
pilot dwell frequency compensation due to decreasing situation awareness (e.g. orientation to 

runway, altitude, rate of descent, airspeed).   

Mean Dwell Duration (MDD) 

Values for mean dwell duration are shown in Table 5, which details pilot duration averages for 

the areas of interest that registered any dwell time, listed by eFOV.  The data indicate a 

decreasing trend for OTW-LC and OTW-RC and an increasing trend for the IP areas of interest 

as the eFOV is decreased.  However a single factor ANOVA F-test did not indicate a statistically 

significant change for any of the AOIs.

Table 5: Mean Dwell Duration (MDD)  

 Mean Dwell Duration (MDD) 
eFOV OW-L OW-LC2 OW-RC2 OW-R IP1 OW-LL OW-LR2

10% 1.25 2.07 3.52 0.27 1.26 0.21 0.37 
20% 0.98 2.23 4.14 0.16 1.12 0.00 0.76 
40% 1.15 2.95 7.46 0.10 0.97 0.00 1.30 
60% 1.32 3.00 7.56 0.15 0.90 0.00 1.27 
80% 0.64 3.27 7.27 0.00 1.03 0.00 0.00 

Key 
OTW-L is Out The Window – Left 
OTW-LC is Out the Window – Left of Center 
OTW-RC is Out The Window – Right of Center 

OTW-R is Out The Window – Right 
IP is Instrument Panel 
OTW-LL is Out The Window – Lower Left 
OTW-LR is Out The Window – Lower Right 

For Decreasing eFOV, ”1” indicates an Increasing trend. For Decreasing eFOV, ”2” indicates a Decreasing trend. 
 

The Mean Dwell Duration was also processed for the base, turn, and approach phases, 

and results are shown in Table 6.  As the eFOV decreases, the pilot dwells more OTW-L and less 

OTW-LC and OTW-RC during the base phase, then dwells less for OTW-LC, but slightly more 

for the IP during the turn phase, followed by dwelling less for OTW-RC and for OTW-LR 

during the approach and land phase.  This mean dwell duration measurement also indicates a 
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Figure 19: Pitch Importance Behavior 

In Figure 20 one can see the increasing trend in head yaw rate of movement with 

decreasing eFOV.  For all phases, significant change occurs below 40% eFOV, with the turn and 

approach phase showing the greatest FOV effect. 
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Figure 20: Yaw Importance Behavior 

Figure 21 contains the calculated average maximum head velocity and the accompanying 

standard deviation by eFOV for each phase of flight.  The data indicate the original hypothesis of 

increased head rates of movement to compensate for limited peripheral data was correct for all 

flight phases.  It should be noted that two pilots only drove the standard deviations higher than 

normal for the 10% eFOV.  We infer that pilot urgency to obtain visual data tends to increase 

with a decreasing eFOV in all phases of the simulation run, especially in the base and turn phase.  

It is to be noted that all head movement patterns seemed to show the greatest increase below 

20% eFOV. 
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Figure 23: Sample Pilot Head Tracking Data 
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The base phase (approximately 10 seconds) indicates very few large peaks when the pilot 

is determining the best time to start the turn.  The turn phase (approximately 20 seconds) 

indicates more medium size peaks, when the pilot has more need for gathering horizon and 

runway visual data. On the straight approach (approximately 90 seconds), the movement settles 

to very frequent small peaks, when the pilot is maintaining lineup and making quick checks on 

airspeed while calculating the descent to the landing spot. 

Performance 

Figure 24 and Figure 25 depict Pilot #6 aircraft course over ground (top portion) and the 

rate of descent (lower portion), which are representative of the majority of the pilot performance 

measurements from best performance (Figure 24) to worst (Figure 25).  The green triangle 

represents a glide slope window for maintaining a safe instrument assisted approach.  For a 

visual approach, it serves as a guide to analyze performance.  The pilot was instructed to land at 

the runway intersection, which is further up the runway than the normal approach landing area.  

