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ABSTRACT

A study to assess the utility of an aircraft refered 3D audio display was undertaken to
determine if there could be any improvements totgkerformance when operating under high
workload conditions. Test subjects flew a genavahtion light twin-engine aircraft under
simulated single-pilot instrument flight rule cotidns. Workload was elevated by ensuring
each test subject had to execute an unexpecteddragproach procedure and simultaneously
handle a simulated engine failure. Subjective dats gathered using the NASA Task Load
Index and a post-flight questionnaire on percepedormance, workload and situational
awareness. Objective data on pilot performancega#sered using the research aircraft’s
onboard instrumentation system. Within the linitas of having a low number (5) of test
subjects available, subjective data results shaveerceived increase in situational awareness,
performance, and a statistically significant reducin workload. Although not statistically
significant, the only objective impact to perfornsarwas a slight increase in heading control and
course intercept. There was no corresponding pe#ice increase in airspeed control, angle of
bank control, or improvements to aircraft trackve@ll, the results indicate that a 3D audio
display would have utility and pilot acceptanceaasipplemental navigational display, but

would not result in any substantial improvementpitot performance.
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1. INTRODUCTION

In General Aviation (GA) one of the most demandangl intense flying situations occurs
when operations are conducted as a Single-Pilatatipg under Instrument Flight Rules
(SPIFR}. While flying SPIFR the GA pilot must independgrity the aircraft, handle all
communications, manage all navigational systemsnamwitor all aircraft equipmeht Without
a co-pilot available to assist during spikes inklmad, to help in the maintenance of situational
awareness or simply offer a second sober opiniBiFS requires near perfect performance right
from flight planning to engine shutdowh No other type of GA flying requires as much

concentration, or skill, as SPIER

The situation is exacerbated when the SPIFR pilatt also contend with a critical
emergency, such as an engine failure, during ealrpphase of flight, such as during the missed
approach procedure. Even during normal aircradrajons the execution of missed approaches
can represent an elevated level of workload. @hsusituation, the pilot needs to contend with
power, aircraft configuration and airspeed chamnvgate ensuring any altitude clearance limits
and airframe restrictions are not exceeded. Inescases, the pilot may also need to ensure that
noise abatement procedures have been considerezhart complied with. Additionally the
pilot needs to re-configure navigational aids, diewéhe proper positional awareness relative to
a new navigational fix, and make appropriate radiosmissions. These factors may also be
affected by the elevated emotional stress assdowatb having poorly executed an approach,

deteriorating weather, and the potential of havindivert to an alternate airport.

Throughout this intense experience the SPIFR fglgathering nearly every piece of
information needed through the visual channelotiid) an aircraft has always been, and will
most likely always remain, a visually intensiveigitg>*° This is true whether operating in
Visual Meteorological Conditions (VMC) or Instruntévieteorological Conditions (IMC);
pilots have always primarily used the visual chamo@btain the information they need to safely
fly the aircraft. This is, of course, because alglisplays have traditionally been the means by
which information is provided in aviation. Thubetmodern GA cockpit presents a significant

1



amount of information to the pilot through the \asmodality. There are some secondary
displays that use the aural modality, such as syslerts, alarms and warnings. However, in
GA there is no commercially available audio displagt takes advantage of the aural
attentiveness and localization capabilities oftthman auditory system.

Over the past several decades, the Air Force Rdskaboratory’s Battlespace
Acoustics Branch (AFRL/RHCB) at Wright-PattersonBAfOhio, has made significant
advancements in the field of 3D audio dispfdysExperiments conducted by AFRL/RHCB have
resulted in the development of audio displays pinavide spatial localized cues to a pilot’s
headset, as opposed to conventional stereo or marsystems”®. Some of the potential
advantages of 3D audio displays which have beerodstrated in the laboratory, or in
laboratory conditions, include decreased reactior,treduced work load and increased

performance for visual scanning taSksd supplemental navigatibor aircraft control

In early 2007 the University of Tennessee Spasttiite (UTSI) established a technical
information exchange partnership with the AFRL/RH®RIesign and install an aircraft
referenced 3D audio display system in its PiperdANavajo research aircraft. The 3D audio
display system was designed to provide spatiakagdl cues that appear to be outside the pilots

head and coincident with selected navigational wayp

A preliminary research effort by UTSI was condddite late 2007 with this 3D audio
display system to evaluate up and away navigatimnkload, pilot performance, and situational
awarenessd. Results from that experiment indicated thataieraft referenced 3D audio display
was not a hindrance to any cockpit tasks and maehgul when workload is very high.
However, it was concluded that the benefits of3Beaudio display on pilot performance and

situational awareness were not realized due toeflaéively low workload of the flight task



1.1. Purpose, Objectives, and Scope

The purpose of this experiment was to exploreutiigy of an aircraft referenced 3D
audio display in real-world scenarios and addreesécommendation from previous 3D audio

display research conducted at UTSI by Wigdhlay increasing test subject workload.

The objectives of this study were to assess itjieeh workload presented to each test

subject (also referred to as evaluation pilotdhafollowing manner:

1. Determine if a difference in pilot subjective warkt exists between the 3D
audio display off condition and the 3D audio digpda condition by using the
NASA Task Load Index (TLX):

2. Assess pilot opinion on 3D audio display systemlamgntation, workload from
using the 3D audio display, impact on flight andigational performance, and

impact of the 3D audio display on situational amass;

3. Quantitatively evaluate the difference in pilothecal performance between the
non-3D audio display condition and the 3D audi@ldig condition by measuring
tracking task performance of angle of bank, inadidadirspeed and intercept

heading; and

4. Qualitatively evaluate the difference in pilot taddal performance between the
non-3D audio display condition and the 3D audigldig condition by plotting
the flight path of the aircraft when turning to ftinéial fix in the revised missed

approach procedure.



The scope of this experiment required that:

1.

The evaluation pilots fly actual IFR approachea ®PIFR scenario under
simulated instrument meteorological conditions (IMC

The evaluation pilots were exposed to a high wattloondition, which consisted
of the tasks associated with the execution of aadispproach procedure while
handling a simulated engine failure;

An unannounced power cut to zero-thrust be usaihtalate the engine failure at

a critical and high workload point during each test;



2. BACKGROUND

2.1. Audio Displays in Aviation

Although the pilot’s vision is the primary infort@n channel in aviation, audio displays
have become a normal part of nearly all GA, airlne military aircraft cockpits. The main
reason for this is that audio displays: allow fog uicker assimilation of information regardless
of the pilot's gaze, they are usually less expeninan the equivalent visual display, and they

require little to no instrument panel atea

Based on the literature reviewed for this expenitnthere are currently two different
types of audio displays. These are non-speech alisilays and speech audio disptays\Non-
speech audio displays typically consist of horngzers, tones, and other various electronically
generated sounds at specific frequencies thattheaattentiolf when played over the headset or
the cockpit loud speaker. The speech audio dis@ag computer synthesized human voice,

recorded human voice, or even real-time human valieged over the headset.

We use our natural auditory system to acquirerméion via sound waves and to assist
in our gaze. Similarly, audio displays are tydicaised in two main ways in aviation. The first
is when the audio display is used strictly to pdevinformation about the state of the aircraft or a
system on the aircraft. This is a system statéoadidplay used to draw the attention, but not
necessarily the visual attention, of the pilot.piCglly these are non-speech displays, but more
often, modern aircraft tend to employ speech digplaAn example of non-speech audio display
is a stall horn used on most GA aircraft. Thigtadeunds when the wing angle of attack reaches
some pre-determined value close to the stall anfghétack. An example of a speech display is
the “ENGINE FIRE RIGHT, ENGINE FIRE RIGHT” alert ithe CF18 Hornet fighter aircraft.
In both cases, the audio display is compelling ghdo draw the pilot’s attention to the system
state it is presenting (angle of attack or engire),fbut does not spatially localize the system in
terms of where the problem exists. That is, tyetof audio display only provides information

to the pilot aurally and does not direct his or gaze.
5



The second way audio displays have been usedatiavis to provide critical
information with the intent of directing the gazietloe pilot. These “aid-to-visual scan” audio
displays are designed to compel the pilot to loo&ally at a system of interest. An example is
the “C” chord, which sounds when approaching onatéwy from an altitude selected by the
pilot, thus forcing the visual scan to the altitutisplay. Another is the Traffic Advisory and
Resolution Advisory audio alerts in Traffic AlemcCollision Avoidance Systems (TCAS),
which compels the pilot to look at the visual degpfor more information about the conflicting
traffic’s relative bearing, range and altitude.this case, the audio display is compelling enough

to get the pilot’s visual attention onto the sysiamterest.

The real-time human voice, although not commonéntioned in the literature that was
reviewed, is very often used as an aid-to-visuahsaudio display. Some examples are when the
pilot is flying on vectors provided by Air TraffiControl (ATC), or when conducting a
precision-approach-radar (PAR) approach, or wheeivang traffic information from ATC (e.qg.
“...traffic at your 2 o’clock for 3 miles...”). In thisase, the real-time human voice is
compelling enough to get the pilot’s visual attenton the system of interest, be it a specific
aircraft heading (ATC vectors), a specific coursd glideslope (PAR approach), or another

conflicting aircratft.

Current audio displays used by GA are limitedHmy fiact that they only utilize our ability
to hear, but not our ability to localize sound.uB@ localization is our ability to determine the
relative spatial direction from which the soundmevemanates. Sound localization has the
obvious advantage of cueing our gaze. When someadtseour name, we naturally turn and
look in the direction of the sound source. Theufap to look at the source of unexpected
sounds is typically unavoidable. Sound localizatso gives us a sense of spatial awareness
relative to a known sound source. It is this solaedlization and spatial relationship that a 3D
audio display can provide. The utility of suchyatem in the context of a high pilot workload

scenario was explored in this study.



2.2. 3D Audio Displays

Although aviation has regularly used auditory tigp, they have traditionally not
contained any spatial cuing or been designed ® aalkantage of our natural sound localization
abilities. If the sound were to emanate from tysesm of interest in an aid-to-visual scan audio
display the rate of information transfer, alonghatiask performance, might go up. With this
premise in mind 3D audio displays (also referredgspatial audfd**or virtual audié) and

their application to aviation were studied by vasanstitutions over the past two decades.

At the time of this writing, 3D audio displaystime public domain have only been
discussed in the context of research and experatient there is no known 3D audio display or
application actually employed in routine operatioMost of the known experiments with 3D
audio displays have been conducted in the labgratoin simulators for possible aviation
application$. However, other research into 3D audio has beee ¢br augmented realify

computer gaming, and human machine interfaces for the visuallyaiimgu!®.

Within the context of aviation, experiments in® 8udio displays have typically fallen
into the two main audio display classes that wexscdbed earlier in this paper; information on
“system state” and “aid-to-visual scan” displays.

The majority of the studies and experiments withadidio displays appear to be with the
aid-to-visual scan class of displays. This clds3paudio display compels the pilot to put full
visual attention onto the system of interest. Timcally involves some kind of a target search,
as discussed in references 5, 8, 17, and 18, wbsuéis of experiments showed improved

reaction time performance.

Other experiments have focused on using this tdolgy towards the “system state”
situation, where the audio display compels thetpdglace attention onto the system of interest,
but not necessarily any visual attention. Workhis area has studied the use of a 3D audio

display to control of aircraft roll, pitch, yaw,rapeed and vertical velocity. The ultimate goal of



these studies was to determine if spatialized acmitd supplement or by-pass the visual
channel®*°for aircraft control tasks Flight simulation réstshowed that one can learn to
control an aircraft with spatialized audio, buihcases the visual channel was still found to be

superior.

