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Execuive Summary

Freeflight represats amgor changein the way that arcrat arehandledin the Naional Airspace
System. It hasthe potential to ggnificantly increase aspace tilization and, by doing so, improve
aircrat throughput. The degreeo which theseobjedives ca be met without compromising
aircraft safety will depend on appropriate changes inthe air traffic control (ATC) system. This
study provides an evaluation of some of the potential effeds of free flight on controllers’ ability to
maintain an accurée and complete pcture of the traffic gtuaion. This mental represatation is
esential for monitoring and separation functions.

Fadlities at the Research Development and Human Fadors Laboratory (RDHFL) at the Willi am
J. HudnesTedhnicd Cetter wee usedor the gudy. ATC smulation scenarios wee aeded
refleding present-day operations and three levels of free flight. A sedor from Jadksonville Air
Route Traffic Control Center (ARTCC) arspace was usedn the basdine (B) condition, traffic
followed cusomary flight pahs and procedures.Thefirst level of freeflight (D) placed acrait
on direct outes. Deiations aound wedher and for other purpses were penitted, wth
cleaancesfrom ATC. Inthe seond level of freeflight, deviations were taken by the arcraft,
which were only required to notify ATC of their intent (D/1). The highest level of freeflight did
not require the aircraft to notify ATC; they could deviate at will without announcing intent
(D/NI).

Dependent variablesincluded peformance, stuaion awaeness(SA), workload, and sibjedive
opinion data. Ten controllers from Jacksonville ARTCC participated in the 5-week study with
two controllers preset per week. Upn arrival atthe RDHFL, they weretrained on the
simulation platform, ATCoach. ATC daa were esdayedon a 20 X 20in. monitor and flight
strips and bays were povided.

The expeiimental desgn was wthin-subjeds with paticipants working independently in pars. A
training trial for ead of the four experimental conditions was athinisteredfollowed by two dda
collediontrials. Orderof presatation was ounterbalanced and trials were gven over a 3-day
period. Workload daa were olleded every 5 min usng the Air Traffic Workload Input
Tednique(ATWIT). Ead scanario wasfrozen at four randomly sdededtimesto gaher SA
daa usng the Stuaion Awareness Gobal Assessent Inventory (SAGAT). An over-the-
shoulder performance rating form was completed by observers (supervisors from Jadksonville
ARTCC) and questionnaires were filled out at the end of ead run. Smulation pilots used sapts
to inject arcraft deviationsin ead scenario, acording to the experimental condition.

Objedive peformancerestutsindicaed atotal of seven operational errorsin the D/NI condition,
as ompaedto sx in the other three onditions combined. Dueto the small number of
operationa errors, which istypicd in ATC simulations, no statistica conclusions could be drawn.
However, this result is worthy of concern.

Although controllers indicated no differencesin their paformance acoss onditions, obsavers
rated peformance sgnificantly lower in the D/I and D/NI freeflight conditions, as omparedto
the B condition. Controllers were observed to perform less well in marking flight strips and
prioritizing tasks inthe D/NI condition. Controllers were rated as providing signifi cantly less



information in the D/I and D/NI conditions, as compared to the B conditions. They also made
more speed changes in the B condition as compared to the three free flight conditions. Other
objective and subjective measures of efficiency, safety, and traffic flow showed no difference
between conditions.

Free flight had an impact on controller workload. The National Aeronautics and Space
Administration Task Load Index scores and a posttest measure showed that workload was rated
higher by participants at higher levels of free flight. There was no effect on ATWIT scores.
Observer ratings showed better performance in detecting pilot deviations and overall attention and
SA in the B condition as compared to the D/NI condition.

Analyses of variance conducted on the SAGAT data revealed significant losses in SA on some
variables at higher levels of free flight. These included knowledge of aircraft location, callsign,

next sector for aircraft, weather impact, aircraft with uncompleted clearances, correct receipt of
aircraft clearances, and conformance to clearances. Controllers were aware of fewer aircraft, and,
for those aircraft, they displayed lower SA particularly at the higher levels of SA (comprehension
and projection).

This study showed that, if controllers are expected to act as passive monitors of free flight air
traffic, their awareness of the state of air traffic may be reduced, their workload may increase, and
their ability to intervene in a timely manner may be somewhat limited. The results reported here
are probably indicative of a lower degree of predictability or SA associated with the free flight
concepts evaluated. The use of technologies and displays for dealing with these concerns should
be explored. It is also possible that compensating mechanisms developed through practice and
experience may be found to provide the levels of SA needed for adequate functioning under free
flight.

This study is one of the first conducted to look at free flight systematically. 1t may reveal the
impact of such concepts on the ability of controllers and pilots to function in a safe and efficient
manner. More such studies are needed to expand this effort and examine other aspects of free
flight and its consequences on the air transportation system.

vi



1. Introduction

With the adrent of new technologies sub asthe Gobal Positioning System and a ockpit dispay
of traffic information, the anceptof freeflight may be introduced as agjor changein the way
that ar traffic is managedin United Sates ar space.The RTCA providesone ideaof how free
flight might be implemented (RTCA, 1995). Uhderfreeflight, arcrat would no longerbe
redrictedto flying the ar corridors, which compriseonly appoximately 5% of available arspace.
Aircrdt pilots would have more antrol over séting their routes and over making dynamic
changesin the flight path, dtitude, ad speedf their aircrat while underinstrument flight rule
conditions. The ability to fly to destinations diredly instead of along fixed routes nay creae
significant advantagesfor both time and fud savingsfor the operators of arcraft and, paticularly,
for mgjor arlines. It also alows pilots to have nore control in avoiding weaher and deding with
other fadors that may emerge duing aflight.

The exad way in which free flight will be implemented has not yet been determined. Opinions on
the dhangesin procedures, idpays, axd auomation neededo supjrt freeflight vary as dothe
concefs regarthg the new rolesof the glot and the wntroller underfreeflight. Information on
the degre¢o which a gven concept ca be acomplished without compromising arcraft sdety
should drive ay deagsion on whether and how to implement freeflight. Airspace fanners must
consider many fadors in neking this dedsion.

1.1 Backgiound

There ae sgnificant challengesto providing arcraft with suficient information to be &le to make
dedsionsthat donot placethem into an unsde proximity with other aircraft. In addition,
controller roles under free flight will be different. Astheir ability to control the adions and paths
of arcraft evolves,the mntrollers’ role is anticipatedto changeto that of monitor, taking adion
only when separtion problems are deeded (RTCA, 1995). The adility of the controller to
perform underthese ondition needsto be evaluaed aghe mntroller's stuaion awaeness(SA)
may significantly change underfreeflight conditions.

The onceptof freeflight represents a dvangein the dynamics and behavior of the arcraft
operating in acontroller’s seaor. With free flight, it is likely that the ability of the controller to
determine why an aircraft is behaving in aparticular way will be reduced. For example, does a
deviation of an aircraft fromits curreit pah represat an intentional adion or a pioblem of which
the pilot is not aware? |sthe pilot aware of potential confli cts or atitude problems? Not only will
controllersneedto be ale to deect dangesin arcrét flight pah, speed, iad dtitude,they will
needto assesthe impacton sepaation with other arcraft, specal arspacepr given sandards
(e.g., arport approach volume limits or minimum altitude restrictions). Being able to do so inthe
current system depexdson underganding arcraft intent and pilot expedation.

Acquiring this kind of information under free flight conditions ey increase communicaions
requrements and dter the behavior of the controller. Communicaions may occur more for the
purposeof information exchange with the glot insteadof issung control motivations. These
transacions may be much more frequent and time consuming. Anincreasen controller



workload may resut from this change asopposedto the decreasm workloadthatis generdly
asumed to occur under free flight. There will li kely be signifi cant new demands for the controller
to be aleto interpret arcraft adions and understand their significancefor arcraft sdety. This
may crede ared possbility that SA will be degraded if the controller cannot keep up with these
demands.

In addition, the predictabili ty of aircraft movement will i kely deaease under free flight. Inthe
current system, controllers gan information about how the arcraft is going to behave from
knowledge of their assgned flight path and destination. There are a limied number of ways that
aircraft will proceedthrough a gven arspace aaarding to a gven flight path and the arcraft
intended adivity in that setor (e.g., appoad, depature,or en route). The ntroller can usudly
detect deviations from thesenorms quckly. With freeflight, arcraft may come from dmost any
diredion into a setor, change pahs many times wthout controller acion or appioval, and depart
the sedor in amost any diredion. With this loss of aircraft predictability, the ability of the
controller to determine potential separation problems nay be reduced. Projedion of the future
adions of aircraft (the highest level of SA) is criticd to the controller’ s ability to make timely
control adions. Thus, there is asignificant concern asto controllers' ability to understand the
significance of aircrat adions and adequeely predct impending problems, dlowing them to
managetraffic efedively.