The green glide slope triangle would also have to be translated further up the runway.  Since the 

pilot was instructed to land at the runway intersection, they will normally maintain a glide slope 

just above the green triangle on the lower portion. 
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Figure 24: Pilot #6 80% effective FOV (eFOV) Performance 

The pilots are taught in such scenarios to maintain base heading until at the position to 

make a standard left turn to approach. The decreasing eFOV clearly shows most started their turn 

too early, as seen in Figure 25 course over ground indicating a poor start for the straight-in 

approach, had trouble with runway lineup and also took less time to land by shortening the 

normal base leg turn.  While struggling with lineup, the pilot also had trouble maintaining a 

steady rate of descent.  Their normal visual approach scan pattern was disrupted by the restricted 

eFOV, as measured by the head tracker. 
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Figure 25: Pilot #6 10% effective FOV (eFOV) Performance 

Runway Alignment Error (RAE) 

The RAE was measured from each pilot and five eFOV depicted in Figure 26. 
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Figure 26: RAE Raw Data 

A decreasing eFOV reveals an increasing trend in runway alignment error, which is 

shown in Figure 27.  The increasing trend becomes significant below a 60% eFOV that 

corresponds to a 120° horizontal x 81° vertical FOV and follows a power function trend, graphed 

and analyzed for trend using the curve fit feature in Microsoft Excel.  The best curve fit appears 

to be a power decay/growth function  

y(x) = y0*x^(k) 
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where 

 y(x) is the RAE in degrees 

 y0 is the normal RAE in degrees based on 100% eFOV 

 x is the eFOV 

 k is the decay/growth factor  

Based on the power function model, one could predict a pilot will normally have a RAE 

of about 0.715° with unrestricted FOV. 

 

Figure 27: Measured RAE 
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Vertical Track Error (VTE) 

The VTE was measured from each pilot and eFOV depicted in Figure 28

 

Figure 28: VTE Raw Data 

Decreasing eFOV reveals an increasing (linear) trend in vertical track error as shown in 

Figure 29.  The increasing trend becomes significant imediately (below 80% eFOV) and follows 

a linear function trend, graphed and analyzed for trend using the curve fit feature in Microsoft 

Excel.  The best curve fit appears to be a linear function  

y(x) = mx + y0

where 

 y(x) is the VTE in degrees 

 y0 is the intercept or worst case scenario VTE in degrees based on 0% eFOV 

 x is the eFOV 

 m is the slope or increase/decrease factor  
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Based on the linear function model, one could reasonably predict a pilot will crash prior 

to reaching the landing area with a VTE of about 14.54° with essentially 0% eFOV.  In other 

words, if the aircraft has a VTE of greater than 14.54° at any time before reaching the landing 

area, they will have inadvertently flown through the ground.  No one expects a pilot to fly blind, 

but interestingly enough the linear function seems to makes sense in all eFOV conditions.  Based 

on the linear function model, one could predict a pilot will normally have a VTE of about 0.19° 

with unrestricted FOV. 

 

Figure 29: Measured VTE  

The methodology used in this experiment was to influence the pilot’s visual stimulus and 

situation awareness by controlling their eFOV and then quantifying the associated pilot behavior 

and performance response.   
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CHAPTER FIVE: CONCLUSION 

Summary of Findings 

Behavior and Performance Summary 

Overall performance results indicate that a pilot will significantly alter their normal visual 

scan pattern, along with a significant head movement pattern change below 40% eFOV, which 

corresponds to 80° horizontal x 54° vertical.  Results are based on pilot AOI, effort and 

importance behavior responses measured while varying the pilot’s eFOV.  An important 

behavior change to consider is the measured AOI behavior results.  During the course of pilot 

training, a pilot develops a normal scan pattern for either visual meteorological conditions, or 

instrumented flight.  For instrumented flight, the pilot does not normally use the out-the-window 

areas of interest.  The AOI behavior results indicate that the limited eFOV forced an unnatural 

scan pattern behavior for simulated visual conditions, which is counterproductive in a training 

environment.   

