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“When once you have tasted flight, you will forevealk the earth with your eyes turned
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CHAPTER 1.
INTRODUCTION

1.1 Statement of the Problem

Air travel has proved to be one of the safest mea#nransportation. However,
accidents still occur. Specifically in the field a¥iation, when an accident occurs, the
results are often catastrophic. Major advancementsrcraft design and maintenance
have reduced mechanical errors and greatly imprdhedoverall safety of aircraft
operation. The leading cause of modern aviationdaats is not mechanical failure, but
operator error. Pilot-related causes accounted@®% of non-commercial accidents, and
60% of commercial accidents in 2010 (AOPA, 2010)erEfore, reduction of pilot error
iS necessary to improve aviation safety. A pildatslity to quickly interpret complex
amounts of information and execute the appropriagponse is critical to minimize

errors inherent to a demanding environment.

1.2 Proposed Solution Approach

Eye-tracking quantitatively captures pilot eye-scata, which can be used as a
means to evaluate pilot tasking. Additionally, urstiending trained crew behaviors
enables researchers to determine expected taskndentidat must be met across each
phase of flight and evaluate differences from obs@pilot behavior. The basic metrics
within eye-tracking provide clear, measurable elet®ie¢hat can be used to reliably
characterize pilot task load through exhibited syan behavior. In addition, evaluating
the task load and eye-scan behavior of the pilohdl (PF) and pilot monitoring (PM)
allows for cross-comparison, which can be usedviauate coordinated efforts. This
research effort utilizes both new and existing daiive methods to characterize

individual pilot state behavior and pilot crew cdimiation using eye-tracking metrics.



Eye-tracking metrics and derived measures of coatiin provide a correlation
between self-reported, subjective workload ratiofsvarying flight deck experiment
scenarios. Throughout this research initiative, sumulation studies were conducted.
The first study assessed individual pilot eye-sisahavior, performance, and workload.
The second study assessed behavioral indicatanewf coordination while utilizing the
findings from the initial single pilot study. Thissearch improves existing knowledge of
eye-tracking in flight deck operations and provifi@sher advancement in the quest for
characterization of pilot state and crew coordorati

Assessment of crew resource management (CRM) tliteraand training
techniques reveals several key components of airbedavior to help identify when and
why errors are likely to occur in multi-personnigjlit deck operations. CRM theory was
used to develop normative models of expected watklfor each pilot. Additionally,
normative models of eye-scan behavior are developeassess the difference between
expected versus observed eye-tracking behaviogdoh pilot. Poorly coordinated crews
are represented by significant differences betweqrected and observed eye-tracking

behavior.

1.2.3 Central Hypotheses and Specific Aims

Crew coordination in the context of aviation isgeecifically choreographed set of
tasks performed by each pilot, defined for eaclsphdd flight. The means to accomplish
required tasks are prescribed by the flight det&riace, standard operating procedures
(SOPs) and CRM, which is designed to balance th&klaad between crewmembers.
Based on the constructs of CRM task load balananthSOPs for each phase of flight, a
shared understanding of crew workload is considespdesentative of well-coordinated

crews.



Research has shown that pilot tasking is idemigidahrough pilot eye-scan (Ellis
& Schnell, 2009). Therefore, eye-scan models dgezldor each pilot crewmember can
characterize normative tasking and expected wodkldeominal behavior is defined by
SOPs and CRM theory. Differences between expecatesus observed eye-scan of the
pilot reveals a departure from nominal behaviordéeparture from expected behavior is
therefore indicative of reduced crew coordinatiofvhile unexpected behavior is
common, it is nevertheless indicative of a redurciio shared crew situation awareness.
This research effort investigates the relationgl@fween eye-scan exhibited by each pilot
and the level of coordination between crewmembetswever, the relationship between
crew coordination and crew performance is not eataldl in this research effort.
Characterization of crew coordination using eyeasbahavior metrics must first be

established before evaluating the effect of co@titom on crew performance.

1.3 Contributions

1.3.1 Practical Contribution

Pilots on current flight decks find themselves imrigus situations that
dynamically change their cognitive workload. Sitoas vary from mundane monitoring
tasks commonly experienced during cruise flightjniense, dynamic task sets during
takeoff and landing. Research to improve the inteva between the pilot and the aircraft
interface would benefit from quantitative analysis opposed to qualitative analysis.
Quantitative feedback eliminates the subjectives laieross participants and standardizes
results to provide more accurate analysis of pédge-scan in varying flight deck
operation scenarios. Quantitative assessment af @yle-scan is flight deck specific due
to areas of interest (AOIs) that are unique tohfligeck configuration. AOIs are defined
by the individual sources of information availableross the flight deck interface. AOIs

are useful for defining and developing models ok-gwncking data and are often



dependent on flight tasking during specific phaskeflight. While eye-tracking models
produced by this research may not apply globallsoss interfaces, the concepts to
derive, evaluate, and classify individual piloteation and crew coordination may be

useful in other environments or applications.

1.3.2 Theoretical Contributions

Current avionics are inept at recognizing pilot atafities and limitations that
result from dynamic workload levels. Potential mm@tion overload in flight deck
operations exists across all phases of flight. &d\wy/stems within the aircraft, such as
the flight management system (FMS) and autopildPjAare often effective at making
flight tasks easier. Conversely, the FMS and A/Btesys can also make difficult flight
tasks harder when the systems fail to functionrdicipated. Additionally, unexpected
occurrences may happen in flight that lead to ualusircraft attitude or the loss of
energy state awareness, as demonstrated by tHeatatidents of Flash Air 604 and
Aeroflot 821 (Egyptian Ministry of Civil Aviation,2004), (Interstate Aviation
Committee, 2009).

Flight decks on current-generation aircraft haveessl systems onboard to
monitor the health state of the aircraft; howevbhere are no systems that monitor the
state of the pilot. If aircraft were able to activenonitor pilot state, it would be possible
to provide dynamic displays with all pertinent infation in the proper context based
upon the pilot’s current in-situ abilities. Thegfiit deck interface could be tailored to
rapidly increase pilot awareness to the criticaktand relevant source(s) of information.
Methods to increase pilot awareness are partigulesgful in non-normal flight scenarios
when pilot attention is channelized on a singléruraent during high stress.

To achieve active monitoring of the pilot crew stat is necessary to address the

flight deck environment and flight operations tasks a complex adaptive system,



composed of PF, PM, and flight automation. The tmlgstomation interaction is

optimized by an increased awareness of currene dtabugh active feedback and
modification of display information saliency. Asrasult, aviation safety and human-
flight deck interface design is improved throughiveec monitoring of the pilot crew,

ultimately leading to a reduction in pilot error.

Additionally, eye-tracking research to evaluatencstate and crew coordination
supports NASA aviation safety project research abjes. The National Aeronautics
and Space Administration (NASA) is currently deyeatg and testing the NextGen flight
deck concept. Part of the NextGen flight deck cphce crew state monitoring, which is
a research effort focused on characterizing pilatesin flight deck operations through
the use of psychophysiological measures. Informstanation of situation awareness,
workload, and crew coordination can be derived feym-scan behavior models and used
to support crew state monitoring research. Eyekingcmethods that characterize pilot
state directly benefit NASA's crew state monitoringsearch effort. The agency is
ultimately pursuing the use of eye-tracking systasmisemote sensors that provide a non-

invasive solution deployable in NextGen flight deck



CHAPTER 2.
REVIEW OF TECHNICAL LITERATURE

2.1 Mechanism of Visual Search

Basic visual search is composed of two componeimnations and saccadic
movements. Aixation is a set of look-points or a series of eye-gazagoredata points
that is focused on a stationary target in the pesseisual field (Applied Science
Laboratories, 2007). A fixation is the durationtiofie for which an individual is visually
collecting and interpreting information availablé@hin the foveal range of the eye. When
the fixation is made on a point close to the ingdiinal, such as on a flight deck, visual
angle decreases significantly depending on theamlist from the eye. The central 1.5
degrees of visual field have a visual resolutionnynéimes greater than that of the
peripheral vision (Rao, Zelinsky, Hayhoe, & Ballat®97). The foveal range is the only
field in which the eye is capable of interpretirigef resolution information, such as
reading words in a book. The highest resolutioresgary of any eye-tracker needs to be
at least within two degrees of visual angle whenvesting the reading information
analogy to that of heads down displays on a flagitk (Rayner & Bertera, 1979). The

foundational components of eye fixations are theaton, frequency, and location.
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The eye movement from one fixation to the nextabed asaccad. A saccade
connects one fixation to the next and can be medsur terms of radial degree
Different components of a saccade include the lewndtthe saccade (angular degre
the speed of the saccade in degrees per secondhemlrection of the «ccade. When
reading, the eye makes rapid movements, as mafyuado five per second, movir
from one fixation to the next, focusing on a fewrd& each time¢(Rayner & Bertera
1979) The eye does not transmit visual signto the brain when making a sacca
Therefore, a saccade is made each time informaiattained from one fixation, ai
another fixation is necessary to observe furthiarmation elsewhere

A scan pattern or scan path emerges when combsgangadic rovements and
their associated fixations. Since fixations onlyveo a finite space filled wit
information, saccadic movements trace the areaesired information so fixations ci

collect all the information necessary for the briminnterpret the ovell image. Previou:



research provides two theories connecting saceadiements and fixations, concluding
on the meaning of scan paths. One proposal indidhtg specific scan paths and their
associated fixations allow for the formation ofuatmotor memory to encode objects
and scenes (Noton & Stark, 1971). Another propssgggests that changes in scan paths
are most commonly associated with the dynamic desaha given task (Yarbus, 1967).
These two theories relating to scan path are tegaed complementary; the scan
path of a given person is strictly dependent onitloividual’s physical and cognitive
state given the task set and current environmentther words, certain task sets and
their associated demands will vary based upon ddairtechniques and the
psychophysiological state. Training results in thienation of visual scan techniques to
encode scenes and sources of information. Evatluafioisual scan techniques makes it
possible to correlate a specific scan pattern aithndividual’'s specific state or at least
begin to infer a state based upon the scan patavimeh However, characterizing pilot
state requires explicit consideration of the indial differences across people —
behaviors elicited by psychophysiological states] #he environment in which eye-

tracking data is collected.

2.1.1 Impact of Individual Differences to

Eye-Tracking Data Quality

There are several factors that impact eye-trackariprmance, including physical
features of the participant (e.g. blue versus br@yes) and environmental conditions
(e.g. lighting variation and vibration). Screenirgarticipants to fit the optimal
specifications that work well with the eye-trackisgstem is effective in reducing

physical-related differences. However, often tingestrolling physical features of the



participant set is impossible; therefore, care khdoe given to select an eye-tracking
system that is capable of collecting data acrossla variety of participants.

Participants likely to cause issues for reseaschtempting to obtain consistently
high-quality eye-tracking data usually portray eadt one of the following: a history of
ocular trauma, ophthalmological diseases (previousurrent), lazy eyes, pathologic
nystagmus or other ocular disorders, and diffefemhs of corrective lenses, including
both eyeglasses and contact lenses. Consequentig, highly recommended that
researchers screen their participants prior toigyaation in any eye-tracking study to
ease the effort required to collect quality eyekinag data from the eye-tracking system.
Pupil color greatly affects the quality of eye-kiangy data for many eye-tracking systems.
High precision eye-tracking systems require a sltargrast between the pupil and the
iris in order to calculate pilot gaze. Bright-pumle-tracking systems require direct
infrared reflection off the retina; therefore, papants with blue eyes are often easier to
track. Blue eyes contain less infrared reflectiv@anin in the iris. In contrast, brown or
hazel eyes are usually ideal for dark-pupil eyelireg systems that utilize a dark pupil
contrast (Boyce, Ross, Monaco, Hornak, & Xin, 20@8jang, Lin, Liu, & Kang, 2005).

Pilots who are sleep deprived also pose anotladrigm, particularly relevant to
research investigating long-duration flight and tireler-engagement of pilots in flight
deck operations. The partial closure of the eyefid become an issue when the eyelid
begins to cover portions of the pupil. Many remeye-tracking systems can operate with
some portion of the pupil covered, but a majorityhe pupil must still be shown in order
to calculate the circular center of the pupil. Papnter is often used as an integral part of
gaze vector calculation. In the event the eyelidec® the pupil, data collection of blink
rate and eyelid closure is most relevant to detegntine overall reduction of pilot visual
attention.

Glasses can create reflections that pose the $ligigesat to eye-tracking quality.

Hard-edged bi- or tri-focal lenses pose the largesblem due to distortion of the eye
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image as seen from the perspective of the eyeHrgakameras. Distortions typically
occur because of lens shape, which cause problémsystems using corneal reflection,
bright retinal reflection, dark pupil circle, limbuor iris features, etc. Soft contact lenses
usually do not cause problems; however, hard cbtéases can cause edge problems in
bright pupil systems caused by dirt or dust trappedeath the lens. Generally, single
vision corrective eyeglasses do not cause problemess they have an anti-reflective
coating. However, lenses with curved front surfacas create issues because of
problems caused by reflecting the infrared soues linto the camera.

Several factors exist that can become problematilse testing environment of an
eye-tracking system. Many issues are observed wraements affected by dynamic
locations, such as that of an in-flight aircrafattrexperiences varying light conditions
from the sun, turbulence, and other vibration éff¢lat move the pilot’'s head relative to
the eye-tracking camera. Since eye-tracking systamsbased upon visual contrast,
extreme lighting conditions pose the greatest thteaeye-tracking data. Thus, in the
context of flight simulators, extreme lighting frothe projection system is often the
largest problem to resolve.

Problems associated with extreme ambient lightireduide small pupil diameter,
squinting that places the eyelid over the pup#reglthat causes the pilot to change eye-
tracking behavior, and degradation of the eye-trackystems ability to detect features
of the face for head-tracking purposes. Fortunatelymost simulators, ambient light
levels are easily controllable. It is importantajust lighting to be sufficient for normal
operations on the flight deck as well as conditignihe light level enough to optimize
eye-tracking data. Controlling ambient lighting st as easily achieved on in-flight
aircraft, requiring other forms of light mitigatidhat do not impede the pilot’s ability to

fly under normal conditions.
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2.2 Eye-tracking on the Flight Deck

Researchers have used several different metristutty pilot eye-scan behavior.
One challenge is to identify which set of metric®isgly correlate with subjective and
objective measures of performance and workloacdhland Karn (2003) identify three

theories of eye-tracking data analysis:

e Top-down based on cognitive theory: “Longer fixasoon a control element in
the interface reflect a participant’s difficultytampreting the proper use of that
control.”

e Top-down based on a design hypothesis: “People ieilk at a banner
advertisement on a web page more frequently if \aeepit lower on the page.”

e Bottom-up: “Participants are taking much longer nthanticipated making
selection on this screen. We wonder where thejoakeng.”

Top-down theories allow researchers to have a gérdga of how a participant
will react. In addition, researchers can look fentls that prove their hypothesis. The
third theory, the bottom-up approach, can resultnew methods of analysis. For
example, post-run analysis may question why a pilotld spend more time on the
attitude direction indicator (ADI) over the airspemdicator (Al). The answers to such
guestions can provide further understanding of vdoatsumes pilots’ cognitive capacity
and estimate workload and performance.

Understanding how the research team attemptsdpnet the data is important in
determining not only what metrics to use but alsw ihey will be used. For example,
past research has demonstrated the difference éetwevice and more experienced
participants in various usability studies (Fittgnds, & Milton, 1950), (Crosby &
Peterson, 1991), (Card, 1984), (Altonen, Hyrskyké&riRaiha, 1998). Common effects
have been observed in fixation duration, fixatisagtiency, saccadic movement, and

scan-pattern changes. Experienced pilots are tfypicaore comfortable performing
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flight tasks with a knowledge-based strategy of rette look on the flight deck in order
to gain situation awareness. Differences in nowieesus expert eye-tracking metrics
indicate efficient eye-scan behavior. The follogvireview of literature follows a top-
down cognitive theory approach to identify eye4iag metrics that quantify pilot eye-

scan.

2.2.1 Eye-tracking Metrics

Visual scanning requirements change frequentlyaaginction of the flight
maneuver task (Hankins & Wilson, 1998), (ltoh, Hstya Tsukui, & Saito, 1990).
Chosen eye-tracking metrics must either be taskifsper applicable to all forms of
workload scenarios. NASA researchers have conduses@ral eye-tracking studies,
which have resulted in a set of eye-tracking metfor use in future research initiatives.

Eye-tracking metric definitions include:

e Average Dwell Time — The total time spent lookirtgaa instrument divided
by the total number of individual dwells on thastiument.

e Dwell Percentage — Dwell time on a particular instent as a percent of total
scanning time.

e Dwell Time — The time spent looking within the bakany of an instrument.

e Fixation — A series of continuous lookpoints thtatyswithin a pre-defined
radius of visual degrees.

e Fixations Per Dwell — The number of individual fikens during an
instrument dwell.

e Glance — A “subconscious” (i.e., non-recallablejifi@tion of information
with a duration histogram peaking at 0.1 secondkso(referred to as an

“orphan”).
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e Lookpoint — The current gaze location of wherefhet is looking, frequency
of data points depending on the eye-tracking systeeal.

e One-way Transition — The sum of all transitionsnirmne instrument to
another (one direction only) in a specified instemnpair.

e Out of Track — A state in which the eye-trackingtsyn cannot determine
where the pilot is looking, such as during a blokwhen the participant’s
head movement has exceeded the tracking capabiitidne system setup.

e Saccade — The movements of the eye from one fixatothe next. Also
considered to be the spatial change in fixations.

e Scan — Eye movement technique used to accomplgtea task. Measures
used to quantify a scan include (but are not lichite) transitions, dwell
percentages, and average dwell times.

e Transition — The change of a dwell from one insteatto another.

e Transition Rate — The number of transitions peosdc

e Two-way Transition — The sum of all transitionsvbee¢n an instrument pair,

regardless of direction of the transition. (Har@pver, & Spady, 1986)

Defining AQOIs is the critical first step in analyg eye-tracking data. AOIs are
three-dimensional regions that classify spatiadimfation sources and may be intersected
by a pilot's gaze. It is important to specify whaDls represent in order to compile
meaningful results. Additionally, AOIs may be tagdecific; therefore, proper definition
helps determine the eye-scan behavior necessagymplete the task, which is based on
the interface used (Jacob & Karn, 2003). AOIs comrtw flight deck interfaces often
include the head-down displays (HDDs), which arekbn down into smaller regions,
such as the Al, altimeter (ALT), ADI, and horizoinsetuation indicator (HSI). However,
limitations to the size of AOIs based on eye-tragkisystem accuracy must be

considered.
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The limiting factors of the definition of AOIs resolely on the performance
capabilities of the eye-tracking system being u3dx size of AOIs is dependent on the
accuracy of the eye-tracking system. The smalleA@r, the more accurate an eye-
tracking system must be in order to identify a peis eye gaze within that region. AOIs
must be specific enough to define the importanitoregof an interface, but must not be
so specific that meaningful data is unattainable thuthe noise or inaccuracy of eye-
tracking system.

Metrics within AOIs, such as dwell time and numbar transitions, help
researchers describe a pilot’s eye-scan behavid&ANresearch has utilized large AQOISs,
such as the instrument panel (IP) and the forwaa wut the window (OTW) to frame
pilot eye-scan behavior in the context of head-n@ head-down. NASA research was
effective in describing pilot attention across feripheral range of a pilot's eyes and
proved it is capable of yielding significant resul(Ellis, Kramer, Shelton, Arthur,
Prinzel, & Norman, 2011). However, the results frafis et al. (2011) suggest the more

AOQiIs there are, the more accurate the definitiopilot eye-scan behavior becomes.

2.2.2 Eye-scan behavior Relative to Pilot Tasking

Ellis and Schnell (2009) evaluated 12 pilots irealistic, single pilot approach to
land simulation. The simulation was designed ts@né a set of complex flight tasks to
yield a wide variety of task sets and induce a eaofgphysical and cognitive workload
levels (Ellis & Schnell, 2009). The variation ingrotive tasking levels was achieved
through the level of automation used to perform dperoach to land flight operation.

Automation varied between full A/P and auto-thettho A/P with auto-throttle, and no
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A/P and no auto-throttle. The variation in task efuirements induced a significantly
wide range of pilot workload levels across autooratonditions (Ellis & Schnell, 2009).
Eye-tracking data was used to determine the effecpilot eye-scan behavior across
automation conditions. Ellis and Schnell (2009) wghpilot eye-scan behavior is
significantly affected by task loading, and spe&cgtan patterns are identifiable through
the use of common eye-tracking metrics, such aatifirs, dwell times, and gaze
dispersion. Ellis and Schnell (2009) conclude egeking data is useful in modeling

pilot workload and performance across a set oheefitasks.

2.3 Characterizing Pilot Eye-Scan and Existing Mods

Researchers have utilized eye-tracking metricclhiaracterize pilot eye-scan
behavior (Jacob & Karn, 2003). The trends of theous measures listed above in
Section 2.2.1, are fundamental in the developménbetavioral models to evaluate
operator workload. Eye-scan models created to ctearae human behavior have
attempted to quantitatively assess operator sitnadivareness, workload, engagement,
and probability of error; however, the complex mataf the flight deck interface poses a
significant challenge to precise measurement.

Models are simplified to address key fundamentalsepe-scan behavior
necessary to complete a certain task. In the humashine interface, the flight deck
provides sources of information that serve thremgny functions the pilot must address:
aviate, navigate, and communicate (Schutte & To)jl996). Each function is addressed
by specific interface locations, such as the pnym@éight display (PFD), the multi-
function display or navigation display (MFD or N2xd the control display unit (CDU).
Models can be derived based upon expected behaspeusfic to required tasking, and
guantified deviations from that behavior can thenused as a measure to infer pilot

workload.
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2.3.1 Pilot Scan

When flying without reference to external visualesy pilots have to rely on
instruments to safely control the aircraft. Propstrument-scan is a skill that needs to be
acquired through instruction, training and expesréenn addition, a pilot’s instrument-
scan needs to be maintained through currency of @sess-checking instruments is the
first fundamental skill of pilot instrument scantoS8s-checking is defined as the logical
and continuous observation of instruments for watét and performance information
(Federal Aviation Administration, 2012). Cross-dkiag instruments is necessary to
maintain attitude, performance, and navigationallgolnstruments that are pertinent to
the pilot to perform a given maneuver vary depegdam the executed maneuver.
Maneuvers are often specific to the aircraft's ghas flight. Therefore, a pilot's scan
must gaze upon instruments (also referred to assA@lthe context of eye-tracking)
specific to the task maneuver required by a spe@hase of flight or operational
objective. The ability of pilots to perform taskameuvers is developed through training
attitude instrument flying skills.

Airplane attitude instrument flying is an aeronaatiskill trained to all instrument
rated pilots to safely aviate and navigate an aftcr The two methods used to train
instrument flight are “control and performance” dipdimary and supporting” (Federal
Aviation Administration, 2012). Both methods realg flight instrumentation, differing
only in the manner attention is given to each umstnt, relying primarily on the ADI.