Currently, it is unclea what will be the spedrum of enabling technologies. It is also not known
what compensaing mechanisms controllers may bring to bearon thesetypesof problems.
Compensation may occur in the form of new procedures for fadlitating the greaer flow of
information this system will necesstate. Controllers may also adopt new strategies for controlling
traffic underthesetypesof conditions. In orderto deermine what mmpensaion might be
appopriate, however, @ncrete information on the adud effeds of freeflight isneeded.To dde,
most information on freeflight is highly unstructured and analytic.

1.2 Objedive and Smpe

The objedive of this study was to examine the effed of free flight concepts on controllers ability
to aeae and maintain an accuate [dcture of the ar traffic gtuaion. We dso examineditsimpact
on controller workload, ontrol srateges, ad peformance. The gudy was acomplished usng
current technology and controller cgpabilities. This should be viewed as an initia investigation of
certain freeflight concefs and not as @ assegsent of freeflight in its entirety.

New ar traffic control (ATC) or cockpit technologies $ould be evaluaed separtaly from the
operationa concept tiangesthat wee the focushere. Asno new ackpit technologies wee
spedficaly investigated, this study did not examine the ability of pilots to separate themselves
from other traffic nor free flight feasibility from this standpoint. The objedive of this study was
restricted to examining the abili ty of the controller to maintain SA and provide traffic separation
while working in a hypotheticd freeflight environment.



2. Method

Freeflight encompassesnany new operational concefds axd new technologiesin a onstantly
evolving manrer. Therefore, only afew aiticd aspets weae séededfor this gudy. These
included the use of dired routes, the ability of pilots to deviate from flight plans of their own
acord, and the requrement to inform controllersof pilot intentionsin making sud deviations.
The experiment was defgned sothat the impactof eat fador could be isolatedfrom the others.
Four conditions represeting increasngly higher levels of freeflight were eamined.

2.1 Experimental Desqgn

A within-paticipants deggn was used wh four levels of one independent varnable. Gnditions
were adninisteredin a seni-counterbalancedorder.

2.1.1 Indepedent Variable

The level of freeflight provided seved ashe independent variable for the gudy. All other
aspets of the ATC system, including procedues ad technologies, wee held as onsistent as
posshble ketween conditions. Thelevel of free flight was based on four conditions:

» Basdline (B) - This condition employed current ATC procedures for controlli ng traffi c.
Thisinvolved d normal procedures adove in the modded setor atthe time of the
study. PRlotsfilednormal route dans and could only deviate from those pans with a
clearancefrom the wntroller (dthough they could request daations, which the
controller awuld chooseto grant or deny, as appopriate).

» Dired Routing (D) - This condition incorporated similar scenarios (same traffic
density and complexity) asthe B @ndition, but arcraft were povided wth flight plans
with direct ioutings. (Sight modificationsto some drect outes weramade,if needed,
sothat no flight plans wee filedthrough redricted aeas.

» Direct Routings/Deviations with Intent (D/I) - This condition incorporated scearios
similar to the Dired Routing condition, however, pilots were also allowed to deviate
from their fil ed routes at will after conveying their intentions to the controller (through
verbal radio transmisson). The controller's role was to rgjed or modify such
deviations only if necessary to insure safety of flight (i.e., on an exception basis).

» Direct Routings/Deviations without Intent (D/NI) - This mndition incorporated
scenarios similar to the Dired Routings/Deviation with Intent condition. Pilots were
not required to convey their intentionsto the controller in advance of making
deviations from their fil ed flight path but could simply deviate a will. The controller's
role wasto rejector modify sud deviations when deededonly if necessey to insure
safety of flight (i.e., on an exception basis).




2.1.2 Dependent Variables

Several measures were examined as dependent variables, including performance, SA, workload,
and the subjective impressions of the controllers serving as participants in this study.

2.1.2.1 Performance

Objective performance data were collected by the simulation computer during the study, and
calculations were performed to derive performance measures. They were

a. Safety of Flight

1. number of operational errors.
b. Efficiency

1. number of flights handled,
duration of flights handled,
distance flown in sector,
number of completed flights,
number of aircraft holds,
duration of aircraft holds,

S L S R

number of successful hand-offs, and
8. number of hand-off misses.

c. Control Strategy

1. number changes in altitude/aircraft handled,
2. number changes in speed /aircraft handled, and
3. number changes in heading/aircraft handled.

d. Taskload

1. number controller entries,
2. number controller transmissions, and

3. duration of controller transmissions.

A subjective measure of performance was obtained through a rating of each participant on the
Observation Form at the conclusion of each trial (see Appendix A). The Observation Form was
developed by the FAA Research Development and Human Factors Laboratory (RDHFL) at the
Federal Aviation Administration (FAA) William J. Hughes Technical Center. It is used by subject
matter experts (SMESs) to make over-the-shoulder evaluations of controller performance during
ATC simulations (Sollenberger, Stein, & Gromelski, 1997). Subjective ratings of the participants'
performance were made on an eight-point scale (1- extremely poor judgment and made very



frequent errors to 8 - always demonstrated excellent judgment and used outstanding control
techniques). The factors were

a. Maintaining Safe and Efficient Traffic Flow
1. maintaining separation and resolving potential conflicts,
2. sequencing arrival and departure aircraft efficiently,
3. using control instructions effectively, and
4. overall.

b. Maintaining Attention and SA

maintaining awareness of aircraft positions,
ensuring positive control,
detecting pilot deviations from control instructions,

correcting own errors in a timely manner, and

a b~ e

overall.

c. Prioritizing

taking actions in an appropriate order of importance,
preplanning control actions,

handling control tasks for several aircraft,

marking flight strips while performing other tasks, and

a b~ e

overall.
d. Providing Control Information

1. providing essential air traffic control information,
2. providing additional air traffic control information, and
3. overall.

e. Technical Knowledge

1. showing knowledge of LOAs and SOPs,
2. showing knowledge of aircraft capabilities and limitations, and
3. overall.



f. Communicating

1. using proper phraseology,

2. communicating clearly and efficiently,

3. listening for pilot readbacks and requests, and
4. overall

In addition, the SMEs provided a rating describing the participant's control strategy on a 10- point
scale (1-none to 10-always). The various strategies were

Preference for Vertical Separation,
Preference for Separation Through Vectoring,
Preference for Speed Control, And

a0 o w

How Well the Controller Controlled Traffic (1-poor to 10- extremely well).

The participants also subjectively rated their own performance on the same 10-point scale (1-poor
to 10- extremely well) and provided subjective comments on the realism of the simulation and free
flight conditions.

2.1.2.2 Situation Awareness

The Situation Awareness Global Assessment Technique (SAGAT): ATC Version (Endsley &
Kiris, 1995a) was used to measure participant SA during the test. Four randomly placed freezes
were inserted into each trial to collect SAGAT data. Each of the following SAGAT queries were
administered at each stop (Appendix B). These queries consisted of

a. Level 1 SA - Perception of the Traffic Situation
1. aircraft location,

aircraft level of control,

aircraft callsign,

aircraft altitude,

aircraft groundspeed,

aircraft heading,

S L R

aircraft fight path change (vertical, turning), and
8. aircraft type.

b. Level 2 & 3 SA - Comprehension & Projection of Traffic Situation

1. aircraft next sector,
2. aircraft separation,

3. aircraft assignments,



assgnment recepion,
aircraft conformance,
aircraft hand-offs,
aircraft communicaions,

spedal arspace sepation, and

© ©® N o g &

wedherimpad.

2.1.2.3 Workload

The Air Traffic Workload Input Technique ATWIT) (Stein, 1985) was aalinistered at 5min
intervals throughout the trial to dbtain a subjedive workload rating from the participants on a 10-
point scde. The participant's subjedive experienced workload was also asesed immediately
following ead trial usng the Naional Aeronautics and SpaceAdministration (NASA) Task Load
Index (NASA-TLX) (Hart & Staveland, 1988) (sedppendix C). In addtion, a supjedive
assegsent of workload wasmade atthe end of ead trial on a 1@point scde by both the SMEs
and the paticipants on the sibjedive quetonnaires.

2.1.2.4 Suwjedive Quedonnaire

The Post-Scenario Quesionnaire was povidedto paticipants dter completing ead trial to

obtain their evaluation of the ease of controlling traffic, level of awareness of the traffic situation,
and percéved peformancelevel inthe preceihg tria (Appendix D). Information on the viability
of ead freeflight condition tesed and reommendations for neededmodificaions were &cited at
the completion of ead test ondition.

2.2 Participants

The participants included 10 Full Performance Level Air Traffic Control Spedalists from the Air
Route Traffic Control Center (ARTCC) locaed in Jadksonville (ZJX). All participants were
current atthe cetter with atleast 1éhoursof operdional time in the month precedhg teding and
with sdf-reported orrededvision of atleast 20/30. R#cipation in the sudy wasvoluntary.