Based on measured pilot runway alignment error and vertical track error, performance 

results indicate that pilot basic task performance decreases significantly as the eFOV is 

decreased.  This supports our original hypothesis.  The runway alignment error became relatively 

large at less than 40% eFOV.  However the vertical track error linearly increased as the eFOV 

was decreased.  As a pilot’s FOV was constrained, it appears that the primary focus of the pilot 

was to ensure they were lined up properly after their turn phase, and a steady rate of descent was 

a secondary concern.  By limiting the pilot eFOV, additional workload and stress were also 
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assumed to increase for the pilot, measured by AOI, Effort and Importance behavior changes.  

As the eFOV was decreased, head movement range (in degrees) and head rate of movement (in 

degrees/second) increased to compensate for the reduced peripheral visual data.   

It was also demonstrated, while decreasing the eFOV, that pilots had a noticeable 

threshold where they could no longer compensate sufficiently to maintain an adequate cognitive 

mental image due to a decreased amount of out-the-window visual information.   

Experiment Limitations 

The FOV masking process was actually similar to instrument flight rules check flight procedures 

where student pilots wore a mask that only allows them to see the instrument panel during 

navigation and approach, while the instructor pilot observes and can take over the controls 

during flight for safety.  One limitation on our present work was testing time.  While the pilots 

graciously volunteered, again free of any charge, it was only possible to test during their time off 

from their regular schedule.  Therefore, the five simulation runs had to be brief, which limited 

the pilot’s time in the simulator.  Although the basic landing task using a familiar airport visual 

landing pattern collected valuable FOV effect data, further work is clearly needed on important 

performance tasks such as navigation, where previous experiments have indicated that a wide 

FOV is required.  For this experiment design, low-level over land navigation tasks could be an 

important candidate scenario. 
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Lessons Learned 

Sample Size Estimate 

Although it was estimated that a minimum of nine participants were required to detect a 

significant FOV, the seven pilots that volunteered provided clear head and eye movement pattern 

change caused by the eFOV effect. 

Scene Camera 

The Arrington ViewPoint Scene Camera was extremely helpful in confirming the 

Intersense VisTracker head movement pattern eFOV effects, and also ensured that good MDD 

and DFA data were recorded for each simulation run.  The ViewPoint EyeTracker software 

allowed one to define Region of Interest (ROI) boxes to automatically gather Information data 

like MDD and DFA.  Although the eFOV masks were easy to change in between simulation 

runs, they interfered some with the ViewPoint EyeTracker camera and caused a slight offset to 

the calibration. Thus, the ViewPoint Scene Camera option was used, providing AVI recording of 

each run to track gaze position on the real world scene video being captured. Consequently, each 

of the 35 runs (7 participants, 5 eFOVs) was painstakingly analyzed for roughly one hour each, 

one by one and scene by scene, to ensure accurate MDD and DFA collection. 

Space Limitation 

The Arrington ViewPoint EyeTracker Video Capture Card required a tower computer 

with an empty Peripheral Computer Interface (PCI) slot.  Therefore using a laptop was not an 
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option for easy daily equipment setup and breakdown when the simulator was available for the 

experiment.  The tower, keyboard and monitor had to be set up in the very limited space offered 

in the instructor station. 

Future Research 

The significant FOV effect on the pilot’s scan pattern behavior, coupled with the direct 

link to performance behavior, raises negative training concern over the use of narrow FOV 

HWD-based flight simulators.  The driving force behind the research for this AR application is 

exploring the FOV requirements for the concept of embedded training with an HWD-based 

simulator; using actual operational vehicles and their subsystems in training mode to conduct 

deployable embedded training.  The vision of aircrews being able to conduct flight simulations 

while deployed on a Navy aircraft carrier or destroyer emphasizes the need of having an 

inexpensive deployable simulation system that allows the warfighter to train in their weapon 

platform or an inexpensive emulation. The ultimate vision is using one common, deployable 

training solution; an HWD-based simulation system for all type of virtual simulations to conduct 

individual procedure training or coordinated interactive mission rehearsal.  An environment 

fabric-free HWD also makes embedded AR training possible when dismounting a vehicle 

(Martins, Shaoulov, Ha, & Rolland, 2007). 

