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In order to simulate the effect of fatigue that pilots may experience during long 

work days, all pilots were scheduled to participate in the experiment in the late evening 

hours and they were instructed to avoid drinking caffeinated drinks such as coffee during 

the day so that their system will be clear of any stimulant that may interfere with the 

integrity of the experiment. In effect, the simulation represented a full mission night 

flight from taxi and takeoff to parking at the destination gate.  

After arriving at the OPL, subjects watched an orientation video and signed 

consent forms. The video contained a description of the experiment as well as 

instructions on how to program the Flight Management System (FMS) and use the 

autopilot to change the altitude and speed of the aircraft. The video was used to 

familiarize the subjects with the set up of the experiment, the experimental tools that 

were going to be used during the experiment, as well as the responsibilities that the 

experimenters had during the simulation. In addition, the pilots were asked to fill out a 

brief survey about their flying experience (number of years, type of aircraft flown, etc.). 

After the orientation, the pilots were given a tour of the simulator and final questions 

were answered. The pilots were also provided with airport diagrams for Seattle Tacoma 

and O’Hare International Airports. The experiment was conducted without any pauses in 

order to resemble an actual flight. 

The lead experimenter ensured the proper functioning of all computers and 

sensors during the simulation and was in charge of tagging the data and noting down the 

time and nature of any events of interest that could influence the data analysis. The 

assistant experimenter controlled Air Traffic Control communications.  
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At the end of the simulation, the pilots were asked to take a survey to rate their 

workload, situation awareness and fatigue during different phases of flight. The 

experimental design team made a conscious decision not to administer any questionnaires 

during the flight as this may have stimulated the respondent thereby affecting the level of 

engagement, which was the observational variable of interest. The data gathered from 

these surveys were analyzed in conjunction with the data collected on response times to 

ATC calls. A copy of the survey is available in Appendix A. 

Experimental Hypotheses 

 
In this section, the expected hypotheses are discussed. As mentioned earlier, the 

purpose of this experiment is to determine how fatigue affects and task engagement in 

terms of reaction times, workload and situation awareness. In order to observe these 

differences, several hypotheses were tested as shown in Table 3.  

Table 3. Experimental Hypotheses 

Difference Between: 

Response 
Times to 
ATC Calls 

Workload  Situation 
Awareness Fatigue 

  Null Alt. Null Alt. Null Alt. Null Alt. 
Level Flight - Takeoff/Ascent 0 ≠0 0 ≠0 0 ≠0 0 ≠0 
Descent/Landing - Takeoff/Ascent 0 ≠0 0 ≠0 0 ≠0 0 ≠0 
Descent/Landing - Level Flight 0 ≠0 0 ≠0 0 ≠0 0 ≠0 

 
 

The data collected from taxi, takeoff and ascent to 37000 feet (when level flight 

begins) is treated as one homogeneous block of workload with a relatively wakeful pilot. 
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This also allows the collection of a sufficient number of ATC call responses. The four 

following stages were labeled as level flight in Seattle Center, Salt Lake Center, 

Minneapolis Center, and Chicago Center. During these stages, there was no change in the 

altitude of the aircraft. Also, the frequency of calls from ATC is less dense when 

compared to airspace surrounding large metropolitan airports. Typically, the calls from 

ATC are restricted to changing radio frequencies; a very simple task that involves read 

back of ATC instructions, adjusting the radio dials to the assigned frequency and letting 

the new Air Traffic Controller know that the aircraft is in the airspace of the center. The 

other stages of data collection include descent to 9000 feet, and final descent to the 

runway for landing. During these final stages of flight, it is expected that the pilot would 

become re-engaged and workload would be higher than in level flight as preparations for 

landing take place. The statistical analysis following the data collection looked at the 

differences in these stages using reaction times as well as reported workload, situation 

awareness and fatigue levels. 

Participants 

 
The pilots who volunteered for this study spanned a wide range of ages and 

experience levels. The youngest participant was 21 and the oldest participant was 64. The 

median age of participants was 40 and the average age was 42.1. The standard deviation 

of age among subjects was 14.7. Because the pool of subjects in the vicinity of the 

University of Iowa, where the experiments were conducted, was not as large as would be 

desired and many were not airline pilots, the requirements were not extreme. At 

minimum, the pilots were required to have a commercial pilot’s license with instrument 
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rating, which means that the pilots could land the aircraft under conditions with limited 

visibility using the indicators on board the aircraft. Such circumstances would include 

foggy conditions.  

Out of the 15 pilots who participated, all had experience flying single engine 

aircraft, four had experience flying multi engine aircraft, four had experience flying jet 

engine aircraft, and three had experience flying turboprop aircraft. Eleven of them carried 

commercial licenses, while four had private licenses. Thirteen had flown in a simulator 

before while it was the first time for two pilots. Figure 5 displays the years of experience 

each participant had with different kinds of aircraft.  

 

 

Figure 5. Flying Experience of Participants 

0

5

10

15

20

25

30

35

40

45

50

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

N
um

be
r o

f Y
ea

rs
 o

f E
xp

er
ie

nc
e

Subject

Single Engine Aircraft, Avg= 15.9, 
Stdev=11.6, Median=10.5

Multi Engine Aircraft, Avg=5, Stdev=7.5, 
Median=2.5

Jet Engine Aircraft, Avg=2.5, Stdev=4.3, 
Median=0



31 
 

Experimental Tools 

 
In this section, the experimental tools that were used in the simulation are 

described in detail. These include the Boeing 737 simulator, the audio recording devices 

and the data collection applications.  

