ABSTRACT
KIM, SANG-HWAN. Examiningand Explainingthe Effectsof Non-Iconic Conformal

Featuresn Advanced Headip Displays onPilot Performance(Under the direction of Dr.
David B. Kabe)

The primary objective of this studyasto assess the impact 8fnthetic Vision
System (SVS) anBnhanced Vision System (EV8gpictionsof terrain features on pilot
performance when displayed in an advanced ‘upadlisplay (HUD) during various
phases of a landing approaahder instrumenteteorologicatonditions [MCs). SVS is
a display system that presemgsrain features using a wireframe greahderedpolygons
by integratingterrain databases with a global positioning system. EVS disgagsent

an actuabut-of-cockpit view using a forward looking infraredneara.

In the experiment as part of this study, video stimuli presentarged HUD
configurationswere pre-recorded using a highdelity flight simulator at NASA Langley
andpresentedo eight pilots later in a labnvironment The HUDvideosfrom the hgh-
fidelity simulator were combined without-of-cockpit views from alab simulator.The
flight scenarioconsisted of ampproach and landing on a runway (Reno, Nevada
International Airport (KRNO), 16R (rightunder IMC Eachpilot completeal eight trials
based ora within-subjects experimental design and one additional trial to collect verbal
protocolson speific display feature use. Thadependent variables inclutiour display
configurations (baseline, SW&ly, EVSonly, anda combination of SVS and&VS
feature$ and two visibility conditions (IMC-day versus IM@hight). Every display

configurationincluded tunnel featurghighwayin-the sky showingthe designated flight



path. The experimentvolved observing pilot performance in four segments dytire
approach and landing. Dependent variables inclutight path control performance,
pilot SA, workload and subjective preferenceBlight path control performance was
determinedbased on piloerrors in trackinga flight path marker inthe prerecoded
videcs with a supefimposed cursor using test pilots yoke contrddlot situation
awareness JA) was measured using SAGATthe Situation Awareness Global
Assessment Techniguen order to evaluate pilot perception, qamehension, and
projection forthree types opilot SA (spatial, system, andtask awareness)NVorkload
measures wenecorded using the NASALX (Task Load Index) and hearate In order
to developexplanationsof pilot behaviorunderthe various HUD conditionsa video
record of the aditional test trialwasreviewed by each subject usiagserbal protocol

analysisandprobingtechnique

ResultsrevealedSVS to support overall pilot SA but tdegra@ flight path
control performance due to confusiohvisual featuresEVS caused fpots to focuson
path controlbut decreased System awareness because of visual distractions of some
imagery. The ambination of SVS and EVfgaturesggeneratd offseting effects; however
there weredecremergin performancen thefinal landing phase due toutter effects. In
general, display configurations did not affespatial awareness but pil@warenesof
system information was impacted The IMC-day condition produced worse flight
performance than night fligliue to thdow visual saliencyf HUD imagey in daylight

Flight performance was not differemmongphass of flight but different levels and types



of pilot SA wereaffected by segmenBecauseéhe maintaskin the studywasthetracking
task, results did noteveal differencesof conditionsin terms ofworkload measures
Interestingly,patterns of pilot preferender displaysdid not matchwith the results of
objective performance and SAneasuresPilots gavehigher ratingsof SA support and
safety for theéSVS and EVSlisplayswith the lowest rdingsfor the combination Ratings

on annoyancencreaseavith increases ilisplayvisual content.

The verbal protocol analysis yieldsdquentialnd nonsequential lists of pilot
tasksandbehavors and critical pilot comment3he analysis also idefigd therequred
information and alternativenethodsof performance forspecific flight tasksin the
scenario This analysis was used &xplainthe experimental results andescribe pilot

behaviors wth the SVS and EVS displays tihe flight £enario.

This studyassessd advanced HUD featureffects on pilot performance, using
an elaborate SAGATmethod for measuring pilot SA, and develegpp a CTA for
interpreting experimental results. Further studies need to be condocex@luatethe
advanced HUDsinde various flight situations using a more realistic flight simula®a
basis foroptimal design. In additiongcognitive model of pilot behavior based on CTA

needs to be developed for predicting performance and SA implications of HUD design.
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1. INTRODUCTION

1.1.Challengesin Avionic Display Design / Development
1.1.1. Flight accidents under low visibility conditions

According to data from the Flight Safety Foundation (FSF), almost 60% of all
commercial aircraft crashesccu during the approach and landing phases of flight.
Among these accidents, Controlled Flight Into Terrain (CFIT) has been found to account
for more than half of all commercialiationfatalities to date (Etherington et al., 2000)
CFIT crashes are accidsnwhere a normallyunctioning, mechanically sound aircraft
impacts terrain or obstacles that a pilot could not perceive due to a lack of outside visual
references or impairetrrainhazard situatiormwareness (SA)lhe ability of a pilot to
determinecritical information through visual perception of the outside environment
be limited by time of day and various weather phenomena, such as rain, fog and snow.
Examples of CFIT accidents include the crashK#L Flight 801 in 1997 during
approachto Guamand TWA Flight 514 during approaciio Dulles International Airport,
Washington, D.Cin 1974 (Leiden et al., 2001).eidenet al. examined historical CFIT
accidents and found thabmmonunderlyingproblems includé communication issues
between controllerand the flight crew, loss of vertical and horizon&, and crew
resource management issué&bat is, CFIT accidents are nattributableto mechanical
errorsor external (normal/abnormal) situations but primarily due to human errors inside

the flight cakpit.



In order to reduce the accident rated enhanceaviationsafety,various systems
(e.g. altitude indicators, radio navigation, instrument landing systems (ILS), ground
proximity warning systemd)ave been developed and introduced to overcome thesiss
associated with limited outsidesibility for the pilot. Recent advanced devices include
moving map displays, incorporating Global Positioning System (GPS) capability for
improved navigational accuracy, terrain awareness warning systems (TAWS) and
enranced ground proximity warning systems. Howea#rof aircraftinformationdisplay
conceptsrequire pilots to perform various mentaransformationsof display data
(decoding) to support flight control in a reaahe environment when outside visibility i
restricted (Prinzel et. al, 2002). In addition, although the TAWS technology may help to
mitigate some factors causing CFITE utse generally follows the information processing
model of fiwarnac and, therefore, requires the flight crew to be reaatatber than
proactive in dealing with terrain hazards. Theoretically, TAWS provides a warning when
the flight crew has already lost SA, anthy not be optimal given the reaction time
required to adequately recognize and assess the situation and inigstsapa maneuver

(Moroze & Snow, 1999).

Snow and Reisingl099 stated that what is currently needed in terms of aircraft
information systems is intuitive technologies that improve pilot SA with respect to spatial
orientation (relative to terrain and fligpath) without requiring the pilot to divert visual
attention and cognitive resources away from possible external events and primary flight

references. Therefore,poactive systenthat can help prevent (versus just warn a pilot



of) a potential collisionwvith terrain is needed (Prinzel et. al., 2004a)

1.1.2. Synthetic / Enhanced Vision Systems (SVS/EVS)

NASA and its industry partners have designed and prototyped noveletraale
interface technologies that strive to proactively overcome aircraft ssfigsdue to
low-visibility conditions by providing the operational benefits of clear day flight through
cockpit displays, regardless of taetualoutside visibility conditions (Bailey et al., 2002).
These technologies include the use of -lcamic featires, such as synthetic vision

systems (SVS) and enhanced vision systems (EVS).

Synthetic Vision is a computgenerated display image of the -afitcockpit
scene topography based on aircraft attitude, -pigicision navigation instrumentation,
and data o the surrounding terrain, obstacles, cultural features, etc. SVS databases have
been developed to support this display technology withtimaa integrity in order to
ensure accurate pilot detection of real obstacles and to plan and verify accurate flight
navigation. SVS displays can also support accurate trsffigeillance(Bailey et al,

2006).

NASA® SVS display concept isrgsented in Figure .1. The display is
generated by visually rendering an-lomard terrain database (with airport and obstacle
database information) using precise position and navigation data obtained through GPS,
with augmentation frondifferential correction sources such as Local Area Augmentation

Systems (LAAS) and/or Wide Area Augmentation Systems (WAAS). The various data



set are blended with oboard Inertial Navigation System (INS) information (Bailey et

al., 2002).

INS / GPS
(LAAS/ WAAS)

Worldwide Terrain,

Advanced Sensors

Obstacle & Airport for Database Integrity
Databases & Object Detection
Realtime tactcal |  ; + B | Retevant Traffc
hazards (Weather, ' N Information
NOTAMS) o (ADS-B, TIS-B)

yn
Display w/ Advanced Guidance

Figure 11. Syntheticvision systemconcept (Arthur et al., 2004).

It has been suggested that this display concept presentmatin to pilots with
a level of realism that is comparable to flying under visual meteorological conditions
(VMC), such as a clear and sunny day, regardless of the actual outside weather conditions
(Prinzel et al.,, 2002). Consequently, it has also beatusmted that the enhanced
visibility provided with SVS may significantly improve terraamarenesand reduce the

potential for CFIT incidents compared to current cockpit navigation display technologies.

Many laboratory research efforts have investigateglacing conventional



attitude direction indicators, or primary flight displays, in transpagilaneswith new
display conceptsincluding SVS and EVS, in order tmcreasepilot SA as well as
promote operational capabilities for landing in @isibility weather conditions. To date,
researchhas successfully demonstrated both the safetycapdbility benefits of SVS
technologiedan flight (Snow et al., 1999), landing (Prinzel et al., 2004a; Schnell et al.,
2005; Bailey et al, 2006) and taxi operatiofWilson et al., 2002 (Some specific
empirical studies ar reviewed in the next chapteifhus, such display systems are
expected to reduce tlecurrenceof accident precursors, including (Parrish et al., 2001,

Bartolone et al., 2005):
Pilot loss of veiital and lateral spatial awareness.
Pilot loss of terrain and traffic awareness on approach.
Unclear escape or garound path after recognition of flight problem.
Pilot loss of altitude awareness.
Pilot loss of SA relating to the runwayvironmentand inarsions.
Unclear path guidance on the surface.