2.3 Appardus

The study was conducted at the FAA Willi am J. Hughes Technicad Center RDHFL using the
ATCoad Verdgon 7.0 (1996) snulation system operding on a Sun workstation. ATCoach
provides aredistic, high-fiddity smulation of a @ntroller's workstation. The ATCoad system
includes a 2@y 20inch high-relution color radar dspgay monitor (2000by 2000 pxels), a
threebutton tradkball, and keyboard. A flight strip bay with printed, standard configuration flight
strips was povidedfor ead arcraft in the smulation. A touch panel for the ATWIT measue
wasincludedto the left of the radar scree SAGAT and NASA-TLX data were ollededvia
programs running on Hypercardon a Magntosh computer daced aghcent to the wmntrollers
station. Sibjedive measuwes wee gahered usng paperforms.



2.4 Simulated Airspace

The smulated arspace useth this Sudy wasthe Greencove/Keystone combined setor of ZJX.
The setor ddinition and the original traffic scaarios weae developedfor an ealier gudy
examining generic arspace (&in & Guitman, in preparéon).

At ZJX, the Gre@acove/Keystone combined setor is respnsible for dtitudes 24000ft and aove
and hasfour major traffic flows. Suthbound arcraft enter the setor from the northeast ad
northwest ad continue ®uth and outheasttoward the dtiesof Miami, Fort Laudedde, ad
West Pan Bead dong the J450r J79 @rways. These &craft are generaly attheir fina dtitude
when they read the setor and donot requre dtitude dearancesfrom the wntroller.
Northbound arcrét leave the Odando Intemational Airport and headnorthwestor north aong
the J81or J53 @rways and generdly contact Greecove/Keystone at dout 18000ft while
climbing to an interim altitude of 23,000ft. The controller working Greacove/Keystone will
clea the aircraft to climb to its final altitude when available. Other northbound aircraft depart
from southeastFlorida and enter the setor in the uth, near Qlando. These &craft continue
north and northwest dong the J81 ad J53 aways. Inthefield, these acraft are usully attheir
final dtitude when they read Greacove/Keystone but occasonally may requre dtitude
cleaancesfrom the @ntroller. Inthis smulation, thesenorthbound arcraft were attheir final
atitudes vinen they readed GeencoveKeystone.

Greancove/Keystone is borderedbeneah by the S. Johns and . Augugine setors, on the
northeastby the cmbined Sates/Hunter setor, on the north-northwestby the cmbined
Alma/Moultrie setor, on the westby the Lake @ty/Ocda setor, on the uthwestby the Mayo
sedor; on the uth by the Boyel se¢or of Miami ARTCC (ZMA), and on the south-southeastby
the Hobee setor of ZMA. For the puposeof the smulation, dl agacent sedors acceted dl
hand-offs and appoved dl point-outs. The setor is borderedon the easby a waning area
controlled by the US Navy. In the field, civilian aircraft may enter the warning area only with
specal pamisson. For the puposeof this smulation, the waning aea was onsidered ative
and no civilian aircraft were permitted to enter.

2.5 Traffic scaarios

Fourteen scanarios of Smulated ar traffic were developedfor the setor.

2.5.1 Basdine sc@arios

Five of the fourteen scenarios wee basdine sc@arios usng curent traffic paterns. Inthese
scenarios, arcraft had sandard flight plans mntaining their depature and arival airports and dl
the fixes and arways dong their routesof flight. Four of the basdine scearios weae usedn the
ealier gudy (Stein & Gutitman, in preparéion) and the fifth was deelopedby changing the
cdlsigns of the seond basdine scaario. During the experiment, controllers workedfour basdine
scenarios: one simulator familiarizetion trial, one B condition pradice trial, and two B condition
test trials.



2.5.2 Free Flight Scenarios

Nine free flight scenarios were developed using the four original baseline scenarios. To create
these scenarios, the flight plans from the four original scenarios were edited to eliminate the
intervening fixes between the origin and destination airports. This technique, however, required
several modifications and refinements to preserve the traffic volume and simulation fidelity. First,
for some flights, the straight line between the airports did not cross through Greencove/Keystone.
This was especially true for arrival aircraft from the northwest flying toward southeast Florida.

This required changing the arrival or departure airports for these flights so that the aircraft would
continue to fly through the sector. For example, a direct flight from Nashville to Miami misses

the sector along the extreme southwest corner. This was changed to a flight between Indianapolis
and Fort Lauderdale. The general pattern and direction of traffic and the correct altitude for
direction of flight were always preserved. Second, aircraft departing the northeast U.S. and flying
direct toward southeast Florida would fly much of their course over the Atlantic Ocean and
through the various U.S. military warning areas along the U.S. east coast. In order to avoid this,
arrival aircraft from the northeast entered Greencove/Keystone at the extreme northeast corner of
the sector and proceeded south as close to the warning area as allowed. Though these flights
were not technically direct routed, they were as close to direct as possible without eliminating
flights from the northeast, requiring long flights over the ocean, or alteringilitey airspace.

The second step in creating free flight scenarios was to change the aircraft callsigns in the first
four scenarios to produce five new scenarios with the same flight plans but different callsigns.
The number of major and minor carriers and the frequencies with which particular airlines fly
through the Greencove/Keystone sector were preserved.

2.5.3 Deviation Scripts

Each scenario contained two heavy storm cells, which were displayed on the controller’s radar
and moved during the scenario. The exact shape and speed of the weather system differed in each
scenario, but all were judged by the SMEs to be realistic and typical of those encountered at ZJX.
Each scenario also contained an area of moderate to heavy turbulence. To avoid the poor
weather and ride conditions and improve fuel efficiency, pseudopilots made deviations from their
filed flight plans by changing aircraft headings or altitudes. Depending upon the experimental
condition, pseudopilots requested controller approval before beginning a deviation (D), informed
the controller of their intentions as they began a deviation (D/I), or simply began a deviation
without contacting the controller at all (D/NI). Pseudopilots made deviations by following scripts
that listed the aircraft to deviate, the approximate simulation time for the deviation, the nature and
magnitude of the deviation, and a reason for the deviation. Controllers serving as participants in
the study did not have access to these scripts.

Deviation scripts were developed through collaboration among the researchers, the SMEs, and
the pseudopilots. To develop pseudopilot deviation scripts, SMEs controlled traffic in each
scenario, recorded when deviation requests typically would be made, and noted the nature of the
request. This information was adapted into the pseudopilot deviation scripts. Each script
contained from 13 to 18 deviations, depending upon the traffic pattern in the scenario, the
location of the storm cells, and the location of the turbulence. Generally, heading changes were



scripted to avoid storm cells and altitude changes were added to avoid turbulence. A small
number of deviations used an altitude change to improve fuel efficiency. Each script was
thoroughly tested during shakedown sessions with SMEs.

In the B and DR conditions, the scripts listed requests to be made by the pseudopilots. The
phraseology of these requests followed current ATC practices. Before a deviation could begin,
pseudopilots contacted the controller and requested the deviation, giving the reason for the
request. When asking for a heading change, pseudopilots requested a specific heading that would
allow them to avoid the storm cells. When requesting an altitude change to avoid turbulence,
pseudopilots requested “smooth air.” This request allowed the controller to determine what
altitude to give and is the terminology used in the current system. When asking for an altitude
change for fuel efficiency, pseudopilots requested a specific higher altitude that was appropriate
for direction of fight. The controller would approve, deny, or change the request. The
pseudopilots would then issue the appropriate ATCoach command that would make the simulated
aircraft climb, descend, or turn.

For the DI condition, the scripts were modified so that the pseudopilots informed the controller of
their intentions and simultaneously issued the appropriate ATCoach command. If the controller
called back and denied the action, pseudopilots issued a second ATCoach command to return the
aircraft to its original heading or altitude. For example, a pseudopilot might inform the controller
that he was climbing @00 ft to avoid turbulence. As the call was being made, the pseudopilot
entered the command into ATCoach. The controller, aware that there was traffic 2000 ft above,
might immediately call back and deny the deviation. The pseudopilot would then issue an
ATCoach command to return the aircraft to the original altitude.

For the D/NI condition, scripts were modified further so that the pseudopilots issued ATCoach
commands and did not inform the controller of their intentions until the controller specifically
asked. Once a controller inquired about a pilot’s intentions, the pseudopilots informed the
controller of the reason for the deviation. If the controller denied or altered the deviation, the
pseudopilots would then enter a new ATCoach command. For example, at 32 min into the run, a
pseudopilot might issue an ATCoach command to climb t@0BOft. As the aircraft began its

climb, the controller would notice the climb and might immediately call the pseudopilot and ask
him to “say intentions.” The pseudopilot might explain that he was climbing @0@%, for

improved fuel efficiency. The controller could then instruct the pseudopilot to return to his
original altitude, provide an alternative altitude, or allow the deviation to continue.