2.3. Sound Localization

Under natural surroundings those of us with nornearing can localize sounds easily
and rapidly. Sound localization in humans is wydstcepted to be the result of eight factors,
which are: interaural time difference, interaurdensity difference, pinnae response, shoulder
echo, head motion, early echo response, reverberatid visior®?*?*??> The goal of a 3D
audio display is to emulate and synthesize alhtiteral qualities of a sound source that enable
humans to localize. Although the process of sdandlization has been studied extensively for
over 100 years, it is only recently that computer technology basn able to produce sounds
approaching the natural qualities that allow lazztion over headphones' %

For localization to be conducted over headphomeetis a requirement for the
development of a Head-Related Transfer FunctionTiR&*** The HRTF, also known as the
Anatomical Transfer Function (ATE)? is a linear function that is developed by placing
microphones in the auditory canals of a test stipgeaf a manikin, and placing that test subject
in an anechoic chamber. A pre-recorded soundavkhown frequency spectrum from a known
relative location in space is played and subseduestorded by the left and right auditory canal
microphones. Afterwards, the recordings from esanhare compared to the original sound
source to compute the HRTF. This HRTF is onlyd/&bir the relative location used in the
original recording. To emulate sounds from othezalions, finite impulse response filters need
to be developed for each location of interest. réfwee, if a complete three-dimensional
localization is required in a virtual environmerggcordings must be made from every point on a

sphere around the test subject.



Individualized HRTF's typically yield the best lzation results, with a laboratory
minimum audible angle on the order 6fib azimuth and 30in elevatioR®. However,
individualized HRTF's tend to be very costly anaé consuming to obtain. Therefore, most
experiments use a generic HRTF collected from aikimnTypically, for gross sound
localization (within + 10) where front/back confusion along the sagittahplés not a significant
factor, a generic HRTF is sufficient. This is ubuthe case when most sound sources are to
emulate mainly from one side or the other on thezbatal plane containing the ears. For more
precise azimuth localization, and for vertical lacation, an individualized HRTF is necessary.
With respect to this experiment, only localizatinrazimuth within the forward hemisphere was

investigated. Therefore, non-individualized HRT#sre considered acceptable.

One important factor to consider is that soundliaation is, apparently, a learned
behavior. As initially studied by Hofman, Van Risk; and Van Opstaf and further studied by
Zahorik et &, it appears the original spatial maps that pedpleslop over time can be
relearned, and remarkably quickly too. This is tli&ely via aural-localization and visual
feedback, as explored by Zahorik é€alith non-individualized HRTF’s. The ability tolearn
sound localization when using non-individualized HFs will most likely play a significant

factor in determining if 3D audio displays can bada economically viable for commercial use.



3. METHODOLOGY

3.1. General

Five data collection test flights were conductedthis experiment, each averaging
approximately 2.4 hours. All flight tests were daoted during the day under Visual Flight
Rules (VFR). The test area was confined to aimspéthin 12 Nautical Miles (NM) surrounding
the Tullahoma Regional Airport (KTHA) and betweed0@ feet Above Ground Level (AGL) to
4900 feet AGL. The weather condition during atitits required, as a minimum, a ceiling of
5000 ft AGL and visibility of 5 Statue Miles (SM)he flight crew consisted of an evaluation
pilot (EP), safety pilot, and flight test engin€EilE).

A series of area navigation / global positioniggtem (RNAV/GPS) approaches and
associated approach and missed approach waypantsused to develop the test sequence for
each data collection run. The GPS approachesvitrat used during the test flights were the
RNAV (GPS) RWY 06, 18, 24 and 36 approaches folthElA airport. A sample of each
approach is provided in Figure, Figure 2, Figure 3 and Figure 4.

Each flight consisted of six approaches and sulm#gnissed approach procedures with
the 3D audio display off and six with the 3D audisplay on, in an alternating fashion. During
the final stages of each approach a revised meggpobach procedure was given to the
evaluation pilot. The evaluation pilot would ackredge the revised missed approach
procedure, and reprogram the Garmin GNS 530W GIRP®. evaluation pilots would then
advance the throttles to execute the revised miggprbach. Almost immediately afterward, the
evaluation pilot would be presented with a simuatagine failure. The evaluation pilot would
continue flying the missed approach, simulaterathiediate emergency procedure actions, and

follow up with the required abnormal proceduresafist.

" All figures and tables are located in the Appendix
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Therefore, in this experiment, each evaluatioatpilas exposed to the workload
associated with a revised missed approach procedym®gramming the primary navigational
aid, executing a simulated engine emergency arati@assd checklist, and flying a laterally out
of trim aircraft with reduced climb performance.itiVall these tasks combined, the evaluation
pilots were operating in a workload environment thas higher than that previously presented

during on-aircraft 3D audio reseatth

All flights were conducted under simulated singil®t, instrument flight rule (IFR)
operations by the use of a view limiting device wby the evaluation pilot. The view limiting
device used was similar to a safety goggle, butamadpaque frosting on the top and sides to
limit the view outside the cockpit. This type oéw limiting device is commonly used for IFR
training flights by many flight training institutis and provides the required simulation of
instrument metrological conditions (IMC) to the aaion pilot. This type of view limiting
device was also chosen since it could be removeityea the case of a real aircraft emergency

and did not impair the safety pilot’s field of viewt the left side of the aircratft.

3.2. Description of Test Aircraft

3.2.1.Basic Aircraft

The basic aircraft type from which the researcbraft was derived was a Piper PA-31
Navajo, shown in Figure 5. The basic PA-31 Navegs a conventional, twin engine, multi-
purpose GA aircraft with retractable landing gdet twas available in non-pressurized and
pressurized models. It was originally designedlt bnd marketed by Piper Aircraft Company
and entered the GA aircraft market in the 197 svas certified under Federal Aviation
Regulation (FAR) Part 23 in the normal category wad approved to operate in day and night
VFR conditions. Certain variants of the PA-31, ethhad appropriate optional equipment
installed were operated in instrument and knowmgi@onditions. The cockpit area of the PA-31
was designed to accommodate two pilots, howevet often GA aircraft in its class have been

used for air taxi and air charter operations withyane pilot. The cabin area of the PA-31
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aircraft was typically configured to carry a totdl8 persons (including the pilots) or equivalent
weight in cargo. The basic PA-31 typically had aximum gross takeoff weight of 6500 lbs, a
cruise speed of 170 Nautical Miles per hour (knbtg} airspeed, and was equipped with two
Lycoming T1O-540 engines and Hartzel constant-speadable-pitch propellers.

3.2.2.Test Aircraft Modifications / Instrumentation

Figure 6 and Figure 7 show the Piper PA-31 Navw&gistration number N11UT, which
was used for these series of 3D audio displayftfligbts. The test aircraft was equipped with air
data, body rate, attitude, control position, pitote, and inertial sensors for use in stabilitg an
control testing. Specifically for the purposegto$ evaluation the test aircraft was equipped
with a Garmin GNS 530W GPS. This particular GPSey is also capable of providing

vertical navigational (VNAV) guidance.

3.3. 3D Audio Display System

Integration of the 3D audio display system inte tlst aircraft was performed by UTSI.
A schematic of this system is shown in Figure §st&m operation was facilitated by two laptop
computers. Laptop 2, shown in Figure 8, functioag@ data acquisition computer. Inputs from
the GNS 530W, the Attitude and Horizontal RefereBgstem (AHRS), and the static and
dynamic pressure transducers were feed into Laptbpough a four port PCMCIA adaptor
card.

Laptop 1, also shown in Figure 8, was configuréith the Internet Protocol Sound Lab
Server (IPSS) software. The IPSS accessed thedoa# the active waypoint in spherical
coordinates from the GNS 530W, provided by Laptpprzl converted it into the appropriate
calls to NASA’s Sound Lab (SLAB) software versiof.2 audio render. SLAB was the
software that generated the spatial audio cuetsdahe test aircraft’s stereo

Intercommunications System (ICS) and, thus, ineohteadsets worn by the evaluation pilot.
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The LabVIEW data acquisition program was run optbp 2 and was used to combine
all the input data into a composite test file tivas exported to the Microsoft EXCEL
spreadsheet program for post flight data analyBeta was recorded at a 1 Hz rate. Laptop 2
was also programmed to take information on theair's location and the location of the active
waypoint selected in the GNS 530W, convert thisrimfation into the relative spherical
coordinates of the selected navigational waypoiotation, and feed this information to Laptop
1. Laptop 2 could also be used to change the ctamistics of the audio display cues by
requesting any of the stored sound sources fronopap and mute the display for the 3D audio

off test points.

The other supporting pieces of equipment that nugdine 3D Audio Display System
were the three Bose active noise reduction (ANRBkets that were used to provide the 3D
audio display to the evaluation pilot, safety pikrd flight test engineer. Also, a video camera
recording system was installed in the cockpit tmrd evaluation pilot actions during the test
flight. The video camera system was connectedth®aircraft’s ICS, thus recording all audio
signals presented to the evaluation pilot, inclgdire 3D audio display.

The entire 3D audio display system was operatea BYE from a control station located
in the cabin area of the aircraft. The FTE ensthed3D audio display system was functioning
properly and ensured the 3D audio cue was eitli€nafted) or on, as appropriate, at the start of
each test run. Additionally, the FTE also perfodmeal-time track file data integrity monitoring

on Laptop 2 and recorded any events of note far-flight analysis.

The 3D audio display system as installed in UTS8lEvajo was an aircraft referenced
system, versus a head referenced system. Unldée tederenced systems, in an aircraft
referenced system the pilot must be looking forwaard essentially parallel to the longitudinal
axis of the aircraft to correctly localize the 30d& cues. Since GA pilots look forward most of
the time when performing navigation and controksathe aircraft referenced implementation
may be a viable alternative to head referenceaByst Aircraft referenced systems also have

the advantage of not requiring a head trackingaewnaking it lighter, less complex, less costly
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and more suitable for GA aircraft types. In aduitio the potential benefits mentioned above,
localized cues may be useful for improving pilotfpemance and situational awareness by

distributing total workload across both visual andlitory modalities.

For a GA application, an aircraft referenced awtigplay system was considered suitable
for the terminal phase of flight based on the fingdi of reference 3 and 4. Specifically,
reference 4 found that for GA aircraft an aircraferenced 3D audio display actually had better
pilot performance than that of a head reference@@do system. This result was also
supported by the study performed by WigdahFor the tasks explored in this study the pilot
will typically spend most of the time scanning mshents on the forward panel, with occasional

head movement to perform other mission or operatitasks.

3.3.1.3D Audio Display Cue

The 3D audio cue that was used in this reseafolt @fas developed by the
AFRL/RHCB and can best be described as a pulseagroximately one-half-second in total
duration, consisting of three pulses of broadbahieanoise that is repeated every five seconds.
The cue is a Microsoft wav file which resides omplap 1 and was called up by SLAB. It was
chosen during the testing conducted at referen@es I2ing the most salient 3D audio cue

available at that time for the planned flight expemnts.