All aircraft categoriesnayalsobenefit from SVS applications, including general
aviationaircraft, business jets, cargo and commercial airliners, military cargo and fighter
jets, and rotorcraft. The greatdmnefit from a safety perspective may be in commercial
transport aircraft because of tifrequencyof flights and number of passengers. SVS

images can be presented on hdadn displays (HDD), headp displays (HUD), head



(or helmet)mounted displays (HMP andnavigationdisplays (ND) in the cockpit.

An EVS is an electronic means by which to provide a display of the external
(out-of-cockpit) scene bysingan imaging sensor, such as a Forwlaodking InfraRed
(FLIR) or millimeter wave radar (MMWR). Suctensors are used to penetrate weather
phenomena, including fog, haze, rain, and snow. Figure 1.2 shows an example of an
enhancedision image obtained by FLIR. Like other advanced cockpit display concepts,
the design andevelopment of EVS technologyasinitiated for application to military
aircraft. Currently, business jets incorporate EVS displays as a type ofvismgint
technology. Based atie development of this technology, in 2004, Section 91.175 of the
US Federal Aviation Regulations (FAR) was amed such that pilots conducting
fi s t r-indingtlument approach procedures may now operate aircraft below published
Decision Heights (DH) or Minimum Descent Altitudes (MDAYhenusing an approved

EVS presented on a HUD (Bailey, 2007).

Figure 12. Enhancedisionimage obtained by FLIBn approach to a runway under

actualinstrumenimeteorologica(flight) conditions(Bailey, 2006).



The intended use of EVS mirrors SVS; both strive to eliminatevisibility
conditions tlat may cause major flight accidents and to provide the operational benefits
of VMC, regardless of actual cof-cockpit visibility conditions (Bailey et al., 2006).
Bailey et al. (2006, 2007) stated that the use of SVS and EVS in the same display may be
complementaryeven thougtSVS and EVS had previously been perceived as competing
technologies (Bailey et al., 2002). A combined system integrating both SVS and EVS
imagery may reduce the disadvantages inherent to either system alone. The SVS
technology hasome advantages over EVS technology in providing terrain, path and
obstacle awareness, which may be obscured by clouds, which an EVS sensor cannot
penetrate. Another advantage of the SVS is that it can provide virtually unlimited
visibility. On the other &nd, EVS can provide a direct view of the external environment,
independent of a database. That is, EVS can diigeo imagery of what actually lies
ahead of the aircraft, while SVS cannot be used to detect dynamically changing scenery,
such as other airaft or ground vehicles. Beyond this, fixed obstructions may be rgissin
from the terrairdatabase used to support the SVS dismplapending upon the database
update rate (Ertem, 2005). A pilot using EVS can also develop an extremely high degree

of confidence in the system output.

Since Baileyet al. (2002) suggested the use of both SVS and EdM&epts in
the sameHUD or HDD, someresearch(Theunissen et al., 2004; Schnell et al., 2005)

investigate the usefulness of these concepts. This work has prosithedis for defining



the requirements for display configurations by considering human performance
implications. However, there remain a number of human factors isslagto the
developmentof SVS and EVS technology for effective implementation (Bagé al.,
2006). Corker and Guneratne (2002) categorized the humansfssioes associated with
SVS/EVS displays into three research areas: ingagdity, information integration, and

operational concepts. Prinzel and Kramer (2G@6hmarizedhese issugas follows:

Image Quality Field-of-view, display sizeclutter, iconographygisplay contrast,

andopacity.

Information Integration: Guidance,terrain presentationgcognitive tunneling,

display integration,trend information,skill retention, andworkload

demand.

Operational ConceptFlight phase transitiongrew interaction,failure modes,
essential informationeffect at various workloadsrew confidence in

system, andesourcananagement.

Among these issues, several have been investigated by exp@iirseidies and

several others are stilhaddressedrhese will be reviewed later.

1.1.3. Headup display (HUD)

The purpose of a HUD is to provide primary flight, navigation and guidance

information to a pilot in the forward (owff-cockpit) fieldof-view on a headp



transparent screen. Figure 1.3 shows a HUD (left, in the circle) and HDD (right). The
HUD supports effective control of an aircraft by facilitating pilot simultaneous scanning
of both instruments and theutside environment. Under instrumemmeteorological
conditions (IMC) in landing, a pilot must rely on instrumentation until visually acquiring
the runway. The capability to stdheadupo, despite IMC conditions, is a significant

advantage of advanced HUDs (Prinzel & Risser, 2004).

Figure 13. Headup display (HUD) (left) and Headlowndisplay (HDD) (right) in

aircraftcockpit (Kramer et al., 2005).

In early use of HUDs in military aircraft, it was foutttat such displays could
produce greater precisiomn accuracy than use of conventional flight instrument
systems. As a result of the demonstrated benefits of HUDs, the installation of these
displays in commercial aircraft has significantly expanded. HUDs are now established

contents ofaircraft cockpitssupporting additional operational capabilities and enhanced



situational awareness, resulting in improved aircraft s§#ood & Howells, 200}

Thesymbologes used in HUDs are very similar to the symbols used in a Primary
Flight Display (PFD). This easepilot transitions from headown instruments to the
HUD symbology. Figure 1.4 shows a typical HUD -fiight) with fiprimaryo mode

symbology.
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Figure 14. Typical HUD symbology overl& on outof-cockpitview.

HUDs have undgone continuous refinemenfior several decades and several

advancedHUD formats hae been investigatetb date. Recenlevelopmentsn HUD
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designincludethe use of pathway/tunnel/highwaythesky (HITS) features, and EVS

and SVS (Prinzel & Risser, 200¥ood & Howells, 2001). The stroke of symbols and
raster images makingp these features represemual propertie®f the HUD (Wickens

et al, 1998). The features are also typically presented as conformal displays, spatially
overlaying the far visual doan (outof-cockpit view) (Wickens, 1994). Related to this,
previous research has investigated whether advanced HUDs with conformal symbology
promoting information proximity between spatial information and system information,
provide an additionadvantge forpilot performance ovetonventionaHUDs or HDDs
(Ververs & Wickens, 1998)Generalresults revealed thatdvanced HUDs providan
advantage in thdetection of events both the symbology and the environmgeas well

asthe benefibf reduce scaming over HDDs.

Based on the expected benefits of advanced HUD features, it may be worthwhile
to retrofit HUD-equipped aircraft with SVS and EVS technologies by generation of
synthetic/enhanced vision images as raster input sources to a-atrdser HUD.
Figure 1.5 shows examples SVSHUD (left) and EVSHUD (right) concepts. As stated
previously, the SVS and EVS features may be ssmdltaneouslyn the same display in
a potentiallycomplementarynanner. It should be noted that both SVS and EVS riestu

provide a 2D perspective on terrain for pilots.
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Figure 15. HUD with SVS terrain (left) and EViBnagery(right) (Schnell et al. 2005).

1.2.Previous Studiesof AdvancedFlight Displays

In this section, various historicatudies relevant to SVS and/or EVS features are
reviewed from a human factors perspective. In general, these studies have been
conducted by assessing the effects of specific featuresnfiguratiors of SVS and/or
EVS technologies on human performance, arder to identify appropriate design
guidelines foradvanced cockpit displays. Thstudies can be categorized into three
groups aimed at determining: how specific features of SVS affect pilot performance; why
the display concept of SVS/EVS has been ssggeand what corresponding studies have
been conducted; and what research efforts have been conducted to investigate the effects

of SVS and/or EVS in HUDs on pilot performance.
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1.2.1. Use of SVS, path guidance and tunnel features

As previously statedthe use of SVS technology is expected to reduce aircraft
accidents, in particular CFIT, due to the display information (terrain model) enhancing
pilot SA under low visibility conditions. Several studies have been conducted to assess
this expectation andot investigate theeffect of specific SVS features on pilot
performance. In general, studies have focused on the effects of display sizes and
corresponding field of view (FOV), terrain textures, guidance images, and tunnel images

on flight path tracking pé@rmance, SA, workload, or subjective display ratings.

Prinzel et al. (2002) conducted flight tests to evaluate the effects of three display
concepts, including a HDSze A; 5.2% x 5.25), a second HDDSjze X; 8x 100) and
a HUD as well as two terraitexture concepts (photorealistic and generic) on SA and
flight performance/error. Situation awareness was measured using H®BNVERD
(Situation Awarenesk Subjective Workload Dominance) technig&esults showed that
the HUD and size "A" SV&IDD conceptssignificantly improved pilot SA and flight
path controlHowever, there were no significant differences in texture concepts although
subjects reported subjective preference for photorealistic texture for indp8AeIn
general, Prinzel et al. confirmetiet hypotheses that SVS would provide safety and
performance benefits over traditional EFIS (Electronic Flight Instruments) or EADI

(Electronic Attitude Direction Indicators).

With a similar objective, Prinzel et al2q04g conducted two experiments to

exanine the efficacy of SVS displays and to develop FOV and terrain texture
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recommendations for cockpit display design. In one of their experiments, they
investigated the effects of different types of displays, including a HUD and threeftizes
HDD (A, X andD (6.2% x 6.25%)pfor presenting SVS information, two types of textures
(photorealistic and generic) and two runway conditions on performance, subjective
preference ratings, workload and SA (using SWORD). Results demonstrated that the
different disphy sizes did not affect flight performance and that the use of the HUD for
presenting SVS information reduced lateral path error, as compared to the HDD.
Regarding the textureendering there was no significant effect on flight performance as

a result ofusing different terrain texture images, i.e., phaalistic versus generic

texture.