During the experimental runs, pseudopilots were instructed to follow the scripts as closely as
possible but, if needed, could adapt the scripted deviations to fit the dynamic situation. For
example, the script might call for USA123 to request a 10-degree turn to avoid a heavy storm cell
at 15 min into the run. However, the controller might have issued a heading change to USA123
earlier in the run, making a 10-degree turn at 15 min too extreme. Pseudopilots, then, would
modify the magnitude or timing of the deviation so that the desired effect was still obtained (i.e.,
the aircraft avoided the storm cell).
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2.5.4 Scenario Vdidaion

All scenarios, espeialy the freeflight scenarios developedfor this dudy, were sibjectto an
extensive teding and shakedwn peiod. Sx SMES, threefrom ZJX and threefrom other
fadlities, were involved in the shakedown and worked ead scenario several times until no
signifi cant errors or inconsistencies remained.

2.6 Procedures

Eadh participant controlled traffic in all four conditions, which were administered in asemi-
counterbalancedorder. Following atraining trial, two trials for ead condition were adinistered
consecuively (eat udng a dfferent scenario). The five scearios for the B @mndition and the
nine scearios for the freeflight conditions wee asgynedto the training or the two testtrials
randomly for ead paticipant.

The gudy was ondudedover 3 @nsecuive dgsfor ead subjed. A lunch break ad two to
three resbreaks were mvided eah day. Ontheinitia day of the gudy, paticipants were gven
an introduction to the smulator and study instructions. They were also provided with instructions
for SAGAT- and NASA-TLX-paired comparison rating forms. They then had 1 hour of
familiarization with the ATCoadh smulator. For ead condition, paticipants recévedtraining on
the free flight condition being tested. This consisted of instructions followed by a 1-hour pradice
period with two stops to pradice filling out SAGAT. Training was immediately followed by the
two trials for that condition.

The paticipant was pomptedby an audo tone at Sminute intervals duing ead trial to make an
entry onthe ATWIT scde. Four freezes wee dacedin eah scenario atrandom timesto ollect
SAGAT daa. At thetime of ead freezethe radar sceen wasblanked and the smulation was
paused while the participant completed the SAGAT queries. Participants first were provided with
amapof the setor, which showedonly boundares ad navigation fix points. They were askedo
indicate where dl arcrat inthe setor wereon the map for al arcrat currently undertheir
control in their sedor boundaries,recantly handedoff arcraft, and for aircraft soon to be in their
control). The remaining gueries were then asked in random order in relation to the aircraft the
paticipantsindicated were prese (seeAppendix B). Sibjeds completed d queres ad then
returnedto the smulation atthe point where they hadleft off. They were gven afew seondsto
observe the radar screen prior to resuming the smulation. At the sametime that participants filled
out the SAGAT battery, the SME filled out a SAGAT data colledion form (while viewing the
frozen radar screeand flight strips)to suppement the dda wllededby the smulation computer
(seeAppendix E).

At the end of ead trial, the SMEfilled out the Observation Form, and the participant completed
the NASA-TLX form. At the end of the two testtrials for ead condition, the Rost-Scenario
Quegionnaire was &0 ompletedby the paticipant. An Exit Quesionnaire was povidedto
ead paticipant atthe cncluson of the experiment (Appendix F).
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3. Reslits

The results from the study will be presented in four main sedions: ATC performance, controller
workload, ontroller SA, and evaluaions of the qudity of the smulation and scaarios
invedigaed. Satisticd analysesof the dda were geerdly conduded usng two-way (condition
by tria) repeded-measuresralysesof variance ANOVAS). Excepions arenotedbelow.)

F datistics aereportedif a sgnificant main effectof condition wasfound. Rost hoc comparisons
between condition means were onduded usng the Tukey-HSD procedure. An dphalevel of .05
was usedor dl gatisticd teds.

3.1 Air Traffic Control Performance Results

3.1.1 Safety of Hight

3.1.1.1 Objecive Daa: Sdety

Thirteen Operaional Errors (CEs)' occurred duing the 80 experimental runs. The dstribution of
these onflicts acossthe experimental conditionsis siownin Figure 1. More CEs occuredin
the D/NI condition than in the other three onditions, B, D, ad D/I, combined.

The Cochran Qtest (a non-parametric test designed for use with related samples and small sample
sizes) was usetb daermineif the dstribution of OEs dfferedfrom chance. To compute the
Cochran Q gatistic for related sanples, eals smulation run was gven avalueof O or 1to
indicate whether or not an OE occuredfor that paticipant in that cndition. The Cochran Q test
faledto show a gatisticdly sgnificant difference between the four conditions,

Q(3, N =10) = 6/5,p =.080. It dbes,however, presat atrend neaiing the esablishedlevel of
significance. Dueto the small number of paticipants and the small number of OEs, this restit
should be viewed wth cauion. With alargernumber of paticipants, this dstribution may have
yielded a stisticdly sgnificant difference between conditions. Paticipants appeeedto have
greaer diffi culty in maintaining separation under the D/NI condition.

3.1.1.2 Suwjedive Ddaa: Sdety

The SMEs raedhow sdely and dficiently the paticipants wntrolledtraffic. No sgnificant
difference wasound between the four conditions on the two quesions petaining to sdety of
flight: maintaining separation and resolving potential confli cts and overall safe and effi cient traffic
flow.

1 An OE is defined as lessthan 2,000ft vertical and lessthan’5 mi horizontal separation above29,000ft or less
than 1,000t vertical end less than 5 mihorizontal separation below 29,000ft.

12
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Figure 1. Occurrence of operational errors across conditions.

3.1.2 Efficiency and Prioritizing

3.1.2.1 Objective Data: Efficiency

No significant difference was found between the four conditions on any of the objective
performance variables related to efficiency: number of flights handled, duration of flights handled,
total distance flown, number of completed flights, number of holds, duration of holds, number of
successful hand-offs, and number of hand-off misses.

3.1.2.2 Subjective Data: Efficiency

SMEs rated how effectively participants used control instructions on the using control instructions
effectively item on the Observation Form. They also rated the participants' performance in
sequencing arrival and departure aircratft efficiently. No significant differences were found
between the four conditions on these items.

Although this study did not fully examine many efficiency issues that might occur as a result of
free flight, no overall efficiency gains were observed as a result of the provision of direct routings
or from allowing pilots to deviate from flight plans at will.
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3.1.2.3 Subjective Data: Prioritizing

SMEs rated how well participants set and used priorities. A significant main effect of condition
was found on marking flight strips while performing other tasks and overall prioritizing,

F(3, 21) = 3.99p =.021, and~(3, 18) = 4.40p = .017, respectively. SMEs rated the

participants as marking flight strips less well in the D/NI condition than in the B and D conditions.
SMEs also rated overall prioritizing in the D/NI condition lower than in the B condition, as shown
in Figure 2. The remaining three items in this section of the SME rating form (taking actions in an
appropriate order, preplanning control actions, and handling control tasks for several aircraft) did
not show any significant difference between conditions.

o
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x S5 [ Marking Flight Strips While
LI§J Performing Other Tasks
n 4 1 O Overall Prioritizing
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Figure 2. Prioritization of tasks.

3.1.3 Control Strateqgies

The way controllers altered their strategies for controlling traffic under free flight was also
examined.

3.1.3.1 Altitude Changes

The number of altitude changes made in each experimental run was recorded by ATCoach. No
significant difference was found between the four conditions in the number of altitude changes
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made. This result is consistent with ratings given by the SMEs on the Observation Form who did
not indicate that the participants’ preference for vertical separation was significantly different
among the four conditions.

3.1.3.2 Speed Changes

A significant main effect of condition was found on the number of speed changes made by the
participantsF(3, 24) = 5.46p = .005. Participants made significantly more speed changes in the
B condition than in the three free flight conditions (see Figure 3). This result is consistent with
SME ratings on the preference for speed control item on the Observation Form where a
significant main effect of condition was fourfe(3, 21) = 3.65p = .004. SMEs rated the
participants as preferring speed control more in the B condition than in D/I and D/NI conditions
(see Figure 4).

These results suggest that speed changes may be less useful in a free flight environment. This can
be understood given how controllers use speed changes. In the current system, controllers mainly
use speed changes to separate aircraft that are proceeding in trail along an airway. If the leading
aircraft is slower than the trailing aircraft, a loss of separation may occur as the trailing aircraft
overtakes the leading aircraft. To prevent this, controllers speed up the leading aircraft or slow
down the trailing aircraft so that separation remains constant. In a free flight system where

airways are not followed, situations like this will probably occur less frequently, resulting in fewer
requirements for speed changes.