Boeing 737 Simulator 

 
The Boeing 737-800 simulator at the OPL is a fixed-base flight simulator with 

glass cockpit displays, five outside visual projectors, functioning mode control panel 

(MCP) with autopilot and auto-throttle, and standard Boeing 737 controls. A total of 11 

computers in a complex network structure, and a host of software applications make up 

the Boeing 737 simulator. Among the computers used, one is dedicated to operate the 

Primary Flight Display (PFD), which shows the aircraft’s attitude, speed and altitude. 

Another computer is used to operate the Navigation Display (ND), which displays the 

flight plan and the relative position of the aircraft on its flight path along with waypoints 

and airports. Another computer is used to run the Flight Management Computer and 

display the Control Display Unit (CDU), which is used to program the flight plan. 

Another computer is used to run the simulation software—Microsoft Flight Simulator 

2004—and display the Engine Instruments Cluster (EICAS), the overhead panel and the 

Master/Caution Panel on three separate displays. Five computers are used to run the 

software that projects the simulation onto a dome. Finally, a computer is used to take the 

inputs from controls operated by the pilot, such as the yoke, flaps, rudders, and throttles, 

and outputs data that changes the state of the aircraft on all the relevant computers. The 

overhead panel of the simulator has been equipped with a touch screen that allows the 
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pilot to interact with all of the features present in a Boeing 737 overhead panel. The touch 

screen allows the flexibility of displaying the overhead panel of any airplane. Figure 6 

shows a picture of the simulator at the OPL. Figure 7 shows the simulator with the 

complete setup of the experimenters’ stations and a participant during a study.  

 

 

 

Figure 6. Boeing 737-800 Simulator at the OPL 
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Microsoft Flight Simulator 2004 

 
The flight simulation software that was used for the experiment is Microsoft 

Flight Simulator 2004. The software comes with 24 aircraft, which includes a Boeing 

737-700. The software allows the player to select from pre-programmed weather options 

including normal and severe weather conditions and allows the experimenter to set up 

timed or random failures on the engines as well as other equipment on the aircraft. A 

typical simulation has Air Traffic Control (ATC) calls as well. The ATC calls for the 

experiment were pre-recorded using the simulation software and edited using Adobe 

Soundbooth. The audio files were played by the experimenter at pre-determined times. 

 

Figure 7. Boeing 737 Simulator with the Stations of the Experimenters 
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Subjective Survey Data Collection 

 
The subjective rating scales that have been described so far can be disruptive 

depending on how they are utilized during the experiment. If the experimenter fills a 

survey during the experiment asking the subject to rate workload, situation awareness and 

fatigue, this can be intrusive and undesirable. Such intrusions may alter the sterile 

experimental environment which has been set up to reflect the real circumstances a pilot 

experiences during an actual flight. These interruptions may also affect the target 

measures as the conversations with the experimenters may alter the workload, situation 

awareness, response times and possibly fatigue levels. In order to minimize the effects of 

intrusive questioning, the pilots took post-run surveys to rate workload, situation 

awareness and fatigue at different stages of flight.  

Data Tagging Tools 

 
The lead experimenter was responsible for entering the time markers at desired 

points during the data collection and segmenting the data based on the stage of flight. 

These tasks were achieved using two special applications developed at the Operator 

Performance Laboratory, named the Phase Tagger and Cart GUI.  

Phase Tagger was specifically used to tag the end of ATC calls and the beginning 

of pilot’s responses to ATC calls. The difference between these times was used to 

calculate the reaction times. It was also used to tag the times when the pilot closed his/her 

eyes due to fatigue. Figure 8 shows a screen shot of the Phase Tagger.  

The Cart Recorder GUI is another tool that is used to segment the data. It contains 

a list of the phases of flight that have been described earlier. For every segment that is 
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selected, it creates a new folder with text files that contain the raw data that can be used 

later for analysis. Figure 9 shows a screen shot of the Cart Recorder GUI. Figure 10 

shows the lead experimenter’s computer where Cart Recorder GUI and Phase Tagger are 

used. Table 4 lists the tags, their purpose and the tool that was used for the tagging task. 

 

Table 4. List of Tags Used During the Data Collection 

Tag Name Purpose of Tag 
Tag 

Application 
Not Talking Identifies the times when pilot is not talking to ATC Phase Tagger 

RT to ATC Call Identifies the end of a call initiated by the pilot to ATC Phase Tagger 

Pilot Responds to ATC Identifies the time when pilot starts to respond to ATC call Phase Tagger 

Eyes Closed Identifies the times when the pilot’s eyes are closed Phase Tagger 

Taxi and Takeoff Identifies the duration of taxi and takeoff Cart GUI 

Climb to 19000 Identifies the time between takeoff and reaching 19000 feet Cart GUI 

Climb to 29000 Identifies the time between 19000 feet and 29000 feet Cart GUI 

Climb to 37000 Identifies the time between 29000 feet and 37000 feet Cart GUI 

Level Flight/Seattle Center Identifies the phase when aircraft is at level flight at Seattle Center Cart GUI 

Level Flight/Salt Lake Center Identifies the phase when aircraft is at level flight at Salt Lake Center Cart GUI 

Level Flight/Minn. Center Identifies the phase when aircraft is at level flight at Minneapolis Center Cart GUI 

Level Flight/Chicago Center Identifies the phase when aircraft is at level flight at Chicago Center Cart GUI 

Start Descent to 9000 Identifies the beginning of the descent to 9000 Cart GUI 

Final Descent to Land Identifies the phase when ATC clears the aircraft to land Cart GUI 

Touchdown and Taxi to Gate Identifies the phase between touchdown and exit from runway Cart GUI 
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Figure 8. Phase Tagger 
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Figure 9. Cart Recorder GUI 

 

 

 



38 
 

 

Detailed Flight Scenario 

 
In this section, a typical flight scenario that the subjects went through is outlined. 