The studies reviewed above have focused on nominal flight operations; however,
other research has been cortddcto examine the efficacy of SVS technology for CFIT
prevention in offnominal situations (e.g., Prinzel et al, 2003). In a first experiment by
Prinzel et al. (2003), 10 display concepts, including two baseline conditions (a round
dials display and a PFD with no SVS texture), and various SVS textures wereoused t
assess operator CFIT detection ability during incorrect altimeter setting scenarios. The
SVS modes included constant color, elevatiased generic texture, photorealistic
texture, and a grid fishnet. Rewurevealed that the use of SVS, in genemfroved
CFIT detection. In a second experiment, Prinzel et al (2003) evaluated four display
concepts (a baseline 757 displagize A0 HDD with SVS, aSize iX0 HDD with SVS,

and a HUD with SVS) by measuring flight performance, SA and workload during a go
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around situation. Situation awareness weasasuredising the Situation Awareness Rating
Technique (SART) and SAWORD. Workload was measured using modified Cooper
Harper ratings. Results confirmed that the use of the SVS allowed pilots to detect CFIT
more dficiently than baseline concepts. It was also revealed tt&teafiXdo HDD and

HUD with SVS yieldeddwerworkload and better terrain awareness.

These experiments demonstrated the general efficacy of the SVS concept.
Consequently, the effects of guidarased tunnel images, combined with SVS technology,
wereinvestigatd. Prinzel et al. (2004b; 2004c) conducted two experiments to compare
different tunnel andjuidancesymbology concepts fasynthetic vision display systems
presentecbn HDDs and HUDs. They evaluatedthe efficacy of these concepts during
complex, curved approaches under instrument meteorological conditions (IMC). In a first
experiment, theyocusedon a SVS PFD and examined four tunnel concepts, including
minimal, full or box, dynamic pathwagnd dynamic cro@® feet, compadto a baseline
(no tunnel) configuration. They also assessed three guidance symbologies, including an
integrated cue circlefipalld), a fifollow meod aircraft concept(fighost) and afitadpole
guidance symbol, by measuring mt@ workload using the USAFUS Air Force
Revised Workload Estimation Scale, SA using SART andSS8YORD, a subjective
guestionnaireand flight path control (RMSE: Root Mean Square Error). The results of
the first experiment revealdtie baselinecondition to be worsdhan other conditions
including tunnel concept#) terms of path control, workload and SA. On this basis, the

second experimentevaluated two pathway tunnel concepts, includmgimal and



dynamic crows feet and two forms of guidance, inding tadpole and ghost concepts,
for a HUD. Overall, the results demonstrated that presenting any kind of tunnel feature
can produce better performance in terms of RMSE, workload and SA. It was also
demonstrated that the concept of a dynamic @deet tinnel and tadpole guidance were

most appropriate to use in a SVS HUD.

Schnell, Kwon, Merchanand Etherigton (2004) also evaluated a SVS HDD
against conventional glass cockpit displaysagsessvhether SVS technology could
improve flight performance, SAand workload. However, they includednavigation
displays (ND)in their simulation setup for providing pilots witmore realistic flight
situation information They measured SA using SAGAT, mental workload using the
NASA-TLX, flight technical errors (FTEand eye movements of pilots when using three
different conigurations of flight decks. Theonfiguratiors includeda conventional PFD
with ND, aSVS PFD with ND, an@ conventional PFD with aexoview display(This is
a strategic/exocentric displaghat depics the planned flight path in the context of the
surrounding terrain. The depiction is centered on the aifcRdisults demonstrated, in
general, the use of the SVS display format to improve pilot performance by generating
reduced FTE lower workbad scoresand short overall visual scan length. However,
interestingly, there was rsignificantdifference in SA across display conditiofi$iat is,
the SVS PFD withierrainrepresentation did not seemimaprovethe terrain awareness of
the pilot. The athors inferred that pilots relied on and trusted the pathway tunnel to the

extent that they did not feel they needed to devote much attention to the -temceaft
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situation. Schnell et al. (2004) alsaic that the lack of results @A did not necessidy

mean cognitive tunneling hamtcurredn the form ofpilot reliance on the pathway tunnel
image because the workloadeasuresvere lower in the SVS condition than with the
conventionalPFD. However, other studies have poirted that pathway tunnelsay

cause cognitive tunneling. According to experimental research (Alexander et al., 2003;
Thomas & Wickens, 2004; Wickens et al., 2004), it was found that, while pathway
tunnels in a SVS display can support better flight path tracking, they may degtféide tr
awareness and pilot ability to detect unexpected events.coimpellingnessof the
symbology may cause pilots to focus on virtual pathways and enter smaller but more
frequent control inputs to maintain closer adherg¢ondheflight path. Pilos maypay an
undue amount of attention to the SVS display and far less to other displays, regardless of
their relevance tocertain tasks such as detecting outsiderld unexpected events

(Wickens et al., 1998; Thomas & Wickens, 2004).

1.2.2. Integration of SVSand EVS displays
While the use of SVS hadeen evaluated for benefits on flight safety,
certification issues for operational use of the concept laaigen Bailey et al. (2002)
pointed out thatthe FAA (Federal Aviation Administrationhas neverficertifiedd a
database which appears to support a display of primary flight information. They said the
main hurdle to certification was to overcome fimazardoushmisleadingi nf or mat i ono

conundrum. This implies that there may be a potentiahf@mardoussituations when a
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SVS database system creates and presents incorrect information to a pilot, who is relying
on the system in an IMC situation. Theunissen et al. (2004) also noted that the Achilles
heel of any databas®iented system is that the quality of thetohabetween the real and

the synthetic world is influenced by the quality of data used to generate the synthetic
world. This implies that no operations will be allowed in which an undetected error in a
database used for synthetic vision can creat@zaraus situation. With this in mind,

Bailey et al.(2002)introduced twapotential techniquew reduce the possibility of SVS
displays presenting misleading information. One was development of a complementary
system called Database Integrity Monitoring Eqogmt (DIME) and another was the

additional use of EVS, redime and nordatabase elements.

Historically, EVS and SVS have been perceived as competing technologies; both
attempting to provide a complete picture of the terrain, the airport, and fixed/moving
objects within the scene. However, neither technology completelyediatly provided
the total picture outside the cockpit for pilots. Arthur, Kramer and Bailey (2005) sought to
find an answeto which features should be used among EVS and SVS teche®tog
support reliable and accurate pilot comprehension of terfdihough plots indicated a
preference foISVS over EVS, the authors suggested that it meessaryo develop
integrated and fused EVS and SVS technologies to cfila¢ebest of both arlds ,0
rather tharfiEVS or SV® e x c | u this approdachthe EVSimagery becomes more
prominent in theabsencef afiperfecd SVS displayln line with this suggestion, NASA

developed a Sensor Enhan<®dS (SESVS) concept, which utilizes the berogdil
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aspects of EVS and SVS while mitigating the negative aspects of each concept (e.qg.,
misalignmerdg in SVS images with terrain and low EVS image quality influenced by

atmosphericonditions) (Bailey et al., 2002).

In other domains besides aviation, irafusion technologies for supporting
human performance under low visibility environments have been investigated. For
example, Bender, Reese and van der Wal (2003) presented an optimal image fusion
algorithm based on various image sensors (e.g., Mdamee hfrared (LWIR), Forward
Looking Infrared (FLIR) and thermal sensors) to support military dsiusing vision
enhancingHelmetMounted Displays (HMD). In general, image fusion technology has
been considered to have advantages for navigation, surveilfasogontrol, and missile
guidance by improvingposition control accuracy McDaniel et al. (1998) found a well
designed image fusion system to increase human visual scan comprehension. With this
research in mind, the use of unmodified/pure SVS and EVSeisnag an integrated,
single display format is expected to minimize operatsual scan and cognitive efforts
by promoting visual proximity of terrain information with aircraft symbology information

(Bailey et al., 2007).

However, Theunissen, Roefs, Kees, Rademaker and Etherington (2004)
performeda study to assess the combined effect of SVS images and symbology with EVS
images on pilot preferences for desired display configurations. They manipulated three
participant rols, including pilots flying wih a cepilot monitoring SVS integrity, co

pilots monitoring integrity, and pilots flying with integrity checking. They also studied
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two display types, including one with pilot selectable features and another with automatic
feature selection. During theafs in which the display was pilot selectable, all possible
combinations of seven featuresefisor image opacityof sensor image field of view,
guidancecues runway outlines, display alignment, and obstgctesild be selected by

pilots. Subjective wikload ratings andjuestionnaireresponses were collected across
threelegs of flight in approach and landing situations. Results demonstrated that pilots
preferredthe sensor image (EVS feature) to be on during the whole approach, and they
also regardedynthetic overlaying of the runway outline as an important feature. It was
noted that the best approach to feature integration depended on the tasks to be performed

and the intended use of the resultinfprmation

While Theunissen et al. (2004) focusad the effects of specific symbologies in
combination displays, Bailey, Kramer and Prinzel (2006, 2007) compared the general
effects of EVS/SVS concepts with/without pathway tunnel images. Bailey et al. (2006,
2007) conducted an experiment to evaluate dmplementary use of EVS and SVS
technologiesfocusing on integration and/or fusion of the display concepts during low
visibility approach and landing operations. In the experiment, four HUD display concepts
were tested, including a combination of twotéas with two levels, each. The first factor
was the type of raster background presented, including-&Ws and a fusion of
SVS/EVS imagery. (It should be noted that the tefifusiond, in the context of this
experiment, did notefer tothe combination bSVS/EVS images, ahesame time.) The