3.1.3.3 Heading Changes

The number of heading changes made in each scenario was recorded by ATCoach. No significant
difference was found between the four conditions in the number of heading changes made. This
result is consistent with ratings given by the SMEs on the Observation Form who did not rate the
participants' preference for vectoring differently between the four conditions.

These results indicate that participants instituted almost the same number of altitude and heading
changes as a result of the free flight conditions examined, although they did show a reduction in
the use of speed as a control strategy.

3.1.4 Communications

Data regarding the communications between the participants and the pseudopilots was derived
from two sources, the push-to-talk (PTT) actions recorded by the communication system and
SME ratings made on the Observation Form.
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Figure 3. Number of speed changes issued.
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Figure 4. Controller’s preference for speed control.
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3.1.4.1 Objective Data: Push-to-Talk Communications

The simulation system counted the number and duration of communications made by the
participants to the pseudopilots. No significant differences were found between the four
conditions in the number of PTT communications or in the duration of the communications.

3.1.4.2 Subijective Data: Communication

SMEs rated how well participants communicated with the pseudopilots using the Communicating
section of the Observation Form. No significant difference was found between four conditions on
the four items included in this section: using proper phraseology, communicating clearly and
efficiently, listening for pilot readbacks and requests, and overall communicating.

3.1.4.3 Subjective Data: Providing Control Information

SMEs rated how often participants provided essential and additional ATC information to the
pilots using the Providing Control Information section of the Observation Form. A significant
main effect of condition was found on the providing essential ATC informationRgn21) =
4.11,p=.019. SMEs rated the participants as providing significantly less essential ATC
information in the D/NI condition than in the B condition. A significant main effect of condition
was also found on the providing additional ATC information itE(8, 21) = 3.65p = .029.

SMEs rated the participants as providing significantly less additional ATC information in the D/NI
condition than in the B condition (see Figure 5). However, the overall providing control
information item did not show a significant difference between conditions. While this analysis
does not show a greater frequency of communications occurring or changes in communication
quality, it does indicate changes in communication content. Controllers apparently provided less
information (both essential and additional information) under the higher levels of free flight.

3.1.5 Overall Controller Performance

Both the participants and SMEs rated how well the participants controlled traffic during the
scenario. Participants made these ratings (regarding their own performance) on the Post-Scenario
Questionnaire and SMEs made these ratings on the Observation Form. A significant main effect
of condition was not found in the participants’ ratings of their own perform&{g8el2) = 0.11,

p = .955, but was found in the SME ratings of participant perform&i8e21) = 5.50p = .001.
(Differences in degrees of freedom on this test reflect missing data points on some participants'
guestionnaires.) SMEs rated the participants' performance in the D/I and D/NI conditions as
significantly lower than in the B condition (see Figure 6). No reliable correlation was found
between the ratings given by the participants and SMEs on thig {@m,= .08,p = .513.

Participant and SME performance ratings also did not significantly correlate with the number of
conflicts that occurred during the run. Therefore, it would appear that these two measures tapped
into independent factors concerning performance and traffic separation.
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Figure 6. Ratings of overall performance.
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3.2 Controller Workload

Both physicd taskload and egimatesof subjedive mental workload wee obtained.

3.2.1 Objedive Dda: Task Load

The number of daa and dew entriesmadeby the paticipants wasrecrdedby ATCoadh. No
significant difference wasound between the four conditions in the number of daa and dew
entries mede.

3.2.2 Suwjedive Daa: Workload

3.2.2.1 End-of-Trial SME Ratings and Controller Salf Ratings

At the mnclugon of eah expelimenta run, paticipants and SMEs raedhow hardthe paticipant
had worked duing the scaario. Paticipants madetheseratingson the Rost-Scenario
Quegionnaire and SMEs madetheseratingson the Cbseavation Form. A sgnificant main effect
of condition was found for self-ratings and SME ratings of workload, F(3, 21) = 608, p =.001
and F(3, 21) = 779, p = .006 respeiively. SMEs raed workload as gnificantly lower in the B
condition than in the three free flight conditions. Controllers rated workload as signifi cantly
lower in the B @ndition than the D/I and D/NI conditions (sed-igure 7). There was aignificant
positive correlation (although low) between theratings given by the participants and SMEs on
this item, r(77) =.32,p = .005.

M Participant Self-Rating
[J SME Rating

Mean Rating

1 : | | |
B ) D/ D/ NI
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Figure 7. Shjedive workload rdings.
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3.2.2.2 ATWIT Ratings

ATWIT ratings did not show a statistically significant difference between condif¢8s27) =
1.64,p =.204. The B condition received ATWIT ratings approximately 7% lower than the three
free flight conditions, as shown in Figure 8.

Mean ATWIT Rating
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Figure 8. ATWIT ratings of workload.

3.2.2.3 NASA-Task Load Index Ratings

The participants’ ratings on the NASA-TLX scales of mental load, physical load, effort, temporal
load, stress, and frustration were weighted based on each participants' rankings of these sub-
scales. Their resultant overall NASA-TLX scores were significantly different between conditions
F(3, 66) =9.07p =.000. The scores for the B condition were significantly lower than for the
three free flight conditions as illustrated in Figure 9.

3.2.2.4 Inter-Correlation of Workload Measures

Because the ATWIT ratings did not show a significant effect of condition, additional analyses
were performed to examine how the ATWIT ratings related to the post-scenario workload

ratings. The mean ATWIT rating for the trial showed moderate correlations with participants'
self-rating of workloadr(78) = .54,p = .000, and the NASA-TLX scoreq,76) =.52,p = .000.

A smaller correlation with the SME's rating of workload was fou(kB) = .27,p = .015. It was
hypothesized that the post-scenario ratings may have been more reflective of workload at the end
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Figure 9. M\SA-TLX scores.

of the run or during workload peaks agpposedto workload over the entire run. However, this
wasnot the case.The arerageATWIT rating acossthe trial correlated with the post-scenario
workloadratings as wik or better than any subsetof the ATWIT ratingsincluding the highest
rating, the lowestrating, the lastrating, and the mean of the lastthreeratingsfor the scaario.

3.3 Situaion Awareness

The SMEs piovided sgerd subjedive raings rdéatedto SA and the SAGAT daa piovided a
measureof paticipant SA.

3.3.1 Suwjedive Daa: SME Réingsof Maintaining Attention and Stuaion Awareness

SMEs rated participant SA using the Maintaining Attention and Situation Awareness sedion of

the Cbseavation Form. A significant main effectof condition wasfound on two items: deéeding
pilot deviations from control instruction, F(3, 15) = 783, p =.002, and overdl attention and
Stuaion awaeness,F(3, 21) = 382,p =.025. SMEs raedthe paticipants as desding plot
deviations better in the B mndition than in the D/NI condition. (Although what they considered a
deviation underthe D/NI condition was difficult to ascetain.) SMEs raedthe paticipants as
showing ggnificantly higher overall attention and SA inthe B condition than in the D/NI

condition (seeFigure 10Q. The remaining threeitems (maintaining awaenessof arcraft

positions, ensuring positive control, and correding own errorsin atimely manner) did not show
any significant diff erence between conditions.

21



[ Detecting Deviations from Control
Instructions

O Overall Attention and Situation
Awareness

Mean SME Rating

B D D/1 D/ NI
Condition

Figure 10. SME ratings of attention and situation awareness

3.3.2 SAGAT Results

The participants' perception of the traffic situation as reported on the SAGAT queries were
compared to the actual state of the traffic situation at the time of each freeze. Their answers were
scored as correct or incorrect and subjected to an arcsine transformation (to correct for non-
normality of binomial data).

3.3.2.1 Level 1 SA- Perception of the Traffic Elements

Of the Level 1 SA queries, participants' knowledge of the presence and location of aircraft at the
time of the freeze (+/- 5 mi) was significantly different between conditle(35,298) = 3.20,

p =.024. Participants were aware of significantly fewer aircraft in the D/l and D/NI conditions
than in the B condition, shown in Figure 11. This was true for all aircraft in the sector (including
those in active control, those recently handed-off, and those soon to be handed-off).

A significant difference was found when examining participants' awareness of only the aircraft
currently in their active control(3, 298) = 2.72p = .045. Participants were aware of
significantly fewer active aircraft in the D condition than in the B condition.
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Figure 11. Awareness of aircraft location.

For those aircraft of which participants were aware, the remaining SAGAT queries were posed.
Of the Level 1 SA queries, only the participants' awareness of the alphabetic portion of aircraft
callsigns (the alphabetic and numeric portions of the callsign were scored separately), was
significantly different between conditiors(3, 293) = 3.70p = .012. As shown in Figure 12,
participants were able to report on aircraft callsigns significantly less in the D and D/NI
conditions. None of the other Level 1 SA queries were significantly different between conditions
including: level of control, callsign (numeric portion), altitude, groundspeed, heading, vertical
change, turning, or aircratft type.

