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Abstract

A human-in-the-loop experiment was performed at the
NASA Langley Research Center to study the feagjbilf
Distributed Air/Ground Traffic Management (DAG-TM)
autonomous aircraft operations in highly constrdimaér-
space. The airspace was constrained by a paipedfisd
use airspace (SUA) regions on either side of thet'pi
planned route. The available airspace was furtiaeied
by changing the separation standard for laterahrsdion
between 3 nm and 5 nm. The pilot had to maneuver
through the corridor between the SUA’s, avoid othef-
fic and meet flow management constraints. Trdflfiev
management (TFM) constraints were imposed as a re-
quired time of arrival and crossing altitude ateanroute
fix. This is a follow-up study to work presentetdttae 4th
USA/Europe Air Traffic Management R&D Seminar in
December 2001[1].

Nearly all of the pilots were able to meet theirM F
constraints while maintaining adequate separati@m f
other traffic. In only 3 out of 59 runs were thiéofs un-
able to meet their required time of arrival. Tvesd of
separation cases are studied and it is found tirapilots
need conflict prevention information presented itlesrer
manner. No degradation of performance or safetg wa
seen between the wide and narrow corridors. Alghou
this was not a thorough study of the consequentes-o
ducing the en route lateral separation, nothing feasd
that would refute the feasibility of reducing theparation
requirement from 5 nm to 3 nm. The creation ofiadd
tional, second-generation conflicts is also ingstid.
Two resolution methods were offered to the pilstsate-
gic and tactical. The strategic method is a cldeeg
alteration to the Flight Management System (FMSivac
route that considers other traffic as well as TFbh-c
straints. The tactical resolutions are short-tezsolutions
that leave avoiding other traffic conflicts and itieg the
TFM constraints to the pilot. Those that made afsthe

strategic tools avoided additional conflicts, whesethose
making tactical maneuvers often caused additional- c
flicts. Many of these second-generation conflmisld be
avoided by improved conflict prevention tools tlkarly
present to the pilot which maneuver choices wiutein a
conflict-free path.

These results, together with previously reportedi-st
ies, continue to support the feasibility of autorus air-
craft operations.

I ntroduction

The NASA Advanced Air Transportation Technologies
project is conducting exploratory research and lbgve
ment of a far-term concept of operations for Airaffic
Management (ATM) defined by a redistribution of ATM
responsibilities between air traffic service prarsl and
aircraft flight crews. The operational conceptcelled
Distributed Air/Ground Traffic Management (DAG-
TM)[2], and many of its elements proceed along ¢he-
ceptual path offered by the original RTCA Free Hlig
concept[3] wherein flight crews select their patid speed
in real time while conforming to restrictions edisied
for safety and flow management. One of the DAG-TM
concept elements[4] describes operations in theoete
and terminal-transition domains and establishedearc
delineation of responsibilities between the groishelsnd
airborne participants within these domains, albejtre-
senting a significant shift in responsibilities fiacurrent-
day operations.  The principal shift proposethis con-
cept is that properly trained flight crews of prdpe
equipped aircraft can assume full responsibilitydepara-
tion from similarly equipped traffic throughout tren-
route and terminal-transition domains. Aircraft mothis
category continue to receive separation servicem fthe
ground. The primary anticipated benefit of cregtthis
new category of aircraft operations is the ability the
National Airspace System to accommodate a subatanti
increase in traffic volume over that manageable aby



ground-based system. This scalability would refwlin
minimizing the interactions between this new catgguf
“autonomous aircraft” and the ground-based airfitraf
service (ATS) provider. Not surprisingly, minimigj the
interaction is the principal challenge of the cqtogevel-
opment. The concept includes many features farphi-
pose, but a description of these features is beybed
scope of this paper[2],[4]. Assuming the interaics can
indeed be minimized, it is possible to study therafions
of autonomous aircraft in isolation from the opienas of
the ATS provider, provided the areas where intéyastdo
occur are avoided or carefully handled.

Shifting responsibility for ensuring traffic sepaoa of
equipped or “autonomous” aircraft to the flight wref
such aircraft would change the nature of the sdipara
assurance task. This transfer of responsibilityuleio
greatly reduce the pairs of aircraft that a sirgeson or
team would have to separate. Whereas the aiictradh-
troller in current operations must ensure separabe-
tween each and every pair of Instrument Flight Ruali-
craft in the sector, the flight crew of an autonasair-
craft must only be concerned with aircraft pairattin-
clude itself. Therefore, distributing the sepamatassur-
ance task among multiple flight crews subdivides ttiital
required effort into what might be fairly minor atidns to
each flight crew’s activities.