The control and performance method breaks instrisnamto three groups:
control instruments, power instruments, and naieganstruments. Control instruments
provide information on immediate power and attitucteanges. Control instruments
include the ADI and the Engine Information and Cr&erting System (EICAS) (Federal
Aviation Administration, 2012). The EICAS, found oaommercial turbojets, displays N1

and N2 fan speed, exhaust gas temperature, andntfiee pressure ratio, providing
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engine power output information. Performance imsgnts provide information on
aircraft performance. Performance instruments ohelthe Al providing aircraft speed,
the ALT providing aircraft altitude, vertical speaadicator (VSI) providing aircraft

climb performance, the HSI, pitch attitude indicatand the slip/skid indicator (Federal
Aviation Administration, 2012).

Performance indicators reference speed, headind, afitude information,
describing the horizontal, vertical, or lateraledition an aircraft is heading. Navigation
instruments provide information on aircraft positioelative to a fix or navigation
facility. Navigation instruments include displaysat provide global positioning system
(GPS) information, moving map displays (MMD), véngh omnidirectional
range/nondirectional radio beacon (VOR/NDB infonmiat and localizer and glideslope
information) (Federal Aviation Administration, 2012

A four-step process was developed by the FAA toth&l process of attitude
instrument flying: establish, trim, cross-check, daradjust (Federal Aviation
Administration, 2012). The four-step process dbésesr the control loop between the
pilot, the instrumentation and the aircraft corgrolTo adjust the attitude of the aircraft,
the pitch and/or bank of the aircraft must be malaited in coordination with the power
settings to establish the desired performance. pilo¢ must then trim the aircraft so
constant control pressure is not required and ttoeaft will fly its current trajectory.
Trimming the aircraft allows the pilot to relieveegsure on the controls and momentarily
divert attention to other tasks (Federal AviatiodmAinistration, 2012). Once the aircraft
is established and trimmed, the pilot is trained perform a cross-check of the
instruments.  Cross-checking the instruments revealy deviations from desired
performance and control, and informs the pilot @whmuch change is required to the
control inputs. Pilots must then make adjustmeatthe control inputs based on any
required changes observed from the cross-checkef&kedviation Administration,

2012).
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The primary and supporting method is an extensfdhe power and performance
method (Federal Aviation Administration, 2012).1l2thg primary and supporting flight
instruments in coordination with power and contioktruments allows for fine
adjustment of attitude instrument flight controlhel primary and supporting method
focuses on scanning between instruments that ncoatately depict the aspect of aircraft
attitude being controlled. The four key elemerdsaircraft attitude control for both
methods are pitch, bank, roll, and trim.

Pitch control is achieved by viewing the ADI, ALAI, and VSI, shown in Figure
2. To maintain straight-and-level flight, a pilogintains constant altitude, airspeed, and
typically heading (Federal Aviation Administratiae)12). To achieve straight-and-level
flight three primary instruments must be monitordte ALT, Al, and HSI.  Altitude
should remain constant as long as aircraft speedpstich are held constant, which
maintains primary pitch control. Primary pitch catmay be affected by two factors:
turbulence and momentary distractions away from ittstruments (Federal Aviation
Administration, 2012). Deviations in pitch requitbee pilot to make control input
corrections; small deviations require small coitetd, and large deviations require large
corrections. Large corrections that result in dagtitude changes should be avoided, as
rapid changes in aircraft attitude may lead to igpaisorientation and unsafe aircraft

attitude.
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Supporting instruments aid the pilot in monitoritng trend of attitude state for
fine control of the aircraft. Supporting instruntef primary pitch control are the VSI,
Al trend, and ALT trend (Federal Aviation Adminigtion, 2012). Al or ALT trend is
shown either by trend tapes, available on eleatrfight instrumentation system (EFIS)
type displays available on the PFD, or is visibjedbserving the rate the Al or ALT
needle is moving on standard round gauges. Theai8ltrend information affords
pilots the ability to observe changes in the aiespband altitude of the aircraft and make
small corrections before larger corrections arelireql.

Primary bank control allows pilots to maintain gesned or assigned headings
(Federal Aviation Administration, 2012). The HSIthe only instrument that provides
current heading information, and is therefore thengry instrument for bank control.
Supporting bank control instruments include the ADd turn rate indicator, providing
aircraft roll information and the effect on chargjineading. Only the slip/skid indicator

displays primary yaw control information. The séikif indicator is the only instrument
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capable of indicating if the aircraft is movingdhgh the air with the longitudinal axis of
the aircraft aligned with the relative wind directi (Federal Aviation Administration,
2012). The Al is the primary power instrument &raight-and-level flight. Power is
used to control desired airspeed, and no instrunagher than the Al delivers
instantaneous indication of airspeed.

Understanding the methods to scan primary and astipg instruments is
essential to attitude instrument flying. The atté indicator remains the most important
instrument to attitude instrument flying, but altruments for primary pitch, bank, and
yaw must be utilized appropriately to safely mareguthe aircraft. The FAA
recommends several scan pattern types that are corimmnstrument flight instruction;
for example, the selected radial cross-check igyded so the eyes of a pilot remain on
the attitude indicator 80-90 percent of the timethwthe remaining time spent
transitioning to other primary and supporting instents, shown in Figure 3 (Federal
Aviation Administration, 2012). Trained scan pattehelp a pilot monitor all necessary
flight instrumentation with an appropriate frequgnio maintain a pilot's situation

awareness aircraft attitude and energy state dcditioeaft.
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Figure 3. EFIS Radial Cross-Check (Federal AviatiorAdministration, 2012)

Scan patterns differ based upon the flight modé¢o(aation) of the aircraft and
the flight tasks required of the pilot during anwemn phase of flight. Pilot crew
procedures are explicitly defined with regard toows responsible for each task during
each phase of flight (Federal Aviation Administoati 2003). A pilot’s scan must visit
each pertinent instrument, or significant errorsthe flight operation will occur. A
common error is instrument fixation, which is olser when a pilot channelizes
attention on a single instrument at the expensgaxs-checking other instruments. Pilot
scan errors are often related to poor training ousual circumstances atypical of
common flight operations that are accompanied witlusual pilot workloads and
cognitive demands (Federal Aviation Administratigf12).

Pilot scan and cross-checking, as described alawgdechniques that train pilots
to obtain the necessary information to complete $hdht maneuvers. Evaluation of
effective pilot eye-scan and cross-check is impleie® in general aviation instrument

pilot training and prevalent in line operationdgrimag (Norman, 2010). Through the use
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of eye-tracking metrics, models of pilot eye-scaehdvior can be developed to

differentiate good visual scan from bad visual scan

2.3.1 The A-SA Model

The A-SA (Attention-Situation Awareness) model isustured around two
modules. The first module addresses the allocatiaitention with regard to events and
data channels in an environment (Wickens, McCaré&y,homas, 2003). The second
module addresses expected behavior based uporigsilong relative to current phase of
flight and the future state of the aircraft in &em environment. The attention module is
based upon the Saliency, Effort, Expectancy, antbe/dSEEV) model of attention
allocation (Wickens, Helleberg, Goh, Xu, & Horr@@01). Saliency and effort are driven
by bottom-up attention allocation to salient eveantsl the effort to allocate attention,
which is affected by the contemporaneous cognditerity. Expectancy and value of the
events are dependent on the location of AOIs aeil thlative value to a given task. The
second module is based upon Hogarth and Einhod®92) belief updating model,
which places importance on defining salience, gfiamd relevance of events. Relevance
is defined as the corresponding value of an ewative to the pilot task of maintaining
situation awareness (Wickens et al., 2003). Theesponding output of the A-SA model
is designed to predict the time spent looking af@n. Predicting the time spent looking
at an AOI can determine causal factors of errors itask, such as loss of situation
awareness.

When utilizing the A-SA model with eye-scan datae tsalience parameter is
replaced with the actual distribution of attenti@iven the static physical dimension of a
flight deck, the effort parameter is also predaliraeross AOIs based on the physical
distance from one AOI to another. The value paramier each AOI is based upon the

well-researched hierarchy of aviate>navigate>comoate. Expectancy is calculated
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based upon the bandwidth of information containétiivva given AOI (defined as the
frequency of change in information). Predeterminedues are established for each
effort, value, and expectancy parameter, providhegy necessary components to model
how frequently an AOI should optimally be visited a function bandwidth and
relevance. Specifically, the model utilizes estiedatoefficients of bandwidth, relevance

and task priority, shown in Table 1.

Table 1. SEEV Model Parameters Sample (Wickens, Maley, & Thomas, 2003)

Parameter Above 1000 ft 1000-800 800-650 Below 650
Bandwidth (B) | IP 3 3 3 5
ow 0 0 2 3
ND 1 1 1 1
SVS 2 2 2 3
Relevance (R) | IP (av) 2 2 2 3
IP (nav) 1 1 1 2
OW (av) 0 0 1 0.5
OW (nav) 0 0 2 1.5
ND (av) 0 0 0 0
ND (nav) 2 1 1 2
SVS (av) 1 1 2.5 0.5
SVS (nav) 1 2 2 1.5
Priority (V) Aviate 2 2 2 4
Navigate 1 2 2 3

The A-SA model gauges how a pilot samples an AOI doyantifying the
bandwidth, relevance, and priority of a given A@li¢ckens, Goh, Helleberg, Horrey, &
Talleur, 2003). Output is then given as the predigbercentage dwell time of a given
AOI based on flight deck configuration and taskedtcted percentage dwell time per
AOI can be used to identify if a pilot is perforrgian optimal scan given the information

required to complete a task.

2.4 Crew Coordination

Crew coordination is defined as a set of principlasgitudes, procedures and
techniques that create a better performing creveifiton, Kaempf, Zeller, & McAnulty,

1992). A crew’s ability to coordinate efforts effiely results in reduced human error
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and improved flight safety. The complex interactioh pilot crew and flight deck
interface creates a potential for chaos and faiMfieen the complexity of flight systems
increases, the complexity of potential failuresréases. Accidents in aviation are often
labeled a result of human error, where the intevadbetween the pilot crew and flight
deck is subject to the “swiss cheese” failure modéle swiss cheese failure model
describes how human interactions on the flight deckipled with complex modalities
and established procedures, are capable of alignirgway that result in an accident.
Accidents happen when an initial error causes ghdit errors to occur in such a way
that current safety systems fail to be effective.

Understanding crew coordination procedures and taxfpilure modes is useful
in developing safety measures. Therefore, mosttysaheasures are only effective
against known possible scenarios. Systems and guoee intended to mitigate failures
and human errors are limited to the informationilaiée. Any failure or error can lead to
the onset of a string of events that develop imf@mwniliar scenarios that push pilots to the
limits of their expertise, often requiring themreact quickly.

Redundancy is a significant element to ensure wcoatd safety of flight.
Mechanically, aircraft are designed and manufadtuvigh several safety factors to cope
with rare events, such as backup hydraulics sysianitse event of primary, or even
secondary hydraulic failure. The airframe is destymo handle stress and strain loads
that far exceed the operational envelope pilotdrareed to operate within. As a result, if
the circumstance arises when the aircraft is publegdnd normal limits, such as extreme
turbulent conditions, the aircraft maintains itsustural integrity. In some cases, even the
control inputs are limited so as to prevent thetddom operating outside the operational
envelope of the aircraft, such as the envelope eption used by Airbus
(AirbusDriver.net, 2014).

Similar to the mechanical systems of an aircrddg pilot is subject to several

factors capable of prompting mistakes in procedaresdegrading performance. Factors
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include inattention caused by lack of sleep orrddion, confusion of automation

modality, control input confusion, stress, taskusation, and overall high or low

workload. As a result, two pilots are on the fligleck, coordinating efforts to delegate
and balance individual task load, provide concuwegrand reduce the possibility of
single human-in-the-loop errors. Having a redundamhan-in-the-loop system in place
to coordinate, execute, and monitor basic fligsktactions, allows for safer and more
reliable air transportation.

Factors that affect a pilot’s ability to perfornsks are addressed as individual
components that describe pilot state. Analyzinghtlioperations as a complex adaptive
system, the interacting entities that make up $hstem are addressed with a focus on the
flight crew itself. The flight crew is made up tfe PF and PM, each with abilities
affected by their individual pilot state. The PFdaAM must interact in a coordinated
effort with the flight deck interface and its flighutomation to achieve specific flight
tasks. The following subchapters review the phyjsghysiological, psychological,
emotional, and environmental factors that affecicfionality of the principal entitites of

the man-machine flight deck system, the pilots.

2.4.1 Crew Resource Management (CRM)

Behavioral Indicators

Situation awareness is fundamental to crew coatiin. A pilot's ability to
effectively communicate and coordinate as a memtfera crew improves task
performance. By definition, CRM behaviors are thtss improve the overall situation
recognition of the crew, such as crew adaptabiligxibility, mission analysis, and
situation awareness (Barker, Clothier, Woody, Moky, & Brown, 1996). CRM
training helps pilots improve the decision-makingogess on the flight deck by

maintaining CRM behaviors and utilizing all avai@lresources, regardless of the
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situation presented. Training crews to communicdie, assertive, advocate, and
understand their individual roles and responsibgitpertaining to safe operation of the
aircraft may seem trivial. CRM training enableseefive execution of processes,
especially during problem situations limited by é#inCRM training varies by air-carrier;
however, each address the same fundamental asfentsw coordination and resource
management:
e Communication Processes and Decision Behavior
0 Briefings
=  Safety
= Security
o Inquiry/Advocacy/Assertion
o0 Crew Self-Critique (Decisions and Actions)
o Conflict Resolution
o Communications and Decision Making
e Team Building and Maintenance
0 Leadership/Followership/Concern for Task
o0 Interpersonal Relationships/Group Climate
0o Workload Management and Situation Awareness
= Preparation/Planning/Vigilance
= Workload Distribution/Distraction Avoidance
o Individual Factors/Stress Reduction

(Federal Aviation Administration, 2004)

CRM training provides pilots with standardized bebes that enable effective
crew coordination. The FAA has identified severah&vioral indicators that stem from
CRM training topics; core behavioral indicatorslimte shared situation awareness and

workload balancing. When a crew exhibits core baall indicators, effective crew
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coordination is likely to occur. A shared undergiiag of crewmember responsibilities
allows for effective crew coordination. Additionglleffective communication is a tool to
share the situation awareness possessed by eachemd&bnewmembers are encouraged
to inquire, advocate, and assert any observationsuggestions on the flight deck,
regardless of rank. Crew awareness of personabrigcsuch as stress, fatigue and task
overload, is critical in managing available resegrcand coordination efforts.
Furthermore, the ability to assess the linkage betwbehavioral indicators and crew
coordination has become an increasingly imporw@witdan the flight deck.

Eye-tracking enables the ability to assess behalviadicators and as a result,
effective crew coordination can be evaluated. Shasevareness of aircraft state,
automation mode, and task responsibilities allogwsr to be an effectively coordinated
team. Historically, subjective response was they deédback available to report pilot
state and is prone to inherent participant biaslajpeye-tracking can be used as a tool to
monitor the eye-scan behavior of the crew on tightfldeck, making it possible to better
understand the interaction between crew and awsortinderstanding crew awareness,
aircraft state, and phase of flight tasking makemssible to determine the coordination
of the system as a whole. Evaluation of behavitrat are indicative of crew
coordination requires analysis of the factors thgtact the behavior of the individual
pilot and crew. Factors that impact the behavairghe individual pilot and crew are

discussed below.

2.4.2 Impacts of Personality and Attitude

The attitude of crewmembers is a large componkaffective crew coordination
and CRM. Historically, personality and associafpe¥sonality traits focused mainly on
understanding pilots and their behavior. Attempésenmade to modify personality traits

in pilots to better suit the various tasks of pigt an aircraft (Helmreich, 1984).
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However, efforts to modify personality traits hahed very low success rates (Helmreich,
1984). Since pilots are recruited from the genpogdulation, a more effective approach
is the assessment of pilot attitude. Attitude @ni@ble across a variety of personality
types, and yields greater improvement of pilot aakégn. However, personality traits are
still perceived as important; in fact, there aresasliable personality traits, such as
achievement motivation and interpersonal sensptivihat correlate to measures of
performance (Helmreich, 1982).

Helmreich (1984) presents two possible linkagesvéen personality traits:
attitude and resource management. One theory psti@v observed behavior is a result
of pilot attitude, and pilot attitude is a resuftpersonality given a particular situation.
The second theory suggests attitudes and persptralils are independent, and that each
trait affects the flight deck individually. There if personality is a significant factor in
flight deck behavior and crew coordination, tragiwould be ineffective, and focus
should be spent on pilot selection. However, if hbattitude and personality
independently affect crew behavior and coordinatitren effort toward both pilot
selection and training would demonstrate succedsweloping coordinated crews.

Pilot opinions about crew management, regardldspeosonality or role, are
generally in agreement (Helmreich, 1984). Conttarthe findings on crew management,
pilot views of crew attitude vary significantly (kereich, 1984). A difference in the
view of crew attitude suggests that attitudes arkact independent of personality traits.
Attitudes independent of personality traits sigr@figM training is capable of adjusting or
even circumventing attitudes that lead to negdtiseavior. CRM can therefore be taught

to pilots in order to improve crew coordination.
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2.4.4 Team Process Behavior

Team process behavior and its correlation to f@s#ormance is a significant
factor that affects crew coordination and perforogarin order to model the correlation,
it is vital to properly identify the variables thalefine team process. Additionally,
measures of performance are necessary to evaluateffectiveness of team process
behavior. Research has shown that it is possiblecharacterize team process
effectiveness through examination of interactivecpsses (Stout, Salas, & Carson,
1994). Interactive processes such as planningyetgliof shared information, task
delegation, and task load balancing are variabidgcative of effective team process
behavior (Stout et al., 1994).

The ability to quantify interactive processes abofer models to evaluate the
level of crew coordination and in turn, become @asingly effective. The processes
identified by Stout et al. (1994), such as taskllbalancing and shared information, are
detectable through observation of pilot attentibhe ability to assess pilots’ eye-scan
behavior allows for determination of shared attamti Shared attention of common
instruments is therefore a means to evaluate cewdmation. Shared attention is a
novel eye-scan behavior metric developed for user@w coordination research. The
shared attention metric is defined as a percersagiene both pilots gaze on a common

AOI within a specified time frame.

2.4.5 Crew Coordination and Time/Risk/Complexity

Management

When confronted with a time-critical, decision-rmakproblem, pilots are forced
to rapidly understand the problem, determine aembiwe option, and execute the

appropriate tasks. The complexity of time-critipabblems, coupled with several limiting
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factors in both physical and cognitive dimensioiss,incredibly influential to pilot
decision-making. Factors that influence pilot deciamaking include phase of flight,
aircraft type, problem type, time and resourceslabie, complexity, and the level of risk
(Fischer, Orasanu, & Wich, 1995). Specifically, flaetors of phase of flight, aircraft
type, and problem type allow for several improvetm&nategies, such as training and
pilot experience. On the contrary, risk, complexapnd time pressure are more difficult
to manage.

The ability of a pilot to manage risk and time prgg varies based upon
experience and training, attesting to the valueegperience and training as error
mitigation strategies. When a pilot is in an unfilanisituation, he or she relies on
professional problem-solving skills developed kaiiing and experience. Pilots are often
faced with short time and high-risk situations thash pilot problem-solving skills to the
limit. Understanding the impact of risk and timeegsure to pilot cognitive state is
important in determining a pilot’'s problem-solviadility. Furthermore, the effects of
time and risk to the cognitive state of the pilfieet how a crew adapts during simple or
complex situations.

Research shows that the pilot flying first addressek and then time pressure to
delegate task action on the flight deck (Fischerasa@nu, & Wich, 1995). The pilot
monitoring responds to time pressure and situatico@plexity, which affects the order
of task execution. Situational complexity has bames that vary from simple to
complex and even unknown. Situational complexittedaines whether a pilot knows
how to handle the situation or must revert to pgabkolving (Fischer et al., 1995). Risk,
time pressure, and situational complexity are umigo each crewmember and their
specific role on the flight deck.

The pilot flying assesses the risk and time presgura given situation and then
delegates tasks. Once tasks are delegated, themmlutoring assesses the time pressure

and complexity of the required task set and piimgg accordingly. Understanding the
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way both pilot roles handle time, risk, and compiexeveals a deterministic approach
with regard to how a crew interacts. In other woitla crew fails to address tasks in a
deterministic manner, it is logical to infer thask; time, and complexity factors are
affecting the crew. Crew interaction behaviors afentifiable through eye-tracking,

capturing the eye-scan and cross-check used bymktho address tasks. Therefore,
deviation from the way a crew is trained to intérand address tasks is indicative of

reduced coordination.

2.4.6 Intra-team Communication and

Crew Coordination “Schema”

Communication is a significant tool used to cooade efforts in a flight crew.
Variants of communication that occur on the fliglgck include observation, physical
gesture, and verbal communication. Due to the diégree on communication to
successfully coordinate efforts, detection of fegtimiting communication is necessary
to determine the level of crew coordination. Fagtdhat affect the level of
communication include, noise, internal and exteraadlio communication, improper
terminology, and divided attention (Katz, Kambeinil & Grubb, 2006).

Pilots are trained to perform callouts and crossckh for several reasons. One
reason is to alert another crewmember when a oetidak is or should be completed. A
second reason is to perform a verbal cross-checkribrm task execution. For example,
when extending the landing gear, the PF calls ‘bading gear” and the PM sets the
gear lever down and responds, “landing gear dowBdth pilots then visually confirm
the landing gear is down with a final cross-chetkhe flight instrumentation. When a
PM calls out, “three green” to confirm the landigear is fully extended and locked, the
task is complete. Detection of verbal and visuass-checks is a simple way to

determine if a crew is coordinated
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Pilots perform visual cross-checks by looking ahomon sources of information,
which increases shared awareness between crew meni@eserving the eye-scan of
both crewmembers is a means to evaluate sharedeaess. For example, shared
awareness can include eye-scan metrics of botlispitOl dwell time and transition
count. Evaluating the difference between the gilat3l dwell time can reveal attention
differences. Differences in attention measures reaeal variance in shared situation
awareness and therefore, may be used as an indofateew coordination. Additionally,
pilots failing to perform cross-checks may be dudéigh workload or stress (Katz et al.,

2006).

2.4.7 Effect of Crew Formation on Team Processes @n

Familiarity Decline

Formation of the flight crew can have significaftects on the susceptibility to
committing operational errors. Crews that disbaftdraa short number of flights are
referred to as formed crews. In addition to a fatmeew, concept fixed crew continues
to work as a team for an indefinite amount of tirkermed crews are less likely to
commit minor in-flight errors than fixed crews widxtended personal exposure to the
same individuals (Barker et al., 1996).

Differences in crew formation have not increased tlkelihood of major
operational errors (Barker et al., 1996). Howevesearch suggests that formed crews
reduce the probability of a crew experiencing faamily decline. Familiarity decline
refers to reduced crew performance due to a hideeel of familiarity between
crewmembers. Familiarity decline suggests pilot® e more familiar with each other
are less likely to adhere to procedural protocallufe to adhere to procedural protocol
leads to poor coordination and is an observablev dsehavior (Barker et al., 1996).

Therefore, crew formation has a significant ef@cicrew coordination.
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2.4.8 Stress and Emotion

Stress is described as the interaction between ndign&lements, including
perceived demand, perceived ability to cope, ardoirceived importance of being able
to cope with the demand (McGrath, 1976). The definiby McGrath (1976) leads to a
more perceptual theory of stress and emotion andtiaal interpretation of cognitive
appraisal theory; however, it lacks a specific ltokhuman performance (Staal, 2004).
Human behavior models must consider the mechantbatsaffect stress in order to
establish a link between human performance andsstiextending the concept of stress
to a crew coordination framework adds increasedptexity due to interaction effects
that influence the individual crewmembers.