The next step towards this vision is to design an AR usability experiment, along with 

development of the described prototype HWD-based simulator.  The usability testing involves 

Human Factors research and experiments with AR, using existing HWDs and the latest ultra-

lightweight HWD technology. The research will provide pros and cons of using AR displays 
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compared to conventional displays for this specific simulator application and will provide insight 

for other type of embedded virtual simulators that keep the “reality” in the simulation. 

A proof of concept flight simulator is needed to conduct initial usability testing. An 

existing simulator test bed, the Chromakeyed Augmented Virtual Environment (ChrAVE) / 

Virtual Environment Helicopter (VEHELO) developed by the MOVES Institute was a proof of 

concept on how existing AR technology can be leveraged to save in development time and cost 

(Darken & Lennerton, 2003).  A similar reconfigurable test bed could be developed to 

interchangeably use HWDs of varying quality, such as the optical see-through HWD being 

developed at the College of Optics and Photonics ODALab at the University of Central Florida 

(Rolland, Biocca, Hamza-Lup, & Martins, 2005; Cakmakci, & Rolland, 2007). This test bed 

allows experimental human centered task comparison when using either video see-through 

HMDs, the optical see-though HWDs or even some of the new retinal scan HWDs that are being 

used by the U.S. Army Striker Brigades.  The concern for retinal scan HWDs is the relatively 

narrow FOV. 

Head / Eye Movement Model Validation 

A logical follow-on experiment is the validation of the baseline head/eye movement 

model for the unrestricted FOV desired.  Although expensive, validation of this data could be 

accomplished by duplicating the experiment in actual helicopter flights.  The eFOV masking 

process is actually similar to IFR check flight procedures where student pilots wear a mask that 

only allows them to see the IP during navigation and approach, while the instructor pilot 

observes and can take over the controls during flight, for safety. 
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Training Tasks Requiring Stereopsis  

Other than the FOV effects in flight simulation, of additional interest is the importance of 

stereopsis or depth perception in actual flights and in flight simulation training.  Advanced 

training tasks like formation flight or in-flight refueling can be trained in a simulator, where it is 

safe.  The Rotorcraft Human Factors Research Branch at NASA Ames Research Center in 

Moffett Field, California conducted a review on how visual cues are important for routine low-

level flight training as well as the development of simulator visual systems and enhanced or 

synthetic vision systems for aircraft cockpits.  Along with the importance of FOV and FOR, 

functional stereopsis has been shown to be a useful depth cue for distances up to approximately 

30 meters (Arditi, 1986).  Replicating the FNPT II simulator experiment using a stereoscopic AR 

display system-based simulator instead of the conventional 2D projection display system and 

comparing head/eye movement patterns at comparable FOV restrictions will further validate the 

models.  Additionally, comparing performance for similar tasks that require depth perception at 

the same FOV will provide an indication if functional stereopsis in flight simulation is more 

realistic training for such tasks (Rolland, Davis, Ha, Meyer, Shaoulov, Akcay, Zheng, Banks, & 

DelVento, 2002).  
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APPENDIX A:  SUBJECTIVE OBSERVATIONS 

 83



Collective Observations 

• All pilots seemed to perform and behave similarly with no FOV restrictions. 

• One pilot (Pilot #5: the experienced instrument check-flight instructor) displayed little 

performance change with decreasing eFOV.  However, head movements did appear to 

increase as eFOV decreased. 