After the pilot was briefed about the experiment, wired up with the sensors and ready to 

start the simulation, the experiment commenced. A knee pad with airport drawings for 

Seattle Tacoma International and Chicago O’Hare International airports, the departure 

diagrams from Seattle, all the approach plates into Chicago and a 737 checklist were 

provided to the pilot.  

Figure 10. Lead Experimenter's Station with the Data Tagging Tools 
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Pilots were asked to arrive at 5:30pm. When the orientation and preparations were 

finished, it was around 7:00pm. Therefore, the simulation was set up such that the flight 

began at 7:20pm on August 1st. This was done so that the time the pilot experiences 

during the simulation was relatively close to the actual time of day. Also, this time of day 

provided enough sunlight on the runway to see the taxiway markings. Weather settings 

were set to clear. The flight management system, which would direct the autopilot when 

it was turned on, was already programmed to fly the route from Seattle to Chicago. 

Each simulation started at the Seattle Tacoma International Airport. The 

experimenters made sure that the pilot’s had their headsets on and the audio files were 

audible. The pilot was then instructed to make the initial call to Seattle Clearance, letting 

them know that they are ready to fly to Chicago O’Hare International Airport. The pilots 

were also briefed on how and when to turn on the autopilot so that the aircraft would 

follow the programmed flight path.  

After the pilot’s call, the experimenters started playing the ATC calls in sequence. 

At this point the experimenter started to play the ATC audio files from one of the laptops 

designated for this task. The experimenter had an Excel sheet that had instructions on 

when to play the audio files. The distance from waypoints and the time since takeoff were 

used to help the experimenter determine play times. A sample from this instruction sheet 

is shown in Table 5. 

During each of the simulations, the first call came from Seattle Clearance which 

gave initial altitude instructions and transferred the pilot to Seattle Ground. The pilot 

acknowledged the request and contacted Seattle Ground for instructions.  
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Table 5. Air Traffic Control Instructions 

Frequency Station Call Distance Time 
128 Seattle Clearance IFR Clearance to Chicago When ready   
128 Seattle Clearance Readback correct, handoff to Ground After read-back 

 121.7 Seattle Ground Taxi to and hold short 16L After request 
 119.9 Seattle Tower Position and Hold After request 
 119.9 Seattle Tower Cleared for takeoff Once in position 
 119.9 Seattle Tower Handoff to Departure on 120.1 Once airborne 1:00 

120.1 Seattle Departure Roger, own nav, climb to 9K After check-in 1:30 
120.1 Seattle Departure Climb to 19K Close to 9K 

 120.1 Seattle Departure Contact Center, 134.950 Passing through 10K 
 134.95 Seattle Center Roger   
 134.95 Seattle Center Contact Center, 120.300 47 to BLUIT 8:00 

120.3 Seattle Center Roger   
 120.3 Seattle Center Climb to 29K When leveling at 19K 
 120.3 Seattle Center Contact Center, 132.6 20 to BLUIT 10:00 

132.6 Seattle Center Roger   
 132.6 Seattle Center Climb to 37K When leveling at 29K 
 132.6 Seattle Center Contact Center, 126.100 36 to MWH 13:00 

126.1 Seattle Center Roger   
 126.1 Seattle Center Contact Center, 119.225 23 to ODESS 22:00 

119.225 Seattle Center Roger   
 119.225 Seattle Center Contact Center, 123.950 231 to HLN 27:00:00 

123.95 Seattle Center Roger   
 123.95 Seattle Center Contact Salt Lake Center, 133.400 130 to HLN 39:00:00 

133.4 Salt Lake Center Roger   
 133.4 Salt Lake Center Contact Salt Lake Center, 132.400 61 to HLN 46:00:00 

132.4 Salt Lake Center Roger   
 132.4 Salt Lake Center Contact Salt Lake Center, 133.400 30 to HLN 52:00:00 

133.4 Salt Lake Center Roger   
 133.4 Salt Lake Center Contact Salt Lake Center, 132.400 121 to BIL 60:00:00 

 

The pilot tuned the radio to Seattle Tower frequency and taxied the plane to the 

designated runway. When ready, the pilot asked for take-off clearance and waited for 

take-off clearance. When cleared for take-off, the pilot followed the instructions on the 

checklist for take-off.  

After takeoff, Seattle Tower transferred the pilot to Seattle Approach. Seattle 

Approach gave the pilot heading and altitude instructions and then transferred the pilot to 

Seattle Departure. Seattle Departure transferred the pilot to Seattle Center and gave new 

altitude instructions. At 37000 feet, the pilot began level flight. It is hypothesized that 
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shortly after this phase has begun, the pilots began to transition from a high level of 

engagement to a low level of engagement.  

Within Seattle Center, there were multiple times when the pilot was requested to 

switch radio frequencies. As the aircraft exited the area Seattle Center is responsible for, 

the pilot was transferred to Salt Lake Center. Again, multiple frequency changes took 

place in Salt Lake Center until the pilot entered the airspace of Minneapolis Center. 

Similar requests were made by ATC while in Minneapolis Center. After exiting 

Minneapolis Center, the aircraft entered Chicago Center. The aircraft was directed to 

O’Hare runway 22R via Janesville 5 approach.   

Much of the cruise in Salt Lake and Minnesota Centers was mundane with not 

very many ATC calls. Also, the autopilot was engaged so the pilot was only required to 

make minor interventions to the aircraft state when necessary. This would mean that 

workload would be very low, which would translate into low level of pilot engagement.  
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CHAPTER 4 

DATA ANALYSIS 

 
Data was collected from 15 subjects over the course of six months. The data that 

was collected includes response times to Air Traffic Control calls and responses to a post-

experiment survey. More specifically, the survey was used to collect the pilot’s subjective 

ratings on workload, situation awareness and fatigue experienced during each phase of 

flight. The goal is to use the data that was collected during and after the experiments to 

determine if there are statistically significant differences between the takeoff/ascent 

phase, the level flight phase and the descent/landing phase.  