3.3.2.Head Related Transfer Functions

The HRTF’s used in this experiment were develdpedFRL/RHCB in their Auditory
Localization Facility. This facility is a 4.3 metdiameter geodesic sphere with 277
loudspeakers mounted on its inner surface. Thasleeakers are located approximately 15
degrees apart when viewed from the geometric cemberever, only those speakers above -45
degrees elevation are used. The test model cecuioy the HRTF’'s measurements stands, or

sits, in the center of the sphere.
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Due to time, cost, and shear practicality constsanf this experiment, individualized
HRTF's for the evaluation pilots were not developddherefore, each evaluation pilot in this
experiment used non-individualized HRTF’s, whicldl leeen previously developed by
AFRL/RHCB from testing with a live person. ThesBH-'s were processed using the
“snowman” model described by Algazi, Duda & ThompSpand were contained in a binary file
called “SnowmanDSB2.slh”, which was used by the RASSLAB software that run on Laptop
1 (see Figure 8).

It should be noted that the same non-individudliB&TF’s used by Wigdat were
used in this experiment. As in the case of Wigtathis experiment also found satisfactory
accuracy (x 19 in the lateral localization of the 3D audio despkue during the familiarization

training given to each evaluation pilot.

Although using individualized HRTF’s would havedpeideal, using non-individualized
HRTF’s was not expected to have a significant inhpacthe results for three main reasons.
Firstly, all the sound localization planned forstleixperiment was to be conducted in azimuth
along the horizontal plane containing the earsrambbcalization in elevation was planned.
Secondly, all the sound cues were presented a¢snglless than 2%rom the sagittal plane, on
either side. Thirdly, localization accuracy of @ vas considered acceptable for the purposes

of this experiment.

3.4. Evaluation Pilots

All five evaluation pilots were selected from thiéddle Tennessee State University
(MTSU) Professional Pilot program. Each evaluapdat had flying experience as detailed in
Table 1, a current commercial pilot medical, angléd commercial pilot license with current
multi-engine and IFR ratings. Although the evalwapilots had various total and multi-engine
flight times, they were all considered low-timegtd trained to the same standard at the same
institution. For the purposes of this experimém, evaluation pilot group was considered

homogenous.
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3.5. Familiarization Training

Before they flew the test flight all five evaluati pilots were given approximately three
hours of classroom time for a background and intetidn to the test program. This included a
briefing on the standard operating procedureslyand in the KTHA area, Piper Navajo cockpit
layout, overview of the Garmin GNS 530W, normal anagergency operations for UTSI's Piper

PA-31 Navajo, and an overview of the test sequancefamiliarization on the 3D audio display.

Each evaluation pilot was also given an in-coclgpaiund familiarization with UTSI’s
Piper PA-31 Navajo, which included reviewing co¢kayout, normal and emergency checklists

and an opportunity to experience the 3D audio dispihile conducting basic localization tasks.

After the ground familiarization, each evaluatmlot was given approximately one hour
of in-flight training. A summary of the trainingrie provide to each evaluation pilot is provided
in Table 2. The familiarization flight covered thasic aircraft normal and simulated emergency
handling, practice in executing the flight taskattill be performed during the actual test flight,
and use of the 3D audio display while conductingibaaypoint localization and tracking tasks.
The familiarization flight was also used to givelea@&valuation pilot exposure to completing the
NASA TLX prior to using it during the actual tesights*.

3.6. Test Flight Execution

Throughout the entire flight the safety pilot attes the controlling agency providing all
the necessary IFR clearances and instructionstewvhluation pilot at the appropriate time. By
having the safety pilot simulate the communicatiguts of ATC there was a controlled and
consistent level of verbal communication (worklobdjween all evaluation pilots. The

evaluation pilot made all appropriate radio callshte safety pilot.
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The detailed sequence of the 12 runs conducteshonm flight is described in the flight
test matrix, provided in Table 3. A summary of tteee and evaluation time for each evaluation
pilot is provided in Table 2. The details of hoack run was conducted are described in the
sample test card, provided in Figure 9. The item®old on the sample test card shown in

Figure 9 were changed for each run as per the maeasndescribed in Table 3.

The first run was initiated with the aircraft pix@ned by the safety pilot at approximately
3 NM laterally offset from a point halfway betwetn® Initial Approach Fix (IAF) and the Final
Approach Fix (FAF). For safety purposes, the it flown on each run was 2000 feet above
all altitudes published on the approach procedcoesained in Figure 1 to Figure 4. The aircraft
was trimmed for straight and level flight at 110A48 approach speed with the landing gear
extended. At this point the safety pilot gave colndf the aircraft to the evaluation pilot. Once
the evaluation pilot had control of the aircrak gafety pilot read out the simulated ATC
clearance for the approach, as provided on theogpipte test card. The evaluation pilot read
back the clearance, loaded the correct approattteiGNS 530W and activated it. The
evaluation pilot then conducted the pre-landingckhe

At the FAF the safety pilot called for the FTEtton on the data recording. The FTE
ensured the recording system was on and the 3@ aigplay was set to the condition indicated
on the test card. The evaluation pilot flew thprapch as per the published approach procedure
and established a 500 feet per minute rate of désdeer passing the FAF.

Upon reaching the Minimum Descent Altitude (MDA&)e safety pilot made a simulated
ATC transmission stating that the weather at thgoai was below approach minimums and
provided missed approach instructions that werfergift than those published for the approach.
The evaluation pilot read back the clearance, lddde new approach and initial fix in the GNS
530W and activated it. Once the new approach wadeld in the GNS 530W and course
information was provided the evaluation was to deiee a target heading that would result in
30° course intercept. The evaluation pilot annourtbedarget heading to the safety pilot and

FTE, and then set climb power and commenced timettuvards the revised Missed Approach
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Waypoint (MAWP) provided in the clearance. The artpnce of pre-determining a target
heading that would result in a3Gourse intercept was that it ensured that froeklzanfusion
errors associated with non-individualized HRTF gevavoided (see section 2.3). As soon as the
evaluation pilot commenced the turn the safetytgimulated an engine failure by retarding the
throttle on the appropriate engine as depictechentdst card for that run. The safety pilot set
approximately 10 inches of manifold pressure onsthmulated “failed” engine in order to

simulate a zero thrust, feathered propeller comlitiThe evaluation pilot responded by carrying
out all the necessary emergency items and flewetised missed approach clearance as
provided.

As soon as each evaluation pilot was able thenetlito intercept the new course and
navigated to the revised MAWP while completing émgine failure and engine restart
checklists. Once the evaluation pilot had completéchecklist items and had stabilized on
course to the revised MAWP (within 2 dots on thel @iBplay) for two minutes the safety pilot
terminated the run. The safety pilot then tooktamrof the aircraft from the evaluation pilot and
called for the FTE to turn off data recording. THEE ensured the recording system was turned
off and the 3D audio cue was set to the next cardds indicated on the test card. The safety
pilot then gave the evaluation pilot the NASA TLXmkload survey form to fill out while

repositioning the aircraft for the next run.

In order to maintain the same workload and randesaetween runs, the evaluation
pilots were not predisposed to which engine wdsetsimulated as failed nor did they have prior
knowledge of what the new approach procedure wéseimevised missed approach clearance.
The evaluation pilot was also not presented withstime revised missed approach instructions
consecutively. This was to avoid learning bias pogntially cause a pre-programmed response
instead of a situation assessment. Also, the sitedlifailed engine was pre-selected such that a
turn direct to the new initial fix presented a warase turning performance problem for the
evaluation pilot. That is, the revised missed apph instructions and the simulated engine
failure were designed such that the aircraft hadtaral turning tendency that was away from
the shortest direction of turn toward the new ahifix.
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As shown in the test matrix contained in the apperthe 3D audio cue was alternated
off and on between each subsequent run and s@lgifchosen so as to avoid a potential
learning bias. The only exception was between @uasd 7, where the 3D audio display was on
during both runs in order to ensure a proper flothe sequence of test points. In the test
planning process, this small, but necessary deviatias not anticipated to introduce any

significant bias.

3.7. Test Flight Risk Assessment

All ground and flight risks associated with exeéegtthis test plan were mitigated to an
acceptable level through UTSI’s flight safety revigrocess. In general, this process required
that the Aviation Safety Committee initially assessvious safety findings for 3D audio display
flight experiments and revise them as necessanctoporate the identified hazards and risk
assessments for this particular test. To that @mé&w hazard associated with potential loss of
control when simulating an engine failure during thissed approach procedure had to be
mitigated by additional flight limitations and pexmtures. Mitigation was largely accomplished
by: raising the altitudes for all the approach emdsed approach procedures by 2000 ft,
specifying safety pilot “take control proceduregfoviding narrow airspeed and bank limits, and
a requirement that evaluation pilots demonstratadmguate and safe level of aircraft handling
during practice flights. These experiment conteoks on record and specified in UTSI's
airworthiness process. The complete safety akdassessment is contained in a separate
document on file in the Aviation Systems Prografficef These documents were reviewed and

accepted by the MTSU Internal Review Board befbght testing began.

3.8. Test Envelope

In addition to the flight envelope depicted in thiper PA-31 Navajo Pilot Operating
Handbook (POH) the following flight limitations weealso adhered to:
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The minimum altitude during any stage of the appino&as no lower than that
equal to the sum of the published altitude for fitase of the approach plus 2000
ft;

The safety pilot ensured that the airspeed didnaatvertently go below Blueline
(94 KIAS);

The targeted airspeed during the entire missedapprprocedure was Blueline +
5 KIAS; and

The maximum targeted bank angle during the simdlsitegle engine missed

approach procedure was®15
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4. DATA REDUCTION, FINDINGS, AND DISCUSSION

4.1. Correction to Airspeed Data

During data reduction and analysis it became als/tbat two separate instrumentation
problems had occurred, both of which impacted doverded indicated airspeed data. The first
problem was that the test aircraft’s instrumentapdot system had a leak. This was first
suspected during initial data reduction and wasgicoad by a ground check of the research
instrumentation pitot system and the ship’s piystesm. The solution to this problem was to fly
a re-calibration flight that consisted of flying amspeed sweep from 80 knots to 120 KIAS at an
altitude between 3500 and 4500 feet MSL. Fromrsalibration flight, a correction between
the aircraft’s indicated airspeed and the recordstiumentation airspeed was derived. The
derived correction was applied to all the indicaagdpeed data for all runs of each evaluation

pilot.

The second problem had to do with the re-initalan of the instrumentation recording
system following shutdown. The instrumentationteyson the test aircraft was powered by the
aircraft electrical system; however, the data agitjan laptop (laptop 2 as depicted in Figure 8)
was powered by its internal batteries. Unknowthtotest crew, when power is removed from
the instrumentation system and then powered omagé#iout a reboot of the data acquisition
system’s laptop; the airspeed channel data becamapted. This is exactly what happened to
run’s 10, 11 and 12 during evaluation pilot numberflight, since the test crew had to stop to
refuel after run 9. Indicated airspeed data fbofa¢valuation pilot number 5 was also lost in a
similar fashion. This instrumentation problem hasv been documented and resolved and
should not impact further testing, however, for pleposes of this experiment there was no way
to recover the data. Therefore, indicated airsgieed from runs 10, 11, and 12 for evaluation
pilot 1 and all of the indicated airspeed dataghaaluation pilot number 5 were not available for

data analysis.
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4.2. NASA TLX Workload Scores

NASA TLX is a six-dimensional subjective workloatrument. It is generally used to
predict performance, and is based on the assumghirsubjective workload represents the cost
to achieve a certain level of performahic® It was chosen for this experiment over other
subjective workload instruments, such as the StibggVorkload Assessment Technique
(SWAT) or Workload Profile, because it was consedeto have the advantages of: ease of use
for subjectd®>? applicability to a broad range of tadk¥, and was found applicable to real-
world tasks such as piloting aircraft and simulsitor NASA TLX was also considered to have:
good sensitivity, low cost to administer, and lantl interference with the test subject’s tisk
Another important characteristic that made NASA Tafkactive was that, by design, it was

supposed to reduce between-subject variafillity

For this experiment, a 20, five point step scedenf0-100 was used for each dimension.
A sample of the NASA TLX questionnaire test carddiss provided in Figure 10. Each
evaluation pilot was asked to complete the test shown in Figure 10, by making a rating for
each dimension and making a pair wise comparis@fl tfie dimensions. Ratings were made by
all five evaluation pilots immediately following @arun, resulting in a final data set of 60
NASA TLX cards completed; 30 for the 3D audio dagpbff condition and 30 for the 3D audio
display on condition. Ratings for each dimensi@reranalyzed using the sample calculations
described in references 11 and 30 to obtain thghted NASA TLX workload score.