The Yerkes-Dodson curve is an attempt to bridgendnu arousal to human
performance as shown in Figure 4. Arousal is ddfias the level of central nervous
system activity along a behavioral continuum raggnom sleep to alertness, otherwise
referred to as a continuum of engagement (Razn6@6). It is clear that stress and
emotion are closely tied to the level of arousadl dherefore, impact performance.
Understanding stress and emotion are impactfulofacto human performance; it is
important to consider the current state of eacbtpih terms of ability to perform
coordinated functions. The Yerkes-Dodson theoryolkes around the centralized
thought that arousal can be modeled by psychoplogsoal states. Psychophysiological
states are affected by stress and emotion and ampaunding factors that impact
cognition (Neiss, 1988). Therefore, the abilityamcurately measure stress and emaotion
becomes increasingly valuable to the characteozgtsychophysiological state and the

impact on crew coordination and relative perfornganc
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Stressors are of particular interest due to theipact on performance. Two
negative influences are associate with stressocyding a distracting influence taking
attention away from primary tasks, and stress owaerl which increases arousal past
optimal levels suggested by the Yerkes-Dodson cyieachner, Arees, and Reilly,
1963). Identification of expected stressors in amirenment is critical to developing
human behavior models. Stressors affect the cogndiate of a crewmember. Stressors
specific to the flight deck environment are oftesk-related events, such as interruptive
events, unexpected attitude or loss of awarendssss®rs may also develop from crew
interaction factors, such as the impact of persgnahttitude, and familiarity, as
described in Section 2.4.2 and 2.4.7.

Arousal and cognition are dynamic components of ¢heation of emotional
states. Arousal and cognition are codependenttheravords, when both arousal and
explanatory cognition are present, individuals exgmee emotional states congruent with
those around them experiencing the same envirorahstimulus. Emotional response is
therefore a preparatory step to formulate actisefaipon the acting stimulus. Emotions
are seen as managing both motivational resources ragulating behavioral and

cognitive activation (Frijda, 1987), (Panksepp, @09
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Figure 4. Yerkes-Dodson Curve

Aircraft are controlled by pilots and flight autotiva systems that are capable of
acting independently, and may directly or indirgdibve an effect on the actions and
behavior of the crew. A basic theory of crew camation performance is built upon the
ability of pilots interacting effectively to coortite efforts. The current state of each pilot
is indeed affected by stress and emotion and cachbecterized by changes in their
psychophysiological state as measured through piletscan. It is therefore reasonable
to conclude that eye-scan models describing thesatstate of each pilot can be used to
develop a model of crew coordination. The individp#ot state and reaction to team
dynamics are identified through CRM behavioral aadiors as discussed in Section 2.4.1.
As described earlier, the flight deck is a perfergnentity composed of the PF, the PM
and the flight automation system, all of which atate definable. Arousal theory is an
appropriate method to characterize pilot state #ml effects of arousal on crew
coordinated performance. The relationship betwatt pngagement and performance
can be used to define hazardous pilot states iram@nar similar to the Yerkes-Dodson

curve, shown in Figure 5 (Pope & Bogart, 1992).
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Figure 5. Modified Yerkes-Dodson, Engagement Relate to Performance (Pope &
Bogart, 1992)

Resource theory is another approach that explaeégvay individuals cognitively
handle tasks and associated workload. Resourceytaggests that there are a limited
number of resources available to an individual wiséd processing task demands.
Resources are defined by capacity, attention, #iod éWickens, 1984). Resources are

described as “... a small set of scarce commoditigkirwthe human information
processing system, which is associated with angisphysiological structure, and with
physiological arousal changes as increased denamagdaced on it.” (Wickens, 1991).
Wickens’ (1991) resource theory suggests that tlaeeethree possible factors
engaged in concurrent task management and perfeemautcomes: confusion,
cooperation, and competition. Confusion of tasknelets explains similar tasks interfere
with overall performance, while more distinct tasie/e a less frequent degradation to
performance. Cooperation in task elements is ddfias similarities in task processes

that yield combined results, such as monitoringispldy and manipulating a flight

control.
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Competition of resources is observable when alingaattention to one AOI
versus another. Competition of resources resultdeiereasing supply of resources to
manage other tasks. Wickens (1991) suggests cdapeletween tasks improves when
pilots use separate resources as opposed to stem@arces. Resource theory draws a
parallel to mental effort and resources, concludivag pilot performance is equal to the
resources available relative to task difficulty. eThielationship between available
resources and task difficulty attempts to descfdmors that affect performance rather
than predict performance (Staal, 2004).

Research contends there are multiple groups oluiress as opposed to a single
generic set, such as visual, cognitive, and extexidas (Marsh, Hicks, & Cook, 2004).
However, regardless of the resource group, oneasaume that several resources are
continually utilized to accomplish pilot tasks.idtdifficult to develop tools that validate
models based on resource theory, as there are aosmte determine the available
resources a pilot may have. However, operator sifiéets the resources available to a
pilot. Therefore, resource theory provides a dpsige logic to correlate task difficulty
and operator state to performance.

A single tool, such as eye-tracking, is not capaifleletermining all resources
utilized by pilots. Therefore, a single tool is maipable of fully characterizing pilot state.
However, combining tools to measure all forms dbtpresource utilization will better
define overall pilot state. Additionally, eye-tréieg is a useful means to evaluate a pilot’s
visual resources by observing which AOIs are viewddreover, understanding what
visual resources a pilot is using is necessargimating pilot state and its affect on pilot

performance.
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2.4.9 Individual and Crew Coping Strategies

Stressors affect emotional state, which forcestpilto resort to coping
mechanisms. Coping mechanisms may be trained énctisal when acting out an
emotional response. Emotional responses are evidemarly all psychophysiological
measures, for example heart rate, which has beeredtin great depth in the context of
aviation (Bonner & Wilson, 2002). Understanding hgaots react to stress with
particular coping strategies leads to an incredssolvledge of pilot state. Coping
strategies are categorized into three primary typesblem- or task-focused coping,
emotion-focused coping, and avoidance coping. (S2884)

Problem or task-focused coping is the most delgrstrategy when under stress.
Pilots who exhibit problem- or task-focused copstategies have sufficient situation
awareness, technical skill, strategy, and expegeiegachandle the stress of the task load.
Effective pilots maximize the use of problem- aadkifocused strategies to proactively
accomplish tasks, thereby alleviating stress. Emnatifocused and avoidance coping
strategies are considered negative responsesetsssts on the flight deck. Emotional-
focused and avoidance coping strategies are atre$suh deficiency in situation
awareness, technical skill, strategy, and expeeieRdots may handle stressors with an
emotional response or may avoid the stressorsathieg depending on personality and
assertiveness. The ability to identify which copstgategy is being exhibited provides
further insight into pilot cognitive state.

In the context of crew coordination, negative cgpistrategies may cause
increased stress on other crewmembers. Increasess sin both crewmembers may be
evident even if one pilot is exhibiting a probleor-task-focused strategy and the other
pilot is not. In a worst-case scenario, both pilexfibiting one or both of the negative
coping strategies results in undesired operatipediormance. Poor performance due to

an emotionally reactive response or a lack of resp@ltogether is often detected in the
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control inputs made by the crew. Negative responses/ reduce attention to
instrumentation, ultimately affecting performand€oping strategies help describe
emotional state and how emotional state affectet mlction. Understanding coping
strategies also helps provide reasoning for diffees in pilot eye-scan behavior. Eye-
scan behaviors, such as channelized attentionthaeesult of inappropriate coping

strategies.

2.4.10 Cognitive Appraisal, Attentional Bias, and

Channelized Attention

Crew eye-scan patterns are indicative of the in&diom pilots seek to attain the
situation awareness necessary to complete a taswevwer, pilots with heightened
anxiety, stress, or high workload display an atteval bias toward any threatening
stimuli producing the high workload. Attentionalbbicognitively blocks the saliency of
other sources of information leading to a decreasatuation awareness. Another form
of attentional bias is channelized attention. Cleéinad attention is an eye-scan restricted
to a small set of information due to high-cognitim@rkload. Channelized attention
reduces the situation awareness of other sourcedapmation that may be necessary to
a task. Therefore, limited eye-scan is indicatidigh workload required to complete a
task set. If both pilots are exhibiting attentibbas or channelized attention, one can
assume the task load of the crew is cognitively aleling and situation awareness is
decreasing.

Another approach to describe the impacts of saadsemotion is network theory.
Network theory suggests a state of high emotion stnelss can lead to activation of
memory representations congruent to pilot cognitstate, resulting in selective
processing of information (Bower, 1981). Therefdlee current state of the individual

pilot is dependent on the cognitive appraisal skt@ad, which can be evaluated through
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observing the way information is visually processedscanned. Determining how and
when the pilot views information sources can beduseevaluate information processing.
Determining when and how information should be pesed can be modeled as expected
behavior, also known as normative behavior. Olisgrpilot eye-scan behavior that is
different than expected can reveal attentional biashannelized attention. Therefore,
eye-scans that differ from normative behavior Gareal reduced cognitive states.

Crew behavior can result in some attentional bileen task-saturated, a well-
coordinated crew is expected to reappraise thekstand balance their workload through
the use of proper CRM techniques. Task balanciqgires a temporary shift in eye-scan
behavior to address the tasks of the task-satu@@mdmember. Ultimately, the crew
should exhibit a reduction in attentional bias otloe crew is properly coordinated. If
both pilots exhibit attentional bias, current tdskds or confusion of tasks may be
overwhelming to the whole crew. Evaluating botlotsl eye-scan behavior is a viable
means to assess situation awareness and infertivegiemand. Evaluation of cognitive

demand between pilots leads to an estimation ofethed of crew coordination.

2.4.11 Effects of Training

The development of schemas, prototypes, scriptitydes, and stereotypes help
reduce cognitive loading (Neuberg & Newsome, 19983ining promotes development
of effective cognition, allowing pilots to reacfiefently in situations for which SOPs can
be developed. Helmreich (1982) discussed trainmfngraeffective means to appropriately
respond with coordinated effort to changes in taEkiective coordination requires task
specific schemas, prototypes, scripts, attituded, sdereotypes, which are developed by
training and experience. However, training is owlpable of presenting expected

scenarios and foreseeable failure modes. Trainimghlights the significance of
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understanding the flight deck interface, as weluaderstanding the difference between
experienced and inexperienced pilots.

Flight time is experiential training that existsaddition to the recurrent training
pilots are required to participate in to maintantige transport pilot licenses. Effects of
training are detectable in scan patterns, reveadifgration of attention. Trained and
experienced pilots in familiar and unfamiliar stioas revert to the priority tasking
hierarchy - aviate > navigate > communicate (SehéttTrujillo, 1996). Observations
specific to variation of pilot eye-scan begin toezge from the priority tasking hierarchy.
An untasked pilot does not have predictable eye-siahavior, and therefore, a
completely random eye-scan scan is expected. Rilitiisa single task exhibit a specific
scan pattern, allocating attention to required sesiof information with little variance.
Multi-tasked pilots exhibit priority-specific scapatterns learned from training and
experience. Trained, multi-tasked pilots, dirdogit attention to AOIs in order to
complete tasks by following the hierarchy of avatavigate>communicate. Therefore,
multi-tasked pilots exhibit predictable eye-scapsctfic to task hierarchy.

The effects of training, including effects of CRMihing, are most identifiable in
multi-tasked pilots. Multi-tasked pilots with experce and training will exhibit a
specific scan pattern, often in coordination weghdw crewmembers. A well-coordinated
crew exhibits specific scan patterns to accomptisfegated tasks. Untrained crews
exhibit a more unpredictable scan pattern. The irfagked, untrained crew possesses
fewer techniques and knowledge to complete taskd appropriately delegate
responsibilities to balance workload.

CRM training trains pilots to delegate tasks toaadtilable resources in order to
address all necessary tasking. The PF, the PMtrendlight automation are available
resources on the flight deck to accomplish flighgkss. Airlines train schemas and task
scripts in the form of SOPs. SOPs, which are d@ezldor each phase of flight, guide

flight crew interaction in order to minimize erroasid confusion. Normative behavior
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models can be developed from SOPs in order to gregitimal PF and PM attention
allocation. Pilots may deviate from SOPs and thenative behavior model; in fact, it is
expected. However, under the assumption that S@fredjtask procedures are developed
to allow pilots to perform optimally, deviationsofn normative behaviors are indicative

of reduced coordination.

2.5 Flight Deck Interaction Model: Factors Affecting

Visual Search

A flight deck interaction model was developed tghlight significant factors of
pilot state and crew coordination, shown in FigéireThe flight deck interaction model is
structured on the system and operator factors maidelilburn and Jorna (2001). The
flight deck interaction model is expanded to inéudputs to system task loading and its
affect on pilot crew and flight automation systerteractions. The model includes factors
affecting pilot situation awareness along with aweicoordination construct. The crew
coordination construct leverages shared situatiwareness between pilots to define the

level of coordination in the system.
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Figure 6. Flight Deck System Factors Model

The flight deck interaction model is a complextsys of interdependent factors
reduced to a framework of three components: sysdsinload factors, flight deck system
factors, and system output. System task load factre defined by the current
environment and desired future state of the aitcFiight deck system factors include the
adaptive features of the flight deck system, regame=d by each individual pilot and flight
automation subcomponents. Pilot subcomponents ifgetite factors that affect the
relationship between performance/workload and sdoaawareness. The flight
automation subcomponent is defined by flight modelhe flight deck system
subcomponents are linked through a crew coordinationstruct, defined by shared

situation awareness. Lastly, the system output coramt describes the performance,
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workload and crew coordination of the flight deckstem as a function of shared
situation awareness.

The flight deck interaction model closely followsaiktock and Warm’s (1989)
arousal replacement framework model, which incafes the system/operator state
factors model presented by Hilburn and Jorna (2008¢ flight deck interaction model
identifies the internal and external factors th#ed pilot situation awareness. The
coordination component describes the relationshgwéen individual and shared
situation awareness. Therefore, the flight det&raction model explains how eye-scan
measures of situation awareness may quantitatinéty the level of crew coordination,

workload, and performance.

2.6 Crew Coordination and Eye Movement Behavior

Eye-scan behavior in this thesis is defined bypbecentage dwell time (PDT)
values for each AOI and is used to develop normeatinodels of attention. Comparing
observed eye-scan behavior with normative eye-bedmavior can reveal variability of
pilot attention, caused either by task overloadask underload. Evaluating whether a
pilot looks at an AOI more or less when comparedh® normative model implies a
deviation from normative phase of flight workloa@iherefore, deviations from the
normative eye-scan behavior model are indicativa décrease in crew coordination and

increase in probability of pilot error.

2.6.1 Pilot Scan and Normative Tasked Behavior

Changes in eye scanning behavior are indicativaewariance in pilot task loading
and therefore pilot workload. The effort of shifjiattention and performing visual cross-

check is identifiable through comparing the differe between pilot AOI PDT and AOI
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shared attention, described in Section 2.4.4. A&&s grouped into three categories:
aviate, navigate, and communicate (Wickens et28l03), (Schutte & Truijillo, 1996).
Aviate and navigate task AOIs include the PFD, ALT and OTW. The communicate
task AOIs include only the CDUSs.

The driving constructs behind the normative eyeisbahavior are CRM and
SOPs. The underlying core of CRM is shared sitnatiwareness to efficiently delegate
roles and responsibilities to balance the worklaambss the crew. Normative eye-scan
behavior models of each pilot can be used to coempaserved eye-scan behavior to
identify deviations from optimal coordinated taséhbviors. Departures from expected
CRM and SOP behaviors are posited to be an indicati reduced crew coordination.

Differences between observed PDT and normativeéet®DT could be assessed
for statistical significance to identify the lewad crew coordination. However, to develop
a normative behavior model, it is necessary toyaeahormative task load, identifying
expected variations in pilot workload and coordimat Pilot scan based on the normative
task behavior must be evaluated to analyze diftmefrom observed PDT values.

For a given task set, a normative model can beldeeéd as the basis for optimal
eye-scan. The normative eye-scan behavior modaledethe nominal attention given to
each AOI in order to obtain the necessary inforamtio perform a set of tasks.
Therefore, deviations from the normative model srdicative of reduced situation
awareness. The flight deck interaction model suggesuation awareness is limited by

factors affecting pilot state, such as increaserklwad.

2.6.2 Eye Movement Characterization of

Crew Coordination

The PF, PM, and flight automation interact in ardowated effort to perform

tasks. During flight operations, the PF has tadkgiion authority. The PF utilizes all
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available resources, including the PM and the flagltomation, to complete all phases of
flight operations. SOPs define the interactioncpss of both pilots and how flight
automation is used. The flight automation is capabf aviating, navigating, and
communicating, and must be monitored when it isaged. Shared situation awareness is
essential to understanding which tasks are exeautddwho is performing them. Eye-
tracking provides a quantitative measure of whaeegilot is looking in order to gain
situation awareness. Pilot eye-scan is driven byntred for situation awareness, which is
necessary to accomplish a specific task. For exangppilot manually flying an aircraft
on short final in low visibility is focused on atiidg and navigating the aircraft by
following navigational guidance. In order to perfothe flight operation tasks, the pilot
provides input to the flight controls and measuhesresponse feedback from the primary
flight display providing guidance and adjusts tlenteol inputs accordingly. The PM
cross-checks the flight instruments while also lngkOTW to visually acquire and call
out the runway environment necessary to land (Efltamer, Shelton, Arthur, Prinzel, &
Norman, 2011). The necessary scan to completelitifte bperation is observable and
predictable. Therefore, measurable comparisorbsérwved pilot eye-scan to an optimal
task eye-scan is possible.

A normative eye-scan model for both the PF and ikt incorporate the
optimal coordination behavior between each pilat #re flight automation, based upon
phase of flight tasking. Deviations from the norivateye-scan behavior model can be
guantified and used to contrast the situation ames® of each pilot and estimate the level
of crew coordination. Highly coordinated crews aepected to perform the tasks
necessary to execute the flight operation as definethe normative eye-scan model for
each pilot. Poorly coordinated crews are not exquktt execute tasks according to SOPs
and proper CRM training and therefore will not dithan eye-scan behavior similar to
the normative eye-scan model. Therefore, the r@iffee in the output of the model for

each pilot is expected to be a measure of crewdawation, shown in Equation 1.
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Equation 1 . Crew Coordination Index

Crew Coordination = Absolute Variance (pilotl) + Absolute Variance (pilot2)

Normative eye-scan model approaches to quantifgiewy coordination are only
viable for phases of flight with trained SOP andMCRehaviors. Deviations from the
normative eye-scan model do not necessarily desgrdor coordination, but may be
indicative of unexpected events that affect crewrdimation. Unexpected events may
occur during any phase of flight and may lead to-s@ndard flight conditions, such as
unusual attitude or loss of energy state awarenélsusual attitude or loss of energy
state awareness is an unsafe flight condition thay lead to loss of the aircraft,
passengers, and crew.

In the event of unusual attitude or loss of enatgye awareness, eye-tracking is a
significant source of information to ascertain timset of a loss of energy state awareness
and deduce the type of spatial disorientation @t gkperiences. There are three types of
spatial disorientation: unrecognized (type 1), gguaed (type 1l), or incapacitating (type
[l) (Australian Transport Safety Bureau, 2007).omitoring pilot attention distribution
and aircraft control inputs make it possible to edetine if a pilot is spatially
disorientated. Reduced situation awareness isahbsal factor leading to loss of energy
state and is detectable using attention charaateyiz metrics.

Currently, there are no means to determine expepiied response and task
delegation during unexpected events and unsafet ftignditions. However, eye-tracking
information can determine which AOIs pilots arewiieg. The relationship between
situation awareness and the factors that definestide of a pilot are described by the
flight deck interaction model, shown in Figure 6Gitudtion awareness, defined by

attention characterization metrics, is affectedthyy factors of pilot state and therefore
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capable of inferring the state of the pilot. Thewvercoordination characterization model,
shown in Figure 7, replaces the pilot state factdrghe flight deck interaction model
with attention characterization metrics to describe level of coordination between
pilots. Combining the knowledge of crew and aificstate allows one to predict the

onset of unsafe flight conditions and provide ceumieasures to prevent such conditions.
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|
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Figure 7. Crew Coordination Characterization ModelDiagram
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CHAPTER 3.
757 SIMULATION CREWED DATALINK STUDY

3.1 Methodology

The NASA/FAA DataComm experiment was a human-gHtop (HITL)
experiment originally designed around the utilieatiof new developments in the
delivery of terminal operation clearances (Norman MR, Baxley, Ellis, Adams,
Latorella, & Comstock, 2010). In current flightrti@nal operations, clearances are made
from air traffic control (ATC) to the flight crewia voice communication and a callback
from the crew to ATC to confirm and monitor for @ in accepted clearances.
DataComm is an accurate, persistent, auto-gategtd fnanagement system onboard the
aircraft (Norman et al., 2010). The effect on oparaituation awareness, workload, and
crew coordination was uncertain. To supplementDb&aComm system, a moving map
display was implemented to show proposed clearaacesupon acceptance by the flight
crew, accepted clearances. The moving map displagtitons added visual confirmation
of what the crew received via the DataComm witlpees to taxi route information.
Display variations were found to have little effewt pilot attention across the AOIs
during the arrival scenarios (Norman et al., 2010).

The DataComm experiment was designed to deterthmeffect of DataComm
on pilot crew on the flight deck during operatiansthe terminal area. Leveraging the
DataComm experiment conducted at NASA Langley, tamthl objectives were

embedded into the design of the experiment to ifyetite following:

e The effects of DataComm modality on flight crew Wload, situation awareness,
and coordination during arrival operations
e Variation in crew visual behavior across phasdighf and additional task

loading imposed by DataComm
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The eye gaze of each pilot was monitored usingrete eye-tracking system in order
to assess deviations in crew eye-scan behaviororAative workload model based on
variable task loads for each scenario was develdpeévaluate appropriate flight
segments for data analysis. The normative worklpamtlel was used to determine
expected crew behavior when executing tasks asatethy SOPs and CRM. Attention
allocation metrics were used to evaluate chang#setgituation awareness and workload
of each pilot. The crew coordination characteraratnodel was then used to assess the

level of crew coordination.

3.2 Crew Coordination Hypotheses

Research Hypothesis 1: Shared understanding of wawkioad is indicative of
good crew coordination. Additional tasking throughe use of the DataComm
communication interface was expected to force crtemadapt to new tasking apart from
standard terminal approach procedures typicallyeagpced in traditional terminal area
operations. Non-normal tasking between pilots desme the shared understanding of
workload between pilots. Additionally, the increasenon-normal tasking was expected

to create an imbalance in crew workload and theeafeduced crew coordination.

Research Hypothesis 2: Attention allocation metdas characterize normative
tasking and expected workload for each crewmembks. iThe normative eye-scan
model defines the average PDT in each AOI when £exhibited excellent coordination

during baseline communication and display cond#ivoice/Paper).