The nature of the separation assurance task may be

even further changed when one considers that fighws
can afford to take more time and evaluate moreoopti
than could an air traffic controller solving thensa con-
flict. Since the flight crew maintains continualcfis on
their aircraft’s intended trajectory, rather thaermittent
focus, they can opt to resolve traffic conflictsliea or
later, and they can monitor the situation as itedi@ps.
They can also take time to consider more alteraatfor
implementing a resolution maneuver, be it a tattica
resolution that involves continual maneuver decisiand
monitoring, or a strategic resolution through a -time
modified Flight Management System (FMS) route that
may include simultaneous achievement of multiplgeob
tives and little monitoring. A recent piloted silation of
tactical and strategic modes for autonomous airoadra-
tions found that both modes are consistent with surat
port feasibility of the DAG-TM concept[1],[5].

With fewer aircraft pairs to consider for sepanatas-
surance, greater time and flexibility to solve diotd, and
the ability to monitor developing situations motesely,
flight crews of autonomous aircraft may be abledadily
manage flight through environments that might othes
be considered highly constrained and challengingwo
factors that create such environments are the fotule
current study, and they contribute to a commoncéffie
proximity of hazards to the ownship aircraft.

The first of the two factors is airspace availadpili
Autonomous flight through wide-open airspace hasnbe
well studied, and no impediments to feasibility édeen
found for operations in this environment[6],[7].h& pres-
ence of airspace constraints such as special-uspaae
(SUA) and convective weather reduces the maneuyerin
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degrees of freedom for ensuring traffic separasind may
therefore affect the willingness of air traffic dwilers to
run significant traffic flows through these regionghe
effect of highly confined airspace on autonomoughtfl
operations is of interest because of the changagtenaf
the separation task described earlier. The grdiabebil-
ity and reduced task load afforded by airborne lgainf
management may permit flight operations in a mare- ¢
strained environment with minimal impact on accbiita
ity.

The second factor affecting hazard proximity inesv
the possible reduction in lateral separation regménts.
In current operations, the minimum lateral separatie-
guirement in en-route airspace is generally 5 nalthiles
(nm). This standard is based in historical inaaci@s of
long-range radar and resolution of air traffic colier
displays. With the advent of accurate surveillahased
on satellite navigation and digital data link, fhessibility
exists for safely reducing the required lateralasafion
minima. A multitude of issues related to the safaftre-
ducing the separation standard exist, and the mustady
intends no recommendation to do so. Rather, thidys
offers a preliminary look at some isolated impamiscon-
flict resolution trajectories and pilot use of thetra air-
space afforded by a reduced separation requirement.

The experiment reported herein addressed the @sue
hazard proximity in a human-in-the-loop simulatiofi
autonomous aircraft operations. This explorataydy
attempted to determine operational effects of izamtly
reducing available maneuvering airspace and redutia
required minimum lateral separation between aitcrdf
also attempted to characterize safety issues riegptte
interaction between these variables. The expetimas
performed in the NASA Langley Research Center's Air
Traffic Operations Laboratory, a distributed depksimu-
lation of aviation operations in which pilots of hiple
simulated aircraft can interact in preplanned sdesaus-
ing prototype decision support tools and procedureter
development for DAG-TM operations.

Confined-Airspace Conflict Scenario

The basic experimental scenario is motivated byra c
rent airspace configuration in the area of Renoyaa,
USA and is depicted in Figure 1. An autonomousratt,
piloted by a single subject pilot, must traverse tbrridor
between two SUAs and meet arrival time and altitcoie-
straints at an en route waypoint. In additionhe SUAs,
the airspace is populated with other aircraft tliagein
both directions through the corridor at altitudesowe,
below, and equal to that of the subject pilot'si@ft. As
with today’s operations, a cylindrical region ofotegcted
airspace, which must not be penetrated by any aher
craft, surrounds each aircraft. The independentbkes
studied are the width of the corridor and the Etdimen-
sions of this protected zone. The primary rese&@shes
studied are the interactive effects of requiredrkdlt sepa-
ration and constrained airspace on a pilot's ghititmain-
tain separation and meet assigned constraints.nS8acp
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Figure 1: Basic Experimental Scenario

research issues include safety of the flight opamat
through the corridor, acceptability and usability the
cockpit tools provided, and the utility of combinstiate-
gic and tactical resolution tools.

For purposes of this experiment, it is assumed ttheat
ATS provider established the traffic flow managemmen
(TFM) constraints prior to the start of the sceparirhey
are pre-loaded into the subject pilot's FMS atidtization
of the scenario. The waypoint constraints inclad®e-
quired Time of Arrival (RTA), a “CROSS AT” altitude
clearance and a requirement to over fly the waypoin
Crossing the RTA waypoint within 30 seconds of #we
signed time, within %600 feet of the assigned altitude, and
within + 2.5 nm laterally is defined to be acceptable con-
formance to the TFM constraints. Subject pilots gro-
vided an advanced suite of cockpit decision suptoois
and cockpit displays to help them satisfy theirstmaints.
The purpose of the constraints is to provide gtiabte
metrics against which the effectiveness of thesekmio
decision tools and displays can be evaluated apdotwide
mission goals for the subject pilots.