fusion raster started out as a pure SVS image and transitioned through a fused SVS/EVS
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presentation (beginning at 600 feet above field level (AFL)), and ended with a pure EVS
image by 500 feet AFL. Between 600 feeid 500 feet AFL, a step function modulated
the fusion. The authors said that the reason for adopting this fusion approach was that it
maximized image legibility anchinimized image confusion during differetggs of the
approach. However, the authors diat provide empiricatationalesor their selection of

the various altitudes used as triggers in the fusion approach. It is suspected that their
flight simulation (at NASA Langley Research Center) veaginally programmed to
transition from SVS to EVS about 500 AGLasan EVS camera can only give a usable
image when thaircraftis gute low and close to the grounch &ddition, the SVS is the

only display system that can presené@ainimagebeyondthe range of the EVS camera
system. Another factan the study was the kind of symbology presented on the HUD,
including standard HUD symbology versus standard HUD symbology enhanced with
pathway guidance and a runway outline (tunnel). In order to collect pilot responses,
Bailey et al. (2006, 2007) measd path errors and pilot control inputs during each
experimental trial. They also collected subjectiygestionnaireresponses, SA ratings
using SART and SASWORD, and workload ratingssingthe Air Force Flight Technical
Center (AFFTC) revised workloadstemation scale. The overall results showed that
significant improvements in pilot SA, without increases in workload, could be provided
by the fusion display and the pathway tunnel image. Regarding flight performance (path
errors), while the raster type&\{S versus Fusionylid not affect performance, the
presence of the pathway tunnel significantly decreased path errors. This resultinas in

with previous studies (Alexander, 2003; Mckinley et al., 2005; Wicletnal, 2004),

21



which showed a syntheticrinel image to improve flight performance. In other words, it
can be said that the critical objective of improving flight performance might be largely

facilitated bythe presentation of tunnel imagesa HUD.

In other research, Schnell et al. (2005) exath how EVS images should be
overlapped in a HDD and how SVS/EVS features affect flight performance and SA. They
used an elaborate simulation setup including varamrdiguratiors of HDD-PFDs and
NDs. Theymanipulateddisplay combinations including: bdse displays (standard PFD
and ND); baseline PFD and terrain textured ND; SVS PFD and ND; SVS PFD and ND
with added EVS features on the PFD, as an overlay inset; and SVS PFD and ND with
EVS features on the PFD, as a blended inset. They also presentétesnwith and
without the presence of a HUD. In conditions with the HUD, the display format was
similar to HDD-PFD format but dida include the combination of SVS/EVS imagery.
When the PFD contained the SVS and EVS inset concepts, the HUD featuré&l/&ly
The dependent variables were lateral and vertical flight technical errors (FTEs), workload
scores (using AFFTC/AWRE@ir Force Flight Test Center workload assessment gcale
and SA (using SART) scores. Results confirmed the SVS features, incluatimgay
guidance, to improve FTEs, SA and workload. Additional EVS feature insets in the SVS
HDD did not show significant effects. Regarding use of the HUD, results also indicated
the HUDreducedrFTEs. This effect was likely due to the addition of conforfeatures

in the HUD, when compared to the reduced image of the HDD.
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1.2.3. Applying SVS/EVS features in HUB

Regarding the efficacy of using conformal feature concepts, such as SVS, in
HUDs instead of in HDDs, several studies have confirmed-BUBs to ke comparable
to SVSHDDs interms offlight performance, pilot SA or workload (Prinzel et al., 2003,
2004a). Such displays may even improve pilot abilities (Alexander et al., 2003; Thomas
& Wickens, 2004; Wickens et al., 2004; Schnell et al, 2@@sausehe SVSHUD can
provide conformal guidance information. However, since the visual properties of HUDs
are different from those of HDD#)cluding monochromatiacolor (HDDs present full
color), size, location, andverlapof display symbology (strokes) andster images on
out-of-cockpit views, differentresearchstudies have investigated the application of
specific SVS/EVS concepts in HUDs. In general, these efforts have examined the effects
of HUD image features, including terrain texture, pathway tunmelse/S images, on
flight performance, workload, SA or subjective preferences. The objective has been to

demonstrate the efficacy of the features as well as determine optimal HUD configurations.

Snow and Reising (1999) conducted an experiment to investigat terrain
texture concepts in a HUD affect flight performance and SA. They measured
performance by calculating RMSE and SA using®AORD and SAGAT for four SVS
terrain texture concepts. These included grid, textap, partial grid, and a baseline
condition that had no terrain features but presented a pathway image. The results
confirmed that the SVVEIUD with the terrain feature produced higher SA than without

and that grid terrain texture appearadst appropriatéor use. However, there were no
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signficant differences in flight performan@erosshe terrain textures.

Using a similar approact§now, Reising, Kiggett, and Barry (1999) examined
the utility of pathwayin-thesky HUD symbology in three experiments. In a first
experiment, they comparegathway guidance HUD araMilitary Standard (MS) HUD
under IMC at night. The complexity of the approach (simple or complex) to landing was
also manipulated. Results demonstrathdt pilots were more accurate in the flight
performance when flying with thpathway HUD, as compared to the M®D. In a
second experiment, they compared pilot performance with the pathway HUD under three
different visibility conditions (VMC, partial IMC and full IMC). Results denstrated
performance undeiMC to be equivalentto performance unde¥MC, when using the
HUD with tunnel symbology. In a third experiment, Snow et al. tested the utility of the
pathway guidance HUD in flying complex flight paths. They compared IMC night versus
IMC day conditions and manipulated the fotrofia synthetiderrainmodel in the HUD
(grid, partial grid, texture map or none). They used the SAGAT andEB\WAORD to
evaluate HUD use. Results revealed a significant effect of the synthetic terrain format on
pilot SA. Pilot SA was best with the grid camexture map conditions. The no synthetic

terrain condition greatly decreased SA.

In an experimental study by Kramer, Arthur, Bailey and Prinzel (2008 )effect
of SVS and EVS concepts several display combinations, including HUD, HIIB-D
and ND, wee examined. Four types of display configurations vweagipulated (1) All

baseline displays, including HUD with no conformal images (SVS or EVS), PFD and
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ND; (2) EVS featured HUD, baseline PFD and ND; (3) SVS featured HUD, PFD and
ND; and (4) SVSPFD andND without the presence of a HUD. Response measures,
including path controlperformance workload and SA (using SAWORD) were
collected anchnalyzed Results revealed that the baseline combination produced higher
workload than the other configurationsdathat the use of SVS improved pilot SPath
control performance was not significantly differactosshe display combinations as all

conditions involved pathway tunnels.

Regarding the use of combined terrain images from SVS and EVS technologies
preseneéd on a HUD, Kaber et al. (2007a, b) measured pilot perceptions of HUD clutter
when using SVSnly, EVSonly, or combined imagery, among other display conditions.
Prior research suggested that multiple iconic andiommc images in the same display
prodwced clutter and negatively impacted pilot performance (Ververs & Wickens, 1998).
Kaber et al. collected pilgierceivedclutter ratings with HUDsincluding combinations
of SVS terrain, EVS images, pathway tunnels, traffic information (Traffic Collision
AvoidanceSystem; TCAS), and full (vs. reduced) overlapping PFD informafitrey
found that all HUD features were significant predictors of perceived clutter and all two
way interactions involving SVS, EVS or TCAS features were criticalgeneral, the
number of features in the HUD was correlated with perceived clutter ratingas also
found that, when PRIMARY mode symbology was active, the presence of SVS, EVS or
Tunnel(HITS) did not appear to influence pilot ratinds. addition to this, Alexander et

al. (2008) identified pilot perceptions on HUD clutter to be primarily influenced by two



major factors; one was visual density, a botigon(datadriven) factor, and another was
information density, a todown (knowledgedriven) factor.While the studiesonducted

by Kaber et al. (2007a, b) and Alexander et al. (2008) used static images of HUD
configurations for assessing existence of perceived clutter, later study (Kaber et al., 2008)
was conductedusing an advanced flight simulator (Integration Flightlbsimulatorat

NASA Langley Figure 3.1) Using thisfacility, Kaber et al. (20083ssessehfluences of

pilot experience HUD configuration flight segment as well asflight workload on
perceptions of display clutter aldgnitive load, and flight taserformancein order to
develop and validate a new measure of display clutiérey developed a
multidimensional measure of display clutter, revealed relations between perceived clutter
with subjective workload, and found negative efaxtiiowd andfhigho clutter displays

on and flight task performance (stability and RMSHpwever, individual effectsof

terrain featureson flight performance, SA, or workload were not assessed in the

experiments by Kaber et al. (2002809 and Alexander et al. (2008)

1.2.4. Summary of previous studies on advanced display concepts

In summary, there is great deal of evidence that advanced synthetic images in
cockpit displays, including SVS terrain features and tunnels, improve flight performance
and (or) pilot SA, ad reduce workload (Snow & Reising, 1999; Prinzel et al., 2002,
2003). In specific, HITS (tunnel) images have been revealed t& rbajor factor in

improvedpilot performance particularlyflight path tracking accuracy (Alexander et al.,
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2003; Bailey et la, 2006, 2007; Prinzel et al, 2004b, 2004c; Wickens et al, 2004). Since
SVS features are generated from a database, they have been considered to have the
potential disadvantage of providipgots with inaccurate informatiorgonsequentlythe

use of commmed vision system information (using both SVS and EVS) was suggested
(Arthur et al. 2005; Bailey et al., 2003; Ertem, 2005). Research has investigated the
utility of terrain feature combinations (SVS and EVS) in HDD design (Schnell et al.,
2005) versus aoventional flight instrument displays. The general finding here has been
that the inset of EVS features aanSVSPFD image did not improve flight performance.
The use of noticonic terrain features (SVS and EVS) has also been presented in HUDs
and empiricly evaluated. Specifically, conformal images have been presented to assure
HUD information proximity with ouf-cockpit imagery. The general findings were that

a SVSHUD improved pilot SA (Snow & Reising, 1999) and that BVS-HUD
generated lower mentalorkload for pilots than traditional HUD(Arthur et al., 2005;
Kramer et al., 2005). However, thasa lack of research evaluating the effect<SMS or

EVS alone and thecombination ofthe two terrain features in HUDs on human
performance, such as fhg path control, mental workload, SA, asdbjective pilot
preferenceOnly the study by Kaber et al. (2007a, b) assdgerceived clutter ratings of
various combinations of HUD features. In addition to this, although there have been
many studies compagnHUD feature conditions in order to demonstrateciispecific
conditions improvepilot performance, thens alack of researclexplairing the results in

terms of human cognitive behavior. Furthermore, while some studies investigated use of

HUD conditiors in different flight scenarios, no study has been conducted to identify
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when and why it is best to use particular displays.