NASA TLX data reduction typically involves a calation of a weighted workload score
based upon the pair-wise comparison weighting assli¢py each evaluation pilot to each
dimension after each run. The main purpose ofiging the weighting calculation is to reduce
the between-subject variabiftty"> However, literature exists, which concludes thatpair-
wise comparison of the dimensions has little tdmjpact on variability and can be droppet®
For this experiment, non-weighted and weighted NA3AX workload scores were calculated to

determine if there would be any influence on trsailts.
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For the purposes of testing for statistical sigaifice the null hypothesis was “whether
the 3D audio display is off or on, there will be diference in the dependent variable”. The
dependent variable was the subjective rating asditm each dimension of the NASA TLX and
the non-weighted and weighted NASA TLX subjectiverkload scores. The independent

variable was the 3D audio display either off or on.

Based on the experimental design and the faaépendent variable was the subjective
ratings of the evaluation pilots, the requireméatsa typical independent, parametric statistical
test were not satisfied. Firstly, the experimesgign had one group of five subjects tested twice
against the same dependent variable. Therefatependent test for the statistical difference
between 3D audio display off and on was considerere appropriafé>> Second, the
subjective ratings are ranked data, and cannosfgn@ed to be random samples from a normal
distribution. Also, subjective ratings data weomsidered to be ordirndl in which case the
median was considered a more appropriate indicdtogntral tendency. Although independent,
parametric statistical tests are considered rdiougblations in assumptions about their
distribution, it was deemed more appropriate toaidependent, non-parametric statistic*fet

like the Wilcoxon signed-rank test.

A summary of the NASA TLX ratings and workload szpare presented in Table 4 and
in Figure 11 to Figure 14. From these data sonp®rtant characteristics and trends were
observed. Firstly, each evaluation pilot had aificant variation of between-subject baseline
workload, which was readily apparent in Figure fhdl &igure 13. Although a variation in
baseline was expected, it is interesting to naeehigh degree of variation, which was
approximately 300% between the lowest baseline4)Ehd the highest baseline (EP 5). Itis
also interesting to note that the non-weighted NARAX workload scores and the weighted
NASA TLX workload scores had nearly the same degfeariation in workload. The weighted
NASA TLX method was suppose to reduce between-stiggiability*>*° but did not appear to
be the case. The minimal to nil impact on betws@niect variability with weighted NASA
TLX had also been noted by other researdfiéts
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Secondly, as also highlighted in Figure 11 andifédL3, there was a drastic reduction in
non-weighted and weighted NASA TLX workload scdi@sevaluation pilots 1, 2, and 4 as the
number of runs increased. Evaluation pilot 5 ghiawved a slight reduction trend and evaluation
pilot 3 showed no visible reduction trend. Thiduetion in perceived workload was most likely
due to a learning effect that was occurring fo8@%) of the evaluation pilots over the course of
the experiment. Although familiarization trainings provided on the aircraft, on the 3D audio
display and on the NASA TLX questionnaire, the tréaighlighted in Figure 11 and Figure 13
was most likely the result of not enough trairffhgrovided to the evaluation pilots on the
aircraft, the task, or on the NASA TLX form, pritar the start of the experiment. Correlation
between the learning effect observed in FigureriditRigure 13 and evaluation pilot
demographics (Table 1) or training time providedl{lE 2) was not conducted. However, it
should be noted that the most experienced evatuptiot (EP 4, 1300 hours total) exhibited

nearly the same learning effect as the least eaapeed evaluation pilot (EP 2, 325 hours total).

Finally, from Table 4, there is a high degreemifa-subject variance, as indicated by the
relatively high values of standard deviation antyeg and differences between the mean and the
median. Note that the evaluation pilots with tighkst variance also exhibited higher degrees
of the learning effect, suggesting that the leagraffect is probably the source of the high intra-
subject variance in the data. The high varianddenntra-subject data also gives more support
for using the median as a more appropriate indiaaftoentral tendency than the mé&an
Median data on the subjective ratings for each dsioa of NASA TLX contained in Table 4

was plotted in Figure 15 through Figure 20.

To test for statistical significance, the Wilcoxsigned-rank test was used. Itis a
common non-parametric, dependent statistical tesgrhall sample siz&>> The significance
level (@) selected was 0.05 and the sample size (n) w&ree the hypothesis statement was
unidirectional, one-tailed testing tables were usat$o, as discussed earlier, the median was
considered to be a more appropriate indicator®tdntral tendency of the dimension ratings
and overall workload scores for each evaluatiootpilherefore, the median of the six paired
ratings and workload scores for each pilot was usé¢lde Wilcoxon signed-rank test.
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A summary of the statistical test results arequmesd in Table 5. In summary, there was
a statistically significanto=0.05, n=5, one-tail) reduction in workload for then-weighted and
weighted NASA TLX scores between the 3D audio @igmff and on conditions. However, out
of the six dimensions of NASA TLX, the Mental Dendagimension was found to not have
statistical significance and for all other dimemsidhe Wilcoxon signed-rank test yield at least
one signed-rank difference of zero. Signed-raffileidinces of zero must be dropped from the
Wilcoxon signed-rank test calculatidid®> Since the lower limit of the sample size in the
Wilcoxon signed-rank test calculation was five coddtions for statistical significance for all the

other dimensions, aside from Mental Demand, cootdoe conducted.

However, for each of the dimensions of NASA TLX;anparison analysis was
conducted to determine general trends in the ddsing the data presented in Figure 15 to
Figure 20, a count of how many of evaluation pilatedian data indicated a decrease, or
increase, between the 3D audio display off andarmition was conducted. From Table 6 the
results of the comparison analysis shows a getrerad that most of the evaluation pilots gave
lower ratings for each NASA TLX dimension when 812 audio display was presented. The
only dimension that had a flat trend was Tempoi@and; for which 2 (40%) evaluation pilots
indicated a reduction, 2 indicated an increase,la(®0%) evaluation pilot was neutral.
Conversely, Table 6 shows a majority (4, 80%) efekialuation pilots felt the 3D audio display
reduced their Mental Demand. Although most ofdtaluation pilots felt a reduction in Mental
Demand, it was found earlier not be a statisticsiliyificant reduction.

In summary, the NASA TLX workload data indicates:

1. significant between-subject variability, even thbdASA TLX was considered

to reduce this variant®
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significant intra-subject variability, most liketigie result of learning due to the
repetitive nature of the tasks in the experimentairenough time spent training

the subjects;

no appreciable difference in results between theweight NASA TLX
workload scores and the weighted workload scorbghwvas similar to results

found by other researchéf$® and

there appeared to be a statistically significarnt)(05, n=5, one-tail ) reduction in
the overall NASA TLX scores when the 3D audio digplvas presented; and

a majority (4, 80%) of evaluation pilots indicatidét the Mental Demand
dimension was reduced by the presence of the 3 aligplay. Temporal
Demand had the least frequency, with only 2 (409a)ueation pilots indicating
lower ratings. All the other dimensions had a higimber (3, 60%) of the
evaluation pilots frequently indicating lower ragsmwhen the 3D audio display

was present.

4.3. Post Flight Questionnaires

Each evaluation pilot completed a post-flight disesaire immediately following the

flight. Questions were designed to gather evabdngpilot opinion in each of four categories:

implementation of the 3D audio display cue, improeats to flight or navigation performance,

reduction in workload, and improvements to situaicawareness. Data is presented on a per

evaluation pilot basis in Figure 21, Figure 22,Ufeg23, and Figure 24.

With respect to implementation of the 3D audiqtiiy, a few (2, 40%) of the evaluation

pilots agreed the sound (cue) used in the dispksy/attention getting, with a few (2, 40%)

neutral about the sound’s ability to grab attenaod one (20%) disagreeing. However, a
majority (4, 80%) agreed, and one (20%) stronghged, that the 3D audio display did not
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disturb their ability to concentrate on other catkasks, interfere with hearing other
communication, or find the aircraft reference cairig when turning the head. A high number
(3, 60%) of evaluation pilots agreed, and one (26&@ngly agreed, that the display was
intuitive and easy to adapt to. However, one (28%&Juation pilot also disagreed with that
statement. All evaluation pilots (5, 100%) agréesl3D audio display functioned similarly
during the test runs as it did during training ba ground. All of these results are expressed in
Figure 21 and point to an implementation that wesegally well accepted. In fact, the
implementation questions received a score of 11®a possible 150. Any improvements to

the implementation of the system should be focusethe actual sound used for localization.

Questionnaire responses regarding improvemeliligd and navigational performance
were varied. While several (3, 60%) of the evaarapilots agreed that bank angle control
improved when the 3D audio display was availabhe (20%) was neutral on this matter and
one (20%) disagreed. With respect to improvemienasgrspeed control when the 3D audio
display was available, one (20%) agreed, and few({20) were either neutral or disagreed.
However, a majority (4, 80%) agreed, and one (209 neutral, that the 3D audio display
improved accuracy of turns to the target headirjiarproved course intercept (questions 9 and
10). Although a majority (4, 80%) of the evaluatijoilots either agreed that the 3D audio
display improved heading control and course infataenly one (20%) of them agreed that it
could be used solely to navigate to the fix withawisual display, such a the horizontal situation
indicator (HSI) or GPS. A few (2, 40%) of the resdents where neutral, and a few (2, 40%)
disagreed, that navigation to the fix could be cared with just the localization of the sound
cue. Overall, majority (4, 80%) of the evaluatjlots agreed that the 3D audio display had
improved flight and navigational performance, wotie (20%) respondent neutral. Figure 22
summarizes these results. The improvements tat ffigd navigational performance questions
scored a 102 out of a possible 150. In generalt ppinion indicates that this 3D audio display
did improve their heading control and course irgptgerformance.

Workload, in the context of this experiment anel guestions in the post flight

guestionnaire, deals with time and how rushed taduation pilots were in getting their tasks
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accomplished. With respect to workload, when theaBdio display was available, a majority
(4, 80%) of the evaluation pilots agreed, and @¥84) was neutral, that they had more time to
scan non-navigational instruments. However, séy8r&0%) of the evaluation pilots agreed
and a few (2, 20%) were neutral, that they coulidiehtly scan the navigational display, had
more time to scan the attitude indicator, or ditfeel rushed. Figure 23 summarizes these
results and indicates that, most (3, 60%) the e@n pilots felt there was workload reduction
when the 3D audio display was available to thermer@ll, the decrease in workload questions
scored a 73 out of a possible 100.

