -0.693 0.167 0.274 0.015 r= -0.647 0.223 0.230 0.271 

2 r= 0.047 0.252 0.160 0.254 r= 0.877 0.420 0.139 0.401 

3 r= -0.479 0.215 0.155 0.225 r= -0.772 0.289 0.211 0.271 

4 - 0.000 0.000 0.000 r= -0.340 0.180 0.249 0.000 

5 r= -0.482 0.057 0.127 0.000 r= -0.577 0.259 0.245 0.342 

6 r= 0.039 0.078 0.109 0.000 r= -0.760 0.280 0.262 0.395 

7 rs= 0.400 0.762 1.077 0.317 rs= 0.614 1.420 2.368 0.368 

8 r= 0.603 0.066 0.148 0.000 r= -0.476 0.132 0.122 0.200 

9 r= -0.724 0.211 0.195 0.315 r= -0.425 0.306 0.178 0.371 

1b - 0.000 0.000 0.000 r= -0.354 0.108 0.174 0.000 

2b - 0.000 0.000 0.000 r= -0.482 0.094 0.211 0.000 

3b - 0.000 0.000 0.000 - 0.000 0.000 0.000 

9b r= -0.854 0.121 0.175 0.000 r= -0.364 0.220 0.245 0.150 

           

           Clear visibility and altimeter failure 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 rs= -0.051 0.192 0.148 0.150 rs= -0.667 0.413 0.196 0.384 

2 rs= -0.359 0.311 0.095 0.334 rs= -0.103 0.304 0.047 0.292 

3 rs= -0.410 0.407 0.259 0.452 rs= -0.564 0.275 0.156 0.334 

4 rs= -0.631 0.145 0.199 0.000 rs= -0.410 0.294 0.229 0.261 

5 rs= -0.725 0.037 0.082 0.000 rs= -0.462 0.289 0.159 0.189 

6 rs= -0.631 0.160 0.244 0.000 rs= -0.205 0.303 0.177 0.308 

7 rs= -0.667 0.314 0.031 0.299 rs= -0.359 0.353 0.054 0.324 

8 rs= -0.051 0.196 0.230 0.100 rs= -0.711 0.351 0.333 0.476 

9 rs= -0.051 0.301 0.064 0.305 rs= 0.051 0.354 0.038 0.374 

1b rs= -0.631 0.100 0.145 0.000 rs= 0.289 0.189 0.179 0.236 

2b rs= -0.631 0.100 0.138 0.000 rs= 0.103 0.300 0.174 0.332 

3b rs= -0.803 0.113 0.168 0.000 rs= -0.631 0.169 0.253 0.000 

9b - 0.000 0.000 0.000 rs= 0.821 0.200 0.077 0.225 
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Clear visibility and directional gyro failure 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 r= -0.293 0.200 0.208 0.200 r= -0.601 0.335 0.078 0.334 

2 r= 0.496 0.266 0.171 0.334 r= 0.373 0.354 0.156 0.321 

3 r= 0.424 0.463 0.341 0.559 r= -0.019 0.403 0.149 0.319 

4 r= -0.312 0.187 0.225 0.183 r= -0.303 0.220 0.050 0.226 

5 
r= -0.104 0.226 0.316 0.000 r= -0.434 0.364 0.175 0.367 

6 r= 0.225 0.350 0.264 0.400 r= -0.016 0.425 0.210 0.462 

7 r= 0.510 0.316 0.069 0.353 r= 0.914 0.333 0.059 0.305 

8 - 0.000 0.000 0.000 r= 0.544 0.206 0.311 0.000 

9 r= 0.568 0.394 0.324 0.419 r= 0.111 0.365 0.131 0.353 

1b r= 0.741 0.038 0.086 0.000 r= 0.326 0.103 0.142 0.000 

2b - 0.000 0.000 0.000 r= -0.070 0.211 0.314 0.000 

3b - 0.000 0.000 0.000 - 0.000 0.000 0.000 

9b r= 0.904 0.278 0.221 0.257 r= 0.677 0.517 0.446 0.406 

           Poor visibility and no failure 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

1 r= 0.502 0.227 0.216 0.305 r= 0.116 0.240 0.171 0.222 

2 r= 0.110 0.325 0.170 0.317 rs= -0.200 0.366 0.269 0.268 

3 r= -0.349 0.132 0.182 0.000 r= -0.576 0.224 0.136 0.250 

4 r= 0.409 0.038 0.084 0.000 r= -0.197 0.128 0.121 0.184 

5 r= 0.124 0.112 0.163 0.000 r= 0.375 0.219 0.175 0.200 

6 r= 0.546 0.201 0.219 0.184 r= 0.182 0.232 0.194 0.189 

7 r= 0.363 0.336 0.094 0.358 r= 0.231 0.316 0.122 0.281 

8 r= 0.142 0.128 0.184 0.000 r= 0.189 0.113 0.157 0.000 

9 r= 0.225 0.277 0.221 0.266 r= 0.213 0.242 0.174 0.231 

1b r= -0.914 0.064 0.144 0.000 r= -0.263 0.136 0.208 0.000 

2b r= -0.262 0.151 0.231 0.000 r= -0.190 0.201 0.323 0.000 

3b r= -0.598 0.129 0.189 0.000 r= -0.914 0.050 0.112 0.000 

9b r= 0.614 0.177 0.275 0.000 r= 0.412 0.187 0.258 0.117 
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Poor visibility and altimeter failure 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