• The majority of pilots displayed rapid head movement increase and some performance 

decrease with eFOV decrease.   

• The simulation run for two pilots with 10% eFOV resulted in a simulated aircraft crash 

landing. 

Pilot #1 Observations 

• Started with 80% eFOV (no mask).  Very clean run with little noticeable head movement.  

Demonstrated clear orientation and navigation capabilities. 

• Fitted subject with 20% eFOV mask.  Very noticeable up and down head movement right 

away to look at horizon and at instruments at the start.  Very noticeable head movement 

to gather orientation to runway during turn.  Slight tendency to overshoot runway lineup 

after turn.  Made slow corrections to regain lineup.  Seemed to settle down at the end of 

the approach prior to landing. 

• Fitted subject with 60% eFOV mask.  Head movement not as noticeable as 20%.  Made a 

good turn to line up with runway.  Noticeable improvement over 20% eFOV. 
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• Fitted subject with 40% eFOV mask.  Began noticeable head movement while in middle 

of turn to check on orientation to runway.  Seems to be focusing more on instruments.  

Solid line up after turn and overall good landing.  

• Fitted subject with 10% eFOV mask.  Subject not very happy with FOV prior to start.  

Displayed noticeable up and down head movement again at the start.  Very noticeable 

head movements to gather orientation to runway.  Made large angle of bank turn to 

correct for poor lineup.  Slowly corrected lineup.  Very noticeable up and down head 

movements prior to land. 

Pilot #2 Observations 

• Fitted subject with 40% eFOV mask.  Noticeable left and right head movement to gather 

orientation to runway.  Started turn late and made big correction for lineup.  Settled down 

after turn and made a nice landing. 

• Fitted subject with 60% eFOV mask.  Head movements to the left not as noticeable as 

40%.  Turn and approach also much better. 

• Fitted subject with 20% eFOV mask.  Making very rapid left to right head movements at 

the start.  Settling down in the turn.  Slight overshoot after turn.  Made corrections and 

made a nice landing. 

• Fitted subject with 10% eFOV mask.  No one seems to like this mask.  Very noticeable 

left to right head movements but with larger peaks and not as fast ast 20%.  Started turn 

with too much angle of bank.  Had to level out in middle of turn.  Stayed level too long 

and over shot line up to runway.  Settled down just prior to landing.  
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• Finished with 80% eFOV.  Subject much happier.  Much better performance than 10% 

and very little head movement.  Good approach and landing. 

Pilot #3 Observations 

• Fitted subject with 60% eFOV mask.  Made several up and down head movements prior 

to start to get used to mask.  Noticeable large left to right head movements to gather 

orientation to runway.  Pretty good lineup and solid approach. 

• Fitted subject with 10% eFOV mask.  Subject not happy.  Again made several up and 

down head movements prior to start.  Pilot seems to be using a visual landmark on the 

ground to start their turn.  Seems to be relying on instruments during turn phase with 

some large head movements to gather orientation to runway.  Overshot runway lineup 

after turn and slowly corrected back.  Very noticeable up and down head movements in 

approach and land. 

• Fitted subject with 40% eFOV mask.  Noticeable left to right movement to gather 

orientation during turn.  Nice job on lineup after turn. Settled down to solid approach and 

land. 

• Fitted subject with 20% eFOV mask.  Made several up, down left and right head 

movements prior to start to gather orientation (and visual landmark).  Head movements 

very noticeable throughout.  Level wings slightly during turn to compensate but managed 

to start with good line up after turn. Settled down and made a good approach and landing. 

• Finished with 80% eFOV.  Subject much happier.  Very little head movement in 

comparison.  Solid turn, approach and landing. 
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Pilot #4 Observations 

• Started with 80% eFOV.  Head movements hardly noticeable. Solid run with good 

performance. 