Research Hypothesis 3: Variations in attentioncallion metrics correlate with a

reduction in crew coordination. Variations in atten allocation metrics are
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representative of a shift in crew attention fronmmative behavior and will be indicated
quantitatively in the output from the crew coordioa model analysis approach
described in Section 2.6. There are three attenalocation metrics evaluated:
Deviation between observed and normative PDT valMesiation in the difference

between PF and PM PDT values for each AOI, and dhaed attention metric.

Deviation of observed PDT values from the normagye-scan model correlates with a
reduction in crew coordination. Differences in tARBT between the PF and the PM
correlate with a reduction in crew coordination.dRetion in the shared awareness

measure correlates with a reduction in crew coaitébn.

3.3 Design of Experiment

The DataComm experiment used two independentblagao drive individual
pilot and crew workload. The first independent &hle was communication modality.
Two communication modalities existed, varying betwevoice-only and DataComm
operation. The voice communication modality wasduas the baseline communication
modality against which the DataComm modality wasnpared. The DataComm
modality introduced the use of the DataComm systanoviding clearance information
from controller to flight crew, with voice modalitgtill available for time-critical or
safety-related information.

The second independent variable of the DataComuodystwas display
methodology. Three variations of displays were ugagber map, moving map display
(MMD), and moving map display with route (MMD+R)o@bining the two independent
variables together created the experiment testitons. The voice/paper condition was
used as the baseline condition, requiring pilotstiiize paper approach charts and airport
maps, consistent with most current operations. DagaComm/MMD and condition

included taxiways, runways, signage, and ownshgitiom, providing real-time location



52

information to the crew. The third condition, Data@m/MMD+R, included all of the
same information as the MMD condition, but addegtaphical display of the expected
and actual DataComm ownship route clearance. Bisplethodology had no effect in
the context of this dissertation, as the displagditions presented in the DataComm
experiment only affected pilot attention during itaperations (Norman et al., 2010).
Communication modality was significant with respextits effect on pilot task load in
the arrival scenarios of the DataComm experiment.

The DataComm experiment included 18 runs of fligiews in a flight simulator,
testing eight scenario conditions. Testing includeblound standard terminal arrival
routes (STARsS) and instrument approach procedusdd3s) to runway 27 and runway
33L. The STAR and IAP terminal operations were seoswith the two-communication
modality and three display methodology independanibles. A total of 16 DataComm
runs were randomized among the eight scenario tonsdj with two replications per
crew. Two additional runs to evaluate crew trustevgested but not utilized in the

evaluation of crew coordination.

3.3.1 Scenario Descriptions

The DataComm experiment included arrival and deparscenarios at Boston
Logan International airport (KBOS) and utilized amtbination of current published
instrument arrival procedures and clearances diyecontrollers. The evaluation of crew
coordination investigated arrival scenarios onlyg ahd not utilize the DP scenarios.
Arrivals to Runways 33L and 27 were created to g®vealistic profiles and workload
in the terminal area from an initial starting aitle of 18,000ft. and continued to landing
and rollout. The Norwich Three and Scupp Four atswere chosen and shown below

in Figure 8.
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Figure 8. KBOS NORWICH 3 and SCUPP 4 arrival routes

Portions of the Norwich Three and Scupp Four Stahdarminal Arrival Routes
(STAR) were connected to the appropriate initiglrapch fix (IAF) and final approach
fix (FAF) for each runway approach end. Pilotseverquired to arm the approach and
capture the localizer and glideslope of the InsgntrLanding System (ILS) to continue
the approach. ILS approaches to runway 33L and ayr&v are shown below in Figure 9

and Figure 10.
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e Norwich Three Arrival, Kennedy Transition (Figur#)1l
o Procedure starts southwest of the airport. The astentself started
overhead Norwich and proceeded East to INNDY, tieect to the

Initial Approach Fix (BENN) for the ILS to Runwa3B.
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e Scupp Four Arrival, Kennedy Transition (Figure 12)
o Procedure starts east of the airport. The scersteded overhead

ARMUN and proceeded west to KBOS. Approximatelyn@ies from
KBOS, a clearance was given to KLANE for the ILSRonway 27.



57

NOTE: Procedure applicable fo turbojets only. NAS%JEFI’B CATUS
el N385
£ 01382 Wror0s 3y
KENNEBUNK N, 8 LSS |
117.1 ENE = y #1100 |
e AT @ Landing Rwy 27: |
Expect fo cross at |
|
|
BOSTON ) |
1127 BOS === gt
Chan 74 —
| N42° 21.45'-W70°59.37' l O @

N42°23.55'
W70°04.72'

£
e, 0
BEEGE " 94
N2°02 30/« 1600 @L‘Z\ﬂ/ \

Figure 12. SCUPP FOUR arrival excerpt

3.3.2 DataComm Messages and Displays

Each of the 11 crews received 42 DataComm uplinksages (462 total for all
crews). Crews were required to respond with a dmkmhessage to each uplink message
received. The aggregate count of these messagesgueand over the entire experiment

is shown in Table 2.

Table 2. DataComm Messages Per Crew for All ArrivalScenarios

Arrival DataComm message Per Crew Total
e Expected [-TAXI 12 13=
e ATIS 6 66
e Altimetel 6 66
e Frequency chani 6 66
e D-TAXI 6 66
e Amended [-TAXI 6 66
e TOTAL 42 462
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DataComm message format and page architecture wedeled after the Boeing 747-
400 Future Air Navigation System 1/A (FANS-1/A) ilementation. Display shapes,
sizes, and colors on the ND were based on ongasgarch at NASA Langley, the
proposed DataComm standards, and discussions betmeenbers of the FAA and
NASA DataComm team (Norman et al., 2013).

The crew accessed DataComm messages by deprdssi@pt button labeled
“ATC” (located on the top row of which caused t#el'C Index” page to be displayed on
the CDU screen (left side of Figure 13). The “PRage” and “Next Page” CDU buttons
were used by the flight crew to access the diffepaiges of the controller pilot data link
communication (CPDLC) message, with the abilitgémd a CPDLC response always on
the last page of the message (right side of Fiid)e The FANS-1/A ATC index page is
shown on the left of Figure 13. ATC Index (left)da\TC Request (right) pages.
Depressing the button labeled “Request” acces&eATIC Request page. Depressing the
fourth button on the left side accesses the ATC phage. Depressing any button on the
right side of the ATC Log (left side of Figure 1d)ings up the respective DataComm
message, such as the D-TAXI messages. A separttenlmn the CDU panel must be
depressed to reach the second page of the DataQoessage where the downlink

response can be sent by the crew (right side afr€i@4.)
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Figure 14. ATC Log (left) and Downlink Response (ght) pages

3.3.3 Experiment Protocol

Prior to the experiment, the participant pilotsrevecheduled two at a time over
the course of several weeks. Pairs of pilots werpiired to be from the same flight
organization in order to minimize adverse effects T differing SOPs or CRM principles
specific to different airlines. All pairs used sfandized, pre-briefed procedures to the
maximum extent possible. During the experiment, fhdt qualified as captain
performed the role of the PF in the left crew statind was responsible for control of the
simulated aircraft throughout the experiment. Thetpqualified as first officer

performed the role of the PM in the right crew istatand was responsible for
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DataComm messages for the duration of the simulafite first officer was the PM
throughout the entire experiment to increase thtssical significance of collected data.
Crews arrived at the research facility by 0745tloa first day to complete the
required paperwork. At 0800, the formal briefinggae, which included completing the
informed consent form required by NASA's Instituted Review Board (IRB), followed
by a two-hour training program. Training includete purpose of the experiment, an
interactive practice session to familiarize thewcreith sending and responding to
DataComm messages, a walk-through of each scenanid, a practice session to
familiarize the crew with the electronic questiomes. The pilots were scheduled from
approximately 1000 to 1230 to complete part-taakiing and four training scenarios in
the Instrument Flight Deck (IFD), the simulator dser the DataComm experiment.
Prior to beginning each scenario, the crew was ngigeverbal briefing about the
upcoming scenario. After each scenario, five tortenutes were allotted for the crew to
answer the electronic post-run questionnaire ance¢onfigure the flight deck for the
next scenario. After every third or fourth scenaadoreak was given to ensure the crew
was well rested. Following the last scenario, trewcwas brought back to the briefing
room to complete the post-experiment questionnaut@ch generally took 20 to 30
minutes. Following the post-flight questionnairesemi-structured verbal debrief was

given to assess the overall effect of DataCommiightfdeck operations.

3.3.4 Participants

NASA recruited the participant pilots in supporf the IFD simulation
experiment, complying with all applicable procedueand laws relating to the protection
of human participants as specified by the IRB. Tdilewing were specific requirements

for all participant pilots:

e U.S. citizen or Permanent Resident status.
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e Valid FAA Airline Transport Pilot certificate.
e Current employment by a Part 121 air carrier.

e Preference was given to participants without haddee bi-focal or tri-focal
glasses.

e Preference was given to pilots who held a Boeing @5 767 type-rating;
however, other type ratings with CDU/FMS incorpamatsimilar to the 757 / 767
were considered.

e Preference was given to pilots who were familiathwihe FANS-1/A CDU
controls, displays, and functionality through fligixperience.

e Current or recent flight experience in the assigoev role for the experiment
(i.e. Captain or First Officer).

The DataComm experiment consisted of 11 crewsvofgilots each, both from
the same airline. Based on information collectadgithe biographical questionnaire, all
pilots were male with an average age of 48.6 yaatstotal flying time ranging from
6,000 to 24,000 hours with a mean of 13,832.5 hoRiigt time in a Boeing 757 or
comparable aircraft type ranged from 1,000 hous5t@00 hours with a mean of 7,768.6
hours. Approximately half of the pilots had priotperience with DataComm, and 19 of
the 22 pilots had conducted flight operations iatal out of KBOS. Data on participant

pilot experience levels is shown below in Table 3.

Table 3. Subject Pilot Experience Level in Years ahHours
Mean Age Low Age High Age Std Dev Mean YearsLow YearsHigh YearsStd Dev

Age Flying Flying Flying Years
Flying
Captain 52.5 46.0 58.0 4.0 23.9 19.0 33.0 3.9
FO 44.2 37.0 56.0 5.6 15.0 10.0 26.0 4.8
Mean TotalLow Total High TotalStd Dev Mean B757 Low B757 High B757 Std Dev
Hours Hours Hours Total Hours Hours Hours B757
Hours Hours

Captain 17614 13750 25000 3784 7255 1100 10000 3139
FO 11242 6600 19460 3391 5036 1100 10000 3032
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3.3.5 Dependent Variables

Dependent variables included workload, situationammess, and crew
coordination, assessed individually for the PF &id. Workload was assessed by
administering the Bedford Workload Scale and amslgg DataComm message response
times. Measurement of the time to respond to Data@ messages was useful in
determining the effect of DataComm messages on com@nkload with respect to
additional tasking relative to normative workloaBataComm message response times
were calculated as the difference in seconds frbentime a message was initially
received (chime annunciated and “ATC MESSAGE” shanrthe upper EICAS display)
and the time that a response button (“Wilco,” “Rgger “Unable”) was depressed on
the message ATC uplink on page two. Message respomes were averaged for all
crews by communication modality and message tyfgat®n awareness was assessed
by administering the SART and analysis of the eyamsbehavior of each pilot. Crew
coordination was assessed by administering questieneloped by NASA researchers
developed from FAA guidance on CRM training foumd AC120-51E to each pilot

(Federal Aviation Administration, 2004).

Dependent variables:

e Workload
e Situation Awareness

e Crew Coordination

Metrics used to quantify the dependent variablekided the following:

e Eye-Scan Behavior: AOI PDT

e Workload: Bedford Workload Scale, DataComm messaggonse time
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e Situation Awareness: Situation Awareness Ratindhiiieie (SART)

e Crew Coordination: Crew Coordination Index, Questiodeveloped by
NASA researchers from CRM FAA guidance found in RC5B1E (Federal
Aviation Administration, 2004).

The Bedford Workload Scale, the SART, and crew dimation questions are
discussed below in Section 3.3.7. Additionallygvercoordination was assessed using a
novel approach that cross-references the workla@dithgr reported by each pilot and
evaluates the understanding each pilot has of thew member’s workload. The novel
approach to evaluate crew coordination is calleddtew coordination index, described
in greater detail in Section 3.3.8.

Pilot eye-scan behavior was used to assess thetiatiepilots gave to each
instrument across the flight deck and OTW. Easitriment and the forward view OTW
were defined as individual AOIs. Pilot eye-scahdaor was determined using the PDT
metric for each AOI. AOIs included the PFD, the NBe CDU, the IP, the Al, the ALT,
and OTW. The PFD, ND, Al, and ALT AOIs were lalieleith reference to which pilot
side there were located (i.e. PFD-PF, PFD-PM). sA®@& shown below in Figure 14.
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757 -200 Flight Deck AOI Configuration

Out The Window
[OTW)

Attitude Indicator
[PFD)

Instrument Panel
(1P}

Alrspeed [Al)

MAV Display [NAV)

Altimeter (ALT)

Left and Right CDUs facing upward, but not
visible in this image.

Figure 15. 757-200 Flight Deck AOI Configuration

3.3.7 Post-Scenario Questionnaire

The post-scenario questionnaire was given to pibths after each scenario. The
post-scenario questionnaire consisted of the Bddfdorkload Scale (Roscoe, 1987), the
SART (Taylor, 1990), and questions addressing cceardination, acceptability and
trust. The questionnaire was administered eleatedlyi on a Hewlett-Packard personal
tablet computer while the participant pilot wastedain the simulator. The Bedford
Workload Scale is a uni-dimensional rating scalgigieed to identify an operator’s spare
mental capacity while completing a task, shown Wweillo Figure 16. The Bedford scale

represents a simple methodology to assess sulgettixkload in an operational context.
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The single dimension was assessed using a hiecaradecision tree (always complett
visible to the participaptthat guided the operator through a-point rating scale. ach
point of the terpoint rating scal was accompanied by a descriptor of the associated

of workload.

A 4

Wworkload Loy ?

W

NN

(V4

[e)}

~

i

(o]

[ Was Workload Tolerahle No

2 Capacity. Serious Doubts as to &bility
to Maintain Level of Effort

O

=~ Tasks abanduned. PilotUnable Lo
Apply Sufficient Effort

|_h‘
(@]

Figure 16. Bedford Workload Scale

The SART providess an assessment of the situation awareness basegitot's
subjective rating. The SART incorporates the thdeeninant components of situati
awareness: demand on pilot resources, supply oluress, and understanding of -
situation. Pibts rated their perception of the impact of thesmmonent on situation
awarenessising bipolar scales froizero to seven as shown in Figuré SART scales
were tlen transformed to provide an overall SART scoretlier pilo, using the formul

shown in Equation.2Scores from the application of the formula rafrgen negative five
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for extremely low situation awareness to 13 forexiely high situation awareness. The
SART has been found to correlate with pilot taskdloand subjective measures of

workload (Ellis & Schnell, 2009).

1. Situational Awareness Assessment - SART SA=U - (D - §)

Rate each workload subscale

Instability of Situation

How change able were the situations and

environmental Factors encountered in this run? Low High
Variability of Situation o[1|2[3]4|5[s|7
‘were many elements changing at any one time with

large number of dynamic variables? Low High
Complexity of Situation 0[1]2[3]4[5]s|7
How complicated were the situations in this run 2 Lowr High
Arousal o[1|2[3]4|5[e|7
‘what was the level of stimulation in this run? Low High
Concentration o[1|2[3]4|5[s|7
How much could you concentrate your atkention an

the important tasks? Low High
Spare Mental Capacity 0[1]2[3]4[5]s|7
How much mental capacity did you have to spare in

thiz run? Low High
Division of Attention o[1|2[3]4|5[e|7
‘where you able to divide your attention between

seweral relevant sources? Low High
Information Quality o[1|2[3]4|5[s|7
How good was the information you obtained in this

un? Low High
Information Quantity 0[1]2[3]4[5]s|7
How much useful information were you able to abtain)

from all available sources in this run? ow High
Familiarity o[1|2[3]4|5[e|7
How Familiar were yau with the different elements and

events in this run? Low High

Figure 17. SART Assessment Card (Ellis & Schnell,G9)

Equation 2. SART Evaluation SA Calculation

SA = Understanding — (Demand — Supply)

3.3.8 Indices of Crew Coordination

Additional probing questions were administeredegard to crew interaction and
coordination using the post-scenario questionnatiots were asked to assess their own
workload, as well as estimate their crewmember'sklead during the scenario using the
Bedford Workload Scale. Evaluating the perceptibrcrewmember workload for each

pilot enables the assessment of crew coordinatgnguthe CRM construct of shared
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awareness and task load balancing. Contrastingitfezences in perceived versus self-
reported workload values results in a pilot worklamderstanding value for each pilot.
Pilot workload-understanding was used to determanesv coordination as shown below
in Figure 18.

Several variables are presented below in FigurePAB.(PM) represents the PF's
rating of the PM’s workload. PMr represents the BMelf reported workload. PFu
represents the PF’s understanding of the PM’s warkl PMr(PF) represents the PM’s
rating of the PF's workload. PFr represents thesP$elf reported workload. PMu
represents the PM’s understanding of the PF's warkl CCwl represents crew-

coordinated workload, herein referred to as creordioation.

Pilot Workload Understanding £ PM
PF Workload Understanding T
PFr(PM) — PMr = PFu (-9-9) . = PFu
PM Workload Understanding
PMr(PF) — PFr = PMu ({-9-9) Pilot Fiying Pilot Manitoring
Workload Rating Wardoed
of Pilot

: ; : Monitoring
No difference = Good Coordination

Crew Coordination Index-— Crew Workload Understanding
IPFul + |PMul| = CCwl (0-18)

Figure 18. Subjective Indices of Crew Coordination

The crew coordination index represents the le¥erew coordination. The crew
coordination index is calculated as the absolutéerdince in pilot workload-
understanding as shown in the equation at the mmottd Figure 18. The crew
coordination index does not take into account aatieg or positive difference in pilot
workload-understanding. A negative or positive fedénce in pilot workload-
understanding indicates overemphasis or underengpbbisrewmember workload. The

emphasis of pilot workload-understanding may padigtbe used to evaluate the pre-
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established schema or paradigm that exists in tlag wa pilot perceives their

crewmember’'s workload.

3.3.9 Boston Logan International Terminal

Operations Task

The DataComm experiment was developed to simuéatieworld operations and
procedures in the KBOS terminal airspace. Simdlataffic was generated using actual
KBOS airspace and surface data collected duringogerof high-density terminal
operations. Arrivals were set up to begin at FLB8@ continued through landing to
conclude upon completion of taxi to the terminakga

Scenarios were designed to vary arrival procedasi&s so pilots would not
become familiar with any particular test scenayigt, remain operationally consistent to
maintain a valid basis from which to assess eagttctindition. The experiment simulated
day visual meteorological conditions (VMC) operasounder Instrument Flight Rules
(IFR). Pilots were expected to hand-fly the airc alutopilot disconnected), with flight
director guidance on vertical navigation/lateraligation (VNAV/LNAV) mode. A
scenario specific STAR was programed into the FMiSrgo each run, and the Auto

throttle was engaged in Speed Hold Mode.

3.4 Research Facilities

3.4.1 NASA B757-200 Integrated Flight Deck (IFD)

As previously stated, the DataComm experiment wadormed in NASA'’s
Integrated Flight Deck (IFD). The IFD simulator @ high-fidelity, 757 flight deck

interface with fully operational instrumentationydnaulically tethered flight controls,
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rudder pedals, and mechanized throttle, showngnrgi19. The simulator is based on a
Boeing 757-200 aircraft flight dynamics mathemdtioaodel. The flight deck also
includes a fully functional MCP, CDU with FMS, amdmmunications unit. Outside
visuals are driven by five high-definition, collitea projection displays that yield a full
panorama, which provides 200 degrees of horizofdd-of-view and 40 degrees
vertical field-of-view. The projection system iswém by a high-end computer generation

imaging system tethered to aircraft location armdesinformation.

Figure 19. Integrated Flight Deck (IFD)

In support of the DataComm experiment, the folloyvhardware and software

additions were incorporated to the IFD baselindigaration:

e Moving Map Displays (MMDs), presentable on the Ndd®oth crew stations,
with the capability to display ownship route.
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e Electronic Display Control Panels (EDCP) at bothwerstations, to control
scale and display mode for the NDs. Display modiecsien allowed crews to
see an airport depiction, with expected taxi romtbile airborne during the
simulated approach.

e The capability to trigger the playing of researepsovided audio wave files
based on simulated aircraft position, range tditradnd/or specified flight
deck control actuation (such as microphone transztease).

e Additional selectable pages on both FMS CDUs, tppsut a hierarchical
DataComm uplink and downlink capability, as well te capability to
selectively load expected or cleared routes incoMiVIDs.

e The capability to simulate (visually OTW) push-bdiakm the terminal gate.

A Rockwell Collins EP-1000 KBOS database was used®fTW projection of the airport
surface, taxiways, runways, buildings, obstructjaigns, and airport terrain and cultural
features. Additionally, the DataComm simulation disthe appropriate database to
provide accurate location and frequency of navogathids; in particular, the ILS was
used for RWY 27 and RWY 33L. All frequencies aligneith published charts, and pre-
recorded Automatic Terminal Information Service (8] messages were used based on
environmental conditions and airport status forghgicular scenario. The IFD employed
a navigation and communications simulation that npied realistic voice
communication, as well as accurate navigation éghtfcrew position awareness during
standard arrivals, appropriate to each scenarie. Silmulator is capable of full motion
testing for increased simulation fidelity; howevehe DataComm experiment was

conducted while the IFD was fix-based, with no motelement made available.

3.4.2 Dual Crew Smart-Eye Oculometer System

Eye-tracking data was collected for both crewmemhesing a state-of-the-art
eye-tracking system, developed by Smart-Eye Ina. d@neras were integrated into the
IFD, using five cameras per pilot on two separgeteacking systems (one eye-tracking

system per side) to capture the gaze vectors of tuits simultaneously. To synchronize
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the systems, Smart-Eye Inc. created a modifiedtepiing system network, tethering
two systems together using a primary-secondarytioakhip. Each system is time
stamped synchronously with GPS time so eye-gaztoweata from one pilot can be
compared to that of another pilot, which is critimainterpret the data in post-analysis.

In order to collect robust eye-tracking data asrthe flight deck under normal
flight deck operations, the system had to be capabktovering +/-45 degrees of center
and +10 degrees from horizon and to the base o€ for each pilot. The coverage
requirement had to be met while still maintainindpigh level of simulator fidelity by
making the cameras as inconspicuous as possibtheoflight deck. Due to finite free
space on the flight deck, camera placement opta@rs limited.

A mockup of the IFD was created using 806/28luminum to test which available
locations for camera installation provided the tgsticoverage capability on the flight
deck. Tests resulted in five locations per siden@peihosen (mirrored locations between
left and right seat) that yielded sufficient covggao collect meaningful data for the
experiment while remaining minimally obtrusive hetflight deck. Spatial accuracy and
precision of the system was tested to be no grélader two degrees gaze angle for any
calibration point on the display panels, examplaghin Figure 23.