3.3.2.2 Level 2 and 3 Situation Awareness - Comprehension and Projection of Traffic Situation

A number of the queries pertaining to the participants' comprehension of what happened in the
traffic scenarios and their ability to project the actions of the traffic were significantly impacted by
the free flight conditions tested. Participants' ability to identify the next sector to which an aircraft
would transition (indicating an awareness of future flight path/direction) was significantly
impacted by the free flight conditions teste@3, 264) = 3.18p = .025. As shown in Figure 13,
participants were significantly more aware of this information in the B condition than in the three
free flight conditions. Participants' ability to report on which aircraft were being impacted by
weather (or would be in the next 5 minutes) was also different across the four conéftons,

178) = 4.76p = .003. Awareness of weather impact was significantly lower in the D and the

D/NI conditions as compared to the B condition, as shown in Figure 14.
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Figure 12. Awareness of aircraft callsign (alphabetic portion).
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Figure 13. Awareness of aircraft next sector.
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Figure 14. Awarenessof wedaher impad.

Although not significant at the .05 level, several other SA variables were different acoss
conditions atlevels that appoadied gatisticd sgnificance. Thesevariables ae asfollows: the
participants ability to identify aircraft with incomplete cleaances, F(3, 280) = 29,p =.079,
aircrdt that had orredly recevedthe dearance,F(3, 193) = 255,p =.057, ad drcrat that
were aonforming to their cleaances,F(3, 193) = 255, p = .057.

For these quesons, the trendsindicate that paticipants wee smewhat less awee of aircraft
which were in atransition state (respnding to deaance diangeg, as fown in Figures 15, 16,
and 17. This resit isin agreenent with the SMES' lower sibjedive raing for deeding
deviations from control instructions under free flight conditions. Overall, it would appea that
controller SA was lower under the free flight conditions intermsof their ability to kegp up with
the traffic and to predct its adions overtime.

3.4 Simulation Fidelity Evaluation

As a teckon the qudity and veradty of the smulation usedto obtain thesereslits, seeral scdes
on the paticipant's Post-Scenario Quesionnaire and the Exit Quesionnaire addessedhe redism
and fiddity of the smulation. On the Post-Scenario Quesionnaire, a ggnificant main effect of
condition wasfound, F(3, 21) = 774,p =.001. @ntroller paticipants réed scearosin the
D/NI condition as ggnificantly lessredistic than scenarios in the B and D conditions (seeFigure
18). This may reflectthe novelty of sud a condition for the @mntrollers. No gnificant difference
wasfound in redism rating between the 14 scearios indepadent of condition,

F(13, 64) = 115,p =.339. nthe Exit Quesionnaire, paticipants raedthe smulations with a
mean rating of 6.4 on a 1to 10 scée (wth 1 being extremely unredistic and 10being extremely
redistic).
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Figure 16. Awareness if clearance was received correctly by correct aircratft.

26



100 +
80 1
3
= 60 +
@]
O
X
S 40+
()
=
20 1
0 : : :
B D D/ 1 D/ NI
Condition
Figure 17. Awareness if aircraft is conforming to clearance.
10 +
9 —+
o 8
£
g 71
5
2 °7
o
g °T
[a
g 4T
[}
= 5]
2 —+
1 } } }
B D D/l D/NI
Condition

Figure 18. Simulation realism ratings.

27



Paticipants dso rdaedthe degre¢o which the ATWIT deviceinterfered wth their normal ATC
operations. No ggnificant difference wasound between the mnditions on thisitem on the Rost-
Scenario Quesionnaire. (n the Exit Quesionnaire, paticipants ratedthe ATWIT asinterfering
with amean of 3.1 on a 1to 10 scée (with 1 being no interference and 10being extreme
interference), indicating afairly low level of interference.

Paticipants raedhow well the pseudpilots respndedto dearances ad cdlbacks. No
significant difference wasound between the mnditions on thisitem on the Rost-Scenario
Quesionnaire. On the Exit Quesionnaire, paticipants raedthe pseudpilots with amean swre
of 8.3 ona 1to 10 scé (with 1 being not adequée and 10being adequte), indicaing afairly
high assegsent of pseuapilot pefformance duing this gudy.

Paticipants raedthe adequagcof the training runs on the Exit Quesionnaire with amean rating
of 7.0 o0n a 1to 10 sck (with 1 being not adequee and 10being adequee), indicating they were
rea®nably adequte.

4. Discussn

This gudy invegigatedthe dfeds of freeflight on controllers wthout new supjrting
tedhnologies. It dd not invegigae the SA of pilots who would be operding underfreeflight. It
may, however, povide an indication of the dfficultiesthat wntrollers ould have in deeding and
preventing alossof arcraft sepaation under ®me possble freeflight conditions. This sudy
indicatesthat in those cases kere the plots have failedto sepaate themsdves, ontrollers may
have problems deeding and preventing lossof sepaation astheir role changesfrom that of an
adive antrollerto one of traffic monitor. This datement is predcatedon several obsavations.

While sensitive measuesof controller peformance ae dfficult to find underthe constraints of
simulation teding, atrend towards geder lossof sepaation wasobseavedin the highestlevel of
free flight, which allowed pilots to deviate at will. In addition, severa performance measures
indicatedthat there was @endency to fall behind in prioritizing and peforming tasks. This
obseavation was acompanied by an increasan mental workload with succeeihg levels of free
flight. Thelossof organization providedby the normal route gructure dueto the useof direct
routing is apossble fador driving this workload increase. In our simulation, it is likely that the
controllers had to work harder to keg up with what aircraft were doing instead of relying on the
typicd paterns that the arways provide. Inthose onditions where the plots muld dso deiate
at will, controller workload increased even more. The lower predictability of the free flight
conditions may have resulted in aneed for controllers to expend more effort in monitoring the
traffic situation. They did not exhibit apattern of less workload, which might beassumed to be
the casdor amonitoring Stuation.

Controller SA was dso negdively impadedby the freeflight conditionsteded. A is aiticd for
deteding separation problemsand managing air traffic. Without it, controllers will be ineffedive
as nonitors of even very sophisticated automated systems. The abili ty of controllersto maintain
an up-to-date picture of a dynamic and complex traffic situation depends on their ability to
integate a geat dehof daa on many aircraft into an internal structure that dlows relationships
between arcrat to be undergood (eg., which arcrat aretraffic for ead other). Asthe
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predictability of the aircraft decreases, this becomes a much more difficult job. More of the
controllers' limited attention and working memory is required to preemds aircraft. As a

result, the participants in this study were unable to maintain awareness of as many aircraft under
the free flight conditions. Although this may be acceptable as long as they were the important
aircraft, it has been shown that errors may occur when the controller's attention is directed
towards other traffic situations that are believed to be important but may not be (Endsley &
Rodgers, 1996; Jones & Endsley, 1996). A reduced awareness of aircraft in the traffic situation
increases the probability that a loss of separation will occur.

In addition, the higher levels of SA (comprehension and projection of the situation) were
negatively impacted. In particular, participants showed a decreased understanding of the
projected paths of the aircraft (reflecting the lower predictability of the free flight conditions).
They also showed a reduced ability to assess what was happening with the aircraft (in terms of
insuring conformance to clearances and weather impacts that might induce the need for deviations
from flight plans). Interestingly, decreases in the higher levels of SA have also been observed in
several studies of automation (Carmody & Gluckman, 1993; Endsley & Kaber, in review; Endsley
& Kiris, 1995a). When people become passive monitors of information rather than active
processors (watching a traffic scenario rather than creating their own plan for controlling the
traffic flow), SA can decrease. This factor has been directly linked to the out-of-the-loop
performance problem in which monitors of automated systems are slow or unable to detect and
intervene during failures of automated systems (Endsley & Kiris, 1995b). In this study, it is likely
that a similar phenomenon occurred, leading the controllers to have a reduced understanding of
the traffic picture as active control decreased under free flight conditions. Similarly, by virtue of
being out-of-the-loop, they were less likely to be able to intervene to insure separation. Under
sustained vigilance conditions, it is probable that this problem will be even greater.

It may be that the higher level of mental workload led to lower SA. Conversely, one could
postulate that the controllers were concerned about their SA and, therefore, expended more effort
(higher workload) to correct it. A more parsimonious explanation, however, is that the same
factor drove both the increased workload and reduced SA: the lower predictability of the air

traffic situation created by the use of direct routing and the ability of the pilots to deviate from

filed flight plans at will.