Radio Call Response Time Analysis 

 
The radio call response time data that was collected during the experiments was 

broken down into multiple phases. These included taxi and takeoff, ascent to 19000 feet, 

ascent to 29000 feet, ascent to 37000 feet, level flight at Seattle Center, level flight at Salt 

Lake Center, level flight at Minneapolis Center, level flight at Chicago Center, descent to 

9000, final descent to land and landing/taxi-to-gate. The data was initially broken down 

into more than three phases because this allowed for more control during the 

experiments. After the data collection, the phases were consolidated into three main 

phases. The first phase, which is takeoff/ascent included all the phases from taxi and 

takeoff upto level flight at Seattle Center. 
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The level flight phase included Seattle, Salt Lake and Minneapolis Centers. 

Chicago Center was included in descent because the first ATC call that was played 

during this center instructed the pilot to begin descending.  

The radio call response times that were collected from all experiments were 

graphed using cumulative charts. These charts were chosen instead of other options 

because they display the distribution of the data well in addition to giving a good visual 

analysis on how the phases and the subjects differed. Figure 11 displays the cumulative 

chart for response times per subject. It can be clearly observed that the data is skewed.  
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Subject 4, Avg=4.69, Stdev=4.18, Min=0.9, Max=29.96, N=49

Subject 5, Avg=2.31, Stdev=2.55, Min=0.02, Max=14.2, N=55

Subject 6, Avg=3.36, Stdev=7.36, Min=0.92, Max=52.36, N=47

Subject 7, Avg=1.37, Stdev=1.0, Min=0.7, Max=8.2, Count=59

Subject 8, Avg=1.55, Stdev=0.61, Min=1, Max=3.9, N=45

Subject 9, Avg=4.68, Stdev=5.79, Min=1.04, Max=39.14, N=50

Subject 10. Avg=1.99, Stdev=0.97, Min=0.84, Max=5.28, N=45

Subject 11, Avg=1.73, Stdev=1.07, Min=0.72, Max=4.92, N=49

Subject 12, Avg=2.47, Stdev=2.82, Min=0.68, Max=19.44, N=47

Subject 13, Avg=2.26, Stdev=2.20, Min=0.66, Max=15.06, N=50

Subject 14, Avg=3.13, Stdev=1.60, Min=0.82, Max=7.3, N=47

Subject 15, Avg=2.39, Stdev=1.02, Min=0.7, Max=5.02, N=46

Figure 11. Cumulative Chart for Radio Response Times per Subject 
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This means that building any models or carrying out statistical tests to compare 

the different phases will be difficult using the original data because most statistical tests 

assume that the data are normally distributed (Fox, 2008, p. 54). A data transformation 

may be needed in order to conduct further tests using the radio call response times. The 

cumulative chart for response times per phase is presented in Figure 12. 
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the reasons for their occurrence. It can be observed that the longest time occurred in the 

first experiment during level flight. The pilot must have been disengaged and did not 

notice the calls from Air Traffic Control to change frequency. The experimenters 

repeated the call twice with no response. The pilot eventually replied after the third try. 

The entire time span from the time the first call ended till the pilot replied on the third 

call was recorded as the reaction time to this particular call. The second longest response 

time was in the second experiment. The pilot responded to a call in Minneapolis Center 

(level flight) on the third try. Other outliers are in the range of 20 to 50 seconds. Some 

calls do not have reasons identified for their length. However, because they were under 

the outlier category, they were listed in the table along with the others.  

 

Table 6. Table of Outliers 

Subject Phase Reaction 
Time ATC Center Reason for Length 

1 Level Flight 110.22 Salt Lake Center Responded to ATC call on third try.  

1 Descent/Landing 26.92 Chicago Center Pilot was occupied reprogramming 
the CDU for runway change. 

2 Takeoff/Climb 37 Seattle Departure No reason identified. 

2 Takeoff/Climb 27.98 Seattle Departure No reason identified. 

2 Level Flight 82.22 Minneapolis Center Responded to ATC call on third try.  

2 Level Flight 23.5 Minneapolis Center Responded on 2nd call. 

2 Level Flight 22.7 Minneapolis Center Responded on 2nd call. 

2 Level Flight 27.1 Chicago Center Responded on 2nd call. 

2 Descent/Landing 42.04 Chicago Tower Answered call late due to hand flying 
place during second attempt to land. 

2 Descent/Landing 33.58 Chicago Tower Answered call late due to hand flying 
place during second attempt to land. 

4 Level Flight 29.96 Salt Lake Center No reason identified. 

6 Level Flight 52.36 Chicago Center No reason identified. 

9 Level Flight 39.14 Chicago Center No reason identified. 
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Since the normality assumption is an important requirement for many statistical 

tests, a transformation was conducted on the dataset to normalize the distribution of radio 

call response times. A log transformation was applied on the data. This was done because 

a log transformation is the preferred choice when the data is right skewed (Dehlert, 2000, 

p. 124). Figure 13 shows the distribution of the log of reaction times per subject.  