Situational awareness, in the context of aviatianigation, can be grossly defined as the
pilot’'s awareness of where the aircraft is, whérekeds to go, and when it will get there.
Situational Awareness also encompasses other diomsnsvhich include system and
environmental states. Arguably, it is the singlestimportant contributor to aviation safety and
accident preventiod. Furthermore, nearly all displays to date thattiibute to situational
awareness utilize the visual channel. Therefarg aativity that causes visual fixation or
overload will negatively impact situational awarssie Subjective data on situational awareness
shows that a few (2, 40%) strongly agree, a fewd(2p) agree, and one (20%) was neutral with
regards to having better awareness of which doedb turn towards the revised fix when the
3D audio display was available. A few (2, 40%)esmgt, a few (2, 40%) were neutral, and one
(20%) disagreed with having better awareness aftantional deviations in course. However,
all (5, 100%) of the evaluation pilots agreed thaty were better able to attend to the simulated
engine failure and still maintain a continuous aamass of aircraft position relative to the revised
fix when the 3D audio display was presented. Furttore, all (5, 100%) of the evaluation pilots
agreed that the presence of the 3D audio cue ehdi#en to create a better mental picture of
their flight position while flying the missed apach procedure. In addition, a few (2, 40%)
strongly agreed and the remaining (3, 60%) agrieatthe 3D audio display was useful in
planning the turn towards the fix when they hadttend to the simulated engine failure. All of
these results are presented in Figure 24 and itedibat, subjectively, the 3D audio display had
utility increasing pilot situational awareness. etall, the increase in situational awareness

guestions scored 99 out of a possible 125.
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In summary, the post flight questionnaire datadats that the evaluation pilots:

1. preferred having the 3D audio display available gexerally found the

implementation of the display agreeable;

2. felt the 3D audio display improved their headingtcol and course intercept

performance;

3. felt the 3D audio display did reduce their worklpadd

4, felt they had more situation awareness when thawfo display was available.

4.4. Pilot Performance

As a means to quantify the utility of the 3D audisplay, three parameters that were
collected by the aircraft’s instrumentation systeare compared for deviations from the ideal
value. During the period of interest for each mvrhich was from the MDA until course
intercept, the evaluation pilot flew the aircrafta single-engine, full power turning climb.
During this time the primary flight parameters thaluation pilots were tasked to track were:
the angle of bank (ideally 1%eft or right), the indicated airspeed (ideally QRRAS), and the
difference in actual and target heading (ideatly RAny deviations from the ideal were
considered decreases in performance. Therefoaagels in the evaluation pilot’s performance
were quantified as the difference in the amourdesiation from the ideal for the two treatment

conditions of 3D audio display off or on.

The angle of bank tracking task was initiated fribve onset of the first turn towards the
intercept heading until the evaluation pilot magee final roll to wings level on the intercept
heading. Any overshoots in heading were includeithé calculations. Upon study of the angle

of bank data presented in Table 7 and Table 8cieisr that mean angle of bank in the turn
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toward the intercept heading is nearly the samalfquilots. Similarly, the variability in
maintaining the desired bank angle, the root-mepai®, is the same between the 3D audio
display on and off condition for all pilots. Théwee, within the scope of this study none of the
evaluation pilots had an increase, or decreadbgiangle of bank tracking task performance
with the addition of the 3D audio display. Thisuk is somewhat subjectively contradicted by
post flight questionnaire data, which indicatedesal/(3, 60%) of the evaluation pilots agreed
that bank angle control improved when the 3D aulikplay was available, one (20%) was
neutral, and one (20%) disagreed (see Figure PRis difference in subjective and objective
data could be an indication that although the 3@i@display did not actually improve pilot
bank angle tracking performance, it led the evadmgpilots to think they were performing the

bank angle tracking task better.

The indicated airspeed tracking task initiated@mn the evaluation pilot commenced the
missed approach procedure ended when the coutise tevised fix was intercepted to within 2-
dots of center (less than half of full scale eraon)the course deviation indictor (CDI) display on
the HSI. As described in section 4.1 above data fruns 10, 11, and 12 for evaluation pilot 1
and all of evaluation pilot 5 data was corrupted aould not be used. The missing data is
indicated with a dash in Table 9. The indicatedpged control data presented in Table 9 and
Table 10 shows that there was also little to nosiase, or decrease, in the indicated airspeed task
performance when the 3D audio display was presenfad result is subjectively supported by
the post flight questionnaire data, which indicataty one (20%) evaluation pilot agreed that
the airspeed tracking task was improved when tha@ido display was presented. Two (40%)

others were neutral and two (40%) others disagreed.

The heading tracking task was conducted whilestla@uation pilot was established on
the intercept heading to the inbound course towtirelsevised missed approach waypoint. The
intercept heading was determined by the evalugilon prior to executing the missed approach
procedure. The intercept heading was the heatatghe evaluation pilot must turn towards
and track in order for the aircraft to be on theSGrRack from the missed approach point to the

revised missed approach holding fix. Each pilos wee-briefed to make all intercepts of the
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track to the revised missed approach waypoint at€xlare and set this heading on the HSI,
and to maintain this heading until the CDI bar loe HSI was within 2-dots of center. The
significance of using an intercept heading was ithaliced the 3D audio cue away from the

front/back ambiguity that typically exists in 3Ddaol displays.

The data for difference in actual heading anddogiired intercept heading is provided in
Table 11 and Table 12. Based on the data in TEbleappears the evaluation pilots had an
improvement in their heading control task perforosewhen the 3D audio display was available.
However, a two-tailed t-test for difference in meaoes not indicate a statistical difference.
Although not statistically significant, the resdties correlate with the post flight questionnaire
results discussed in section 4.3, where a maj@#it$0%) of the evaluation pilots agreed, and
one (20%) strongly agreed, that the 3D audio disiphgoroved accuracy of turns to the target
heading and improved course intercept (Figure 22}his case the subjective data and objective
data agree and support the conclusion that thei@vah pilots in this study found some utility

from the 3D audio display.

45. Aircraft Track Plots

Aircraft tracks for the two 3D audio display cotioins were plotted for each pair-wise
run combination and are presented in Figure 25gorE 54. During the familiarization training,
each evaluation pilot was instructed that they werexecute the turn to the revised missed
approach fix in an expeditious manner. Thereftire aircraft track plots for the 3D audio
display on/off pair-wise runs were compared to eatbler to determine under which display
condition the evaluation pilots were able to exedheir turn toward the revised missed
approach waypoint in the most expeditious manker.the purposes of this experiment, the
most expeditious turn was determined by the air¢ratk which was furthest from the missed
approach holding waypoint for the approach jusdemted. For the RNAV (GPS) RWY 18
approach (see Figure 2) the missed approach holgaygoint for this approach is KOJAK; for
the RNAV (GPS) RWY 36 the missed approach holdiagpwint is LOYSI, and so on for the
other approaches. As an example, from Figuretghaircraft track from run 7 is furthest from
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KOJAK and, therefore, the aircraft was turned talgeahe revised missed approach fix in a more
expeditious manner than that from run 1. In otherds, the most expeditious turn would result

in the shortest aircraft track to the revised MAWP.

Applying the most expeditious turn criterion fdirthe pair-wise track plots for each
evaluation pilot produced the results containe@iable 13. From the results in Table 13 it is
apparent that a greater total number of expeditious (57%) were completed when the 3D
audio display was off. Conversely, this resultwgtdhat when the 3D audio display was on, it
resulted in an increased aircraft tracks to theseeWMMAWRP. It should be noted that evaluation
pilot 5 had a significantly greater number of expeds turns compared to all the other
evaluation pilots. If the data from evaluatiorop® is ignored, then the results in Table 13 are
nearly the same between the two conditions of disph and off, but still slightly favoring the
display off condition. Unfortunately, with the datollected it was not possible to determine

why evaluation pilot 5 data was so different frdre test of the evaluation pilots.

Regardless of whether or not evaluation pilot & asignored, the results in Table 13
were contrary to what was expected, which was shaitcraft tracks to the revised MAWP
when the 3D audio display was on. With the dataaad, it was not possible to determine why

there were a greater percentage of expeditious when the 3D audio display was off.
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5. CONCLUSIONS AND RECOMMENDATIONS

Within the limitations of having a low number @f)test subjects available, the main
result of the subjective data shows a perceivegtase in situational awareness (post flight
guestionnaires), but also a perceived decreaserkl@ad (NASA TLX scores). This result
supports the conclusion that with 3D audio displ@ylets can receive additional information

r! Reference source not found.

without additional workload, which was also foundMcKinley et af™
The major difference, however, is that with McKiplet af ™" Reference source notfound. |54
variation with and without a 3D audio display wasdéed in the context of a visual tracking
task. In this experiment, workload and situaticamahreness, together, were explored in the
context of real-world navigational tasks. The tesstrom this experiment indicate there is
potential utility of a 3D audio display system asugplemental navigational aid in general

aviation.

From the data gathered in this experiment it waossible to determine why there was
a perceived increase in situational awarenessamithrresponding decrease in workload.
Possibly, the 3D audio display provided the evadmapilots with redundant information on
aircraft position and relative heading without taxthe already heavily burdened visual channel.
As discussed by Broadbéhand Wood¥, and briefly discussed more recently by Seagull,
Wickens and Loels, the increase in situational awareness could hesudted from pre-attentive
referencing. That is, the constant positional eelative heading information made available
with the 3D audio display provided a constant backgd navigational cue that did not require
an effort on the part of the evaluation pilot tdaob.

Although not statistically significant, the ordpjective impact to performance was a
slight increase in heading control and course éefgl. There was no corresponding performance
increase in airspeed control, angle of bank contmolmprovements in aircraft track. There was
not enough data collected to determine exactly thibysubjective data indicates a perceived
significant utility from the 3D audio display, baily a slight, non-significant improvement of
one objective performance metric.
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Based on the results of the NASA TLX scores, fiegys that more practice in
conducting approaches in the experimental airstaduld have been given to the evaluation
pilots before data collection was performed. Mwaild likely have reduced the intra-subject
variation in NASA TLS scores for the same task, tawrun. Based on the learning effect present
in the NASA TLX data, an additional ten to 15 apgmioes, probably over 2 flights, should have
been given to each evaluation pilot.

All the evaluation pilots in this study, and thased by Wigdhdf, were relatively new
pilots and all had recently completed trainingite tommercial pilot level. Future studies
should use pilots with more advanced experiencietermine if there is any correlation between
flying experience and perceived situational awaserge subjective workload with using a 3D

audio display as a supplemental navigational aid.

Although all the evaluation pilots were given gnduraining and a familiarization flight
with the 3D audio display, future studies shouldsider conducting visual feed-back training in

order to improve accommodation to the non-indiviceal HRTF'$®,

Due to the low number (5) of subjects availalie, éxperimental design employed had a
single group tested twice against the same variabhes situation led to the use of a less
desirable non-parametric, dependent, statistichinigue. It is recommended that future
experiments into 3D audio displays at UTSI utilig® groups with as large a number of subjects
as possible. One group should fly with the 3D awdisplay off and the other with the 3D audio
display on. Even if a large number of test sulsj@tinot available, the experimental design

should be conducted with two independent groupsead of the same group tested twice.
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SECTION 1 PIFER AIRCHAFT CORPORATION
GENERAL PA-31, NAVAID

Wing Aros fig, 11) 220
Min. Turn Radius (i)

[from pives poing 1o

wiang 1ig] 438
Y Towing Tuen Hadies (A} 30.7

THREE YIEW
Figare 1-1

REPORT: LE-1206 IS5UED: SEFTEMBER 18, 1979
1=

Figure 5. Three-view of Piper PA-31 Navajo airtraf
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Figure 6. UTSI 3D Audio Display Research AircraRiper PA-31 Navajo.