Head tracking and gaze quality across the instrimpanel and OTW field of
view varied between 50 and 100 percent, shown baldvigure 21 and Figure 22. Green
represents values greater than 75 percent gazéygasl defined by the system gaze
quality value; yellow represents 50-75 percent; asdl represents <50 percent. Gaze
guality values greater than 50 percent are corstbsatisfactory. The quality differences
were due to participants wearing glasses - reshltsyn below in Figure 22. The first two
participants shown on the left were not wearingsggg, and participant three, shown on
the right, was wearing glasses. The pilots in tlEalBomm experiment were mixed in

their usage of glasses, with half of the partictpampulation requiring reading glasses
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when reviewing paper charts on the flight deckotBiwere instructed to remove reading

glasses whenever possible.

Figure 20. IFD SE Camera and llluminator Locations

Subject 1 Suibject 2 Subject 3, Glasses
Figure 21. Head Direction Quality Coverage
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Subjests 1.2 Subpect 3, Glasses
Figure 22. Field of View Gaze Quality
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Figure 23. Spatial Accuracy
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CHAPTER 4.
NORMATIVE PILOT WORKLOAD MODEL DEVLOPMENT

A normative workload model was developed to providgh-resolution, dynamic
PF and PM tasks and baseline workload informatiobet used as a comparator to pilot
eye-scan behavior data. Additionally, the normativerkload model was utilized to
determine appropriate flight segments to analyeeeye-scan behavior for the PF and
PM. The normative workload model was constructedldyering several workload
factors, including tasks, distribution of attentilny AOI, and subjective workload
information for each minute of each scenario. Thoeleh information was acquired from
expert NASA research pilots executing the DataCosuenarios and recording the
expected behaviors when executing tasks.

Interruptive tasks, such as DataComm messagegasertask load and resultant
workload. DataComm messages require experimenifgpdtght deck interaction, to
complete DataComm scenarios, described in Secti®r2.3Scenario scripts utilized to
trigger all DataComm ATC message and traffic movetinveere helpful to develop the
normative workload model. Scenario scripts weréten to be specific to each arrival
scenario; therefore, the normative workload mode$pecific to each arrival scenario.
Furthermore, interruptive tasks are specific totifpe of response action required, either
informative messages requiring a “Roger” or dineetnessages requiring a “Wilco”. The
duration of each interruptive task type is takeonfrthe analysis of the DataComm

message response time, discussed in Section 4.1.

4.1 Influence of DataComm Message Response Time

Results of the DataComm experiment show the mgjafitanalyzed response
times were well under a minute (Mean = 20.7 secofds = 17.6 seconds across all

conditions) (Norman et al., 2013). There were fewasions when crews reviewed a
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message and agreed to its content but did not mesipothe message within two minutes
(5 of 369 (~1 percent) directive DataComm messaged, 27 of 660 (~4 percent)
informative DataComm messages). Video review, mebea experience, and verbal
debrief with participant pilots suggests that lsagponse or no response events were due
to the crew forgetting to respond to the messager(idn et al., 2010).

The response time data analyzed by NASA to deternanceptability of
DataComm was utilized in this research for usehm development of the normative
model to aid in definition of task loading and asated workload. Results from the
response time analysis was important to deterntieeirhpact to task load caused by
DataComm on the flight deck and the resultant taskl impact to crew workload and
coordination. DataComm was used as an interrugéisk, not included in any airline

SOP, to disrupt crew coordination.

4.2 DataComm Post-Scenario Questionnaire Results

Pilots used the Bedford Workload Scale to ratewtbekload associated with in-
flight and surface operations across communicatioth display modalities. The results
from the DataComm experiment were used to deterrtiiee effect on each pilot's
workload to develop the normative workload modeéstts from the post-scenario
guestionnaire indicate a perception of relativebyv | workload for all conditions,
presented in Figure 24 (Norman et al., 2010). Altrgx-axis, a rating of one indicates

“workload insignificant,” five is “reduced sparepagity,” and 10 is “task abandoned.”
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Figure 24. Histogram of Workload Ratings for In-Flight Operations

PF ratings of workload were significantly higheaththe PM ratings of workloz

(x*:= 7.794,p=0. 0.005). A binomial test, with a cut point three (‘Enough spare

capacity for all desirable additional tasks”) aasttproportion of 75 percent, showed f

most responses indicated significantly low workldadboth the PF and PM (Norman

al., 2010). Figure 25hows the mean responses for the PF and PM workédendys for

flight portions of the arrival from the DataComnuady (Norman et al., 2010). The |

rated workload significantly different across théspiey conditions y%= 8.145,

p=0.038); however from an operational perspectifie, difference was not significal

Display conditions did not differentially affect PMtings y%=5.749,p=0.125) (Normar

et al., 2010).
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Figure 25. In-flight workload rating by position and by condition

The PF experienced higher workload during arrivansirios than did the PN
The PF and PM experienced higher workload with DlagaComm conditions than tl
Voice/Paper condition. It was posited NASA researchers that theige modality may
have an advantage over the DataComm condition dufariliarity of using voice
communication.The CDU interface for receiving DataCommmessages appears
impose additional workload tthe pilots (Norman et al., 2010)The additional workloa
due to DataComm to both the PF and PM suggthere was an effect on cre

coordination.

4.3 Normative Workload Model for DataComnr

An in-depth task analysis was completed for each piibting the results of th
post-run workloadanalysisfrom the DataComm experiment. Revieivthe DataComm
experimentesults suggest the DataComm communication modalityduced tasks th
were not common to current day operations. Theeefthre DataComm communicati
modality wa an experiment variable that potentially disrupteglv coordination fror
the baseline voice communication condition. Eacgdnado was evaluated based u)
task analysisassociated workload, and the DataComm interrupisking. The tas

analysis was @formed using experienced NASA pilots operatingaagew to identify
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all required task responsibilities minute by mintdeall DataComm scenario conditions.
The task analysis also included subjective assedsoheommonly visited AOIs over the
duration of each scenario. The task analysis wed tsdevelop the normative workload
model based upon task demand and the number af #hskgiven time.

The normative workload model was developed usitaseline workload value
based on tasking required by SOPs for each phateedrrival and landing. Expected
increases to the baseline workload were determbasgd upon expected increases in
tasking and difficulty of the procedure. Figured®icts the workload value for the pilot
increasing with increased task load as the airca@itinues its approach to land. Nominal
workload increases the closer an aircraft getotehidown as guidance becomes more
difficult to follow the closer the aircraft gets the runway. Workload remains high
during the landing, rollout, and taxi phase astpilare tasked with braking the aircraft,
finding the expected taxiway exit, and monitoring éther aircraft (Norman, 2010).

Interruptive tasks are additive to workload, ag/timpose an increase in tasking.
Interruptive tasks in the DataComm experiment aresgnted in the form of the
DataComm messages on the CDU. Communication taskdeas important on the
hierarchy of tasking for each pilot and are deleddb the PM. The impact of data link
messages depends on the message content requigimgcfews to either acknowledge
(Roger) or comply (Wilco). Messages requiring a B0 response are additive to the
baseline workload by half on the Bedford Workloachl® the model is built upon.
Messages requiring a “Wilco” response are additivéhe baseline workload by one on
the Bedford Workload Scale. Multiple messages altditi@e in regard to workload
increase, and the duration for each interruptie& ia based upon the average response
times from the DataComm experiment, varying from81i® 33.1 seconds. A list of the
various data link messages from the DataComm exjati are listed below in Table 4

(Norman et al., 2010). Normative workload modelstfe Norwich arrival scenarios are
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shown below in Figure 26 and Figure 27. Normatiakload models for the Scupp

arrivals are shown below in Figure 30 and Figure 31

Table 4. DataComm Messages and Response Times

e Engine Start/Pushback — 19.5s
e Expected Taxi Out — 33.1s

e Amended Taxi — 10.8s

e Expected Taxi—20.1s

e Taxi Out-—14.1s

e Taxiln-25.1s

e Frequency Change — 16.0s

e ATIS (AIR) — 15.0s

e ATIS (Surface) — 23s
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4.4 In-Flight Altitude B ands

Arrivals scenarios were selected to develop nowadiehavior models due to t
well-defined SOPs that address the tasks required odrtineal and landingData was
segmented into three different altitude bands fmwe task variatior over the course ¢
the entire data runResults from thepost-scenarioand post experiment workloi
guestionnaires did not indicate operationally digant differences acros
communication or display conditions (Norman et 2013). Analyses were conducted
collapsing all communication and display modalibnditions irto one composite grou

which were evaluated by the variation of crew cawation index score
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The altitude band segments are broken into thests:phigh, middle, and low.
The high segment is defined as the beginning ofsttemario (starting at ~18,000ft) to
10,000ft. above ground level (AGL). The middle seginis defined as less than 10,000
ft. AGL to the final approach fix altitude of 1,7G0 AGL. The low altitude band is
defined as less than 1,700 ft. AGL to touchdowm® d. AGL. The altitude bands are

shown below in Figure 32.
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Figure 32. Altitude band Segments

4.5 Normative Eye-Scan Behavior Model

The normative eye-scan behavior model was devdlameng eye-scan data
collected in the DataComm experiment. The normaéiye-scan behavior model was

developed by averaging the PDT across all partdgoevhen the crew coordination index
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was less than two, indicating excellent coordimatitor the baseline condition
(voice/paper). A normative eye-scan behavior moddlie was created for each AOI,
altitude band, and for the PF and PM. AOI PDT valde the normative eye-scan
behavior model are shown below in Table 5.

Table 5. Altitude band Normative Visual Behavior Madel Values (Percentage Dwell

Time)

Airspeed Model  Altimeter Model CDU Panel Model | Inst Panel Model | Nav Capt Model  OutTheWindow Model PFD Model

PF  1: Abowve 10,000 0.0288 0.0374 0.003 0.7712 0.0908 0.0758 0.4106

PF | 2:10,000- 1,700 0.0302 0.0404 0.0014 0.8436 0.0878 0.0548 0.5

PF 3:L,700-0 00362 0.0012 0.0006 0.5242 0.0304 0.4324 0.3274
Airspeed Madel | Altimeter Model  CDU Panel Model | Inst Panel Model  Nav Capt Model OutTheWindow Model PMD Model

PM  1:Above 10,000 0.008 0.006 0.0236 03536 0.0576 0.228 0.0702

PM | 2: 10,000 - 1,700 0.0106 0.0118 0.0L62 0.4494 0.078 0.2354 0.1016

PM 3:,700-0 0.0048 o.0a7 0.0038 0.2438 0.0318 04716 0.0688
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CHAPTER 5.
DATA ANALYSIS

5.1 Data Analysis Approach

The DataComm experiment data was used to evalvateiiowing:

¢ Pilot situation awareness and workload throughahje measures of attention in

terminal area operations.

e Crew coordination, shared situation awarenesscead workload in terminal

area operations.

Subjective workload response values from the sitimialata runs were analyzed to
evaluate the following:

e The PF and PM workload during each scenario.

e Each pilot’'s perception of crewmember workload dgreach scenario.

e Scenario task analysis.

e Normative workload model development.

Eye-tracking data from the simulation experimens &nalyzed to evaluate the
following:
e PF and PM eye-scan behavior (PDT) by altitude band.
e Difference between normative model PDT and obseRI2d for each pilot by
altitude band.
e Difference between the PF and PM PDT for each comA®I by altitude band.
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e Level of shared attention, defined as each piletving the same or common type
AOI (i.e. PF-PFD and PM-PFD) within five secondea&d attention is output as

the percentage of time common type AOIs were viedwgthg each altitude band.

Level of crew coordination was correlated with ésseking measures of attention as

described below:

e The correlation between the crew coordination inaled the difference between
observed and normative model PDT, which was evadlfair each AOI across
each altitude band for both PF and PM by:

0 The difference between normative model PDT valunesthe observed
PDT of the PF and PM.

= Deviation of observed PDT from normative model PDT
corresponds with non-normative behavior, whichvislgated as a
guantitative measure of reduced situation awareness

= Deviation of observed PDT from normative model Abdicates a
deviation from expected behavior and is indicatfeecreased
crew coordination.

= Difference between the normative eye-scan model Biilthe
observed PDT is evaluated for correlation with coaw@rdination

index.

e The correlation between crew coordination index theddifference between the
PF and PM PDT, evaluated for each AOI across elsitide band by:
o The difference between the PF and PM PDT as a mza$wisual

behavior strategy shifts between crewmembers.
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= A zero difference in AOI PDT indicates common awess
between crewmembers (This may represent zero iattegiven to
an AOI for both pilots).

= A positive difference in PDT indicates increaseeéraion given to
the AOI for the PF.

= A negative difference in PDT indicates increaseeraion given to

the AOI for the PM.

e Correlation between crew coordination index andnieasure of shared attention,
evaluated for each AOI across each altitude band by
o0 The shared attention metric, which indicates ineedaask sharing and
visual cross-check between crewmembers.
= Values closer to one indicate increased sharedessas for a
particular AOI.
= Values closer to zero indicate less shared awasdnes particular

AOl.

5.2 Crew Coordination Subjective Workload Analysis

Analysis of each pilots’ understanding of workloads used to determine an
index of crew coordination as described in Sect®B.8. Results from the crew
coordination subjective workload analysis are shdvetow, broken into four index
ratings of crew coordination, Excellent Coordinatido Poor Coordination. The
DataComm experiment never yielded a scenario tratepl beyond the capabilities of
the crew. However, analysis of workload-understagdialues shows multiple instances
of poor understanding between crewmembers; refdoexs poor coordination between

pilots. The distribution of crew workload-undersdarg is shown below in Figure 33.
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Anderson-Darling Normality Test
A-Squared 6.62
P-Value < 0.005
Mean 2.8586
StDev 2.5635
Variance 6.5716
Skew ness 1.51798
Kurtosis 1.90120
L—] N 99
/’/ Minimum 0.0000
A 1st Quartile 1.0000
Median 2.0000
T T T T T T 3rd Quartile  4.0000
0 2 4 6 8 1o Maximum __ 11.0000
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—_ T} LI 2.3473 3.3699
95% Confidence Interval for Median
2.0000 2.0000
. 95% Confidence Interval for StDev
959% Confidence Intervals 2.2494 2.9804
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Figure 33. Crew Workload-Understanding Values Distibution

The range of crew workload-understanding values the corresponding index
ratings is shown below in Table 6. The crew coaton index ranges were selected
based upon the distribution of pilot workload-ursfending values and the definition of

the Bedford Workload Scale workload ratings, shaw8ection 3.3.7.

Table 6. Crew Coordination Index Range

Crew Workload-Understanding
Crew Coordination Index Range
Excellent Coordination (1) 0<2
Good Coordination (2) 2<5
Fair Coordination (3) 5<8
Poor Coordination (4) >8

Figure 34 shows the distribution of crew coordioatindex values for the DataComm
experiment. As discussed previously, the crew doatobn index is a measure of shared

understanding of crew workload between pilots. Base the constructs of SOPs and
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CRM task load balancing, the concept of shared nstaleding of crew workload is
representative of good crew coordination. Subsdqgaealyses evaluate the metrics of
eye-scan behavior for each pilot with respect tewcicoordination index across the

DataComm altitude bands.

Crew Coordination Index

Anderson-Darling Normality Test

A-Squared 9.34
P-Value < 0.005

Mean 1.9798

/—\ StDev 0.8449
Variance 0.7139

Skew ness 0.971084

Kurtosis 0.788193

N 99

Minimum 1.0000

/ 1st Quartile 1.0000
Median 2.0000
T T T T 3rd Quartile 2.0000
1 2 3 4 Maximum 4.0000
95% Confidence Interval for Mean
® 1.8113 2.1483
95% Confidence Interval for Median
2.0000 2.0000
95% Confidence Interval for StDev
95°% Confidence Intervals 0.7414 0.9823
Mean- | ® |
Median- ¢
1.I8 1.I9 2I.0 2I.1

Figure 34. Crew Coordination Index Distribution

5.3 Altitude band Statistical Analyses

All statistical analyses were performed with a eyah linear model (GLM)
ANOVA, modeling altitude band, crew coordinatiord@x, and an interaction term for
both altitude band and crew coordination index. éjugairwise T-test comparisons were
made to determine individual statistical differentetween each element within the two

components of the GLM model.
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5.3.1 Pilot Flying and Pilot Monitoring Normative

Visual Behavior Model Difference

Statistical analyses for the normative eye-scamatier model difference data
were performed across all AOIs for each pilot. Teection evaluates the difference
between the normative eye-scan behavior model Paldes (shown previously in Table
5) and the observed PDT values for each AOI accos® coordination index ratings
(Excellent through Poor). Deviations from the notine model are shown as any
positive or negative PDT difference from zero. [#ons from zero indicate pilot
attention allocation was different from what wapeoted as defined by the normative
eye-scan behavior model. AOls evaluated includePtRB, ND, CDU, Al, ALT, IP, and
OTW. Observations of AOIs with statistically signédnt differences are included in this
analysis section and discussed with regard to tfligiperational impact. The
comprehensive analysis of all AOI statistics foe tRF and PM normative model

differences is included in Appendix D.

5.3.1.1 Instrument Panel AQOI, Pilot Flying

Analysis of the IP normative eye-scan behavior ehatifference for the PF, as
shown in Figure 35, revealed there were statigyicaignificant differences across
altitude bandK(2,282) = 4.46p = 0.012) and crew coordination index(8,282)=7.38p
< 0.001). Figure 36 shows the main effects plotaltitude band and crew coordination
index. Pairwise comparisons between altitude bastusv there was no statistically
significant difference between the high altitudendbaand the middle or low altitude
bands. The significant difference occurred betweenmiddle and low altitude bands

(t=2.939,p=0.0092).
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Pairwise comparisons between crew coordinationxmdengs revealed that there
were no statistically significant differences asrosrew coordination index ratings
Excellent, Good, and Fair. However, the crew caowtion index rating of Poor was
statistically different from all other ratings: Esttent vs. Poor: (t=-4.389<0.001), Good
vs. Poor: (t=-4.330p<0.001), and Fair vs. Poor: (t=-3.71(50.001). The pairwise
comparisons are graphically visible in the intaacplot shown in Figure 37.

Findings reveal that with reduced crew coordingtibbe PF visual behavior with
regard to the IP deviated from the normative moddditionally, there appeared to be a
threshold after the crew coordination index of Fainen the eye-scan behavior began to
significantly deviate from the normative model. diimgs suggest the departure from
expected attentional behavior given to the instminpanel by the PF was a significant

indicator of poor crew coordination.
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Figure 35. Instrument Panel Model Difference - PF
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Figure 36. Instrument Panel Model Difference Main Efects Plot - PF

Interaction Plot (fitted means) for IP - PF
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Figure 37. Instrument Panel Model Difference Interation Plot - PF
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5.3.1.2 Out the Window AOI, Pilot Flying

Analysis of the OTW normative eye-scan behaviodetalifference for the PF
revealed there were statistically significant difieces between altitude bands
(F(2,282)=61.47,p<0.000). Figure 38 and Figure 39 show the deviafimm the
normative eye-scan behavior model across altitugled® and the crew coordination
index ratings. Pairwise comparisons across théudéi bands show that there was no
significant difference between the high and thediadaltitude bands. The low altitude
band was significantly different from both the hih-9.443,p<0.000) and middle (t=-
9.724,p<0.000) altitude bands, with pairwise comparisorssbie in Figure 40. There
was no statistically significant difference acrossw coordination index ratings.

Deviations from normative eye-scan behavior obein the low altitude band
did not indicate any statistical difference acrossw coordination index ratings. There
were no operationally significant differences oledrin the eye-scan behaviors with
regard to the OTW AOI beyond statistically sigraint difference from the normative
model in the low altitude band. Findings suggeat the PF attention to the OTW AOQOI
did not provide a significantly identifiable behawithat corresponds with reduced crew
coordination. However, Figure 40 shows a visibEntr suggesting a minor deviation
from the normative eye-scan behavior model occunigial reduced crew coordination, a

finding similar to that of the IP findings above.
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Figure 38. Out the Window Model Difference - PF

Main Effects Plot (fitted means) for OTW - PF
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Figure 39. Out the Window Model Difference Main Efects Plot - PF
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Interaction Plot (fitted means) for OTW - PF
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Figure 40. Out the Window Model Difference Interacton Plot - PF

5.3.1.3 PFD AOI, Pilot Flying

Analysis of the PFD normative eye-scan behavior ehdalifference for the PF
indicated statistically significant differences ftwoth altitude band H(2,282)=7.77,
p=0.001) and crew coordination index(8,282)=15.60p<0.000). Figure 41 and Figure
42 show the deviation of observed PDT from the radive model across the altitude
bands and crew coordination index ratings. Pairgm@parisons across altitude bands
show that the low altitude band was significantiffedent from the middle altitude band
(t=3.930, p<0..001). Pairwise comparisons across the crewdomation index show a
crew coordination index rating of Poor was sigmifidy different than all other crew
coordination index ratings; Excellent vs. Poor ¢t218,p<0.001), Good vs. Poor (t = -
3.160, p<0.009), Fair vs. Poor (t=-2.93@<0.018). Pairwise comparisons are shown
graphically in Figure 43.
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Results show similar findings to the instrumenhglaAOIl analysis, suggesting
that with reduced crew coordination, there was @adere of visual attention from what
was expected by the normative eye-scan behavioeimdde PFD was an AOI defined
inside the larger IP AOI, and therefore similarutiesswere expected between IP and PFD
AOQiIs. Findings are shown to be common across ttildé bands, suggesting that the PF

eye-scan behavior differences that were indicativeeduced crew coordination were

common across flight tasking.
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Figure 41. PFD Model Difference - PF
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5.3.1.4 Instrument Panel AOI, Pilot Monitoring

Analysis of the IP normative eye-scan behavior ehatifference for the PM
indicated statistically significant differences the altitude band&(R,282)=12.29,
p<0.000), Figure 44 and Figure 45 show the deviattbnobserved PDT from the
normative model across the altitude bands and a@eevdination index ratings. The
analysis reported no statistically significant eifnces across crew coordination index
ratings. Pairwise comparisons between altitude bmegiments showed no statistically
significant difference between the high and the digdaltitude bands. The significant
difference was identified between the low altitisdend when compared to both the high
altitude band (t=4.222%<0.000) and middle altitude band (t=4.3480.000). Pairwise
comparison findings are graphically shown in Figdée

Results suggest the eye-scan behavior of the PMdvargnificantly depending
on phase of flight. The difference across altitiidands was expected as the primary
tasking for each pilot changes from the final apptofix to touchdown. The FAF to
touchdown segment was captured in the low altihated where crew role tasks are well
defined and attention is driven to specific AOlack of significant differences across the
crew coordination index suggests that reduced cawdination was not apparent in the
eye-scan behavior of the PM with respect to th&@®. Findings of the PM with respect
to the IP were in contrast to the results of PRs&gan behavior that showed statistically

significant differences across the crew coordimaiiaex.
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Figure 44. Instrument Panel Model Difference - PM

Main Effects Plot (fitted means) for IP - PM
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Figure 45. Instrument Panel Model Difference Main Efects - PM
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Interaction Plot (fitted means) for IP - PM
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Figure 46. Instrument Panel Model Difference Interation Plot - PM

5.3.1.5 Out the Window AOQI, Pilot Monitoring

Analysis of the OTW AOI normative eye-scan behawardel difference for the
PM indicated no statistically significant differescacross the altitude band segments or
crew coordination indexH(2,282)=2.44p=0.065). Normative eye-scan model difference
results are shown in Figure 47. Pairwise compasiseere not performed across the
altitude bands or the crew coordination index gginComparison data of the main
effects and the interaction of effects are showRigure 48 and Figure 49.