 

 

It can be observed that the individual distributions for each subject are now normal. The 

transformed data was also graphed for each phase. This is shown in Figure 14. 
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Subject 5, Avg LogRT=0.22, Stdev=0.37, 
Min= -1.70, N=55
Subject 6, Avg LogRT=0.4, Stdev=0.3, 
Min= -0.04, Max=1.72, N=47
Subject 7, Avg LogRT=0.09, Stdev=0.16, 
Min=0.09, Max=0.16, N=59
Subject 8, Avg LogRT=0.17, Stdev=0.14, 
Min=0, Max=0.59, N=45
Subject 9, Avg LogRT=0.54, Stdev=0.28, 
Min=0.02, Max=1.60, N=50
Subject 10, Avg LogRT=0.26, Stdev=0.19, 
Min= -0.08, Max=0.72, N=45
Subject 11, Avg LogRT=0.17, Stdev=0.24, 
Min= -0.14, Max=0.69, N=49
Subject 12, Avg LogRT=0.29, Stdev=0.25, 
Min= -0.17, Max=1.29, N=47
Subject 13, Avg LogRT=0.26, Stdev=0.26, 
Min= -0.18, Max=1.18, N=50
Subject 14, Avg LogRT=0.44, Stdev=0.23, 
Min= -0.09, Max=0.86, N=47
Subject 15, Avg LogRT=0.34, Stdev=0.19, 
Min= -0.15, Max=0.70, N=46

Figure 13. Cumulative Chart for the Log of Radio Call Response Times per Subject 
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The cumulative chart shows that there may be a difference between subjects but 

the plot of the transformed data in Figure 14 does not show that there is an extreme 

difference between the phases. This was checked using Minitab. The transformed dataset 

was entered into Minitab and a general linear model was built using response time as the 

dependent variable and phase as an independent variable. A repeated measures analysis 

of variance was conducted on the data. Table 7 displays the repeated measures Anova 

table from the Minitab analysis.  
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It can be observed that, at the 90% confidence level, both phase and subject were 

significant contributors to the model built with response times as the dependent variable. 

Subject is also very significant at the 95% confidence level. Minitab was also used to 

conduct a pairwise analysis between the three phases to establish whether there was a 

difference between them and which ones were statistically significant.  

Table 8 shows the results of this analysis. It can be observed that there is a 

statistically significant difference between takeoff/ascent and level flight where level 

flight has longer reaction times than those observed in the takeoff/ascent phase. As was 

expected, there is not a statistically significant difference between takeoff/ascent and 

descent/landing phases. During these phases of flight, pilots are more attentive as they are 

engaged in important preparatory tasks. There is not a significant difference between 

descent/landing and level flight at the 95% confidence level, but this difference is 

significant at the 90% confidence level. This indicates that if data was collected with 

more participants, the significance of the difference would be strengthened.  

 

Table 7. Repeated Measures Anova Table for Log of Radio Call Response Times 

Source DF Seq SS Adj SS Adj MS F  P 
Subject 14 26.14 23.22 1.66 10.64 0.000 
Phase 2 0.86 0.8 0.4 2.54 0.096 
Subject*Phase 28 4.42 4.42 0.16 2.39 0.000 
Error 692 45.67 45.67 0.07 

  Total 736 77.08         
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Table 8. Pairwise Comparisons of Response Times between Phases 

Phase Comparison 
Difference of 

Means 
SE of 

Difference T-Value 
Adjusted 
P-Value 

Level Flight - Takeoff/Ascent 0.08 0.02 3.35 0.0023 
Descent/Landing - Takeoff/Ascent 0.02 0.03 0.84 0.6812 
 Descent/Landing - Level Flight -0.06 0.02 -2.31 0.0551 

 

 

In addition to the analysis of response times presented thus far, a within subject 

analysis was conducted using t-tests on the transformed data. These tests present a more 

detailed look into which subjects contributed the most to the differences that were 

outlined in this section. The results of these t-tests can be found in Appendix B. 

Survey Response Analysis 

 
The survey was administered after the flight simulations were completed. Each 

question in the survey asked the subject to rate his workload, situation awareness and 

fatigue levels for each phase of flight. The survey, like the reaction times, spanned all 11 

phases, which were described in the section above. The data that was collected was later 

consolidated into three phases, as was done with reaction times. It should be noted here 

that not all subjects finished the final phase of the simulation which was landing and taxi 

to gate. This was a short phase which only contained three ATC calls and one question in 

the survey, therefore the loss of this phase did not cause any issue with the analysis, 

especially when all the phases were consolidated into three phases. The complete survey 

is shown in Appendix A. Cumulative charts were generated using the data from the 

surveys, similar to the ones that were created for response times. 
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Figure 15 shows the cumulative chart for workload per phase. It can be observed 

here that there are differences between the three phases, especially between level flight 

and descent/landing phases. The graphical analysis of workload shows that 

descent/landing has the highest workload, which is followed by workload during 

takeoff/ascent and then level flight. 

This makes intuitive sense as the pilots are more occupied with critical tasks 

ensuring that they land the airplane safely on the ground during the descent/landing 

phase, whereas during level flight, the tasks are more straightforward. 
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Figure 15. Cumulative Chart for Bedford Workload Scores 
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It can also be observed that the workload during takeoff/ascent is higher than that 

observed during level flight due to similar reasons. Whether these differences are 

statistically significant will be established using a similar approach where pairwise 

comparisons will be generated using Minitab after the graphical analysis of situation 

awareness and fatigue. This is an expected outcome, as pilots will feel more tired as the 

flight progresses. The change in fatigue, however, is not progressive. Fatigue experienced 

during descent/landing does not seem to be greater than what is experienced in earlier 

stages of flight. Figure 17 shows the cumulative chart for fatigue. 
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 In this chart, it is observed that fatigue experienced during level flight is greater 

than what is felt during fatigue during takeoff/ascent. 

As was done with the response times, a general linear model was built for each of 

the constructs that were scored with the surveys. Minitab was used to build the models. 