1.3.Human FactorsIssues

Based on the limitations of previoussearchdentified in the prior section, there
is a lack of studés evaluating effects of SVS/EVS features in HUDs on human
performance and explanations of effects using, for exangolgnitive task analysis
approaches. It is necessary to review some human factors iissurdsrto address these
limitations. First, sioe the primary objective of advanced flight display technologies
(SVS/EVS) is to improve pilot SA, there is a need to revied definitions and
measurement techniquées orderto identify acomprehensie definition andmeasureof
pilot SA. Second, since planation of how specifiadvancedlisplay features affect pilot
performance may bachiewablethroughcognitive task analysis, it is als@cessaryo be
aware or what analysehavealreadybeen conducted on pilot use of advanced cockpit
display technologs. Beyond this, it is important to identify haegnitivetask analysis

can be used in the present research.

1.3.1. Pilot situation awareness

The human factors issues suggested by Corker and Guneratne (2002), and
summarizedy Prinzel and Kramer (2006)) the category ofinformation integratiorm

included investigatingilot workload demand when using SVS and EVS technologies in
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advanced cockpit displays. Regarding this issue, many empirical studies have assessed
pilot cognitive loadin orderto compae types of display configurations. However, the
main objective of applying neitonic and conformal features, such as SVS/EVS in HUD
design, is to enhance pilot SA and to reduce flight accidentsuding CFIT.
Unfortunately, there is no commordgceptedlefinition of SA and specifimeasurement
approaches are either not defined or have serious drasvivatkems of subject bias in
responding or interference in performance. Here, definitions of SA, why SA is critical in

flight situations, and how pilot Séan be measured are reviewed in detail.

1.3.1.1. Definition of SA

Flight instructors and pilots have held the notion that successful flight results
when a pilot has thibig picture in mind. Gnversely, when problenmccurdue topilot
error, it is intepreted that the pilot missed the picture or (s)hedradcorrect picture. In
the past decade, human factors researchers &igemptedo transform this notion into a
formal psychological construct (Uhlarik & Comerford, 200Zhe nbst acceptable
constuct is the concept of SA. Uhlarik and Comerford said the concept of SA is
especiallycompelling in the operational setting afiation which involves the operation
and control of a complicated system andynamic environment The human has to
integrate wilely disparate andometimesinconsistent intesensory input (e.g., visual,
auditory, and tactile) witlkelaboratecognitive models of the machine and the operating
environmentto control the movement of a vehicle throughmedium. Based on this

concept ofSA, theconstructhas been extended awtherdomains beyond flying aircraft,

29



including air traffic control (Kaber et al., 2006), operation of nuclear power plants (Hogg
et al., 1995), automobile driving (Ma & Kaber, 2005), and medical procedures (Gaba et
al., 1995). Uhlarik and Comerford (2002) said there are common aspects in such domains.
For example: (1) thenvironmentis dynamic and information rich; (2) the human may
sometimes experience high mental workload; (3) extensive training is use@liye;

and (4) time is often constrained. A dynamic system can be defined as a system in which
the environmentis dynamicallychangingand in which the operator i®sponsiblefor
maintaining orachievingparticular states or gaain a defined time framélhe concept

of SA originated from thepiloting environmentand it has been proven to be a critical
factor for flight safety.Severalcase studies and anadgsof existing databases have
confirmed that a loss of SA is an important precurs@atation) perfamance failure

(Durso & Gronlund, 1999).

Although there have been many definitions of SAparticular domains or
environments, there is a lack of a generalizable or comprehensive definition of SA. In
order to genalize the definition of SA, Bten and Rousseau (2001) surveyed 26
different definitions and classified them into two classes, including procesged
versus stateriented definitions. A procesmiented SA theory has been advocated by
Smith and Hancock (1995). Smith and Hancock definedoS#e a dynamic concept that
exists at the interface between the agent and its environment, like adaptation to an
environment. They also proposed that SA is adaptive, externally diremtsdiousness

Adaptation was definedas that process by which an age(human) channels its
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knowledge and behavior to attain goals as tempered bgaihditions and constraints
imposed by the tasknvironment Smith and Hancock regarded consciousness to be that
part of an agei® knowledgegenerating behavior that is withthe scope of intentional
manipulation. Based on these analogies, they viewed SA as generating purposeful
behavior directed toward achieving a goal in a specific task environment. Therefore, they
asserted that assessing SA should consider the -ageintnment relationship and

depend on experience in tervironmentand development of alternative action plans.

This perspective of SA isompatiblewith another viewpoint of SAroposedoy
Sarter and Woods (1995). They suggested ttlag¢: term situation awaness should be
viewed just as a label for a variety of cognitive processing activities critical to dynamic,
eventdriven, and multitask fields of practi¢Page 16). Similarly, RousseauTremblay
and Breton (2004) said that a proces&nted definitiorof SA can beassociated with an
operatoffocused approach The operatofocused approach is concerned with the
properties(basic mechanism®f the operator as they determine SAis theory can be
applied toa piloting environment witradvancedHUDs whee the goal is to control an
aircraft in lowvisibility conditionswhile avoiding crashes intterrain. Behaviors may
include understanthg the terrain outof-the-cockpit when SVS and/or EVS features are
overlaid in a HUD. Control activities may include ltaling a designated flight path
based on previous experience. Therefore, with respect to the pooeegeddefinition,
SA would generatsstantknowledge and the actions requirechtthievegoals, based on

information displayed in a HUD.
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Competing withthe proces®riented theory, Endsley (1988, 199%apposeda
stateoriented definition of SA (Breton and Rousseau, 2001). Endsleyfisitidation
awareness is the perception of elements iretheronmentwithin a volume of time and
space, the compreheos of their meaning, and the projection of their status in the near
futureo Endsley further claimd that SA is a state of knowledge that needs to be
distinguished from the processes used to achieve thatstatdh is oppositéo theview
of Smith and tncock (1995) and Sarter and Woods (1995). In this regard, Endsley also
said theprocessoriented theory of SS houl d be referred &0 as #fs
This distinction betweera A Pr oces s 0 and ofi SAisadf eodsidetabdlé i ni t i or
importanceand it has been influential in the development of measures and modeling
efforts Rousseauet al., 2004). As processiented theory was associated with the
operatoffocused approach, tretateoriented definitionof SA canbe associated with a
situationfocused approach and characterized as driven by the properties of the situation
The situatioAfocused approach views SA as determined by the environment or situation

in which the operator is at wofRousseaet al., 2004).

According to Endsle® definition SA consists of three hierarchical levels. The
first level deals with perception of situation data; the second is the ability to comprehend
the situation data; and the third level deals with the ability to use the data in projection of
future states. Witlthis definition in mind, it is easy to understand why achieving high SA
is critical to improving flight safety, or preventing accidents in situations involving

hazardous terrain and low visibility. For example, a pilot may perceive terrain along the
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flight path (Level 1), based on chart use, and (s)he may recognizertam to be
hazardoudased orcomparisorof a planned flight level with the terrain height (Level 2).
Finally, based on projection of future aircraft states, the pilot can determineewkieth

flight will crash into the terrain, and (s)he will try to control the aircraft to avoid such an
incident (Level 3). Thus, it is speculated that supporting pilot achievement of these three
levels of SA through advanced cockpit display concepts, ascB8VS and EVS, may

improve flight performance and safety.