Figure 7. Cockpit of UTSI's Piper PA-31 Navajo.
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Figure 8. Schematic of the 3D Audio Display Inisi#bn.
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FLT#- | EVALUATIONPILOT#- | RUN#-1

Initial Test Conditions: Test Limitations:
Trim for 120 KIAS ALT - Not below 3500 ft MSL
Fly Pub Alt + 2500 ft AOB - 15 max
3D Audio Display -OFF KIAS - > Blue line + 5 (99 KIAS)

INITIAL APPROACH CLEARANCE

1. SP —'N11UT, cleared GPS RWY 18 approach via radar vectors. In
the event of a missed approach, execute the published missed
approach instructions.”

2. EP — Clearance read-back. Loads the approachearevs.

3. SP - Positions aircraft at 5500 ft MSL and givesta to EP —
TIME:

AT TETCO

4. SP —'3D Audio OFF” — TIME:

5. FTE - Confirms 3D Audi®FF - “3D Audio OFF”
6

7

EP — Is at the controls, on conditions establistisfpm ROD.
SP — Calls for DATA ON".
FTE — ‘DATA ON” — TIME:

0

APPROACHING MINIMUM DESCENT ALTITUDE ~ 4000 ft MSL

9. SP - N11UT thefield is below minimums, maintain 3500 ft and rwy
heading. When able proceed direct EXEGE for the GPS RWY
06 approach. Climb and maintain 5500 ft.”

10. EP — Clearance read-back. Lo&RS RWY 06via EXEGE, no
holding, activates approach.

11. EP — Sets Power, retracts the gear, min speed “RINE’; 30 deg
intercept heading ° on cours€eEXEGE

12. SP — RetardkEFT throttle immediately (10 in.) and adjuR$GHT
throttle as required (37 in.) — TIME:

WHEN EP INSIDE OF 2 DOTS FOR 1 MINS OR AAXEGE
13. SP — Calls2 DOTS' — TIME:

14. SP — When 2 dots for 1 min, Calls faATA OFF”

15. FTE - “DATA OFF, CUE OFF” — TIME:

16. SP — Takes Control. Positions aircraft for nest oint.
17. EP — Completes TLX Data Card.

NEXT: RUN #2

Figure 9. Sample Test Card
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EVALUATION PILOT # - EVALUATION PILOT # -

Mental Demand

How much mental and perceptual activity was required? Eg. thinking,
deciding, ealculating, remembering, looking, searching, etc.

Mental Demand / Physical Demand

i ol by i Chon b ‘ Mental Demand / Temporal Demand
Low HIGH

Mental Demand / Performance

Physical Demand  How much physicat activity was required?

Pushing, Pulling, Turning, Controlling, Activating, etc. Mental Demand / Effort

4

l | [ | l Lo | | I L l Ll ’ Mental Demand / Frustration

Low HIGH
Temporal Demand How much time préssure did you feel due to the rate or pace at which Physical Demand / Temporal Demand

the tasks or task elements occurred?

Physical Demand / Performance

]1!![1331|'11111|z|3|

Low HIGH Physical Demand / Effort

Performance How successful do you t?_n‘nk you were in accomplishing the goals of Physical Demand / Frustration
the task set by the experimenter?

' I O T O O O O i o b i Temporal Demand / Performance
EXCEL POOR

- Temporal Demand / Effort
Effort How hard did you have to work (mentally or physically} to accomplish

our level of performance? :
y i Temporal Demand / Frustration

[!1:!31!!|I;!|!!I1|!1

LOW HIGH Performance / Effort

Frustration Level How insecure, discouraged, irritated, stressed and annoyed versus

secure, gratified, content, relaxed and complacent did you feel? Performance / Frustration

llilEi]iiI'!]lEif1|!] Effort / Frustration
Low HIGH

Figure 10. Sample of NASA TLX Questionnaire TeatdC
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Summary of non-Weighted NASA TLX Scores per Run

non-Weighted NASA TLX Workload Score

1 2 3 4
Evaluation Pilot #

63.3 2.1

100 -

90 -
(3]
2
n
o
F -
< O Display Off
m B
% @ Display On
°
3
=
2
(3]
=

1 2 3 4 5
Evaluation Pilot #
Figure 11. Summary of non-Weight NASA TLX Worklo&dores.
Median non-Weighted NASA TLX Scores
100 -

90 -

80 -

70 -

O Display Off
@ Display On

Figure 12. Median of non-Weighted NASA TLX Worktb&cores.
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Weighted NASA TLX Score

100 -
90 -

Summary of Weighted NASA TLX Scores per Run

O Display Off

@ Display On

1 2 3 4 5
Evaluation Pilot #

Figure 13. Summary of Weighted NASA TLX Workloadoges.

Weighted NASA TLX Workload Score

100 -
90 ~
80 -

70

Median Weighted NASA TLX Scores

67.2 64.5

O Display Off
@ Display On

1 2 3 4 5
Evaluation Pilot #

Figure 14. Median of Weighted NASA TLX Workloaddses.
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100 +

90 +

Median Mental Demand Rating

80.0

2 3 4
Evaluation Pilot #

2
S
; O Display Off
= @ Display On
<
)

<

P

2 3 4 5
Evaluation Pilot #
Figure 15. Median of Mental Demand Ratings.
Median Physical Demand Rating
100 -
90 -
80.0 80.0 80.0

2

IS

; O Display Off

= m Display On

<

(%))

<

P4

Figure 16. Median of Physical Demand Ratings.
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NASA TLX Rating

Median Temporal Demand Rating

100 -
90 +

80 -

70.0

70 -

60 -

O Display Off

50

@ Display On

40.0 40.0

40

30

20 A

10 -

1 2 3 4 5

Evaluation Pilot #

Figure 17. Median of Temporal Demand Ratings.

NASA TLX Rating

Median Operational Performance Rating

100 ~
90 +
80 -
70 -

60

@ Display Off
50 | play

@ Display On

401 325 325
301

30.0

15.0 15.0

20 A

10 -

1 2 3 4 5
Evaluation Pilot #

Figure 18. Median of Operational Performance Rytin
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NASA TLX Rating

100 -

90 -

Median Effort Rating

80.0 80.0 80.0

2 3 4 5
Evaluation Pilot #

o Display Off

@ Display On

Figure 19. Median of Effort Ratings.

NASA TLX Rating

100 -

90 -

80 -

70

60 -

50 -

40 1

30

20 A

10 4

Median Frustration Rating

50.0

17.5 175

2 3 4 5

Evaluation Pilot #

O Display Off
@ Display On

Figure 20. Median of Frustration Ratings.
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Repsonses

Implementation of 3D Audio Display

Strongly
Agree
Agree - -
O Eval Pilot 1
M Eval Pilot 2
Neutra O Eval Pilot 3
O Eval Pilot 4
Disagreef B Eval Pilot 5
Strongly |
Disagree
The rapid, three-pulse,| The continuous presence The continuous presence The airframe referenced With the 3D audio cue It was not any more
pulse-train immediately| of the 3D audio cue [did| of the 3D audio cue [did 3D audio cue was available, | was always ahlelifficult to localize the 3D
captured my attention as aot make] it more difficult not make] it more difficultimmediately intuitive and|l to localize the relative audio cue during the
3D audio cue. for me to concentrate on  for me to hear and could adapt to it quickly.| direction to the revised| simulated engine failure
performing other norma understand ATC missed approach clearandéan it was when localizing
and emergency checklist clearances. initial fix even when | was it during ground training.
procedures. looking away from the
instrument panel (eg. when
conducting cockpit
checks).
1 2 3 4 5 6

Post-Flight Questions

Figure 21. Pilot Responses to Questions on Imphatien.

57




Repsonses

Strongly
Agree |

Agree -

Neutra -+

Disagree

Strongly |
Disagree

| felt that bank angle
control during the
simulated engine failure
while in the turn towards
the revised missed
approach clearance initiz
fix was more precise whe|
the 3D audio cue was
available.

Flight and Navigational Performance

| was able to more
precisely maintain desired

airspeed during the
simulated engine failure
while in the turn towards
al  the revised missed
napproach clearance initial
fix when the 3D audio cug
was available.

7

8

The 3D audio cue enable

me to turn to my target
heading more accurately

9

dwith the 3D audio cue o

| felt as though | could

intercept and fly the cour|

to the revised missed

approach clearance initi

fix better than without th
cue.

10

Post-Flight Questions

O Eval Pilot 1
M Eval Pilot 2
O Eval Pilot 3
O Eval Pilot 4
B Eval Pilot §

seinformation (no GPS or
HSI available) | could still
al fly to the revised missed
e approach clearance initi
fix.

Jf the 3D audio cue was th®verall, | felt that the 3D
only source of navigationjal audio cue improved my
navigational performance.

al

12

11

Figure 22. Pilot Responses to Questions on FiaghtNavigational Performance.
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Repsonses

Strongly
Agree

Agree |

Neutra

Disagree-

Strongly
Disagree|

Workload

O Eval Pilot 1
| Eval Pilot 2
O Eval Pilot 3
O Eval Pilot 4
B Eval Pilot §

When | had the 3D audio cue available
resulted in more spare time to visuall
scan non-navigational instruments.

13

¥hen | had the 3D audio cue availabl
felt that my scan of the navigational
instruments was more efficient.

14

eWhen performing precise aircraft cont

with a simulated engine failure, the 3

audio cue gave me more time to refere

the Attitude Indicator while navigating

the revised missed approach clearan|
initial fix.

15

Post-Flight Questions

rdldid not feel as rushed when completing
D flight tasks and emergency procedures
ncevhen the 3D audio cue was availablg.
to
ce

16

Figure 23. Pilot Responses to Questions on Wodkloa
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Repsonses

Strongly
Agree

Agree

Neutra |

Disagree-

Strongly
Disagree

Situational Awareness

O Eval Pilot 1
M Eval Pilot 2
O Eval Pilot 3
O Eval Pilot 4
B Eval Pilot §

When | was attending to the|

simulated engine failure the 3D unintentional changes in my

audio cue gave me a better
awareness of which direction
had to turn in order to fly to th
revised missed approach
clearance initial fix.

17

| had better awareness of an
direction of flight while | was

Itrying to maintain a course wh
e the 3D audio cue was availabl

18

With the 3D audio cue on | wa
better able to attend to the
simulated engine failure and st
emaintain a continuous awaren
e. of aircraft position relative to
the revised missed approac
clearance initial fix.

19

sThe 3D audio cue was useful f
helping me plan my turn to th
il revised missed approach
esslearance initial fix when | wa
busy flying the airplane and
attending to the simulated eng
failure.

20

Post-Flight Questions

ne

or The presence of the 3D audip
ecue enabled me to create a better

mental picture of my flight

position while flying the misse

approach procedure.

21

o

Figure 24. Pilot Responses to Questions on SimaltiAwareness.
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N35°34.5

GPS RWY 18
Initial Direction of
Approach

*

Latitude

X KTHA
= = RUN 1 - Display Off
@ RUN 7 - Display On
N35°10.5'

W86°27.0 Longitude W86°02.5

Figure 25. Aircraft Track for Evaluation PilotRun 1 & 7.