Subject and phase were the independent variables, where subject was identified as a 

random variable. Table 9 shows the repeated measures Anova table for the analysis done 

with workload. The p-values for phase and subject suggest that both are significant 
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Figure 17. Cumulative Chart for Fatigue Scores per Phase 
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contributors to predicting workload. Table 10 shows the results of the pairwise 

comparisons between the phases of flight.  

 

Table 9. Repeated Measures Anova Table for Workload 

Source DF Seq SS Adj SS Adj MS F  P 
Subject 14 152.99 121.42 8.67 3.25 0.004 
Phase 2 97.78 96.10 48.05 17.89 0.000 
Subject*Phase 28 75.30 75.30 2.69 2.66 0.000 
Error 111 112.17 112.17 1.01 

  Total 155 438.24         

 

Table 10. Pairwise Comparisons of Workload between Phases 

Phase Comparison 
Difference of 

Means 
SE of 

Difference T-Value 
Adjusted 
P-Value 

Level Flight - Takeoff/Ascent -1.04 0.25 -4.25 0.0001 
Descent/Landing - Takeoff/Ascent 0.86 0.23 3.80 0.0006 
Descent/Landing - Level Flight 1.91 0.23 8.42 0.0000 

 

 
The adjusted p-values presented in Table 10 suggest that there is a significant 

difference in all of the comparisons. The difference of means suggest which of the phases 

have greater workload than others. The first comparison proves that there is a statistically 

significant difference between takeoff/ascent and level flight where workload 

experienced during takeoff/ascent is greater than what is experienced during level flight. 

The second comparison shows that pilots experienced greater workload during 

descent/landing compared to takeoff/ascent. Similarly, pilots dealt with greater workload 
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during descent/landing than level flight. These results provide statistical proof that the 

tasks that pilots are engaged in during takeoff/ascent and descent/landing are heavier in 

terms of workload than the tasks that are experienced during level flight. We will now 

look at the results obtained from the statistical analysis of situation awareness and fatigue 

scores.  

Table 11 shows the repeated measures Anova table for the model built with 

situation awareness scores as the dependent variable and phase and subject as the 

independent variables. The p-values show, as in the case of workload, that the variables 

phase and subject are significant contributors to the model with situation awareness.  

 

Table 11. Repeated Measures Anova Table for SA Scores 

Source DF Seq SS Adj SS Adj MS F  P 
Subject 14 6619.51 6215.66 443.98 8.85 0.000 
Phase 2 466.27 467.55 233.77 4.61 0.019 
Subject*Phase 28 1421.32 1421.32 50.76 5.9 0.000 
Error 111 955.33 955.33 8.61 

  Total 155 9462.44         
 

 

Table 12 shows the results of the pairwise comparisons between the phases with 

regard to the situation awareness scores. The comparisons show that pilots had greater 

situation awareness during the takeoff/ascent relative to the descent/landing phase. It is 

also observed from the results that pilots had better situation awareness during level flight 

compared to descent/landing. This is an odd finding because pilot’s response times to 

ATC calls during level flight were found to be longer than those found in the 
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takeoff/ascent phase. This may mean that despite the longer reaction times, pilots were 

still engaged even though they were not subjected to more challenging tasks like the ones 

experienced during takeoff/ascent or descent/landing phases. Finally, the comparison 

between level flight and takeoff/ascent in terms of situation awareness is not statistically 

significant, which was also observed in the graphical analysis.  

 

Table 12. Pairwise Comparisons of SA between Phases 

Phase Comparison 
Difference of 

Means 
SE of 

Difference T-Value 
Adjusted 
P-Value 

Level Flight - Takeoff/Ascent -0.47 0.87 -0.54 0.8540 
Descent/Landing - Takeoff/Ascent -3.72 0.80 -4.65 0.0000 
Descent/Landing - Level Flight -3.25 0.80 -4.07 0.0002 

 

 
The final construct for which data was collected with the surveys is fatigue. Table 

13 shows the repeated measures Anova table for the model built for fatigue as the 

dependent variable, where phase and subject were the independent variables. Table 14 

shows the results of the pairwise comparison tests. The pairwise comparisons reveal that 

the difference in fatigue between level flight and takeoff/ascent is statistically significant. 

Also, it can be observed from the difference of means that level flight has a higher fatigue 

score compared to takeoff/ascent. This confirms the observation that was drawn from the 

graphical analysis earlier. It is also observed that there is a statistically significant 

difference between descent/landing and level flight. Level flight has the higher fatigue 

scores relative to descent/landing. The comparison between takeoff/ascent and 

descent/landing shows that there is no significant difference between these two phases. 
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These results confirm the observations that were made earlier in the graphical analysis 

section, where the change in fatigue was found to be non-progressive, and that fatigue 

does not progressively get worse with the progression of the flight.  

 

Table 13. Repeated Measures Anova Table for Fatigue Scores 

Source DF Seq SS Adj SS Adj MS F  P 
Subject 14 240.44 216.63 15.47 5.81 0.000 
Phase 2 20.91 20.88 10.44 3.88 0.033 
Subject*Phase 28 75.53 75.53 2.70 9.52 0.000 
Error 111 31.45 31.45 0.28 

  Total 155 368.33         

 

Table 14. Pairwise Comparisons for Fatigue between Phases 

Phase Comparison 
Difference of 

Means 
SE of 

Difference T-Value 
Adjusted 
P-Value 

Level Flight - Takeoff/Ascent 0.96 0.18 5.17 0.000 
Descent/Landing - Takeoff/Ascent 0.38 0.17 2.24 0.069 
Descent/Landing - Level Flight -0.58 0.17 -3.39 0.003 
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CHAPTER 5 

CONCLUSION 

 
In this study, a number of important questions were answered using a scientific 

approach. The intent of the study was to determine whether pilots experienced different 

engagement levels during a medium length commercial flight. The measures of choice 

were response times to Air Traffic Control calls and subjective measures such as 

workload, situation awareness and fatigue. The results of the study shed some light into 

what goes on with the workload and engagement levels of commercial pilots.  