Another way to classify definitions of SA, aside from process versus state
theories, is to consider the frameworks from which these theories emerged. Durso and
Gronlund (1999) identified two fram@rks. These include Endsi®y(1995a) framework
and Adams et al. (1995) view of SA. Uhlarik and Comerford (2002) labeledrilnssrof
an informationprocessing modeélandfiuse of the perception/action cydeespectively.
Endsleys (1995a) theory is simair to other general models of human information
processing (e.g., Wickens & Hollands, 2000). That is, the information processing
mechanisms in Endslé&y concept include shetérm sensory stores (STSSchemata,
attention, etc., also identified in Wickes and Holland® (2000) theory. The
Perception/action cycle framework (Adamt al., 1995) considers SA as the product of
existing schemata that direct perceptual exploration. The perception/action cycle consists
of three elements: (a) the object (i.e.omhation in the environment); (b) the schemata
(i.e., internalknowledgefrom training/experience); and (c) exploration (i.e., a search of

the environment). This cycle was hypothesized as: the object modifies the schema, the
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schema directs exploration, aexlploration leads to sampling of the object. Adanhal.
explained SA in terms of this perception/action cycle, but unlike Endsley, they suggested
that SA should be conceptualized as both a product and a process. This concept is also
compatiblewith the Smith and Hancods (1995) view of SA, because, as stated above,
Smith and Hancock defined SA,d&daptive, externally directed consciousnessd

they utilized the perception/action cycle to conceptualize and define SA (Uhlarik &
Comerford, 2002). Howeer, Uhlarik and Commerford also noted that there were
criticisms of each framework. Common problems among the two frameworks are that
they include psychological constructs that @hemselvesnot wellunderstood (i.e.,
attention and STSS in the informatigrocessing frameworksemantic memoryand
schemata in the perception/action cycle framework). There is another criticism of the
information processing modepecificallythe process of achieving SA appears relatively
static and finite, while the percém/actioncycle model emphasizes the dynamic nature

of SA. The perception/action cycle model also has limitations. The approach provides no
suggestion as to how the product (i.e., the state of the active schemata) or the process (i.e.,
the state of the peeptual cycle) of SA can be measured. Thigicism of the
perception/action cycle modil quite critical to the use of its definition of SA in order to

evaluate the affects of display alternatives on pilot performance.

1.3.1.2. Measurement of SA

Justlike there are various definitions of SA, various methods to measure SA have
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been introduced. Fracker (1991) and Vidulich (19%2)veyed SA measurement
techniques and categorized thembafongingin three major categories, including: (1)
explicit measwes; (2) implicit measures; and (3) subjective ratings. Explicit metrics
probe the contents of subject memory to determine whether mission critical information
is appropriately represented. Endsley (1995b) suggested that explicit measurement
approaches codlbe subcategorized into three types: (1) retrospective measures, which
assess SA after completing a task; (2) concurrent measures, which are used during the
course of a task, such as verbal prota@salysis and (3) measures utilizing a simulation
freezetechnique, like SAGAT. While Endsley (1995b) suggested that explicit measures
are objective because the collected data can be compared with the true state of the
situation, Fracker (1991) considered explicit measures to be subjective because the data
are acquired by selfeport rather than assessment of observable behaWioe
disadvantage of explicit measures is that a normative model of the domain (e.g., gviation)
and how operators are expected to belraag be difficult to develop because the task
envronment is dynamic and complex. Therefore, it is difficult to understand how an
explicit measure could be developed outside of a laboratory setting (Uhlarik &

Comerford, 2002).

Implicit measures of SA utilize tasgerformanceto infer SA based on the
assimption that SA is correlated with performance. Endsley (1995b) also divided implicit
measures into three categories includigipbal measures, external task measures, and

embedded taskneasuresThe advantages of using implicit measures are that they are



objective, unobtrusive and easy to use (Endsley, 1995b; Fracker, T391he other
hand, implicit measures havbe disadvantage that performance may not necessarily
reflect SA in many task situations (Sarter & Woods, 1995). For example, it is possible
that poor performance may be a resulsamething other than Io®A (e.g., lack of task

resourcs) (Uhlarik & Comerford, 2002).

Subjective rating techniques ask the operator to directly assign a value to
represent the quality of SA they feel they expererl while performing a task. Rating
techniqus also include three subcategories (Endsley, 1995b): (1) directisied, such
as tle 3D (dimensionpr 10D SARTs (Taylor, 1989); (2) comparative setiting (e.g.,
SA-SWORD); and (3) observable ratings. Advages of subjective ratingchniquesre
that they are easy to use, inexpensive to implement and practical because they can be
used both in simulations and in the actual task environment (Metalis, 1993; Uhlarik &
Comerford, 2002). However, disadvantagdssubjective rating techniques have been
identified toinclude participant ratings hieg affected by their performance on a trial and
direct selfratings collected at the end of tasleing prone to rationalizations and

overgeneralizations by participarfisndsley, 1995b).

1.3.1.3. Pilot SA with SVS/EVS display features

Many previous studieassessing the effect of SVS or EVS features on pilot SA
have used SART (Bailey et al, 2006, 2007; Prinzel et al., 2003, 2004b, 2004c; Schnell et

al., 2005) or SASWORD (Kramer et al., 2005; Prinzel et al., 2002, 2004a, 2004b). These
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are subjective rating techniques. Relatively, few studies have used SAGAT for assessing
SA (e.g., Schnell et al., 2004). Although subjective methods provide the advantage of
ease ofimplementation the use of SART or SSWORD tomeasue pilot SA poses
limitations as identified above, including participant bias. Sarter and Woods (1995)
criticized selfrating measures such as SART because they ignore the process of
achievingSA and only measa SA as a product. Endsley (1995b) atsserted that
participant ratings on SA mayot onlybe affected by their performance in a test toia

their perceptios of mental workloads well Others have said that subjective ratings may
actually measureraoperato@ confidence regarding SA rather than SA itsghlarik &
Comerford, 2002). SASSWORD shares this shortcoming and it can only be used in
contexts where a withisubjects experimental design used (Uhlarik & Comerford,

2002).

One of the most ell-known and validated direct measurement techniques is
SAGAT, which was developed by Endsley (1995b). In applying SAGAT, a task
simulation is frozen at random points in time and queries are posed to the operator in
order to assess their perceptions af #ituation at that time (Endsley, 2000). Use of
SAGAT allows for evaluation ofoperator SA at all three levels (perception,
comprehension and projectiothrough corresponding questions. Regarding the use of
this technique, Sarter and Woods (1995) obskthat haltinga simulation and prompting
apilot for information concerning particular aspects of the situation was likely to disturb

the very phenomenaeing measuredHowever,counter tahis criticism, Endsley (1995b)
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demonstrated that subject accuratyesponding to SAGATuestionsvas not affected
by the amount of time elapsed after a task freeze. Endsley also showed that subsequent
task performance was affected hgither the duratiomor the frequency oSAGAT

freezes.

In research conducted by &m and Reising (1999) to examine the effect of
pathway guidance and synthetic terrain textures in a HUD on SA, they compared and
contrasted SASWORD, as asubjectivemeasure of SA, with SAGAT, as abjective
measure using experimental data. In their chrgion, they said theycould not
demonstrate explicit differences between the two measures. However, they did confirm
that interruptions of simulations, as part of the SAGAT technidice not affect pilot
performance This finding was idine with Endsleg results.They concludedhat the

SAGAT was a useful objective SA evaluation.

1.3.1.4. Levels and types of SA

In the aviation domainthere may be multiple types of SA for supporting
different tasks andcognitive behaviors. Wickens (2002) divided pil&A into three
components including: spatial awareness, system (mode) awareness, and task awareness.
The concept of spatial awareness is inherent in the task of moving an aircraft #Bugh
D spacewhich can befilled with hazards. System awareness comnsea pilo6

comprehension of aircraft status and mode, which may affect pilot performance (e.g.,
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automation mode awareness). Finally, task awarerssts to a pilos knowledge of
aviationcontrol, navigation, andommunicain (with a cepilot or airtraffic contrdler),

and systems management (e.g., managing fuel, cabin predsatacity).

Related to thisconceptof pilot SA, Bolton, Bass and Comstock (2007)
introduced judgmenbased measuseof spatial awareness (SpA) to evaluate terrain
texture and FOV features of a SWSD in an experiment. Like previoustudies
examining the effect of SVS features, they also assumed that SVS technology could help
prevent CFIT by enhancing pilot SpRased onWickengdefinition of SpA (Wickens,

2002) and Endsy® (1995b) concept of the three levels of SA, Bolton et al. (2007)
identified three levels of SpA with respect to terrain: identification of the terrain (Level 1),
its relative spatial location (Level 2), and its relative temporal location (Level 8)eiin
experiment, the authors investigated how SpA derived from aFR[Swas affected by

the three leading texture types (fishnet, photo and elevation) and the two leading FOVs
(30° and 60) among display manufacturers, in all combinations. They inclyiled
judgments involvingdirectional errors in relativangle, distance and height, and abeam
time with respect to a terrain point. SA proleesurredat all three levels of SpA. The
experimental results showed that spatial awareness was best faciitateel elevation
fishnet, photo fishnet, and photo elevation fisiegtures. Since Bolton et al. presented 5
second videos for each experimental condition to participants and asked them to assess
the questions without allowing any dynamic control of flight simulation, theywere

not able to use SAGARNd freezes of dynamic task situatiofor SA assessmenthey
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could only measure spatialvarenessather than system and taskarenessHowever, if
the pilot could contro& flight (simulator) in a dgamic situation, it would be worthwhile
to measure all three aspects of pilot SA, according to Wickens (20&) three levels

of SA defined by Endsley (1995b), by using SAGAT.

1.3.1.5 Summary of pilot SA

In this section, definitions of SA were rewed, including comparison of
processoriented theory versus stateented theory as well as two frameworks of SA
(informationprocessing model versus perception/action cycle model). In general,
Endsleys definition of SA (1988, 1995b), categorized as tatesoriented theory and
based on an informatigprocessing model, has several advantages for the present study
for examining pilot SA with specific display features. As reviewed, Endsley defined SA
asfithe perception of elements in thevironmenwithin a volume of time and space, the
comprehension of their meaning, and the projection of their status in the neao.future
Endsleysaid SA is a mentafisnapshai of a dynamic situation, forming a basis for
decision making at a particular instant of time. Téason why this theory is considered
to be appropriatéor the presenstudy is that Endsléy concept and definition have been
previously applied in aviation tasks (Bolton et al, 2007; Schnell et al., 2004) and in other
domains, including air traffic cordl (Kaber et al., 2006) and driving (Ma & Kaber,
2005). This research was facilitated, in part, by use of Ensteyasure of SA (SAGAT).
That is, while other theories or frameworks of SA wot provide suggestianfor

measuring SA, Endslé&theorysupprts a validatedneasuremertechnique.
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Measurement techniques for assessing SA were also reviewed. Among the
various techniques, SAGATas the greatest applicability to the present reseSBGAT
allows for direct, objective assessment of SA by makinghparisons of operator
responses tknowledgequestionnaires with thiigground trutld of a domain simulation in
a dynamic environment for the three levels of SA (perception, comprehension and
projection). Thus, SAGAT has be&tentified asa useful measureof evaluating pilot SA
(Snow & Reising, 1999) antas beemised inseveralktudies (Bolton et al., 2007; Schnell
et al., 2004). In aviation taskthree types of pilot SA have beefentified, including
spatial awareness, system awareness and task avga(@fiekens, 2002). Consequently,
in this research, SAGAWasused with queries for evaluating the three levels of SA along

with the three types of pilot SA.