Lack of significant differences across the crewrdmation index suggests that
the eye-scan behavior, in regard to the OTW AOhefPM, was unaffected by reduced
crew coordination. Findings suggest the informatarailable OTW may not be as
important as the flight technical information aehle on other AOIs. There was an

observable trend in the data showing a crew coatin index of Poor induced a greater
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deviation from the normative eye-scan behavior rhtten the other crew coordination
index ratings. However, the differences from tloenmative eye-scan behavior model
were not statistically significant. Results sugglste was some effect present with eye-

scan behavior OTW with regard to reduced crew doatobn.
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Figure 47. Out the Window Model Difference - PM
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5.3.1.6 PFD AOI, Pilot Monitoring

Analysis of the PFD normative eye-scan behavior ehalifference for the PM
revealed statistically significant differences asrdhe altitude band$-(2,282)=10.12,
p<0.000), data shown in Figure 50. Analysis reveatexd statistically significant
differences across crew coordination index ratingairwise comparisons across the
altitude bands showed no statistically significdifference between the high and the
middle altitude bands. Pairwise comparison findiglgswed that a significant difference
existed between the low altitude band and the Hhiljitude (t=4.287,p=0.0001) and
middle altitude (t=3.3879=0.0020) bands. Pairwise comparison findings aaplycally
shown in Figure 51 and Figure 52.

The similarities between the IP AOI findings ard tPFD AOI findings were
expected, since the PFD AOI was defined insideldhger IP AOI. Findings of similar
behavior indicate that the eye-scan behavior olesemn regard to the IP was likely a
result of the eye-scan behavior in regard to th®.PFhe PFD provides both aircraft
attitude state and flight path guidance, both oficwhare critical to the aviate and
navigate tasks of the PF.

An inverse relationship in the eye-scan behavidwéen the PF and PM was
observed when there was reduced crew coordingpariicularly prevalent in the low
altitude band, below 1,700 ft. It is posited thhe tinverse relationship in eye-scan
behavior was due to visual cross-check betweenmesmbers and was identifiable in the
PF-PM PDT difference analysis performed below. #esdrew becomes less coordinated,
the PM eye-scan behavior continued as expected;hwilias defined by the normative
model. Figure 52 indicated the PM maintained visitdntion to the PFD when the crew
coordination worsened (crew coordination index éqoaPoor). The PM behavior
suggests that the reduction in crew coordinatioa mare identifiable in the PF eye-scan

behavior and less identifiable in the PM eye-scahalior. The differences in
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effectiveness to characterize crew coordinationveeh PF and PM eye-scan behaviors

may be due to the PF’s responsibility to hand-fig aircraft. Additionally, the PF was

the captain on the flight deck for the DataCommesxpent. The captain under normal

CRM procedures is responsible for task delegabathe PM (first officer), and failing to

do so appropriately in the effort to aid in PM tasksulted in the PF directing attention

to those PM tasks.
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Figure 50. PFD Model Differences - PM
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5.3.2 Pilot Flying PDT Difference from
Pilot Monitoring PDT

Statistical analyses were performed to evaluate dignificant differences in
observed PDT between the PF and the PM for all A@tess all altitude bands and crew
coordination index ratings. Positive differencedidate that the PF viewed that particular
AOI more frequently, and negative values indicaie PM reviewed that particular AOI
more frequently. A zero difference in PDT indicatdmmt both pilots attended that
particular AOI with the same PDT. AOIls evaluatedlude the PFD, ND, CDU, Al,
ALT, IP, and OTW. Observations of AOIs with statiatly significant observations are
included in this section and described with regardflight operational impact. The
comprehensive analysis of all PF PDT differencemfPM PDT statistics is included in

Appendix D.

5.3.2.1 Instrument Panel PDT Difference

Analysis of the PDT difference between the PF akidda the IP AOI indicated
statistically significant differences across thétadle band segment$-(,282)=9.56,
p<0.0001), data shown in Figure 53. The analysisonted statistically significant
differences across the crew coordination indexngati £(3,282)=8.49,p<0.0001).
Pairwise comparisons across the altitude band ssgmshowed no statistically
significant difference between the high and the diagdaltitude bands. Pairwise
comparison analyses revealed the significant diffee exists between the low altitude
band and both the high altitude band (t=-4.264).001) and middle altitude band (t=-
3.124,p=0.005). Pairwise comparison findings are graphicsthown in Figure 54 and



108

Figure 55. Pairwise comparisons across crew coatidim index showed no significant
differences between ratings of Excellent, Good, &@air coordination. Significant
differences appeared between the crew coordinatidex rating of Poor and all other
ratings: Excellent vs. Poor (t=-4.74650.001), Good vs. Poor (t=-4.7080.001), Fair
vs. Poor (t=-3.818)=0.001).

Analyses indicated when there was a reduction eéwaroordination there was a
significant difference between the PF and PM cuds=zk of the IP displays. Crew
coordination index ratings Excellent through Fdiow attention given to the IP was
greater for the PF. As the altitude bands changa trigh to low, the eye-scan behavior
shifted to be increasingly equal as tasking alloaed was required of the PM. Shifts in
eye-scan behavior can be explained by the spdasiding to each pilot being specific to
their role, and cross-checking was not as prevaletit the aircraft was closer to the
ground and on the ILS inside the FAF.

Pairwise comparison analyses revealed that theseg®e-behavior associated with
a reduction in crew coordination was observed acafisaltitude bands. With a reduction
in crew coordination, visual attention was incragr balanced between the PF and PM.
The less coordinated the crew was, the more the’srattentional behavior pattern
shifted between the PF and PM. Findings suggese tivas a threshold to differences in
IP PDT between the PF and PM to identify reducedvaroordination, indicated by the
pairwise comparisons between a crew coordinati@exnrating of Poor and all other

index ratings.
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Figure 53. Instrument Panel PDT Difference - (PF PM)
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5.3.2.2 PFD PDT Difference

Evaluation of the PDT difference between the PF BM on the PFD AOI
indicated statistically significant differences the crew coordination index ratings
(F(2,282)=16.55,p<0.0000). There were no statistical differenceseoled across
altitude bands. The data comparisons are showrgurd-56 and Figure 57. Pairwise
comparisons across crew coordination index showedaignificant differences across
ratings of Excellent, Good, and Fair. Significanffeslences appeared between a crew
coordination index rating of Poor and all otherings: Excellent vs. Poor (t=-4.204,
p<0.001), Good vs. Poor (t=-3.12450.005), Fair vs. Poor (t=-4.746<0.001). Pairwise
comparison findings are graphically shown in Figbiée

The results of the PFD PDT difference analyses skothat there were no
significant differences across the altitude bamsdgigesting the visual attention given to
the PFD maintains a common behavior between thardAHPM. Significant differences
across the crew coordination index ratings withardgto the PFD follows the same
findings to the IP. A common trend of diminishingference between the PF and PM
PDT of the PFD with reduced crew coordination wasesved. Findings suggest that
with reduced crew coordination there was a shittya-scan strategy between the PF and
PM. The shift in eye-scan strategy was likely imadie of non-standard cross-checking.
Contrasting the PDT difference findings to the hessaf the normative eye-scan behavior
model differences indicated that when crew cootéhnaindex was Poor, the PF reduced
the attention given to the PFD. Additionally, th# Rppears to have compensated by

cross-checking the PF instruments and increasim@itiention given to the PFD.
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Interaction Plot (fitted means) for PFD
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Figure 58. PFD PDT Difference Interaction Plot - (FF - PM)

5.3.3 Shared AOI, Dwell Time (5 second time window)

Statistical analyses for shared attention weréopmed across all AOls for each
pilot. The shared attention values range from Zerone, representing the percentage
time both pilots dwelled on the same AOI withine&iseconds of each other. AOIs
evaluated include the PFD, ND, CDU, Al, ALT, IPda®TW. Shared attention analysis
investigates the time pilots have shared visuanétin within a time window of five
seconds. The shared attention metric representscaye behavior for each AOI that
reveals how much time both the PF and PM have camema@reness of specific sets of
information. Observations for AOIs with statistigasignificant differences are included
in this section and described with regard to fligherational impact. The comprehensive

analysis of all shared attention AOI statisticexduded in Appendix D.
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5.3.3.1 Instrument Panel AOI, Shared Attention

Analysis of crew shared attention on the IP AOli¢atkd statistically significant
differences across altitude ban#$2,285)=13.88p<0.000), data is shown in Figure 59
and Figure 60. Analysis indicated statisticallynsfigant differences across the crew
coordination index ratings,F(3,285)=4.36,p=0.005). Pairwise comparisons across
altitude bands show no statistically significantfetence between the high and the
middle altitude bands. Pairwise comparisons redealesignificant difference between
the low altitude band and both the high altituded#=-3.608,p=0.001) and middle
altitude band (t=-5.12§<0.001)). Pairwise comparison findings were graalhycshown
in Figure 61. Pairwise comparisons across the a®ovdination index ratings showed
no significant differences between ratings of Eber#| Good, and Fair coordination.
Significant differences appeared between a crewdnoation index of Poor and all other
index ratings: Excellent vs. Poor (t=-3.330.005), Good vs. Poor (t=-3.266;0.006),
Fair vs. Poor (T=-2.955<0.017).

Findings revealed similar results to that of bdta hormative eye-scan behavior
model difference and the PDT difference findin@mmonality across eye-scan metrics
was that when there was a reduction in crew coatitin, variation in eye-scan behavior
was increasingly distinct. The significant diffeces across altitude band segments
indicated variable magnitudes of shared attentidn¢ch was expected with task demands
specific to each segment. A decrease in sharedtiatteof the IP in combination with a
reduction in crew coordination suggests that creerdination was reliant on shared
information between pilots. A threshold betweenncomordination index ratings of Fair
and Poor coordination with respect to a reductiorattention was observed with the
shared attention metric. A threshold at the ingdgig of Fair was similar to the findings

in the other eye-scan behavior metrics.
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Figure 59. Instrument Panel Shared Attention
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Figure 61. Instrument Panel Shared Attention Interation Plot
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5.3.3.2 Out the Window AOI, Shared Attention

Analysis of crew shared attention on the OTW AOdicated statistically
significant differences across the altitude bak2,285)=127.66p<0.000), data shown
in Figure 62 and Figure 63. No statistically sigraht differences were found across the
crew coordination index ratings. Pairwise comparssacross the altitude bands showed
no statistically significant difference between thigh and the middle altitude bands.
Pairwise comparison analyses revealed the signtfiddference in altitude bands exists
between the low altitude band and the high altit(idel3.312,p<0.001) and the middle
altitude (t=14.310p<0.001) bands. The pairwise comparisons are shaoaphgally in
Figure 64.

Results quantitatively showed that pilot eye-scamavior was almost never
directed OTW until established past the final applofix, captured in the low altitude
band. There were no significant information refeenOTW until the aircraft was near
the runway when the pilot must acquire the visaating references. Lack of significant
findings across the crew coordination index ratisgggest that the eye-scan behavior
with regard to the OTW AOI was not as affected byeduction in crew coordination.
There appeared to be a common trend of reduce@dlatention with reduced crew
coordination index, and the reduction in shareengittn may be operationally significant
with a difference of approximately seven percentwken coordination ratings of
Excellent and Poor. While not statistically sige#éint, the common trend of reduced
shared awareness with reduced coordination obsenvégk other eye-scan metrics was

also apparent in the shared attention data ofotivealtitude band.
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Interaction Plot (fitted means) for OutTheWindow
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Figure 64. Out the Window Shared Attention Interacton Plot

5.3.3.3 PFD Shared Attention

Analysis of shared awareness of the PFD indicatdisscally significant
differences across the altitude band segmé&if{®485)=3.89p =0.020), shown in Figure
65 and Figure 66. The analysis reported stati$ficagnificant differences across the
crew coordination index ratings;(3,285)=10.89p<0.000). Pairwise comparison across
the altitude band segments revealed statisticatipifscant differences that existed
between the high and the middle altitude bands§B2p<0.023). Pairwise comparisons
across the crew coordination index ratings showedsignificant differences between
ratings of Excellent and Fair coordination. Thendigant differences appeared between
the crew coordination index ratings of Poor ando#tler ratings except for Fair, which
was nearly significant -Excellent vs. Poor (t=-%14<0.001), Good vs. Poor (t=-2.613,

p=0.044), Fair vs. Poor (t=-2.544=0.053). There was also a significant difference
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between a crew coordination index of Good and & @eordination index of Excellent
(T=-4.401,p<0.001). Pairwise comparison findings are showmplyiclly in Figure 67.
There was an altitude dependent correlation betwesm coordination index and
the shared awareness of the PFD. Results of #we@dhattention analysis of the PFD
were similar to the other statistically significdimdings in the above analyses suggesting
shared attention was a significant eye-scan behawdicator and was capable of
characterizing reduced coordination. The commondtref reduced shared attention of
the PFD with reduced crew coordination acrossualéitbands suggests that regardless of
the variable task sets, shared awareness of the W& indicative of good crew
coordination. The PFD as a primary instrument acwdbs phases of flight supports the
findings of the shared attention analysis. Addiilty findings from the shared attention
analysis also suggest that cross-checking of th2 W&s conducted to a greater extent in

well-coordinated crews, particularly below 10,000ft
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Figure 65. PFD Shared Attention
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CHAPTER 6.
CLASSIFIER RESULTS

Based upon the findings of the statistical datalyans, data from the down
selected AOI set for the normative eye-scan belnawiodel difference metric was
processed using a machine learning classificagohrtique. The WEKA classification
software was used to transform the data using aopervised nominal to binary filter of
the eye-tracking data with reference to the crewrdioation index. The nominal to
binary filter transformed the eye-tracking measureshe dataset to be categorically
grouped with respect to crew coordination indexe Tiftered data was then processed
through a classification method - the simple CARidion tree model.

Due to a class imbalance across crew coordinatidex ratings, the data was
balanced by replicating observations for each cremordination index. Index
coordination values were replicated to be equ#théogreatest number of observations for
a single crew coordination index rating. Indexmatsets were then doubled to ensure a
minimum of 100 data points for each index ratingsveaailable to the classifier. The
classification of the data was then compared usingindex versus index approach,
including crew coordination index rating of Excelleversus crew coordination index
rating of Poor, Good versus Poor, Fair versus Phwe.index versus index approach was
appropriate given the significant correlation bedweeye-scan behavior associated and

crew coordination index, as summarized in the figdiof Chapter 5.

Results for Excellent versus Poor coordination rahg classification are shown below in

Table 7,

Table 8, and Table 9. Classification was made u#iireglP AOI for all three altitude
bands. Further analysis of the data classificadiso indicates the PFD yields successful
binary classification. Analysis of accuracy, premns sensitivity, and specificity across

all three altitude bands reported values of 10@gquer Results indicate the classifier was
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completely successful in classifying the datasd¢iveen index ratings of Excellent and

Poor across all altitude bands.

Table 7. Excellent vs. Poor Coordination Classifier
Confusion Matrix, High Altitude Band

Confusion Matrix

classified as: Excellent Poor
" | Coordination | Coordination

135 0 Exce'llen't
Coordination

Poor

0 135

Coordination

Truth

Table 8. Excellent vs. Poor Coordination ClassifieConfusion Matrix,
Middle Altitude Band

Confusion Matrix

classified Excellent Poor
as: Coordination | Coordination
135 0 Exce'llen't

Coordination

Poor
0 135

Coordination

Truth

Table 9. Excellent vs. Poor Coordination Classifier
Confusion Matrix, Low Altitude Band

Confusion Matrix

classified Excellent Poor
as: Coordination | Coordination
135 0 Exceflen?
Coordination
Poor
0 135 Coordination
Truth
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Results for the Good versus Poor crew coordinatidex rating classification are
shown below in Table 10, Table 11, and Table 12ass€lfication was made utilizing the
IP AOI for all three altitude bands. Accuracy arssyof the classification resulted in
values of 93.75 percent, 95.54 percent, and 95ebdept for the high, middle, and low
altitude bands, respectively. Precision analysithefclassification resulted in values of
93.75 percent, 95.54 percent, and 95.54 percenthéohigh, middle, and low altitude
bands, respectively. Sensitivity analysis of thassification resulted in a sensitivity of
100 percent across all three altitude bands. Spkgifanalysis of the classification
resulted in values of 88.89 percent, 91.80 per@amd,91.80 percent for the high, middle,
and low altitude bands, respectively. Results a@i¢he classifier was very successful in
classifying the dataset between index ratings addsand Poor across all altitude bands

and increasingly accurate for the low and middiguale bands.

Table 10. Good vs. Poor Coordination Classifier
Confusion Matrix, High Altitude Band

Confusion Matrix
Good Poor

classified as: Coordination | Coordination
Good
98 14
Coordination
0 112 Poor

Coordination
Truth
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Table 11. Good vs. Poor Coordination Classifier
Confusion Matrix, Middle Altitude Band

Confusion Matrix

classified Good Poor
as: Coordination | Coordination
Good
102 10
Coordination
Poor
0 112
Coordination
Truth

Table 12. Good vs. Poor Coordination Classifier
Confusion Matrix, Low Altitude Band

Confusion Matrix

classified Good Poor
as: Coordination | Coordination
Good
102 10 Coordination
Poor
0 112 Coordination
Truth

Results for the Fair versus Poor crew coordinaitniex rating classification are
shown below in Table 13, Table 14, and Table 1tas$ification was made utilizing the
IP AOI for the high altitude band only. Accuracyafysis of the classification resulted in
accuracies of 88.73 percent, 88.73 percent, ariP8%ercent for the high, middle, and
low altitude bands, respectively. Precision analydithe classification resulted in values
of 100 percent, 100 percent, and 92.38 percenthi®rhigh, middle, and low altitude
bands, respectively. Sensitivity analysis of thassification resulted in values of 100
percent, 100 percent, and 92.38 percent for thh, mgddle, and low altitude bands,
respectively. Specificity analysis of the classifion resulted in values of 88.89 percent,
91.80 percent, and 91.80 percent for the high, hajdénd low altitude bands,
respectively. The results appear promising; howewgestigation of the classifier model

show the classification is based solely on the AA®I values. The middle and low
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altitude ranges were classified using a PDT ranfjeapproximately 1.75 percent,
deeming the classification of crew coordination exdratings of Fair versus Poor

operationally ineffective.

Table 13. Fair vs. Poor Coordination Classifier
Confusion Matrix, High Altitude Band

Confusion Matrix

classified as: Fair Poor
" | Coordination | Coordination
Fair
105 0 Coordination
Poor
24 84 Coordination
Truth

Table 14. Fair vs. Poor Coordination Classifier
Confusion Matrix, Middle Altitude Band

Confusion Matrix

classified Fair Poor
as: Coordination | Coordination
Fair
105 0
Coordination
Poor
24 84
Coordination
Truth

Table 15. Fair vs. Poor Coordination Classifier
Confusion Matrix, Low Altitude band

Confusion Matrix

classified Fair Poor
as: Coordination | Coordination
Fair
97 8 Coordination
Poor
24 93 Coordination
Truth
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Additionally, the normative eye-scan behavior modgiference data was
classified across all crew coordination index mggin The classifier results indicate
relatively high accuracy and precision of the dfessin its ability to distinguish between
all index ratings in the same dataset. ResultdHeraggregate classification across all
crew coordination index ratings for each altitudend are shown below in Table 16,
Table 17, and Table 18. Accuracy analysis of fassification across the high, middle,
and low altitude bands indicated values of 88.2fcem, 90.99 percent, and 90.54
percent, respectively. Precision analysis of tlessification across the high, middle and
low altitude bands indicated values of 89.40 perc@8.20 percent, and 92.90 percent,
respectively. Results of the aggregate classiboagiroved most promising, providing a
comparison across the range of crew coordinatiomcc&ssful classification adds
improved validity to the significance of the finds discussed in Chapter 5, suggesting
there is a significant difference in eye-scan berawetrics across the crew coordination

indices, particularly when the crew coordinatioder rating of Poor.

Table 16. All Crew Coordination Index Ratings Clasgier Confusion Matrix,
High Altitude Band

Confusion Matrix

classified Excellent Good Fair Poor
as: Coordination | Coordination | Coordination | Coordination
108 0 0 0 Excellent

Coordination

Good
2 94 4 12 Coordination

Fair

0 0 89 23 Coordination

Poor
0 0 11 101 Coordination

Truth
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Table 17. All Crew Coordination Index Ratings Clasgier Confusion Matrix,
Middle Altitude Band

Confusion Matrix

classified as: Excellent Good Fair Poor
" | Coordination | Coordination | Coordination | Coordination
108 0 0 0 Exce.llen.t

Coordination

Good
’ * H 0 Coordination

Fair
° ° e 0 Coordination

Poor
° ° 2 88 Coordination

Truth

Table 18. All Crew Coordination Index Ratings Clasgier Confusion Matrix,
Low Altitude Band

Confusion Matrix

classified as: Excellent Good Fair Poor
" | Coordination | Coordination | Coordination | Coordination
108 0 0 0 Excellent
Coordination
Good
2 94 16 0
Coordination
Fair
0 0 112 0
Coordination
Poor
0 0 24 88
Coordination
Truth

Classifier results were most effective for the dhédaltitude band. Future research

involving enhanced eye-tracking accuracy is critida developing a stronger
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classification algorithm. Increasing the precisitin determine attentional variations
across finite regions of a display will also intuog the capability to incorporate more
traditional global measures, such as fixation rosfrithat have proven to correlate

effectively with workload (Ellis & Schnell, 2009).
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CHAPTER 7.
DISCUSSION AND CONCLUSION

Crew coordination in the context of aviation ispgdafically choreographed set of
tasks performed by each pilot, defined for eactspl flight. Based on the constructs of
CRM task load balancing and SOPs for each phasigbf, a shared understanding of
crew workload and task responsibility is consideregresentative of well-coordinated
crews. Nominal behavior is defined by SOPs and CR&bry, detectable through pilot
eye-scan. This research effort investigates thatioglship between the eye-scan
exhibited by each pilot and the level of coordioatbetween crewmembers.

This research presents three hypotheses thatateallie relationship between
crew coordination and the eye-scan of the PF and Hi first hypothesis addresses
crew coordination theory. Crew coordination, basadhe constructs of aviation SOPs
and CRM, is defined as adherence to trained redibtiss and effective balancing of
task load between the PF and PM. Therefore, cresdamation was evaluated based on
each pilot's understanding of the other crewmensberorkload. By contrasting each
pilot’'s workload-understanding, crew coordinatioasameasured as the summed absolute
difference of each pilot's understanding of theeotbrewmember’s reported workload,
resulting in a crew coordination index. The creworination index rates crew
coordination on a scale ranging across Excelleabd>Fair and Poor.

The second hypothesis focused on crew eye-scanvibehalrhe second
hypothesis states it is possible to utilize eyekirag of the PF and PM to identify eye-
scan behaviors that are indicative of pilot taskamgl well coordinated crews. Research
has shown that pilot eye-scan behavior is successfdentifying common behaviors
relative to tasking specific to each phase of fliglis & Schnell, 2009). The eye-scan
of each pilot exhibits a normative behavior whemhethg to assigned tasks and high

levels of coordination. Normative models were sgstdly developed using PF and PM
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eye-scan PDT data when crews reported Excellentdowtdion during the baseline
scenarios.