The simulations were set up as a night flight and subjects participated in the 

experiments in the evening to simulate the working conditions of commercial pilots 

whose responsibilities require flying more than once a day, including flying at night. At 

the onset of the study, it was expected that the results would show a clear difference 

between what pilots experienced during level flight and what they experienced during 

takeoff/ascent and descent/landing phases. This was based on what is already known 

about the tasks that the pilot is engaged in during each of the phases. Preparation for the 

flight, extensive communications with the airport tower and other tasks keep the pilots 

occupied, alert and focused during taxi, takeoff and ascent phases. During level flight, as 

the number of tasks thin out and the number of Air Traffic Control calls are few and far 

in between, pilots may become less engaged. The response time analysis showed that the 

time it takes the pilots to answer an Air Traffic Control call does indeed become longer 

during level flight than during the takeoff/ascent phase. Also, response times for level 



58 
 

flight seemed to be longer than the response times during the descent/landing phase at the 

90% confidence level.  

The survey analysis also revealed some interesting results. One of the important 

findings was that fatigue, as reported by pilots, does not increase progressively. Pilots 

reported being more fatigued during level flight than the takeoff/ascent phase, but their 

fatigue did not continue to increase into the descent/landing phase. In terms of workload, 

pilots found the takeoff/ascent and descent/landing phases to be more challenging than 

level flight. This is consistent with the relatively large number of tasks that pilots are 

required to accomplish during takeoff and landing. It was also found that the 

descent/landing phase had greater workload than takeoff/ascent. This may be an 

indication that the descent and landing tasks are more involved than those during takeoff 

and ascent. The results of the analysis of situation awareness scores revealed that pilots 

had better situation awareness during takeoff/ascent than they did during descent/landing 

phases. However, this was not a very large difference which should lead to any alarming 

practical conclusions. It was also found that pilots had better situation awareness during 

level flight than they did during descent/landing. In the comparison between level flight 

and takeoff/ascent phases, the results indicate that pilots had better situation awareness 

during takeoff/ascent than they did during level flight. It should be noted, however, that 

this difference is not statistically significant. These results could lead to the argument 

that, in general, situation awareness got progressively lower during the flight. However, a 

close look at the differences of means suggest that these differences are not large enough 

to have any practical significance and do not lead to unsafe flying conditions.  
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The significant differences that were presented in this study, especially with 

regards to response times to Air Traffic Control calls indicate that this measure is suitable 

to determine when pilots may be experiencing low task engagement. Specific algorithms 

that utilize response times to measure pilot engagement can be designed as part of a 

comprehensive safety system that can alert Air Traffic Control when a pilot is identified 

to be in a state of low engagement. Air Traffic Controllers can then communicate with 

pilots to get them re-engaged with their primary tasks and take precautionary steps before 

dangerous situations occur. 

The context of the experimental conditions should be considered when 

interpreting the results. The simulation was designed to reflect the conditions of an actual 

commercial flight as best as possible. However, simulations cannot be exactly the same 

as the actual situation that they are set up to represent. Therefore, it is noteworthy to 

mention some of the issues with the experimental setup in this study. Actual commercial 

flights have at least two pilots in the cockpit who are directly involved in flying the plane.  

Undoubtedly, the presence of a second pilot who assists with the tasks of the flight would 

reduce the workload on both pilots. What one pilot may miss could be noticed by the 

second pilot, so critical circumstances can be avoided. During takeoff, descent and 

landing, pilots are instructed to maintain a sterile cockpit where all conversations that 

take place between the pilot and co-pilot are related to flying the airplane. This means 

that there would not be other side conversations that could affect the pilot’s attention in 

such a way that their response to Air Traffic Control would be different than what was 

observed during this study. However, the effect the co-pilot would have during level 

flight might have lead to a more significant increase in the length of response times, 
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especially if side conversations between the pilots took place. It would be difficult to 

understand how the different personalities of the subjects would influence the data that 

was collected. For instance, if two pilots who were both talkative were in the cockpit, 

there may have been a greater number of radio calls missed or responded to with a delay. 

Conversely, if two pilots who stayed away from unnecessary conversations participated 

in the same experiment, the data collected from them would have posed a challenge in 

having a fair comparison with the other experiments. It should also be noted that, during 

this study, pilots were asked to refrain from drinking any coffee or other drinks that has 

caffeine. This condition was applied because it would be difficult to determine how much 

caffeine one has taken before the experiment and how this might have affected their 

attention during the experiments. This may have had an effect on response times and 

fatigue. But, it could also be argued that under normal conditions, pilots are allowed to 

drink coffee and other beverages that may help them keep awake and be attentive during 

long flights. Therefore, this may have lead to shorter response times during level flight, 

which would have reduced the significance of the results. The only method that would 

lead to more concrete and reliable results for this type of a study would be to study the 

behavior of pilots under actual circumstances, in other words, during actual flights. 

However, the cost of modifying the cockpit, the cost of experimenters traveling to where 

airlines operate and other costs would make such a study extremely expensive. 