N35°34.5

[}
e}
2
T
-
GPS RWY 36
Initial Direction X KTHA
of Approach
= = RUN 3- CUE OFF
e====RUN 9 - CUE ON
N35°10.5
W86°27.0' Longitude W86°02.5'

Figure 26. Aircraft Track for Evaluation PilotRun 3 & 9.
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N35°34.5

GPS RWY 18
Initial Direction
of Approach

()
=
g
g
X KTHA
= = RUNS5 - CUE OFF
N35°10.5 =RUN 11 - CUE ON
W86°27.0 Longitude W86°02.5'
Figure 27. Aircraft Track for Evaluation PilotRun 5 & 11.
N35°34.5
8
g
g
GPS RWY 06
Initial Direction
of Approach
X KTHA
= = RUN 8- CUE OFF
N35°10.5 e===RUN 2 - CUE ON
W86°27.0 Longitude W86°02.5

Figure 28. Aircraft Track for Evaluation PilotRun 8 & 2.
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N35°34.5

()
°
2
kS
-
GPS RWY 06
Initial Direction
of Approach
X KTHA
= = RUN 10 - CUE OFF|
N35°10.5 == RUN 4 - CUE ON
W86°27.0' Longitude W86°02.5'
Figure 29. Aircraft Track for Evaluation PilotRun 10 & 4.
N35°34.5
GPS RWY 24
Initial Direction
of Approach
[}
=)
2
T
-
X KTHA
= = RUN 12 - CUE OFF
N35°10.5 e====RUN 6 - CUE ON
W86°27.0' Longitude W86°02.5'

Figure 30. Aircraft Track for Evaluation PilotRun 12 & 6.
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N35°34.5

GPS RWY 18
Initial Direction
of Approach

L 4

Latitude

X KTHA
= = RUN1-CUE OFF
===RUN 7 - CUE ON

N35°10.5
W86°27.0'

Figure 31. Aircraft Track for Evaluation PilotRun 1 & 7.

W86°02.5

Longitude

Latitude

GPS RWY 36
Initial Direction X  KTHA
of Approach

= = RUN 3- CUE OFF

===RUN 9 - CUE ON

Longitude W86°02.5'

w8g6°27.0'

Figure 32. Aircraft Track for Evaluation PilotRun 3 & 9.
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N35°34.5

GPS RWY 18
Initial Direction
of Approach

*

Latitude

X KTHA
= = RUNS5 - CUE OFF
===RUN 11 - CUE ON

N35°10.5
W86°27.0'

Figure 33. Aircraft Track for Evaluation PilotRun 5 & 11.

W86°02.5'

Longitude

N35°34.
()
=}
2
T
)
GPS RWY 06
Initial Direction
of Approach
X  KTHA
= = RUN 8- CUE OFF
e====RUN 2 - CUE ON
N35°10.
Ww86°27.0 Longitude W86°02.5

Figure 34. Aircraft Track for Evaluation PilotRun 8 & 2.
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N35°34.5

Latitude

GPS RWY 06
Initial Direction
of Approach
X KTHA

= = RUN 10 - CUE OFF
===RUN 4 - CUE ON

N35°10.
W86°02.5'

Ww86°27.0 Longitude

Figure 35. Aircraft Track for Evaluation PilotRun 10 & 4.

GPS RWY 24
Initial Direction
of Approach

Latitude

X KTHA

= = RUN 12 - CUE OFF

===RUN 6 - CUE ON

Longitude W86°02.

w8g6°27.0'

Figure 36. Aircraft Track for Evaluation PilotRun 12 & 6.
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N35°34.5

GPS RWY 18
Initial Direction
of Approach

*

Latitude

X KTHA
= = RUN1-CUE OFF

===RUN 7 - CUE ON

N35°10.5
W86°27.0'

Figure 37. Aircraft Track for Evaluation PilotRun 1 & 7.

W86°02.5'

Longitude

N35°34.9

Latitude

GPS RWY 36
Initial Direction X KTHA

of Approach
= = RUN 3- CUE OFF

===RUN 9 - CUE ON

Longitude W86°02.5'

w8g6°27.0'

Figure 38. Aircraft Track for Evaluation PilotRun 3 & 9.
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N35°34.5

GPS RWY 18
Initial Direction
of Approach

*

Latitude

X KTHA
= = RUNS5 - CUE OFF

===RUN 11 - CUE ON

N35°10.5
W86°27.0'

Figure 39. Aircraft Track for Evaluation PilotRun 5 & 11.

W86°02.5'

Longitude

N35°34.
()
=}
2
T
)
GPS RWY 06
Initial Direction
of Approach
X  KTHA
= = RUN 8- CUE OFF
e====RUN 2 - CUE ON
N35°10.
W86°27.0 Longitude W86°02.5'

Figure 40. Aircraft Track for Evaluation PilotRun 8 & 2.

68




N35°34.5

Latitude

GPS RWY 06
Initial Direction
of Approach
X KTHA

= = RUN 10 - CUE OFF

===RUN 4 - CUE ON

N35°10.5
W86°27.0'

Figure 41. Aircraft Track for Evaluation PilotBun 10 & 4.

W86°02.5'

Longitude

N35°34.
GPS RWY 24
Initial Direction
of Approach
[
k=]
2
g
X KTHA
= = RUN 12 - CUE OFF|
=====RUN 6 - CUE ON
N35°10.
Ww86°27.0 Longitude W86°02.5'

Figure 42. Aircraft Track for Evaluation PilotRBun 12 & 6.
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N35°34.

GPS RWY 18
Initial Direction
of Approach

.

Latitude

X KTHA
= = RUN1-CUE OFF
====RUN 7 - CUE ON

N35°10.
W86°02.5'

Ww86°27.0 Longitude

Figure 43. Aircraft Track for Evaluation PilotRun 1 & 7.

Latitude

GPS RWY 36
Initial Direction X KTHA

of Approach
= = RUN 3- CUE OFF

===RUN 9 - CUE ON

Longitude W86°02.5'

w8g6°27.0'

Figure 44. Aircraft Track for Evaluation PilotRun 3 & 9.
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N35°34.5

GPS RWY 18
Initial Direction
of Approach

.

Latitude

X KTHA
= = RUNS5 - CUE OFF

===RUN 11 - CUE ON

N35°10.5
W86°27.0'

Figure 45. Aircraft Track for Evaluation PilotRun 5 & 11.

W86°02.5'

Longitude

N35°34.
()
=}
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)
GPS RWY 06
Initial Direction
of Approach
X  KTHA
= = RUN 8- CUE OFF
e====RUN 2 - CUE ON
N35°10.
Ww86°27.0 Longitude W86°02.5'

Figure 46. Aircraft Track for Evaluation PilotRun 8 & 2.
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N35°34.5

Latitude

GPS RWY 06
Initial Direction
of Approach
X KTHA

= = RUN 10 - CUE OFF

===RUN 4 - CUE ON

N35°10.5
W86°27.0'

Figure 47. Aircraft Track for Evaluation PilotRun 10 & 4.

W86°02.5'

Longitude

GPS RWY 24
Initial Direction
of Approach

Latitude

X KTHA

= = RUN 12 - CUE OFF

[===RUN 6 - CUE ON

Longitude W86°02.5'

W86°27.0'

Figure 48. Aircraft Track for Evaluation PilotRun 12 & 6.
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N35°34.5

GPS RWY 18
Initial Direction
of Approach

()
°
2
g
X  KTHA
= = RUN1 - CUE OFF
N35°10.5 e=—=RUN 7 - CUE ON
W86°27.0' Longitude W86°02.5'
Figure 49. Aircraft Track for Evaluation PilotBun 1 & 7.
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GPSRWY 36
Initial Direction X KTHA
of Approach
= = RUN 3 - CUE OFF
N35°10.5 e===RUN 9 - CUE ON
W86°27.0 Longitude W86°02.5'

Figure 50. Aircraft Track for Evaluation PilotBun 3 & 9.
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N35°34.5

GPS RWY 18
Initial Direction
of Approach

*

Latitude

X KTHA
= = RUNSG - CUE OFF

e=====RUN 11 - CUE ON

N35°10.5
W86°27.0'

Figure 51. Aircraft Track for Evaluation PilotBun 5 & 11.
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GPS RWY 06
Initial Direction
of Approach

X KTHA
= = RUN 8- CUE OFF
«===RUN 2 - CUE ON

N35°10.5
W86°27.0'

Figure 52. Aircraft Track for Evaluation PilotBun 8 & 2.

Longitude W86°02.5'
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N35°34.5

Latitude

GPS RWY 06
Initial Direction
of Approach

X KTHA
= = RUN 10 - CUE OFF

=====RUN 4 - CUE ON

N35°10.5
W86°27.0'

Figure 53. Aircraft Track for Evaluation PilotBun 10 & 4.
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Initial Direction
of Approach
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W86°27.0'

Figure 54. Aircraft Track for Evaluation PilotBun 12 & 6.

Longitude W86°02.5'
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Table 1. Evaluation Pilot Demographic Data.

PILOT
INEFORMATION EVAL PILOT 1 EVAL PILOT 2 EVAL PILOT 3 EVAL PILOT 4 EVAL PILOT 5
Date of Flight April 28, 2008 April 30, 2008 May 1, 2008 May 2,08 April 28, 2008
Age 22 20 21 21 21
FAA Licence Held Commercial Commercial Commercial Commercial Comiagrc
FAA Ratings Multi-Engine, IFR Multi-Engine, IFR Multi-EngineFR Multi-Engine, IFR Multi-Engine, IFR
Total Flight Hours 940 325 359 1300 900
PIC 760 325 195 1100 900
Dual 180 N/A 164 200 N/A
Multi-Engine Hours 45 6 26 120 55
PIC 25 6 6 70 55
Dual 20 N/A 20 50 N/A
Navajo Hours 8 N/A 4.5 0 N/A
PIC 4 4 4.5 0 9
Dual 4 N/A 0 0 N/A
Instrument Hours 80 58 93.4 155 80
Actual 15 8 4.4 50 40
Simulator 20 N/A 52 55 40
Simulated 45 50 37 50 N/A
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Table 2. Summary of Training and Evaluation TimmeEach Evaluation Pilot.

FLIGHT

NFORMATION | EVALPILOT1 [ EVALPILOT2 | EVALPILOTS | EVALPILOT4 | EVAL PILOT 5
PEVE ‘F’IfigTr:f"”'”g April 25,2008 |  April 25,2008 | April 29, 2008]  May 2008 | April 25, 2008
Training Time (hrs) 1.0 0.8 0.8 0.8 0.9
Date of Evaluation | 58 2008 |  April 30, 2008 May 1, 2008 May 2,08 | April 28, 2008
Flight pril 28, pril 30, ay 1, ay 2, pril 28,
Evaluation Time 2.9 2.4 25 1.9 23

(hrs)
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Table 3. Flight Test Matrix.