The third hypothesis states that variations itergion allocation metrics
correlate with a reduction in crew coordinationv&al measures of crew eye-scan
behavior were developed, including attention deémmatfrom the normative eye-can
behavior model, AOI PDT difference between the REB BM, and shared attention of
common AOIls. Differences in crew eye-scan behavieese evaluated against crew
coordination index ratings. A significant corretatiwas observed between all eye-scan
behavior metrics and reduced crew coordination.

The eye-scan behavior of the PF was found to betimeary indicator of poor
coordination between crewmembers. A decrease irviwal attention given to the IP
and PFD was identified when the crew coordinatiotiek fell below a rating of Fair.
Additionally, findings suggest a decrease in treual attention given to the IP and PFD
leads to increased cross-checking by the PM aéxpense of primary tasking. Phase of
flight was also found to be a significant factofeafing eye-scan behavior. Eye-scan
behaviors of the PF and PM shifted in responseasé toad changes associated with
specific phases of flight. Reduced crew coordimati@as identified across all phases of
flight by decreased attention to primary AOIs aedidtions from normative behavior..

To expand on the correlation between crew cooriinaand eye-scan behavior,
eye-tracking data was processed through a claaific algorithm in the attempt to
characterize crew coordination index ratings ugihgf eye-scan behavior. The classifier
was successful in classifying the level of crewrdamation using PF and PM eye-scan
behavior metrics. Successful classification enathlesuse of eye-tracking data from each
pilot to characterize crew coordination quantitalyvin post-hoc analyses and in real-
time. The classifier was able to characterize geexdus bad crew coordination with a
high level of success. Classification of all crevordination index ratings was successful

across all altitude bands, with an average clasgiin accuracy of 89.94 percent.
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In conclusion, eye-scan behavior metrics can rlimentify a reduction in crew
coordination. Additionally, crew coordination wascsessfully characterized by eye-scan
behavior data using machine learning classificatroathods. Identifying eye-scan
behaviors on the flight deck indicative of reducg@w coordination can be used to
inform training programs and design enhanced aeforthat improve the overall
coordination between the crewmembers and the flitguk interface. Ultimately, the
ability to characterize crew coordination can beduso develop methods to increase
shared situation awareness and crew coordinatiometioice operational and flight
technical errors. The ability to reduce operaticarad flight technical errors made by

pilot crews improves the safety of aviation.
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CHAPTER 8.
FUTURE RESEARCH

Research has yet to be conducted to evaluate kgonship between eye-scan
behavioral indicators of reduced coordination amel iimpact on crew performance. In
order to investigate the relationship between egmdehavior and crew performance,
the crew coordination index used to evaluate ewgdwehavioral indicators must be
validated. Validation of the crew coordination éxdis possible by evaluating the
correlation between crew coordination index andwcrgerformance determined by
operational and flight technical errors. Developteh scenarios that induce crew
operational and flight technical error must be aeseed further to validate the crew
coordination index.

The ability to characterize crew coordination &sdmpact on crew performance
opens many research opportunities in the fieldwiditeon safety. Optimization of pilot
training, quantitative comparison analysis of ftigteck configurations, and real-time
feedback of pilot and crew state represent seegsplications that may benefit from
characterization of crew coordination. Additionaltigere is a need for research to close
the feedback loop in the man-machine interfacéefllight deck system. Piloting aircraft
in today’s airspace requires pilots to manage areased number of monitoring tasks,
and humans have proven to be poor monitors ovendetl periods of time. A means to
actively monitor crew state is important to providéormation to the avionics to drive
pilot attention to the correct areas when necesddionitoring both crew state and
aircraft state information enables the feedback lbetween the flight deck avionics and
the pilot to be closed. Closing the feedback ladphe flight deck system enables
research to potentially augment the avionics tatréa deficiencies in pilot attention to

prevent unsafe flight conditions.
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APPENDIX A: BIOGRAPHICAL QUESTIONNAIRE

Appendix A is an exact copy of the Biographical §ignnaire completed by the subject
pilots.

This questionnaire requests the most up to datem@tion about the Subject Pilot. This data
may be used during data analysis; however, no palsaformation will be connected to any of
the data recorded in this simulation.

Age

Gender (please circle) MALE
FEMALE

Commercial aircraft type / hours

Military aircraft type / hours

Total flight hours / total simulator hours

Date of last flight (airline transport)

Will you wear glasses during this experiment? YR

Have you had eye surgery? (Please describe yogersubelow) YES NO

Do you have any known eye or eyelid abnormalitiesigmatism, etc)? (Describe) YES NO

Are your eyes corrected to different distances%¢ibee) YES NO

Do you have experience using DataComm equipmenpeswkdures? (Describe) YES NO

How often have you flown into and out of Boston hagnirport in the past five years?
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APPENDIX B: POST SCENARIO QUESTIONNAIRE

Appendix B contains all the questions in the Pastnario Questionnaire completed by the
subject pilots on a Tablet PC (personal computiée) ¢he last training run, and after every data
collection run.

Appendix B Table of Contents
B.1 Workload during scenario by phase of flight
B.2 Situation Awareness by phase of flight
B.3 Sources of information
B.4 Crew interaction
B.5 Acceptability of “Expected Taxi” and “Taxi” Cdeances

B.1  Workload during scenario by phase of flight

Using the chart below, read the descriptions tledind a particular workload level during a
particular phase of flight or during ground opeyati. Move vertically up the scale until you find
a description that accurately portrays the levelvofkload based on the scenario you have just
flown. Move to the right and read the choices. Bethe chart, record the appropriate ratings
associated with receiving messages on the speghede of flightrom 1 to 10, 1 being lowest
and 10 being the highest workload. If the sceniari@ departure there will only be one question
to rate. (NOTE: the entire scale was visible to shbject pilot while answering the workload
rating questions.)
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Start of Tree
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Workload Low -~
|y
ittie &ttention to Additional 6
Tasks
/
Spare Capacity. 8
Level of Effort
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Figure B 1. Bedford Workload Scale

Workload by Phase of Flig

1) Your workload in fligk
10)

2) Your workload during surface / taxi operati

10)

3) Your crewmember’s workload in flic

10)

4) Your crewmember’s workload during surface i operations

10)

B.2  Situation Awareness by phase of fligt
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(1-

Please answer the questions below with respectht impact of Voice or Dal
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Communications between the controller and pilotirdurthe scenario. Select the rating that
reflects your understanding of the dimensions desdrat the left for the appropriate phase of
flight (all phases for the arrival scenarios, andface operations only for the departure

scenarios).

DEMAND ON ATTENTIONAL
RESOURCES:

Rate your overall impression of the
scenario in terms of how much
attention and effort was required to
successfully perform the tasks. Items
to consider include: the likelihood of
the situation changing suddenly, the
degree of complexity associated with
this scenario; and the number of
variables changing during the
scenario.

SUPPLY OF ATTENTIONAL
RESOURCES:

Rate the degree of spare attention that
you had available to perform tasks
other than your primary task of
piloting the aircraft was performed.
Items to consider include: how much
focus and concentration was necessary
and how you divided your attention
between the flying task and other
tasks. High = plenty of spare capacity;
Low = little spare capacity..
UNDERSTANDING OF THE
SITUATION:

Rate your overall understanding of
what was happening with the aircraft
during this scenario. Items to consider
include: the quantity of information
received and understood; the quality of
the information; and the familiarity
you may have had with what was
taking place during the scenario.

(1) High Low (7)
2A) 1 2 3 45 6 7 during flight

2B) 1 2 345 6 7 surface ops

(1) High Low (7)
2C) 1 2 3 45 6 7 during flight

2D) 1 2 3 45 6 7 surface ops

(1) High Low (7)
2E) 1 2 3 45 6 7 during flight

2F) 1 2 345 6 7 surface ops
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B.3 Sources of information

Please rate the following with “1” as Very Importaand “7” as Not Important, areas that
contributed to your Situation Awareness given alimble resources in the flight test scenario.
Place an “X" by those areas that did not contrithatgour SA.

1. Visual information on the Primary Flight Display

2. Visual perception on the NAV Display

3. Visual information on the charts

4. Visual information available out the window

5. Visual information on the CDU pages

6. Visual information that your crew member directediyattention to

7. Auditory information conveyed by ATC

8. Auditory information conveyed by your crew member

9. Your perception of your crew member’s actions

B.4 Crew interaction

1) Your performance was proficient in this 1) Strongly Agree, (7) Strongly

scenario. Disagree
I I || I I I
1 7
2) My crewmember’s performance was 1) Strongly Agree, (7) Strongly
proficient in this scenario. Disagree
I I || I I I
1 7

3) You aware of operational plans, decisiongl) Strongly Agree, (7) Strongly
and had appropriate SA throughout the fligiDisagree
I I || I I I
1 7
4) The other pilot was aware of operational (1) Strongly Agree, (7) Strongly
plans, decisions, and had appropriate SA Disagree
throughout the flight. | | ] | | |
1 7
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5) There was adequate communication. (1) Strongired, (7) Strongly
Disagree
I I || I | |
1 7

6) The Captain and FO maintained their rol¢$) Strongly Agree, (7) Strongly

throughout the scenario. Disagree

N N N N R N
1 7
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B.5  Acceptability of “Expected Taxi” and

“Taxi” Clearances

1) Did the display of the OWNSHIP POSITION on thevigation display make the taxi
clearance easier to understand and to carry olt¥¢Nruns without ownship displayed]
I R e A
instructions were sometimes easier id ndt make easier
easier to understand to understand to understand

2) Did the display of the ROUTE on the navigatiaspthy make the taxi clearance easier
to understand and to carry out? [NA for runs withmute displayed] |
[ N I
instructions were sometimes easier id ndt make easier
easier to understand to understand to understand

3) Did you have confidence that the taxi route aesurately depicted based on the ATC
instruction?
O U D R B

confident the taxi route confident routewate  not confident taxi route
was accurate & followed the route  but verified route  displayed accurately
4) Did you have a sufficient amount of time to r@sg to the Voice or transmitted
messages?
I O

| had more than just about the right 1 did not have enough
enough time to respond amount of time time to respond
5) Was the amount of Head Down time required teixecand respond to just the
“Expected Taxi” messages acceptable in this scghar
I N O
Minimal increase in Acceptable amount Too much head
Head Down time of Head Down time down time
6) Was the amount of heads-down time requireddeive and respond to other non-time
critical messages acceptable in this scenarig?, feequency changes, new altimeter
setting, etc)
I

Minimal increase in Acceptable amount Too much heads
Head Down time of Head Down time  owua time
7) Overall, was the communication mode (Voice far yeceiving Expected Taxi and T
clearances acceptable during this scenario? (leatodsideration of message
intrusiveness, amount of heads-down time requetdct of party line information,
expected response and timing of the response oéase, etc.)
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b
Completely Neither unacceptable Clextety

acceptable nor acceptable ceEtable

8) How much operational risk was introduced bydbmmunication mode (Voice or)
used during this scenario?
I O e

extremely low risk neither high or low risk extremely high risk

9) Was there a point at which you did not feel thattransmitted taxi instructions were
accurate?
e

the message some aspects were id niodl feel the
was accurate inaccurate or in questionessage was accurate
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APPENDIX C: EYE TRACKING APPARATUS

A ten-camera oculometer system was installed inRBeto support unobtrusive
collection of eye tracking and head position databbth flight crew subjects. To collect
eye-tracking information from both crewmembers @PH PM) a state-of-the-art eye
tracking system was tested and integrated intéRbBe The Smart-Eye Inc. eye tracker
used in this experiment is a remote eye trackirsgesy that used facial recognition to
calculate the position of defined points on a stiisj@ead relative to the calibrated
position of two or more cameras. The camera’s lisddcial features to locate the
corners of each of the subject’s eyes and digitakym to enhance the image of the eye.

To calculate eye gaze vectors from the head ongirared light emitting diodes
project infrared light to illuminate the pilots faand to create two ocular reflections; a
static corneal reflection and a pupil reflectioattmoves in conjunction with eye
movements. Triangulating the angular differencevien the corneal reflection and pupil
reflection, the Smart-Eye eye tracking system eatvector between the two points,
which creates an eye gaze vector originating frieencorneal reflection at the center of
the pilot’s eyes (Smart Eye Inc., 2011).

Ten cameras in total are utilized, with one eyekireg system for the PF and one
for the PM, each with five cameras to capture @weegvectors of both pilots
simultaneously. To synchronize the systems, Smgetiac. created a modified eye
tracking system network, tethering two systemsttogreusing a primary-secondary
relationship. Each system is time stamped synchuslgavith global positioning system
time so eye gaze vector data from both pilots @aadzurately compared to scenario
events.

In order to achieve robust eye tracking data ¢iverispan of coverage required for
normal cockpit operations, the system had to baldapof covering +/-45 degrees of

center, and +10 degrees from horizon and to the dhe CDU for each pilot. This
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requirement had to be met while still maintaininiggh level of simulator fidelity by
making the cameras as inconspicuous as possiliteedhght deck. Camera placement
was optimized for coverage within constraints ingzbby limited available real estate.
To test which available locations for installatiom the flight deck provided the

greatest coverage capability, a mockup of the IFEB areated using 80/2baluminum.
Test results concluded with five locations per $idang chosen (mirrored locations
between left and right seat) that yielded suffitiemverage to perform flight testing
while remaining minimally obtrusive in the flighedk. System spatial accuracy was
tested to be no greater than 2 degrees gaze amgiay calibration point on the display

panels.

The oculometer provided the following raw dataeal-time:

Gaze vectors for each eye of both crew memberg (raw
Head and eye position (each eye) for each crew
Eyelid closure distance for each eye for each crew
Pupil size for each eye for each crew



152

APPENDIX D: STATISTICAL ANALYSIS OF EYE TRACKING

All boxplots and graphs depict PDT for the PF aiMidross all available AOIls for each
visual behavior metric. CCwil(In Flight)RATING ispeesentative of Crew Coordination
Index, with ratings 1, 2, 3, and 4 representingdieat, Good, Fair, and Poor

coordination, respectively.

D1: Altitude Band Analysis Boxplots — All AOIs
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Figure D 1. Airspeed Model Difference - PF
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Figure D 2. Altimeter Model Difference - PF
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Instrument Panel Model Difference - Pilot Flying
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Figure D 6. Out the Window Model Difference - PF
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D1.1.2 Pilot Monitoring

Airspeed Model Difference - Pilot Monitoring
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Figure D 8. Airspeed Indicator Model Difference PM



Altimeter Model Diff PM - %

CDU Panel Model Diff PM - %

Altimeter Model Difference - Pilot Monitoring
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Figure D 9. Altimeter Model Difference - PM
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Figure D 10. CDU Panel Model Difference - PM
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Inst Panel Model Diff PM - %

Nav Capt Model Diff PM - %
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Inst Panel Model Difference - Pilot Monitoring
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Figure D 11. Instrument Panel Model Difference - PM
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Figure D 12. Navigation Display Model Difference PM



OutTheWindow Model Diff PM - %

PP Model Diff PM - %
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OutTheWindow Model Difference - Pilot Monitoring
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Figure D 13. Out the Window Model Difference - PM
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Figure D 14. PFD Model Difference - Pilot Monitorirg
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D1.2 Pilot Flying PDT Difference from
Pilot Monitoring PDT

Airspeed Difference (PF - PM)
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Figure D 15. Airspeed Indicator PDT Difference (PR PM)
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Altimeter Difference (PF - PM)
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Figure D 16. Altimeter PDT Difference — (PF — PM)

CDU Panel Difference (PF - PM)
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Figure D 17. CDU Panel PDT Difference - (PF - PM)
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Figure D 18. Instrument Panel PDT Difference - (PF PM)
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Figure D 19. Navigation Display PDT Difference - (P - PM)
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OutTheWindow Difference - %

PP Difference - %
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OutTheWindow Difference (PF - PM)
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Figure D 20. Out the Window PDT Difference - (PF PM)
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Figure D 21. PFD PDT Difference - (PF - PM)
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D1.3 Shared Awareness (5 seconds)

Airspeed Shared Attention
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Figure D 22. Airspeed Indicator Shared Attention
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Altimeter Shared Attention
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Figure D 23. Altimeter Shared Attention
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Figure D 24. CDU Panel Shared Attention



Instrument Panel Shared Attention - %

Navigation Display Shared Attention - %

166

Instrument Panel Shared Attention
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Figure D 25. Instrument Panel Shared Attention
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Figure D 26. Navigation Display Shared Attention
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OutTheWindow Shared Attention
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Figure D 27. Out the Window Shared Attention
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D2. ANOVA Results of Selected AOIs

D2.1 Normative Model Difference

D2.1.1 PF

General Linear Model: Inst Panel M versus Altitude Ban, CCwlI(In Flig

Fact or Type Levels Val ues
Al titude Band fixed 3 1: Above 10,000, 2: 10,000 - 1,700, 3:
1,700 - O

CcoM (In Flight)RATING fixed 41, 2, 3, 4

Anal ysis of Variance for Inst Panel Mdel Diff PF, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F

Al'titude Band 2 0.58088 0.29791 0.14896 4. 46

COw (I n Flight)RATI NG 3 0.74439 0.73941 0.24647 7.38
Al'titude Band*COw (I n Flight)RATING 6 0.01129 0.01129 0.00188 0.06
Error 282 9.42042 9.42042 0.03341

Tot al 293 10. 75698

Sour ce P

Al titude Band 0.012

COW (I n Flight)RATI NG 0. 000

Al'titude Band*COM (I n Flight)RATI NG 0. 999

Error

Tot al

S = 0.182772 R Sq = 12.43% R-Sq(adj) = 9.01%

Tukey Simultaneous Tests

Response Variable Inst Panel Mdel D ff PF

Al'l Pairw se Comparisons anong Levels of Altitude Band
Al titude Band = 1: Above 10,000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2: 10,000 - 1,700 -0.03595 0.03631 -0.9898 0.5833
3: 1,700 - O 0. 06964 0.03633 1.9168 0.1339

Al titude Band = 2: 10,000 - 1,700 subtracted from
Di fference SE of Adj ust ed

Altitude Band of Means Difference T-Value P-Value
3: 1,700 - 0 0. 1056 0.03593 2.939 0.0092



Tukey Si nmultaneous Tests

Response Variabl e Inst Panel Mdel Diff PF

Al'l Pairw se Conparisons anong Levels of COM (In Fl
CowM (In Flight)RATING = 1 subtracted from

Cow (I'n Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
2 -0.0139 0.02477 -0.559 0.9440

3 0.0181 0.04476 0.405 0.9775

4 -0.1810 0.04125 -4.389 0.0001

CowM (I'n Flight)RATING = 2 subtracted from

Cow (I'n Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
3 0.0320 0.04233 0.756 0.8741

4 -0.1672 0.03860 -4.330 0.0001

COwM (I'n Flight)RATING = 3 subtracted from

Cow (I'n Di fference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value
4 -0.1992 0.05366 -3.711 0.0012

i ght ) RATI NG

Main Effects Plot (fitted means) for Inst Panel Model Diff PF
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Figure D 29. Instrument Panel Model Difference Mainkffects - PF
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Interaction Plot (fitted means) for Inst Panel Model Diff PF
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Figure D 30. Instrument Panel Model Difference Inteaction Plot - PF

General Linear Model: OutTheWindow versus Altitude Ban, CCwl(In Flig

Fact or Type Levels Val ues
Al titude Band fixed 3 1: Above 10,000, 2: 10,000 - 1,700, 3:
1,700 - 0O

coM (In Flight)RATING fixed 41, 2, 3, 4

Anal ysis of Variance for Qut TheWndow Model Diff PF, using Adjusted SS for

Tests
Sour ce DF Seq SS Adj SS Adj Ms F
Al titude Band 2 1.33912 0.69023 0. 34511 61. 47
COw (I'n Flight)RATI NG 3 0.02168 0.02095 0.00698 1.24
Altitude Band*COM (I n Flight)RATING 6 0.03579 0.03579 0.00597 1.06
Error 282 1.58330 1.58330 0.00561
Tot al 293 2.97989
Sour ce P
Al titude Band 0. 000
COw (I'n Flight)RATI NG 0.294
Al titude Band*COM (I n Flight)RATI NG 0. 385
Error
Tot al

S = 0.0749301 R-Sq = 46.87% R-Sq(adj) = 44.79%
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Tukey Si nultaneous Tests

Response Vari abl e Qut TheW ndow Model Diff PF

Al'l Pairwi se Conpari sons anmong Levels of Altitude Band
Al titude Band = 1: Above 10,000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2: 10,000 - 1,700 0. 0026 0.01489 0.174 0.9835
3: 1,700 - O - 0. 1407 0.01490 -9.443 0.0000

Al titude Band = 2: 10,000 - 1,700 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
3: 1,700 - O -0. 1432 0.01473 -9.724 0.0000

Tukey Si nultaneous Tests

Response Vari abl e Qut TheW ndow Model Diff PF

Al'l Pairwi se Conparisons anong Levels of COwM (I n Flight)RATI NG
COwM (In Flight) RATING = 1 subtracted from

Cow (In Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
2 -0.01184 0.01016 -1.165 0.6488

3 -0.00123 0.01835 -0.067 0.9999

4 -0.03038 0.01691 -1.797 0.2748

CowM (I'n Flight)RATING = 2 subtracted from

Cow (I'n Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
3 0.01060 0.01735 0.611 0.9286

4 -0.01855 0.01583 -1.172 0.6446

COw (I'n Flight)RATING = 3 subtracted from

Cow (In Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
4 -0.02915 0.02200 -1.325 0.5469
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Figure D 31. Out the Window Model Difference Main Efects - PF

Interaction Plot (fitted means) for OutTheWindow Model Diff PF
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Figure D 32. Out the Window Model Difference Interation Plot - PF
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General Linear Model: PFD Model Di versus Altitude Ban, CCwI(In Flig

Fact or Type Levels Val ues
Al titude Band fixed 3 1: Above 10,000, 2: 10,000 - 1,700, 3:
1,700 - O

CcoM (In Flight)RATING fixed 41, 2, 3, 4

Anal ysis of Variance for PFD Model Diff PF, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F

Al titude Band 2 0.93716 0.46411 0.23205 7.77

COW (I n Flight)RATI NG 3 1.40777 1.39673 0.46558 15. 60
Al'titude Band*COwM (I n Flight) RATING 6 0.03166 0.03166 0.00528 0.18
Error 282 8.41889 8.41889 0.02985

Tot al 293 10. 79548

Sour ce P

Al titude Band 0. 001

COw (I n Flight)RATI NG 0. 000

Al'titude Band*COM (1 n Flight)RATI NG 0. 983

Error

Tot al

S = 0.172784 R-Sq = 22.01% R-Sq(adj) = 18.97%

Tukey Simultaneous Tests

Response Variable PFD Mddel Diff PF

Al'l Pairw se Comparisons anong Levels of Altitude Band
Al titude Band = 1: Above 10,000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2: 10,000 - 1,700 -0.05708 0.03433 -1.663 0.2196
3: 1,700 - O 0. 07640 0.03435 2.224 0.0671

Al titude Band = 2: 10,000 - 1,700 subtracted from

Di fference SE of Adj ust ed
Altitude Band of Means Difference T-Value P-Value
3: 1,700 - O 0. 1335 0.03397 3.930 0.0003