 

rs= -0.154 0.346 0.198 0.417 r= -0.236 0.320 0.213 0.313 

 

r= -0.466 0.268 0.172 0.316 r= -0.675 0.286 0.096 0.304 

 

r= -0.095 0.402 0.064 0.396 r= -0.569 0.308 0.083 0.305 

 

r= 0.473 0.204 0.123 0.250 r= 0.436 0.188 0.152 0.150 

 

r= -0.442 0.237 0.172 0.193 rs= -0.205 0.242 0.138 0.278 

 

r= -0.235 0.306 0.178 0.389 r= -0.369 0.298 0.115 0.246 

 

r= -0.627 0.315 0.038 0.323 rs= -0.462 0.298 0.043 0.281 

 

r= -0.396 0.050 0.112 0.000 r= -0.153 0.067 0.094 0.000 

 

r= 0.197 0.335 0.037 0.320 r= 0.416 0.309 0.030 0.325 

 

r= -0.615 0.138 0.199 0.000 r= -0.893 0.317 0.094 0.327 

 

r= -0.543 0.174 0.285 0.000 r= 0.012 0.472 0.356 0.456 

 

- 0.000 0.000 0.000 r= -0.163 0.090 0.201 0.000 

  r= -0.323 0.273 0.235 0.217 r= -0.329 0.189 0.114 0.230 

      

 

 

 

 

    Poor visibility and directional gyro failure 

Before  After  

AOI Correlation M SD Mdn Correlation M SD Mdn 

 

r= -0.676 0.213 0.208 0.252 r= -0.088 0.311 0.121 0.347 

 

r= -0.688 0.378 0.103 0.423 r= -0.574 0.330 0.119 0.328 

 

r= 0.013 0.266 0.187 0.280 r= -0.672 0.291 0.157 0.271 

 

r= -0.068 0.033 0.075 0.000 r= -0.490 0.117 0.160 0.000 

 

r= -0.297 0.154 0.091 0.184 r= 0.452 0.289 0.209 0.302 

 

r= -0.186 0.150 0.224 0.000 r= -0.023 0.196 0.210 0.217 

 

r= -0.747 0.338 0.066 0.339 r= -0.203 0.268 0.041 0.269 

 

r= 0.102 0.062 0.138 0.000 rs= -0.599 0.273 0.314 0.184 

 

r= -0.346 0.352 0.145 0.357 r= -0.521 0.274 0.093 0.291 

 

r= 0.893 0.096 0.215 0.000 r= 0.676 0.088 0.129 0.000 

 

r= 0.763 0.088 0.147 0.000 r= 0.893 0.052 0.116 0.000 

 

r= 0.893 0.082 0.182 0.000 r= 0.893 0.085 0.189 0.000 

  r= -0.274 0.166 0.279 0.000 r= -0.484 0.188 0.193 0.167 

 

Note. rs and r reported is the correlation between hours of experience and AFD 

before and after conditions. Significant levels are Upper and Lower Tailed-Tests and 

based on n = 5, p < .05 (*).  
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APPENDIX D - Operational definitions of primary instruments 

(1) Airspeed Indicator : The airspeed indicator is a differential pressure gauge. It 

measures the difference between the air pressure in the pitot tube and the static, relatively 

undisturbed air surrounding the airplane. 

 (2) Altimeter:  The altimeter is a sensitive barometer that measures air pressure. It is 

calibrated to display that air pressure as height, usually in feet above mean sea level.  

(3) Attitude Indicator:  Sometimes called the "artificial horizon," the attitude indicator is 

the only instrument that simultaneously displays both pitch and bank information. (4) 

Directional gyro:  It provides an accurate, stable indication of the aircraft's magnetic 

heading. 

 (5) Turn Coordinator: The turn coordinator is really two instruments. The gyro portion 

shows the aircraft's rate of turn—how fast it is changing direction. A ball in a tube called 

the "inclinometer" or "slip/skid indicator" shows the quality of the turn—whether the turn 

is "coordinated."  

(6) Vertical Speed Indicator (VSI) : The vertical speed indicator shows how fast an 

aircraft is climbing or descending. 

 