Flight # / Run | 3D Audio Initial Initial Next Approach Next Direction Engine Remarks

Evaluation # Display Approach Approach Approach | of Turnto | Simulated

Pilot # FAF Initial Fix New Failed

Initial Fix
1 OFF GPS RWY 18 TETCO GPS RWY 0p EXEGIE Righ Left]| Take off, head nort
2 ON GPS RWY 06 DACNA GPS RWY 36 KOJAK Right Left
3 OFF GPS RWY 36 WESKI GPS RWY 06 EXEGHE Left Right
4 ON GPS RWY 06 DACNA GPS RWY 18 LOYSI Left Right
5 OFF GPS RWY 18 TETCO GPS RWY 24 IDEYA Left Right
Lo 6 ON GPS RWY 24 HUSKU GPS RWY 1§ LOYSI Right Left
0

7 ON GPS RWY 18 TETCO GPS RWY 0f EXEGHE Right Left
8 OFF GPS RWY 06 DACNA GPS RWY 3¢ KOJAK Right Left
9 ON GPS RWY 36 WESKI GPS RWY 06 EXEGH Left Right
10 OFF GPS RWY 06 DACNA GPS RWY 1% LOYSI Left Right
11 ON GPS RWY 18 TETCO GPS RWY 24 IDEYA Left Right
12 OFF GPS RWY 24 HUSKU GPS RWY 18 LOYS Right Left | Land after data off
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Table 4. Summary of NASA TLX Dimension Ratings alidrkload Scores.

EVALPILOT1 | EVALPILOT2 | EVALPILOT3 | EVALPILOT4 | EVALPILOTS5
GORIEITIEN CUE |CUE [CUE |CUE |CUE |CUE |CUE |CUE |[CUE |cCuUE
OFF ON OFF ON OFF ON OFF ON OFF ON

MEAN 47.5 44.2 25.8 27.5 59.2 58.3 19.2 18 7255 74.3

MENTAL STDEV 31.3 23.5 16.9 21.9 8.0 11.7 8.6 8.2 9.4 75
DEMAND MEDIAN 475 45.0 22.5 17.5 60.0 55.( 20.9 1756 75.0 8.0
RNG 70.0 55.0 40.0 50.0 20.0 30.4 20.0 20)0 250 2.0
MEAN 29.2 27.5 28.3 32,5 72,5 70.4 25.0 24p 80.8 79.2

PHYSICAL STDEV 16.9 14.1 17.2 25.0 12.5 8.9 9.5 9.7 3.8 3.8
DEMAND MEDIAN 225 25.0 30.0 25.0 80.0 70.d 25.Q 24p 80.2 74.8
RNG 40.0 40.0 40.0 50.0 30.0 20.4 20.0 250 5. 10.0
MEAN 44.2 40.0 32,5 30.8 40.0 41.7 19.2 16J7 617 6.5

TEMPORAL STDEV 17.7 16.7 10.8 21.8 11.0 9.8 14.6 10B 16.3 88
DEMAND MEDIAN 42.5 45.0 30.0 225 40.0 40.4 17.5 12f5 625 70.0
RNG 50.0 45.0 30.0 55.0 30.0 30.4 35.0 2500 450 2.0
MEAN 34.2 28.3 23.3 25.8 14.2 15.8 20.4 19p 383 39.0

OPERATIONAL | STDEV 25.0 21.6 8.2 17.7 4.9 5.8 12.2 11.p 15.7 10{0
PERFORMANCE | iepian | 325 22.5 25.0 17.5 12.5 15.4 15.0 150 325 3(.0
RNG 50.0 60.0 20.0 15.0 10.0 15.( 25.0 300 400 24.0
MEAN 33.3 27.5 28.3 32.5 72,5 70.4 25.0 24p 80.8 79.2

CFFORT STDEV 24.4 14.1 17.2 25.0 12.5 8.9 9.5 9.1 3.4 38
MEDIAN | 225 25.0 30.0 25.0 80.0 70.4 25.0 2255 80.0 8(.0
RNG 65.0 40.0 40.0 55.0 30.0 20.4 20.4 2500 10,0 1.0
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Table 4. Continued.

o O O N O

EVALPILOT1 | EVALPILOT2 | EVALPILOT3 | EVALPILOT4 | EVALPILOTS
CONDITION cuE |cue |cue |cue |cue |cue |cue |cue |cue |cue
OFF ON OFF ON OFF ON OFF ON OFF ON

MEAN 29.2 23.3 19.2 23.3 31.7 28.3 7.5 5.8 50.8 45

ERUSTRATION |- STDEV 16.3 15.7 11.6 17.2 11.7 11.7 6.1 2. 15.8 12

MEDIAN | 30.0 20.0 17.5 17.5 30.0 25.( 5.0 5. 50.0 4

RNG 40.0 45.0 30.0 45.0 30.0 30.4 15.0 5.0 40.0 2t

NON- MEAN 39.4 34.4 26.9 28.9 48.8 48.1 18.2 16} 64.0 63

WEIGHTED | STDEV 20.8 16.4 13.2 19.3 6.5 5.7 10.6 9.4 7.9 6.
NASA TLX MEDIAN 38.3 31.7 26.7 19.6 48.3 47.1 16.3 14p 63.3 64.
SCORE RNG 475 475 35.0 46.7 19.2 15.8 25.8 23j3 20.8 1q.
MEAN 44.1 38.0 27.9 30.4 48.3 47.9 21.3 20J0 66.7 64.

V&ESG:'-II'—II_E)I(D STDEV 23.3 17.7 13.6 19.5 6.8 5.2 11.2 10B 7.0 7
SCORE MEDIAN | 43.7 32.8 28.5 20.7 49.8 474 19.3 17p 67.2 64.
RNG 50.3 50.7 34.7 46.3 19.3 14.3 25.7 263 21.0 14,
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Table 5. Summary of Statistical Significance Tests

WILCOXON SIGNED-RANK TEST

CONDITION y
a=0.05, n=5, Tcrit=1
T significance
NON-WEIGHTED NASA
TLX SCORE 0 YES
WEIGHTED NASA
TLX SCORE 0 YES
MENTAL DEMAND 4 NO

PHYSICAL DEMAND -

n/a

TEMPORAL DEMAND -

n/a

OPERATIONAL
PERFORMANCE

n/a

EFFORT -

n/a

FRUSTRATION -

n/a

Table 6. General Trends in Ratings Given to thesSNA'LX Dimensions

REDUCTION IN INCREASE IN
NASA TLX DIMENSION | RATING WITH 3D | RATING WITH 3D | NEUTRAL
AUDIO DISPLAY AUDIO DISPLAY
MENTAL DEMAND 4 1 0
PHYSICAL DEMAND 3 1 1
TEMPORAL DEMAND 2 2 1
OPERATIONAL 3 1 1
PERFORMANCE

EFFORT 3 1 1
FRUSTRATION 3 0 2

81




Table 7. Angle of Bank Control Data for each run.

RUNS EVAL PILOT 1 EVAL PILOT 2 EVAL PILOT 3 EVAL PILOT 4 EVAL PILOT 5
CUE OFF | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS
1 13 5 5 9 4 7 10 4 6 15 4 4 12 3 4
3 11 2 5 11 6 7 19 4 6 12 2 4 11 4 g
5 16 3 3 12 4 5 11 7 8 1 7 15 13 4 g
8 13 3 3 17 4 5 14 4 4 12 3 4 12 4 9
10 15 2 2 13 3 3 8 16 17 14 3 4 11 3 f
12 12 4 4 11 6 7 14 3 3 11 3 5 12 3 9
MEAN 13 3 4 12 4 6 13 6 8 11 4 6 12 3 g
CUE ON | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS
7 12 4 4 I 6 10 13 3 4 12 4 5 12 4 9
9 12 4 5 11 3 5 13 3 3 16 5 5 13 2 3
11 13 3 3 14 4 4 15 3 3 14 3 4 13 6 L
2 13 5 5 13 6 6 16 4 4 14 4 4 12 4 9
4 14 2 3 13 5 5 20 6 8 16 5 5 14 3 3
6 13 4 4 11 4 6 11 5 7 12 4 4 11 5 g
MEAN 13 4 4 11 5 6 15 4 5 14 4 4 12 4 g

Table 8. Summary of Angle of Bank data for eacindimon.

CONDITION AOB RMS
MEAN | STDEV | MEAN | STDEV
CUE OFF 12 1 5 1
CUE ON 13 1 5 1
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Table 9. Indicated Airspeed Control Data for each

RUNS EVAL PILOT 1 EVAL PILOT 2 EVAL PILOT 3 EVAL PILOT 4 EVAL PILOT 5
CUE OFF | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS
1 113 2 14 110 5 12 102 4 5 103 4 4 - -
3 99 6 6 103 4 6 111 5 13 96 3 4 - - .
5 110 4 12 101 5 6 104 7 9 100 3 3 - -
8 108 3 9 111 6 14 106 6 9 103 4 6 - -
10 - - - 106 5 8 101 5 5 102 7 7 - - -
12 - - - 102 5 6 104 4 6 102 4 5 - - -
MEAN 107 4 10 105 5 8 105 5 8 101 4 5 - -
CUE ON | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS
7 105 3 7 110 I 13 111 8 19 104 3 q - -
9 107 4 9 105 2 6 102 4 5 99 4 4 - - .
11 - - - 101 4 4 98 5 5 100 4 4 - - -
2 105 3 7 104 3 6 103 5 7 101 3 4 - -
4 100 4 4 105 5 7 108 5 10 110 6 1B - -
6 109 4 11 106 5 9 105 4 7 102 4 g - -
MEAN 105 3 7 105 4 8 104 5 8 103 4 4 - -

Table 10. Summary of Indicated Airspeed data &mheCondition.

CONDITION IAS RMS
MEAN | STDEV | MEAN | STDEV
CUE OFF 105 3 8 2
CUE ON 104 1 7 1
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Table 11. Difference in Actual and Target Intetddpading.

RUNS EVAL PILOT 1 EVAL PILOT 2 EVAL PILOT 3 EVAL PILOT 4 EVAL PILOT 5
CUE OFF [ MEAN | STDEV | RMS | MEAN | STDEV | RMS [ MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS
1 1 2 2 4 4 6 28 9 29 15 3 7 4 3 5
3 0 3 3 7 2 7 1 2 2 2 2 3 6 2 6
5 7 2 7 6 1 27 3 2 4 42 1 42 5 1 5
8 3 3 4 1 3 3 1 2 2 0 2 2 1 3 4
10 4 4 6 0 4 4 4 4 5 0 2 2 2 3 3
12 9 4 6 7 5 8 10 8 13 2 3 4 1 5 5
MEAN 4 3 5 4 3 9 8 4 9 10 2 10 3 3 5
CUE ON | MEAN | STDEV | RMS | MEAN | STDEV | RMS | MEAN | STDEV | RMS [ MEAN | STDEV | RMS | MEAN | STDEV | RMS
7 2 2 3 0 4 4 0 3 3 16 1 16 0 2 2
9 2 3 4 2 4 4 0 3 3 4 2 5 4 1 4
11 2 4 4 1 2 2 2 4 4 4 1 4 4 2 5
2 5 3 6 3 3 5 3 1 3 2 2 3 1 4 4
4 5 3 6 5 3 6 1 2 2 1 2 2 0 3 3
6 9 4 10 9 5 10 7 3 7 8 2 8 2 1 2
MEAN 4 3 5 3 4 5 2 3 4 6 1 6 2 2 3

Table 12. Summary of Difference in Actual and TEdrgtercept Heading.

CONDITION HDG DIFF RMS
MEAN | STDEV | MEAN | STDEV
CUE OFF 4 2 6 3
CUE ON 3 1 4 1
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Table 13. Expeditious Turns toward the RevisedsklisApproach Waypoint.

EVAL NUMBER OF NUMBER OF NO
piLoT | EXPEDITIOUS TURNS | EXPEDITIOUS TURNS | o ooony oo
WITH 3D DISPLAY | WITHOUT 3D DISPLAY

1 3 3 0

2 3 3 0

3 3 3 0

4 2 3 1

5 1 5 0
TOTAL 12 (40%) 17 (57%) 1 (3%)
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