Furthermore, obtaining the permission of pilots and airlines alike would be very difficult, 

if not impossible. Therefore, a simulator study such as this one is the best alternative and 

the results can be validated with further studies with improved designs.  
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APPENDIX A: POST EXPERIMENT SURVEY 

 
1. During takeoff and initial ascent to 19000 feet, how would you rate the following 

measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High         

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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2. Between 19000 feet and 29000 feet, how would you rate the following measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                   High                  

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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3. Between 29000 feet and 37000 feet, how would you rate the following measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High           

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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4. During level flight at Seattle Center, how would you rate the following measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High          

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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5. During level flight at Seattle Center, how would you rate the following measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High          

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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6. During level flight at Minneapolis Center, how would you rate the following 
measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High          

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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7. During level flight at Chicago Center, how would you rate the following 
measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High          

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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8. During the flight between Chicago Center and the initial call to begin descent to 
O’Hare, how would you rate the following measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High          

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 

 

 

 

 

 

 



69 
 

9. Between the initial call to begin descent and leveling at 9000 feet, how would you 
rate the following measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree shown above):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High          

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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10. Between leveling at 9000 feet and the call transferring you to Chicago Tower, 
how would you rate the following measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree shown above):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High          

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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11. Between the call transferring you to Chicago Tower and arrival at your gate at 
O’Hare, how would you rate the following measures: 

a. Workload (record a number based on the Bedford Workload decision 
tree):  

b. Situation Awareness (check a number for each construct): 

  
Low                                                                  High          

1 2 3 4 5 6 7 

DEMAND 
Instability of Situation               
Variability of Situation               
Complexity of Situation               

SUPPLY 

Arousal               
Spare Mental Capacity               
Concentration               
Division of Attention               

UNDERSTANDING 
Information Quantity               
Information Quality               
Familiarity               

 
c. Fatigue (circle a number from below): 

  Subject Fatigue  
1 Fully Alert; Wide Awake; Extremely Peppy 
2 Very Lively; Responsive, But Not at Peak 
3 Okay; Somewhat Fresh 
4 A Little Tired; Less Than Fresh 
5 Moderately Tired; Let Down 
6 Extremely Tired; Very Difficult to Concentrate 
7 Completely Exhausted; Unable to Function Effectively; Ready to Drop 
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APPENDIX B: WITHIN SUBJECT ANALYSIS RESULTS 

Table B1. Phase Comparison Results 1 

  Regular T-Test   
Subject  Comparison P-value Confidence Interval Comments 

1 
1 and 2 0.045 (-0.333, -0.004) Significant difference: 2 > 1 
1 and 3 0.594 (-0.344, 0.205) No significant difference 
2 and 3 0.487 (-0.193, 0.391) No significant difference 

2 
1 and 2 0.005 (-0.670, -0.125) Significant difference: 2 > 1 
1 and 3 0.330 (-0.528, 0.186) No significant difference 
2 and 3 0.193 (-0.124, 0.577) No significant difference 

3 
1 and 2 0.803 (-0.158, 0.123) No significant difference 
1 and 3 0.369 (-0.317, 0.124) No significant difference 
2 and 3 0.464 (-0.301, 0.143) No significant difference 

4 
1 and 2 0.005 (-0.411, -0.080) Significant difference: 2 > 1 
1 and 3 0.771 (-0.160, 0.120) No significant difference 
2 and 3 0.013 (0.051, 0.4) Significant difference: 2 > 3 

5 
1 and 2 0.283 (-0.265, 0.08) No significant difference 
1 and 3 0.425 (-0.184, 0.424) No significant difference 
2 and 3 0.141 (-0.076, 0.5) No significant difference 

6 
1 and 2 0.000 (-0.316, -0.106) Significant difference: 2 > 1 
1 and 3 0.079 (-0.533, 0.034) No significant difference 
2 and 3 0.770 (-0.32, 0.242) No significant difference 

7 
1 and 2 0.152 (-0.194, 0.031) No significant difference 
1 and 3 0.863 (-0.088, 0.104) No significant difference 
2 and 3 0.099 (-0.018, 0.197) No significant difference 

8 
1 and 2 0.586 (-0.097, 0.169) No significant difference 
1 and 3 0.568 (-0.098, 0.174) No significant difference 
2 and 3 0.978 (-0.148, 0.151) No significant difference 
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Table B2. Phase Comparison Results 2 

  Regular T-Test   
Subject  Comparison P-value Confidence Interval Comments 

9 
1 and 2 0.067 (-0.309, 0.011) No significant difference 
1 and 3 0.477 (-0.336, 0.164) No significant difference 
2 and 3 0.618 (-0.196, 0.321) No significant difference 

10 
1 and 2 0.190 (-0.205, 0.042) No significant difference 
1 and 3 0.027 (-0.327, -0.022) Significant difference: 3 > 1 
2 and 3 0.208 (-0.243, 0.056) No significant difference 

11 
1 and 2 0.000 (0.142, 0.387) Significant difference: 1 > 2 
1 and 3 0.002 (0.131, 0.485) Significant difference: 1 > 3 
2 and 3 0.586 (-0.122, 0.209) No significant difference 

12 
1 and 2 0.746 (-0.158, 0.218) No significant difference 
1 and 3 0.362 (-0.097, 0.255) No significant difference 
2 and 3 0.578 (-0.128, 0.226) No significant difference 

13 
1 and 2 0.440 (-0.097, 0.217) No significant difference 
1 and 3 0.505 (-0.278, 0.14) No significant difference 
2 and 3 0.175 (-0.319, 0.061) No significant difference 

14 
1 and 2 8.461*10^-5 (-0.45, -0.183) Significant difference: 2 > 1 
1 and 3 0.404 (-0.266, 0.111) No significant difference 
2 and 3 0.007 (0.077, 0.401) Significant difference: 2 > 3 

15 
1 and 2 0.639 (-0.206, 0.131) No significant difference 
1 and 3 0.298 (-0.093, 0.288) No significant difference 
2 and 3 0.033 (0.012, 0.259) Significant difference: 2 > 3 
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