Tukey Simultaneous Tests

Response Variable PFD Mddel Diff PF

Al'l Pairw se Comparisons anong Levels of COM (I n Flight)RATI NG
COM (I'n Flight) RATING = 1 subtracted from

Cow (I'n Di fference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value
2 -0.1232 0.02342 -5.262 0.0000

3 -0. 0899 0.04231 -2.125 0.1452
4 -0. 2386 0.03899 -6.118 0.0000



COw (I'n Flight)RATING = 2 subtracted from

Cow (In

Di fference SE of

Adj ust ed

Fl i ght) RATING of Means Difference T-Val ue

3
4

0. 0333

0.04002 0.833 0.8389

-0. 11583 0.03649 -3.160 0.0086

COw (I'n Flight)RATING = 3 subtracted from

Cow (In

Di fference SE of

Adj ust ed

Fl i ght) RATING of Means Difference T-Val ue
-0.1487 0.05073 -2.930 0.0178

4
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Figure D 33. PFD Model Difference Main Effects - PF
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Interaction Plot (fitted means) for PFD Model Diff PF
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Figure D 34. PFD Model Difference Interaction Plot PF
D2.1.2 PM

General Linear Model: Inst Panel M versus Altitude Ban, CCwlI(In Flig

Fact or Type Levels Val ues
Al titude Band fixed 3 1: Above 10,000, 2: 10,000 - 1,700, 3:
1,700 - O

CoM (In Flight)RATING fixed 4 1, 2, 3, 4

Anal ysis of Variance for Inst Panel Mdel Diff PM using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F

Al titude Band 2 0.99146 0.50374 0.25187 12.29

COw (I'n Flight)RATI NG 3 0.04912 0.04808 0.01603 0.78
Al titude Band*COM (I n Flight)RATING 6 0.05353 0.05353 0.00892 0.44
Error 282 5.77907 5.77907 0.02049

Tot al 293 6.87319

Sour ce P

Al titude Band 0. 000

COw (I'n Flight)RATI NG 0. 505

Al titude Band*COM (I n Flight)RATI NG 0. 855

Error

Tot al
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S = 0.143154 R-Sq = 15.92% R-Sg(adj) = 12.64%

Tukey Simultaneous Tests
Response Variable Inst Panel Mdel Diff PM
Al'l Pairw se Comparisons anong Levels of Altitude Band

Altitude Band = 1: Above 10, 000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2: 10,000 - 1,700 -0.002219 0.02844 -0.07801 0.9967
3: 1,700 - O 0.120153 0.02846 4.22217 0.0001

Al titude Band = 2: 10,000 - 1,700 subtracted from
Di fference SE of Adj ust ed

Al titude Band of Means Difference T-Value P-Value
3: 1,700 - O 0.1224 0.02814 4.348 0.0000

Tukey Simultaneous Tests
Response Variabl e Inst Panel Mdel Diff PM
Al'l Pairw se Conmparisons anong Levels of COM (I n Flight)RATI NG

CowM (In Flight)RATING = 1 subtracted from

Cow (I'n Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
2 0.002417 0.01940 0.1246 0.9993

3 0. 007525 0.03506 0.2147 0.9965

4 0.046723 0.03231 1.4463 0.4704

COwM (I'n Flight)RATING = 2 subtracted from

Cow (I'n Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
3 0.005108 0.03316 0.1541 0.9987

4 0. 044306 0.03023 1.4654 0.4586

Cow (I'n Flight)RATING = 3 subtracted from

Cow (In Di fference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value
4 0.03920 0.04203 0.9326 0.7873



Mean of Inst Panel Model Diff PM
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Main Effects Plot (fitted means) for Inst Panel Model Diff PM
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Figure D 35. Instrument Panel Model Difference MainEffects - PM

Interaction Plot (fitted means) for Inst Panel Model Diff PM
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Figure D 36. Instrument Panel Model Difference Inteaction Plot - PM
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General Linear Model: OutTheWindow versus Altitude Ban, CCwl(In Flig

Fact or Type Levels Val ues
Al titude Band fixed 3 1: Above 10,000, 2: 10,000 - 1,700, 3:
1,700 - O

CcoM (In Flight)RATING fixed 41, 2, 3, 4

Anal ysis of Variance for Qut TheWndow Model Diff PM using Adjusted SS for

Tests
Sour ce DF Seq SS Adj SS Adj Ms F
Al titude Band 2 0.01737 0.00975 0.00488 0.31
COw (I'n Flight)RATI NG 3 0.11708 0.11374 0.03791 2.44
Altitude Band*COM (I n Flight)RATING 6 0.01900 0.01900 0.00317 0.20
Error 282 4.38515 4.38515 0. 01555
Tot al 293 4.53860
Sour ce P
Al titude Band 0.731
COw (I'n Flight)RATI NG 0. 065
Al titude Band*COM (I n Flight)RATI NG 0. 975
Error
Tot al

S = 0.124700 R-Sq = 3.38% R Sg(adj) = 0.00%

Tukey Simultaneous Tests
Response Vari abl e Qut TheW ndow Model Diff PM
Al'l Pairw se Conparisons anong Levels of Altitude Band

Altitude Band = 1: Above 10, 000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2: 10,000 - 1,700 -0.01344 0.02478 -0.5425 0.8503
3: 1,700 - O 0. 00543 0.02479 0.2189 0.9739

Altitude Band = 2: 10,000 - 1,700 subtracted from
Difference SE of Adj ust ed

Al titude Band of Means Difference T-Value P-Value
3: 1,700 - O 0.01887 0.02452 0.7696 0.7217

Tukey Simultaneous Tests
Response Vari abl e Qut TheW ndow Model Diff PM
Al'l Pairw se Comparisons anong Levels of COM (I n Flight)RATI NG

CowM (In Flight)RATING = 1 subtracted from

Cow (I'n Di fference SE of Adj ust ed



Fl i ght) RATING of Means Difference T-Value P-Value

2 0. 01518 0.01690 0.898 0.8058
3 0. 01558 0.03054 0.510 0.9567
4 - 0. 05463 0.02814 -1.941 0.2107

COw (I'n Flight)RATING = 2 subtracted from

Cow (I'n Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
3 0.00040 0.02888 0.014 1.0000

4 -0.06981 0.02634 -2.651 0.0401

Cow (I'n Flight)RATING = 3 subtracted from

Cow (I'n Di fference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value
4 -0.07021 0.03661 -1.918 0.2205

Main Effects Plot (fitted means) for OutTheWindow Model Diff PM

Altitude Band

CCwI(In Flight)RATING
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Figure D 37. Out the Window Model Difference Main Hfects - PM
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Interaction Plot (fitted means) for OutTheWindow Model Diff PM
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Figure D 38. Out the Window Model Difference Interation Plot - PM

General Linear Model: PFD Model Di versus Altitude Ban, CCwI(In Flig

Fact or Type Levels Val ues
Al titude Band fixed 3 1: Above 10,000, 2: 10,000 - 1,700, 3:
1,700 - O

CoM (In Flight)RATING fixed 4 1, 2, 3, 4

Anal ysis of Variance for PFD Model Diff PM using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M5 F

Al titude Band 2 0.134721 0.059813 0. 029907 10.12

COWM (I n Flight)RATI NG 3 0.014249 0.014388 0.004796 1.62
Al titude Band*COM (I n Flight)RATING 6 0.003405 0.003405 0.000567 0.19
Error 282 0.833614 0.833614 0.002956

Tot al 293 0.985989

Sour ce P

Al titude Band 0. 000

COWM (I n Flight)RATI NG 0.184

Al titude Band*COM (I n Flight)RATI NG 0. 979

Error

Tot al

S = 0.0543698 R-Sq = 15.45% R-Sq(adj) = 12.16%
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Tukey Simultaneous Tests

Response Variable PFD Mddel Diff PM

Al'l Pairw se Conmparisons anong Levels of Altitude Band
Al titude Band = 1: Above 10,000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2: 10,000 - 1,700 0.009721 0.01080 0.8999 0.6404
3: 1,700 - O 0. 045921 0.01081 4.2487 0.0001

Al titude Band = 2: 10,000 - 1,700 subtracted from

Di fference SE of Adj ust ed
Altitude Band of Means Difference T-Value P-Value
3: 1,700 - O 0. 03620 0.01069 3.387 0.0020

Tukey Simultaneous Tests

Response Variable PFD Mddel Diff PM

Al'l Pairw se Conparisons anong Levels of COM (I n Flight)RATI NG
COM (In Flight) RATING = 1 subtracted from

Cow (I'n Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
2 0.000984 0.007369 0.1336 0.9992

3 0.014028 0.013314 1.0536 0.7177

4 0.023162 0.012270 1.8878 0.2333

CowM (I'n Flight)RATING = 2 subtracted from

Cow (I'n Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
3 0.01304 0.01259 1.036 0.7284

4 0.02218 0.01148 1.931 0.2148

Cow (I'n Flight)RATING = 3 subtracted from

Cow (I'n Di fference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value
4 0.009134 0.01596 0.5722 0.9404



Mean of PP Model Diff PM

Mean

Main Effects Plot (fitted means) for PFD Model Diff PM

Altitude Band CCwlI(In Flight)RATING
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Figure D 39. PFD Model Difference Main Effects - PM

Interaction Plot (fitted means) for PFD Model Diff PM

182

0.05 Altitude Band
—@— 1: Above 10,000
0.04 —B— 2: 10,000 - 1,700
3:1,700- 0

0.03

0.02

0.01+

0.00

-0.01+

-0.02 1

-0.03+

CCwli(In Aight)RATING

Figure D 40. PFD Model Difference Interaction Plot PM
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D2.2 Difference (PF — PM) PDT

General Linear Model: Inst Panel versus Altitude Band, CCwI(In Flight)R

Fact or Type Levels Val ues
Al titude Band fixed 3 1: Above 10,000, 2: 10,000 - 1,700, 3:
1,700 - O

COM (In Flight)RATING fixed 41, 2, 3, 4

Anal ysis of Variance for Inst Panel, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F

Al titude Band 2 1.69847 0.86428 0.43214 9.56

COWM (I n Flight)RATI NG 3 1.16311 1.15167 0.38389 8. 49
Altitude Band*COM (I n Flight)RATING 6 0.04901 0.04901 0.00817 0.18
Error 282 12.74905 12.74905 0.04521

Tot al 293 15. 65963

Sour ce P

Al titude Band 0. 000

COWM (I n Flight)RATI NG 0. 000

Al titude Band*COM (I n Flight)RATI NG 0. 982

Error

Tot al

S = 0.212625 R-Sq = 18.59% R-Sqg(adj) = 15.41%

Tukey 95.0% Si nul t aneous Confidence Intervals
Response Vari abl e I nst Panel
Al'l Pairw se Comparisons anong Levels of Altitude Band

Al titude Band = 1. Above 10,000 subtracted from

Al titude Band Lower Center Upper
2: 10,000 - 1,700 -0.1460 -0.0471 0.05175

3: 1,700 - 0O -0.2766 -0.1777 -0.07878
Altitude Band  -------- oo oo e
2: 10,000 - 1,700 CEEEEIEE ¥ )
3: 1,700 - 0 (--------- R )
-------- T e S

Al titude Band = 2: 10,000 - 1,700 subtracted from

Altitude Band Lower Center Upper
3: 1,700 - 0 -0.2284 -0.1306 -0.03275

Altitude Band -------- oo oo R
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-0.20 -0.10 -0.00

Tukey Sinultaneous Tests

Response Vari abl e I nst Panel

Al'l Pairwi se Conpari sons anmong Levels of Altitude Band
Al titude Band = 1: Above 10,000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2: 10,000 - 1,700 -0.0471 0.04225 -1.116 0.5044
3: 1,700 - O -0.1777 0.04227 -4.204 0.0001

Altitude Band = 2: 10,000 - 1,700 subtracted from
Di fference SE of Adj ust ed

Al titude Band of Means Difference T-Value P-Value
3: 1,700 - O -0.1306 0.04180 -3.124 0.0051

Tukey Simultaneous Tests
Response Vari abl e I nst Panel
Al'l Pairw se Conparisons anong Levels of COM (I n Flight)RATI NG

COwM (In Flight) RATING = 1 subtracted from

Cow (In Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
2 -0.0163 0.02882 -0.565 0.9425

3 0.0106  0.05207 0.204 0.9970

4 -0.2277 0.04798 -4.746 0.0000

COw (I'n Flight)RATING = 2 subtracted from

Cow (In Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
3 0.0269 0.04925 0.546 0.9476

4 -0.2115 0.04491 -4.709 0.0000

COwW (I'n Flight)RATING = 3 subtracted from
Cow (In Di fference SE of Adj ust ed

Flight) RATING of Means Difference T-Value P-Value
4 -0.2384 0.06243 -3.818 0.0008
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Main Effects Plot (fitted means) for Inst Panel
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Figure D 41. Instrument Panel PDT Difference Main Eects - (PF - PM)

Interaction Plot (fitted means) for Inst Panel
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Figure D 42. Instrument Panel PDT Difference - (PF PM)
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General Linear Model: PFD versus Altitude Band, CCwI(In Flight)RATING

Fact or Type Levels Val ues
Al titude Band fixed 3 1: Above 10,000, 2: 10,000 - 1,700, 3:
1,700 - O

COM (In Flight)RATING fixed 4 1, 2, 3, 4

Anal ysis of Variance for PFD, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj Ms F

Al titude Band 2 0.13472 0.07702 0.03851 1.21

COWM (I n Flight)RATI NG 3 1.59684 1.58537 0.52846 16.55
Altitude Band*COM (I n Flight)RATING 6 0.02917 0.02917 0.00486 0.15
Error 282 9.00543 9.00543 0.03193

Tot al 293 10. 76615

Sour ce P

Al titude Band 0. 301

COWM (I n Flight)RATI NG 0. 000

Al titude Band*COM (I n Flight)RATI NG 0. 989

Error

Tot al

S =0.178701 R-Sq = 16.35% R-Sg(adj) = 13.09%

Tukey Si nmultaneous Tests

Response Vari abl e PFD

Al'l Pairw se Conparisons anong Levels of Altitude Band
Al titude Band = 1: Above 10, 000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2: 10,000 - 1,700 ~-0.00881 0.03551 -0.248 0.9667
3: 1,700 - O -0. 05132 0.03552 ~-1.445 0.3180

Al titude Band = 2: 10,000 - 1,700 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
3: 1,700 - O -0. 04252 0.03513 -1.210 0.4471

Tukey Sinultaneous Tests

Response Vari abl e PFD

Al'l Pairwi se Conparisons anong Levels of COwW (I n Flight)RATI NG
COwM (In Flight)RATING = 1 subtracted from

Cow (In Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
2 -0.1242 0.02422 -5.128 0.0000

3 -0. 1039 0.04376 -2.375 0.0819
4 -0. 2617 0.04033 -6.490 0.0000
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CowM (I'n Flight)RATING = 2 subtracted from

Cow (I'n Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
3 0.0203 0.04139 0.490 0.9614

4 -0.1375 0.03774 -3.643 0.0015

Cow (I'n Flight)RATING = 3 subtracted from

Cow (I'n Di fference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value
4 -0.1578 0.05247 -3.007 0.0140

Main Effects Plot (fitted means) for PFD
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Figure D 43. PFD PDT Difference Main Effects - (PF PM)
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Interaction Plot (fitted means) for PFD

0.4 Altitude Band
—@— 1: Above 10,000
—— 2: 10,000 - 1,700
3:1,700-0
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c
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Figure D 44. PFD PDT Difference Interaction Plot {PF - PM)

D2.3 Shared AQOI (5 Second Frame)

General Linear Model: Inst Panel versus Altitude Band, CCwlI (In Flight)

Fact or Type Levels Val ues
Al titude Band fixed 3 1 Above 10,000, 2 10,000 - 1,700, 3
Bel ow 1700

comM (In Flight)RATING fixed 4 1, 2, 3, 4

Anal ysis of Variance for Inst Panel, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M5 F

Al titude Band 2 1.76010 0.96324 0.48162 13.88

Cow (In Flight)RATI NG 3 0.45375 0.45375 0.15125 4.36
Altitude Band*COM (In Flight)RATING 6 0.05366 0.05366 0.00894 0.26
Error 285 9.89243 9.89243 0.03471

Tot al 296 12.15994

Sour ce P

Al titude Band 0. 000

Cow (In Flight)RATI NG 0. 005

Altitude Band*COM (I n Flight)RATI NG 0. 956
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Error
Tot al

S = 0.186307 R-Sq = 18.65% R-Sq(adj) = 15.51%

Tukey Si nultaneous Tests

Response Vari abl e I nst Panel

Al'l Pairwi se Conpari sons anmong Levels of Altitude Band
Al titude Band = 1 Above 10,000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2 10,000 - 1,700 0. 0556 0.03661 1.520 0.2817
3 Bel ow 1700 -0.1321 0.03661 -3.608 0.0009

Altitude Band = 2 10,000 - 1, 700 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
3 Bel ow 1700 -0.1877 0.03661 -5.128 0.0000

Tukey Sinultaneous Tests

Response Vari abl e I nst Panel

Al'l Pairwi se Conpari sons anong Levels of COwM (In Flight)RATI NG
CowM (In Flight)RATING = 1 subtracted from

cow (In Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
2 -0.0114  0.02520 -0.452 0.9693

3 0.0224  0.04562 0.491 0.9612

4 -0.1376 0.04140 -3.323 0.0049

CowM (In Flight)RATING = 2 subtracted from

cow (In Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
3 0.0338 0.04312 0.783 0.8620

4 -0.1262 0.03863 -3.266 0.0060

COwM (In Flight)RATING = 3 subtracted from

cow (In Di fference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
4 -0.1600 0.05421 -2.951 0.0167
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Main Effects Plot (fitted means) for Inst Panel
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Figure D 45. Instrument Panel PDT Difference Main Eects - (PF - PM)

Interaction Plot (fitted means) for Inst Panel
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Figure D 46. Instrument Panel PDT Difference Interation Plot - (PF - PM)



General Linear Model: OutTheWindow versus Altitude Ban, CCwlI (In Fli

Fact or Type Levels Val ues
Al titude Band fixed 3 1 Above 10,000, 2 10,000 - 1,700, 3
Bel ow 1700

comM (In Flight)RATING fixed 4 1, 2, 3, 4

Anal ysis of Variance for Qut TheWndow, using Adjusted SS for Tests

Sour ce DF Seq SS Adj SS Adj M F

Al titude Band 2 2.17586 1.12291 0.56146 127.66
CowM (In Flight)RATI NG 3 0.02470 0.02470 0.00823 1.87
Al'titude Band*COM (In Flight)RATING 6 0.02551 0.02551 0.00425 0.97
Error 285 1.25348 1.25348 0.00440

Tot al 296 3.47956

Sour ce P

Al titude Band 0. 000

CowM (In Flight)RATI NG 0.134

Al titude Band*COM (I n Flight)RATI NG 0. 448

Error

Tot al

S = 0.0663189 R-Sq = 63.98% R-Sq(adj) = 62.59%

Tukey Simultaneous Tests
Response Vari abl e Qut TheW ndow
Al'l Pairw se Conparisons anong Levels of Altitude Band

Altitude Band = 1 Above 10, 000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2 10,000 - 1,700 -0.01301 0.01303 -0.9984 0.5779
3 Bel ow 1700 0.17346 0.01303 13.3116 0.0000

Altitude Band = 2 10,000 - 1, 700 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
3 Bel ow 1700 0. 1865 0.01303 14.31 0.0000

Tukey Simultaneous Tests
Response Vari abl e Qut TheW ndow
Al'l Pairw se Conpari sons anong Levels of COM (In Flight)RATI NG

COwM (In Flight)RATING = 1 subtracted from

cow (In Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
2 -0.01155 0.008971 -1.287 0.5709

3 -0.00397 0.016240 -0.244 0.9949

4 -0.03391 0.014738 -2.301 0.0978

CowM (In Flight)RATING = 2 subtracted from
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cow (In Difference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value

3
4

0. 00758 0.01535 0.494 0.9605
-0. 02236 0.01375 -1.626 0.3639

Cow (In Flight)RATING = 3 subtracted from

cow (In Difference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value

4

Mean of OutTheWindow

-0. 02994 0.01930 -1.552 0.4066

Main Effects Plot (fitted means) for OutTheWindow

Altitude Band CCwI (In Flight)RATING
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Figure D 47. Out the Window PDT Difference Main Efects - (PF - PM)
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Interaction Plot (fitted means) for OutTheWindow
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Figure D 48. Out the Window PFD Difference - (PF PM)

General Linear Model: PFD versus Altitude Band, CCwI (In Flight)RATING

Fact or
Al titude

cow (In

Anal ysi s

Sour ce
Al titude
cow (In
Al titude
Error
Tot al

Sour ce
Al titude
cow (In
Al titude
Error
Tot al

Type Levels Val ues
Band fixed 3 1 Above 10,000, 2 10,000 - 1,700, 3
Bel ow 1700
Fl i ght) RATI NG fi xed 41, 2, 3, 4

of Variance for PFD, using Adjusted SS for Tests
DF Seq SS Adj SS Adj M F

Band 2 0.26015 0.11940 0.05970 3.98
Fl i ght) RATI NG 3 0.49032 0.49032 0.16344 10. 89

Band*COwM (I n Flight)RATING 6 0.06640 0.06640 0.01107 0.74

285 4.27863 4.27863 0.01501

296 5.09550
P
Band 0. 020
Fl i ght) RATI NG 0. 000

Band*COM (In Flight)RATING 0. 620

S = 0.122526 R-Sq = 16.03% R-Sq(adj) = 12.79%
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Tukey Simultaneous Tests
Response Vari abl e PFD
Al'l Pairw se Conparisons anong Levels of Altitude Band

Al titude Band = 1 Above 10,000 subtracted from

Di fference SE of Adj ust ed
Al titude Band of Means Difference T-Value P-Value
2 10,000 - 1,700 0. 06348 0.02408 2.637 0.0228
3 Bel ow 1700 0. 05260 0.02408 2.185 0.0738

Altitude Band = 2 10,000 - 1, 700 subtracted from
Difference SE of Adj ust ed

Al titude Band of Means Difference T-Value P-Value
3 Bel ow 1700 -0.01088 0. 02408 -0.4518 0.8936

Tukey Simultaneous Tests
Response Vari abl e PFD
Al'l Pairw se Conparisons anong Levels of COM (In Flight)RATI NG

CowM (In Flight)RATING = 1 subtracted from

cow (In Difference SE of Adj ust ed
Flight) RATING of Means Difference T-Value P-Value
2 -0.0729 0.01657 -4.401 0.0001

3 -0.0486 0.03000 -1.621 O0.3666

4 -0.1393 0.02723 -5.117 0.0000

CowM (In Flight)RATING = 2 subtracted from

cow (In Di fference SE of Adj ust ed

Fl i ght) RATING of Means Difference T-Value P-Value
3 0.02430 0.02836 0.857 0.8270

4 -0.06639 0.02540 -2.613 0.0444

CowM (In Flight)RATING = 3 subtracted from

cow (In Di fference SE of Adj ust ed
Fl i ght) RATING of Means Difference T-Value P-Value
4 -0.09069 0.03565 -2.544 0.0534
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Main Effects Plot (fitted means) for PFD
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Figure D 49. PFD PDT Difference Main Effects - (PF PM)

Interaction Plot (fitted means) for PFD
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Figure D 50. PFD PDT Difference Interaction Plot {PF - PM)
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