1.3.2. Cognitive Task Aalysis(CTA)

In general, cognitive task analygiSTA) has emerged asuseful technique for
exploring how users interact with complex systems (Endsley, 1893) has been used
for evaluating user interfaces, in terms of human internal/external behaviors. In this
section,ageneral overview of CTA, previous CTA effoftecusal on theaviationdomain,
and a specificCTA method for studyng complex dynamic systemill be reviewed.In
this study, a cognitive task analysis approaels used toprovide furtherexplanationof

the effects of nofconic conformal features in a HUD twuman performance.
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1.3.2.1. Overview ofCTA

CTA is analysis ofthe knowledge, thought process and goal structuseof
cognitive tasks (Hollnagel, 2003). CTA differs from traditional task analysis by
describing the knowledge required for a tasid howknowledgeis used in decision
making, situation recognition, or problesolving rather than just procedures (Kireas,

1997a; Wei & Salvendy, 2004).

CTA is appropriate focognitively complex, or ill structuretasksthat occur in
dynamic, uncertain, muliasking, reatime operational domains (Gordon, 1995; Gordon
and Gill, 1997). For this reason, CTA has been applied to various domains and tasks,
including weathesrelated decision making ibusinessaviation piloting (Latorella et al.,
2001), SA analysidor air-to-air combat fighters (Endsley, 1993), and commercial jet

aircraftpiloting during instrument approaebwith aHDD SVS (Keller et al., 2003).

Thetechnique can be used to design new system intertacegaluate existing
interfaceto developexpert sysems and serve as a basis for operator seleationfor
training purpose (Wei & Salvendy, 2004)Iin addition to this, CTA can be used a basis
for human performance modeling (HPMhichis a valuable research tool to understand
new systems and tlmempact onhumanbehaviorand workload Human performance
modelspreclude the need fanore costly methods of humamthe-loop experiments or
simulation (Keller et al., 2003p evaluate system&achary, Rder and Hicinbothom
(2000)said that CTA is rguired to build efficient cognitive models in complex reale

domains Kieras (1997a)noted that CTA is critical for developing computational
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cognitive models (e.g., NGOM3(Kieras, 1997b) for cognitively demanding task

Thereis currently a wide varigtof CTA techniquesavailablefor researchand
humanmachine system studie&mong the techniques, the most commonly used involve
some form of interview, protm| analysis, scalingnethod (e.g.multidimensional scaling
(MDS)), neural network modiag, conputer simulationor error analysis (Redding &
Seamset, 1994).@are Wiggins, Williamsand Wong (19983ummarizedwo categories
of such techniques. The first group of techniques focuses on identifying the inherent
constraints in thevork domain, based odecomposition of th&unctionalstructure of the
task. O'Hare et al. (1998) also said the advantage of this approach is that it candse used
a basis fodevelopng prototypes obperator interface design in complex systems not yet
in operation. The seod group is based on an analysisactual user activity iran
already functioning system. This approach is not only used for designing user interfaces

but also for developing operator training programs.

Wei and Salvendy (2004) also classified various @Téthodinto four families

based on theiiormality and analysis mechanisnihe class included

Family 117 AObservations and interviewslncludes observati@nand unstructured

/semistructured/structureithterviews.

Family 27 fProcess tracing Includescognitive wakthroughs, verbal repod, and

protocol analyss.

Family 3 T fConceptual technique Includes diagramming, error analysis,

psychologicakcalingfating and rankingsensorymotor process chainig,
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and questionnaires.

Family 4- fiFormal model® Indudes multidimensional scaling and use GOMS
(Goal, Operator, Method, and Selection rulesd EPIC (Executive

Process Interactive Control).

1.3.2.2. Previous task analysis efforts relevant to cockpit automation.

Endsley (1993) conducteal CTA to identify the SA requirements of atio-air
fighter pilots. $e reviewedthree CTA methodscluding unstructured interviesy goat
directed task analysisnd structured questionnairésmong the three CTA techniques,
she used Goalirected task analysi€GDTA). The goal of GDTA is to identifythe
information processing or situation awareness requirements of system users. She said that
the outcome of GDTA is a list of critical decisions and information requirements that can
be used as a basis for displagsin, training program development, development of
situation awareness assessment measures, and operator selection. Endslexd 283)
unstructured intervievapproach aas part of GDTA wittxperienced pilatfor eliciting
knowledgean combatmaneuversConsequently, she determined the specific elements

required for SAn air-to-air combat missions.

Latorella et al. (2001) conducted a CTA of business aviation piloting in order to
understandhallengingweathesrelated decisions. As a primary technigthey usedthe
advancedcognitive task analysis (ACTA) method developed by Militello and Hutton

(1998) This method idess resource intensive than traditional methods. ACTA consisted
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of three submethods including task diagramknowledge audg and exteded
simulationbasedinterviews. The results o& CTA demonstrated the role of expertise in
business aviation decisianaking in flying through weather and how weather
information is acquired and assessed for reliabdiypilots The authors also analyte
the resultan orderto recommendlesign and training interventions to improve business

aviationdecisionmaking.

Regarding the use of SVS technologfeller and Leiden (2002) anHeller,
Leiden and Smal(2003) conducted a CTavith commercial jet aircfa pilots during
instrument approa@s using four types of cockpit interfasgundertwo basic types of
approaches (visual and instrument), two existing types of preapijproache$ILS and
RNAV(Area Navigation))andan SVS approach. Theltimate objective of these studies
was to develop a human performance model for understanding systems(SVS
technologies) and their impact on human task performance and workload without costly
experiments or simulation. As part of the modeling effort, Keller et @03Ranalyzed
and described the pilot task for the SVS condition cosgpr the baselineconditions
(visual, instrumentLS, and RNAV), using a CTA methodhe Authors decomposed pilot
displays and controls, pilot responsibilities, approach tasks (séajuerd norsequential
tasks), task timelirsg and cognitive decisions for each display interfédthough Keller
et al. analyzed pilotasks during approadcbsto an airport using@n SVS the SVS was
presented oanHDD andthe relation between tltechndogy andpilot taskperformance

was not validated in their studylhat is, no data was provided indicating how the SVS



display affected performanc&herefore, itis necessary to use a CTA method for
explaining the effects of SVS and/or EVS HUD configunasi on human performance,

beyondKeller and Leiden (2002) and Keller et al. (2003) studies

1.3.2.3. Verbal protocol analysis

In order to elicit the internal information used by operator in a specific
cognitivetask verbal protocol analgs have frequently been used (Koubek et. al., 1994;
Zachary et al., 2000)erbalprotocolanalyses make it relativeBasy to obtain datat a
low costand deliver to processkey information from an operator perspecti®/ei &
Salvendy, 2004). In general, verbal peab analyes are conducted based othe
assumptionghat the analyss can be a source of hypothesescognitive processes and
predictions about newerbal behavig;, and second, ifan operatorsays something,

evidently they have knowledge somewhere inrtheads.

Zachary et al. (2000) said that two general methods of verbal protocol analysis
have been used. The methais categorizedaccording to thgointsin time at which a
subject verbalizes his/her internal behaviors. One is the retrospectivedpmilwacated
by Klein, Calderwoodand MacGreger (1989), which anchors sulsjemh specific
behavios in the past and guideésemthrough a verbal inspection process. Anothéhés
think-aloud method suggested by Newell and Simon (1972), whichtlaslsuljects to
speak outheir internal thouglg, decisios and intentios in reattime while interacting

with atask interface.
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1.3.2.4. Summary of CTA approach in aviatiorapplications

CTA has bee used as a tool for understanding user external/internavimh
when interacting witlcomplex system Many CTA methods have been developed and
appliedto various domains. lthe aviation domainseveral studiesave beertonducted
to examine pilot cognitive activities for acquiring pilot SA requirements (Ends893),
understanding weatheelated decision making (Latorella et al., 2001), and modeling
human performance with SVS disptay HDDs (Keller & Leiden, 2002Keller et al.,
2003). However, there is a lack of research expigipilot cognitive and/opsychomotor
behavior when using SVS and/or EVS features in HUDs. Among various existing CTA
techniques (Wei & Salvendy, 2004), verlpabtocolanalysis maye mostuseful for this
type of research due &xplicit representation of cognitive behaviazaseof use and cost
effectiveness. As Zachary et al. (200@yicated, verbal protocol analysis can be
categorized into twocategories depending on thieme at which subjecs make
verbalizatiors, concurrentwith task performance oretrospectivly. In this stdy,
concurrent verbal protocol analysisas applied. That is, after pilots perfoenthe test
trials usingvarious HUD configurationghey wereaskedto performan additional triato
complete aoncurrent think alougrotocol andhe trial wasrecorded Consequentlythe
CTA using verbal protocol analysisgasexpected tdelp explairthe effect of SVS and/or

EVS in HUDs on pilot performance.
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2. PROBLEM STATEMENT

2.1.Limitations of Previous Research

Previous studies indicated that Agonic featires,such as SVS/EVS imagas,
flight deck display effect flight performance, SA and (or) workload such that safety can
be improved. However, few research studies have been conducted perftirenance,
SA and workloadeffects of noriconic, conformal feature (SVS and EVS imaggin
HUDs. Furthermore, pilot preferences as to which displays to use during distiscif
an approach and/or landing situation have not les@tuated Moreover, few empirical
studies have investigated the effects of the combimaiioSVS and EVS features in
HUDs on pilot performance. Thus, ther® a need to examine thadividual additive
effects of SVS and EVS features in a HUD on pilot performance during vatsmgsof
flight (especially in landing situations) by making comgams to HUDs without such

features.