While a higher number of operational errors was only observed in the condition in which pilots
could deviate at will without informing the controllers of their intentions, higher workload and
lower SA were observed across all the free flight conditions. In an operational setting,
particularly if vigilance problems occur as a result of monitoring conditions, a decrease in
controller performance is likely to result from lower SA and higher workload.

This finding does not, however, mean that free flight is infeasible. Rather, it indicates a critical
factor that will need to be overcome or compensated for if controllers are to remain as an
effective part of the future ATC system. If displays, automated systems, or procedures can be
developed for assisting controllers in regaining some degree of predictability, it is expected that
much of this problem can be resolved. Increased predictability of air traffic should significantly
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assst ontrollersin developing the mental picture needed at éower level of workload. As an
example, increased predictability might be achieved by drawing on data link to creae informed
displays. Simple display management tools, which alow the controller to manage the complexity
(ladk of predictability) of the traffic fl ows (through highlighting, coding, or projedion adivities),
might be dfedive. The useof graphic dspays for portraying the higher levels of SA should
spedficdly be exploredto compensae for losseghat may occur under paswe processng.
Whichever concepts are explored, the development of these systemswill need to proceedvery
cardully to insurethat they provide needednformation without creaing dspay overload.

While aonflict dert technologiesmight be dfedive as aackup &, dsgay technologiesthat
alow the controller to function well independently should also be explored. Historicaly, people's
ability to respond to alarms has been problematic. High false alarm rates produce metrust, which
can leadto ignoring red problems. Hgh hit rates ca produce omplacency and lack of vigilance.
Both of these onditions can leadto seious erors. By keepng the controllers dert, informed,
and involved in the situation, they will be able to function effedively as a nuch needed safety net
even in the highestlevels of freeflight. This can be acomplishedby providing them with the
information they needto peform effedively.

The paticipantsin this gudy wereonly exposedto eat freeflight condition for afew hours.
Therefore, it may be the casehat, with further pradice, ®me of the problemsidentifiedin this
report will diminish. Controllers may develop compensatory strategies to cope with the changes
in procedures and responsihili ties inherent in free flight. For example, in the D/N and D/NI
conditions, me gudy paticipantsleanedto quey arcraft entering the setor about their
intentions. In thisway, they were able to better anticipate independent pilot adions responding to
weaher and turbulence. While this approach may not be ided, it ill ustrates an initial attempt by
controllersto adjust to the new situation. As controllers spend more time in a fee flight
environment, they may adapt their information requirements to their new responsibilities. It is still
the case that they will need to maintain some kvel of SA to be able to intervene if confli cts
develop. However, studiesthat permit time to acdimate to a fee flight environment will be
neededefore final conclusons can be draw regarding the requrement for disgays or
procedures for augmenting aircraft predictability.

5. Conclugons

In examining the aspets of freeflight, this dudy showedthat if controllers ae expededto act as
passve monitors of freeflight ar traffic, their awaenessof the date of ar traffic may be reduced,
their workload may increase, and their ability to intervene in atimely manner may be limited. 1f
the future air traffic system is able to function autonomously (i.e., through automation or pilot-
insured separation), this may not be aproblem. If, however, the controller will be retained in the
system as safety net for insuring that separation between aircraft is not lost, for negotiating
dispues,or for easng dfficult or congegedtransitions, it is aiticd that olutions ae generated
for these problems. Intervening technologies need to be explored that will redressthe loss of SA
that can occur ezen with low levels of freeflight. In addtion, dtemate operaional
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concepts might be examined that provide some of the benefits of free flight while allowing the
controller to maintain an active role in aircraft separation.

This study is one of the first conducted to look systematically at free flight to discover the actual
implications of such concepts on the ability of its participants to function in a safe and efficient
manner. As such, it was fairly limited in the scope of free flight concepts examined. It did,
however, reveal that some of the concerns about the effects of free flight are well founded and
should be taken into account to inform the development of systems for free flight. Specifically, it
highlighted the critical role that predictability plays in allowing controllers to devel@geurate

and complete picture of the air traffic situation. The development of compensating technologies
and strategies needs to be explored for dealing with this issue. In addition, more studies are
needed that will expand this effort to collect objective data on other aspects of free flight and its
consequences on the air transportation system. Only in this way is it likely that the needed
enabling technologies and mechanisms will be developed for allowing a safe free flight to become
reality.
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Appendix A
Air Traffic Control Evaluation: SME Observation Form

Instructions for questions 1-24

This form was designed to be used by instructor-certified air traffic control specialists to evaluate
the effectiveness of controllers working in simulation environments. Observers will rate the
effectiveness of controllers in several different performance areas using the scale shown below.
When making your ratings, please try to use the entire scale range as much as possible. You are
encouraged to write down observations, and you may make preliminary ratings during the course
of the scenario. However, we recommend that you wait until the scenario is finished before
making your final ratings. The observations you make do not need to be restricted to the
performance areas covered in this form and may include other areas that you think are important.
Also, please write down any comments that may improve this evaluation form. Your identity will
remain anonymous, so do not write your name on the form.

Rating | Label Description

1 Controller demonstrated extremely poor judgment in making control decisions angl very
frequently made errors.

2 Controller demonstrated poor judgment in making some control decisions and
occasionally made errors.

3 Controller make questionable decisions using poor control techniques which led to
restricting the normal traffic flow.
4 Controller demonstrated the ability to keep aircraft separated but used spacing apd
separation criteria which was excessive.

5 Controller demonstrated adequate judgment in making control decisions.

6 Controller demonstrated good judgment in making control decisions using efficien
control techniques.

7 Controller frequently demonstrated excellent judgment in making control decision
using extremely good control techniques.

8 Controller always demonstrated excellent judgment in making even the most diffiqult
control decisions while using outstanding control techniques.

—

U7y
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Maintaining Safe and Efficient Traffic Flow

1. Maintaining Separation and Resolving Potential Conflicts 1 2
- using control instructions that maintain safe aircraft separation
- detecting and resolving impending conflicts early
Comments:

2. Sequencing Arrival and Departure Aircraft Efficiently 1 2
- using efficient and orderly spacing techniques for arrival and departure aircraft
- maintaining safe arrival and departure intervals that minimize delays
Comments:

3. Using Control Instructions Effectively 1 2
- providing accurate navigational assistance to pilots
- avoiding clearances that result in the need for additional instructions to handle
aircraft completely
- avoiding excessive vectoring or over-controlling
Comments:

4. Overall Safe and Efficient Traffic Flow Scale Rating 1 2

Comments:
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Maintaining Attention and Situation Awareness

5. Maintaining Awareness of Aircraft Positions 1 2
- avoiding fixation on one area of the radar scope when other areas need attention
- using scanning patterns that monitor all aircraft on the radar scope

Comments:

6. Ensuring Positive Control 1 2
Comments:

7. Detecting Pilot Deviations from Control Instructions 1 2

- ensuring that pilots follow assigned clearances correctly
- correcting pilot deviations in a timely manner
- avoiding excessive vectoring or over-controlling

Comments:

8. Correcting Own Errors in a Timely Manner 1 2
Comments:

9. Overall Attention and Situation Awareness Scale Rating 1 2
Comments:
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Prioritizing

10. Taking Actions in an Appropriate Order of Importance 1
- resolving situations that need immediate attention before handling low priority
tasks
- issuing control instructions in a prioritized, structured, and timely manner
Comments:
11.Preplanning Control Actions 1

- scanning adjacent sectors to plan for inbound traffic
- studying pending flight strips in bay
Comments:

12.Handling Control Tasks for Several Aircraft 1
- shifting control tasks between several aircraft when necessary
- avoiding delays in communications while thinking or planning control actions
Comments:

13. Marking Flight Strips While Performing Other Tasks 1
- marking flight strips accurately while talking or performing other tasks
- keeping flight strips current
Comments:

14.Overall Prioritizing Scale Rating 1

Comments:

Providing Control Information

15. Providing Essential Air Traffic Control Information 1
- providing mandatory services and advisories to pilots in a timely manner
- exchanging essential information
Comments:

16.Providing Additional Air Traffic Control Information 1
- providing additional services when workload is not a factor
- exchanging additional information
Comments:

17.Overall Providing Control Information Scale Rating 1

Comments:
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Technical Knowledge

18. Showing Knowledge of LOAs and SOPs
- controlling traffic as depicted in currenOlAs and SOPs
- performing hand-off procedures correctly
Comments:

19.Showing Knowledge of Aircraft Capabilities and Limitations
- avoiding clearances that are beyond aircraft performance parameters
- recognizing the need for speed restrictions and wake turbulence separation
Comments:

20.0Overall Technical Knowledge Scale Rating

Comments:

Communicating

21. Using Proper Phraseology
- using words and phrases specified in ATP 7110.65
- using ATP phraseology that is appropriate for the situation
- avoiding the use of excessive verbiage
Comments:

22.Communicating Clearly and Efficiently
- speaking at the proper volume and rate for pilots to understand
- speaking fluently while scanning or performing other tasks
- clearance delivery is complete, correct, and timely
- providing complete information in each clearance
Comments:

23.Listening for Pilot Readbacks and Requests
- correcting pilot readback errors
- processing requests correctly in a timely manner
Comments:

24.Overall Communicating Scale Rating

Comments:
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Instructions for questions 25-35

The following questions have a scale ranging from 1 to 10, where 1 represents “extremely low,”
“extremely infrequent,” “strongly disagree,” etc., and 10 represents the other extreme of the

spectrum.