• Fitted subject with 20% eFOV mask.  Very noticeable head movements to gather 

orientation to runway and up and down movement from horizon to instruments.  Turn 

needed corrections (leveled out angle of bank in turn) to regain lineup.  Seemed to settle 

down just prior to landing but still made a very rough touch down. 

• Fitted subject with 10% eFOV mask.  Again, very noticeable head movements 

throughout.  Misjudged turn and made big correction to regain lineup.  Rough approach.  

Seemed to try landing with too much nose down attitude resulting in simulated aircraft 

crash landing (tipped forward and then rolled to the left).  Pilot seemed surprised over the 

landing (i.e. how the simulator displayed the roll).  Pilot ego slightly bruised but still 

willing to continue with experiment. 

• Fitted subject with 40% eFOV mask.  Head movements more relaxed.  Up and down 

head movements to gather runway and instrument data.  Not bad lineup and descent 

approach to land. 

• Fitted subject with 60% eFOV mask.  Head movements even more relaxed.  Turn and 

approach more relaxed with solid landing. 

Pilot #5 Observations 

• Fitted subject with 10% eFOV mask.  Noticeable head movements between runway and 

instruments.  However, pilot seems much more relaxed than previous subjects.  

Undershot turn slightly but overall not a bad run considering the eFOV. 

 87



• Fitted subject with 20% eFOV mask.  More relaxed but still noticeable head movements 

between runway and instruments.  Pilot seems to be more relaxed than previous subjects 

in all conditions. 

• Fitted subject with 40% eFOV mask.  Same head movements but more smooth and 

relaxed.  Very slight overshoot on lineup but overall solid performance. 

• Fitted subject with 60% eFOV mask.  Head movements not as noticeable but still seems 

to be smoothly transitioning between runway and instruments.  This pilot seems to be 

using the instruments more effectively.  Solid performance. 

• Finished with 80% eFOV.  Head movements hardly noticeable.  Nice turn and lineup. 

Performance seems flawless. 

• It should be noted that this instructor pilot is the instrument check-flight instructor that 

certifies all students in the simulator prior to the instrument check-flight.  In other words, 

he has a lot of simulator flight time and very experienced in instrumented approaches. 

Pilot #6 Observations 

• Fitted subject with 20% eFOV mask.  This was the only female and only instructor pilot 

tested that wore glasses.  Started feeling uncomfortable right away with limited FOV.  

Head movements were very noticeable at start and during turn.  Aircraft attitude erratic 

and angle of bank also very erratic in turn.  Not a bad job salvaging a good lineup.  

Settled down once over the runway and made a good landing.  Reported slight nausea 

after landing. 

 88



• Used 80% eFOV.  Subject much happier with this.  Head movements slightly noticeable.  

Leveled out in middle of turn slightly but corrected for overall solid approach and 

landing. 

• Fitted subject with 60% eFOV mask.  Head movements noticeable between runway and 

instruments during turn.  Overshot runway lineup and seemed high in approach.  Made 

corrections and settled down for a good landing. 

• Fitted subject with 10% eFOV mask.  Subject not happy at all.  Head movements seemed 

erratic from the start and aircraft attitude fluctuated dramatically.  Seemed to start turn 

but leveled angle of bank for a while then over compensated for a rough start of 

approach.  Attempted to land with too much right angle of bank resulting in simulated 

aircraft crash landing (rolled the aircraft to the right).  Subject was upset over 

performance but still willing to continue with last run. 

• Fitted subject with 40% eFOV mask.  Head movements noticeable between runway and 

instruments but with noticeable improvement in performance.  Good lineup at end of turn 

and landing was much smoother. 

Pilot #7 Observations 

• Fitted subject with 40% eFOV mask.  Head movements noticeable but relaxed.  Up and 

down head movements to gather runway and instrument data.  Not a bad lineup and 

approach to land. 

• Fitted subject with 10% eFOV mask.  It’s no secret; nobody likes 10% eFOV.  Head 

movements very noticeable.  Seems to be relying on instruments during turn phase like 
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