Methods for measuring flighperformance(e.g., FTEs, path control, or
RMSE) and workload (NASA'LX or SWORD) are well defined and can be applied
accurately for assessing display design. Howeverasmres of SA used iprevious
research such as SART or SSWORD, have limitations because of theirbjective
nature Since advancetlight displays, including SVS or EVS featurese expected to
promote flight safety by improving pilot SA, careful definition and develognoérsA

measurement approachescritical to quantifyingthe SA effects of specific display
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features. While SART and SBWORD have been successfully applied in previous
studies to show SA improvements when using advanced HUD features, these techniques
mayreflect participant bias and are not sufficiestexplainng the effects of displays on

the three levels of SA, defined by Endsley (1995a).

Related to this, it has been suggested that pilot SA has threeitghasing
spatial awareness, system agvaess, and task awareness (Wickens, 2002). Bolton et al.
(2007) measurd three levels of spatial awareness in SVS display use, but their
experiment did not involve dynameontinuouscontrollable flight situations. Therefore,
thereare no studies presenginmeasurement of pilot SA at the three levels defined by
Endsley (1995a) across the three types identified by Wickens (2002). With this in mind, it
would be worthwhile to develop a methodneasurgilot SA across all levels and types.
SAGAT may be consigfed as a potential measure to address this need by posing queries
to pilots associated with the various levels and tygfeSA. Moreover, itwas expected
that the use of SAGAWould allow for illustration of how nosiconic conformal features

in a HUD affect pilot SA in a detailed manner.

Finally, while cognitive task a@lyses have been conducted to examine pilot
behavior no analyss have been conducteddgplainhow a SVS or EVSlisplay, orthe
combiration ofthereof, ina HUD affects pilot cognitive bevior, decision makingand
action implementationin other words, even though SVS/EVS technology has been
revealed to improve pilot performance, the cognitive reasons for such effects have not

been made explicit. Theiig lack of researcincluding cogniive task analyss of pilot
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use of SVS/EVS HUDd0 explain the effects of each feature on performahaeng
differentlegs of flight Such an analysis could provide a basis for optimizing SVS/EVS
HUD design to support pilot cognition.n& use of averbal protocol technique in this
researchwas expected to provide platform for a cognitive explanaioh SVS/EVS
feature effects on pilot performance, as welbatetailed description of pilot cognitive

behaviors with HUDs during simulated flight performance.

2.2. ResearclObjectives

Given the limitations of prior research and the research needs identified above,

this study airedto address the three following objectives:

First, an experimenvasconductedo assess the effects of rmonic, conformal
featues (SVS/EVS) on pilot flight performance (e.g., flight path control), workload, SA
andpilot subjective preferences when using advanced HUD displays across ditfgsent
of anapproachtunder IMC conditionsThe studyfocusedon theindividual effects ofeach
raster feature (SVS, EVS, and a combination of SVS/EVS) relative to a baseline HUD
symbologycondition (vithout any noriconic terrain imagery), including pathway tunnel
features which have been proven to increase flight path control (Alexander2904;

Bailey et al., 2006, 2007; Prinzel et al., 2004b, 2004c; Wickens et al., 2004).

Second, when measuring SA in the experiment, assessrasntade in terms of
the three levels and three dimensions of SA identified by Endsley (1995a) and Wickens

(20@2), respectivelyby using SAGAT. he SAGAT queriesvere prepared in order to
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assess variougpes of SA in piloting tasks. This elaborate and objective measure of pilot
SAwas expected téacilitate interpreation ofthe effects of the advanceétlUD featues

on pilot cognition

Finally, a highlevel cognitive task analysi&/as developedto describe pilot
behavior using SVS/EVS HUD featureA. concurrent erbal protocol techniquand
probingwasusedasa basis for the task analyst®nstitutinga semistructured interview
The aim ofthis analysisvasto relate the newharacteristics of thdisplay concepts to

pilot internal and external behaviors and, ultimately, fliggtformance.
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3. METHODS

The methodology to address thesearch challenges encorapedtwo distinct
efforts. The firstvasan empirical study and the secdndolveda cognitive taskanalysis

to explain the experimental results in terms of cognitive behaviors.

3.1. Part I: Experimental Study

The objectives of the experimewerefourfold. The first goalvasto assess the
pureandadditive effects of noiconic, conformal features in HUDs on pilot performance.
Typical HUD symbologies used in current commercial aircraft flight deeskse
integrated with SVS, EVS, andcombined SVS and EVSterrain features Rlot
performanceincluding flight control, $\, mental/physiological wrkload and subjective
preference dataerecollected. &cond, thesffects of HUD features on pilot performance
were recorded and analyzed for differdegs of flight and visibility (IMC) conditions
during an approach and landing situation. Since landing situations under low visibility
conditiors demanda high degree of pilot cognitive activity and the required information
for the taskchangesdynamicallyduring differentlegs of flight, the effects of advanced
HUD features on performance in differdags wasalso examinedThird, pilot SA during
experimental trialsvasmeasured by SAGAT and analyzed in terms of the three levels of
SA (Endsley, 1995aandthe three dnensions of flight operation (Wickens, 200Zhe

effects of the advancdeéatures in HUDs were assesseth terms of spatial, system and
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task awarenesd astly, videotapes, observations and vegratocok of subjects during
the experimentwere used as a basis for developing a cognitive task analysis for

explaining pilot interndéxternalbehaviors.

3.1.1.Equipment and Experiment Environment

In general, conducting an experiment witreal aircraft to examinthe effects of
certain cockpit display concepon human performance is quite difficult because of the
issuesf costandsafety. Consequently, most previous studies have been conducted using
various kinds of flight simulators or prototypes in a lab environment, by fitiegto
the objectives offte study. Lab settings for simulating aircraft cockpit displays range
from low-fidelity, including simple functional capabilities, to hifdelity presenting
more realistic flightsituatiors and controls (Aragon & éarst, 2005). For example,
Bolton et al.(2007) useda relativelylow-fidelity simulator in their experiment. They
provided subjects with short video files presenting terrain texture images using a
workstation and asked subjects to estimate values assbwidgh spatial awareness,
without suppating any continuous flight control. In contrast, Bailey et al. (2006, 2007)
used a higtidelity flight simulator for their experiments, specifically the IFD
(Integration Flight Deckyimulationfacility at NASA Langley Research Center (LaRC),

which provides pilots with a fulmission simulator.

While most previous empirical studies for confirmithg efficiency of pilotuse

of SVS/EVS conceptswere conducted with fixegpbosition simulats in a lab
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environment, Prinzel et al. (2002) confirmed the findifrgen simulator experiments to
be comparable to findings from actual tests with real aircraft. This means-desighed
simulator experiment may be viable processfor determining results relevant to real

flight situations.

In the presenstudy, videof expert pilot performance withn advanced HUD,
including noniconic conformal features (SVS, EVS or a combination of SVS and EVS
terrain images)were recorded with the IFD simulator located at NASA LaRmhe
videoswere later presented to subjects awtpof a PCbased lab simulation of aircraft
landingin the Ergonomics lakat NC State University. That is, a higtaelity simulator
(IFD) was used to generate the videos of HUD features in flight and afittehty
simulatorwasused to assess the effecf the displays on pilot performance. The reason
the videosverecaptured at NASA is thathe advarted HUDSs to be investigatedestill
under develomentand can only be implemented in the IFD simulator. The re&mon
showing the videoss experimentastimuli in a lowfidelity lab simulator was that,
acess to the IFDsimulator at NASA is extremelylimited and tremendously costly

(approximately $125k for a 24 pilot experiment).

The IFD simulation facility (see Figure 3.1) at NASA LaR@nulates the
Boeing B757-200 aircraft. The cab is populated with flight instrumentation and pilot
controls, including the overhead subsystem panels, to replicate #6€ Bircraft cockpit.

A collimated outof-cockpit scene is produced by an Evans and Sutherland EXG 4

graphics system providing approximately 200 degrees horizontal by 40 degrees vertical
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FOV at 26 pixels per degree. The integrated HUD (see Figure 3.1) subtends
approximately 32 horizontal by 24 vertical FOV ata typical pilot viewing distance

(200) (Bailey et al, 2006).

Figure 31. Integration Flight Deck (IFD) Simulation Facility at NASAngly (Bailey et

al. 2006).

An ex-Air Force (G130) check pilof who has some experience with advanced
HUDs, operatedthe IFD simulgor according toscenariodefined foran approactand
landing ata major international airport (the task scenario is desdiiv¢he next section),
using different HUD configurations in each triallhe HUD configuratiors included
Baseline (without any teain features from SVSor EVS), SVS, EVS, andthe
combination of SVS and EVS. All configurations included tunnel featdres.display
content of the HUD during the trialsas recorded continuously. After completing the

flight trials, the recorded videalds were collected and prepared for the follaw lab
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