These questions are the same as we have asked the controller after the scenario. We would like
you to give us your impression of how these questions will be rated by the controller.

pd

25. Please circle the number that best describes the novertical 1 2 3 4 5 6 7 8 9 10 always

controller’spreference for vertical separation. separation vertical
separation
Comments:

26. Please circle the number that best describes the novector 1 2 3 4 5 6 7 8 9 10 always vect
controller’spreference for separation through separation separation
“vectoring.”

Comments:

27. Please circle the number that best describes the nospeed 1 2 3 4 5 6 7 8 9 10 always spe¢
controller’spreference for speed control. control control
Comments:

28. Please circle the number below that best desdndves nothard 1 2 3 4 5 6 7 8 9 10 extremely
hard the controller was working during this hard
scenario.

Comments:

29. Please circle the number that best deschibeswell
the controller controlled traffic during this scenario.

Comments:

extremely 1 2 3 4 5 6 7 8 9 10 extremely
poor well
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NASA TLX

30.

10 extremely
high

31.

10 extremely
high

32.

10 extremely
high

33.

10 extremely
high

34.

10 extremely
high

35.

Please circle the number that best describendiméal extremely
demandduring this scenario. low
Please circle the number that best describgshymcal  extremely
demandduring this scenario. low
Please circle the number that best describeetiygoral  extremely
demandduring this scenario. low
Please circle the number that best describes the overaléxtremely
performance during this scenario. low
Please circle the number that best describesffibre extremely
during this scenario. low
Please circle the number that best describes the level agdxtremely
frustration during this scenario. low

10 extremely
high
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Appendix B
Situation Awareness Global Assessment Technique Queries

(on the provided sector map)
1. Enter the location of all aircraft
aircraft in track control
other aircraft in sector
aircraft that will be in track control in next 2 minutes
2. Enter aircraft callsign (for aircraft highlighted of those entered on sector map in query 1)
3. Enter aircraft altitude (for aircraft highlighted of those entered on sector map in query 1)
4. Enter aircraft groundspeed (for aircraft highlighted of those entered on sector map in query 1)

5. Enter aircraft heading (for aircraft highlighted of those entered on sector map in query 1)

6. Enter aircraft's next sector (for aircraft highlighted of those entered on sector map in query 1)
02 49 67

15 57
16 58
35 65

landing in sector

7. Enter aircraft's current direction of change in each column (for aircraft highlighted of those
entered on sector map in query 1)

Altitude change _Turn
climbing right turn
descending left turn
level straight

8. Enter the aircraft type (for aircraft highlighted of those entered on sector map in query 1)
9. Enter the aircraft's activity in sector (for aircraft highlighted of those entered on sector map in
query 1)

enroute

inbound to airport

outbound from airport

10. Which pairs of aircraft have lost or will currently lose separation if they stay on their current
(assigned) courses?

11. Which aircraft have been issued clearances that have not been completed?

12. Did the aircraft receive its clearance correctly? (for each of those entered in query 11)
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13. Which aircraft are currently conforming to their clearances? (for each of those entered in
query 11)

14. Which aircraft will be handed off to another sector/facility in the next 2 minutes?
15. Enter the aircraft which are not in communication with you.

16. Enter the aircraft that will violate special a&rsp separation standards if they stay on their
current assigned paths.

17. Which aircraft is weather currently an impact on or will be an impact on in the next 5
minutes?
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Appendix C
NASA-TLX

Mental Demand

How much mental and perceptual activity is required (e.g., thinking, deciding, calculating,
remembering, looking, searching)? Is the task easy or demanding, simple or complex, or exacting
or forgiving?

Low | | High

Physical Demand

How much physical activity is required (e.g., pushing, turning, controlling, activating)? Is the task
easy or demanding, slow or brisk, slack or strenuous, or restful or laborious?

Low | | High

Temporal Demand

How much time pressure do you feel due to the rate or pace at which the tasks or task elements
occurred? Is the pace slow and leisurely or rapid and frantic?

Low | | High
Performance

How successful do you think you are in accomplishing the goals of the task? How satisfied are
you with your performance in accomplishing these goals?

Good | | Poor

Effort

How hard did you have to work (mentally and physically) to accomplish this level of
performance?

Low | | High
Frustration

How insecure, discouraged, irritated, stressed, and annoyed versus secure, gratified, content,
relaxed, and complacent do you feel in performing the task?

Low | | High
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Appendix D
Post-Scenario Questionnaire

1. Please circle the number that best deschbes extremely 1 2 3 4 5 6 7 8 9 10 extremely
realistic the simulation was. unrealistic realistic
Comments:

2. Please circle the number that best describes if the nointerference 1 2 3 4 5 6 7 8 9 10 extreme
ATWIT device interfered with controlling traffic. interference
Comments:

3. Please circle the number that best deschibaswell extremelypoor 1 2 3 4 5 6 7 8 9 10 extremely
the simulation-pilots respondecdto your clearances in well
terms of traffic movement and call-backs.

Comments:

4. Do you have any other comments about your
experiences during the simulation?
Comments:

5. Please circle the number below that best desdnibes nothard 1 2 3 4 5 6 7 8 9 10 extremely

hard you were working during this scenario. hard
Comments:

6. Please circle the number that best desctibeswell extremely 1 2 3 4 5 6 7 8 9 10 extremely
you controlled traffic during this scenario. poor well
Comments:
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Please circle the number that best deschibes
difficult this scenario was.
Comments:

extremely 1
easy

9 10 extremely
difficult

Please circle the number that best deschibes
realistic the simulationswere.
Comments:

extremely 1
unrealistic

9 10 extremely
realistic

Please circle the number that best describes if the no interference

ATWIT device interfered with controlling traffic.
Comments:

8 9 10 extreme
interference

Please circle the number that best deschibeswell extremely poor

the simulation-pilots respondecdto your clearances in
terms of traffic movement and call-backs.
Comments:

8 9 10 extremely
well

Please circle the number that best describes if the
hands-on training for each scenario was adequate
Comments:

not adequate

8 9 10 adequatg

Is there anything about the study that we should have
asked or that you would like to comment about?
Comments:
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Appendix E
SME SAGAT Data Evaluation Form

Subject Condition Scenario Trial Stop number
* if aircraft stays on current (assigned) path
Aircraft | Track Control Vertical velocity Turning Next| Sector | Notin | Will Weather
Sector | airspacg comm | violate will
violation| with SUA |impactin
in next 4 sector | next2 | next5
min* min* min*
1 my control level straight
in next 2 min climbing left
other in sectgr descending right
2 my control level straight
in next 2 min climbing left
other in sectgr descending right
3 my control level straight
in next 2 min climbing left
other in sectgr descending right
4 my control level straight
in next 2 min climbing left
other in sectgr descending right
5 my control level straight
in next 2 min climbing left
other in sectgr descending right
6 my control level straight
in next 2 min climbing left
other in sectgr descending right
7 my control level straight
in next 2 min climbing left
other in sectgr descending right
8 my control level straight
in next 2 min climbing left
other in sectgr descending right

Which pairs of aircraft have lost or will lose separation in the

next 2 minutes if they stay on their current (assigned) courses?

Which aircraft have assignments

(clearances that are not yet complete?)

E-1

Received correctly?

Conforming to
assigned clearance?

Y/N
Y/N
Y/N
Y/N
Y/N

Y/N
Y/N
Y/N
Y/N
Y/N



Appendix F
Exit Questionnaire

Please circle the number that best deschibes extremely 1 2 3 4 5 6 7 8 9 10 extremely
realistic the simulationswere. unrealistic realistic
Comments:

Please circle the number that best describes if the nointerference 1 2 3 4 5 6 7 8 9 10 extreme
ATWIT device interfered with controlling traffic. interference
Comments:

Please circle the number that best deschibeswell extremelypoor 1 2 3 4 5 6 7 8 9 10 extremely
the simulation-pilots respondecdto your clearances in well
terms of traffic movement and call-backs.

Comments:

Please circle the number that best describes if the notadequate 1 2 3 4 5 6 7 8 9 10 adequats
hands-on training for each scenario was adequate
Comments:

Is there anything about the study that we should have
asked or that you would like to comment about?
Comments:
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