The combination of active SUAs determined the
amount of available airspace in each data run. Govali-
tions are studied: a narrow corridor and a wideridor.
The narrow corridor is created when all SUAs arévac
It has a minimum corridor width of approximately 3.
The wide corridor is created when SUA 2 and SUAS a
deactivated, freeing additional airspace for maeeng.
The minimum width of the wide corridor is approxiwely
65 nm. For data collection flights through the evicbrri-
dor, additional traffic aircraft are added to thedation
to maintain the aircraft density and, hence, ttifcdity of
the conflict avoidance task. Each flight occureither the
narrow or the wide corridor. Subject pilots flewtlb con-
ditions as part of the experiment design.

The second independent variable studied is thealate
dimension of the protected zone surrounding earnadi.
Again, two conditions are studied: a zone with @n8ra-
dius and a zone with a 5 nm radius. Each dateaah
flight involved only one of these conditions. $adt pi-
lots were briefed on the zone size in effect ptmreach
flight. In all cases, the vertical dimension loé tprotected
zone is 1000 feet. Reducing the lateral dimension of the
protected zone effectively lowers the probabilifycon-
flicts with other aircraft and provides additiomahneuver-
ing freedom while maintaining the same corridor eim
sions. In this experiment, it is the interactidmetween the
airspace available and the dimension of the pretezbne
that are of interest. This experiment should retirider-
preted as supporting a reduction in the curremtrddtdi-
mensions of an aircraft's protected zone as matmerot
challenges, such as accuracy of surveillance sgsterist
that were not studied here.

At initialization of the scenario, the subject pitoair-
craft is established on a flight plan that meetscah-
straints at the RTA waypoint and the autoflightteys is
fully engaged. There are no conflicts betweenitiigal
active route and any of the SUAs. Unbeknownstht® t
subject pilot, there is one planned conflict betweke
active route of the subject pilot's aircraft andeoother
aircraft. However, the subject pilots are not ¢@ised to
follow the initial flight plan. Rather, they arelhdsed to
make their own best judgments regarding the condfict
the flight. The pilots are free to choose therkdtand ver-
tical path that they feel best meets their objestivFlights
arenot constrained to the hemispherical altitude flighi-1
els. Therefore, it is possible for subject pillmt®ncounter
unplanned conflicts and flight situations.

Regardless of their actions, subject pilots aredidy
decision support tools and advanced cockpit disptant
provide, among other services, automated conflted
tion and resolution and multilevel alerting. Thdbkght
deck tools are being developed by NASA to suppdrire
civil operations under the DAG-TM paradigm. A pijpal
component of this toolset is the Autonomous Opensti
Planner (AOP)[8]. The crew interacts with the A@P
perform trajectory planning that accounts for (@pfticts
with traffic hazards; (2) aircraft performance lations;
(3) TEM constraints; (4) airspace constraints, sashse-
vere weather; and (5) operator flight goals, sushe#i-
ciency and schedule. The AOP manages informaten r
ceived by the flight deck from several sources laandles
any redundant or ambiguous information. These cgsur
include the direct broadcast of position and intefdrma-
tion from other aircraft in proximity, ground-basgdffic
information services, and ground-based flight infation
services.

As the scenario unfolds, the onboard automatiortsale
the subject pilot to any conflicts and presentssiibs con-
flict resolution trajectories. Subject pilots malect to
implement one of the suggested resolution trajexgtoor
choose another resolution strategy. The alertoieme
employs a multi-stage alerting logic that increatbes se-
verity of the alert, as the time to conflict growiorter.



The RTCA Airborne Conflict Management (ACM) work-
ing group of Special Committee 186 developed theshaf
this alerting strategy[6]. The alerting logic camés both
flight plan and state vector data that is broaddesh
proximate aircraft. A conflict occurs anytime tRight
plan or projected flight path of one aircraft peatds the
protected zone of another. For situations wheité bo-
craft are in conformance with their broadcast int&fOP
probes them ten minutes ahead looking for conflicts
When the intent information is not accurate, AOkReseon

a state-only system that has a five minute looladf&.

For this experiment, the AOP and the display lage
configured to produce 4 levels of alerting. A le@elert
is for an aircraft that AOP considers a possibld, tot
current, threat to the ownship. The display logsed a
threat-based filtering system to de-clutter thepldig.
Only aircraft satisfying at least the level 0 alare dis-
played. A level 1 alert signifies a long-range fiohand
corresponds to the ACM group’s definition of a “Idevel
alert.” Pilot action is suggested but not requifed a
level 1 alert. A level 2 alert means the configctloser in
time and the crew must take timely action to resdlve
conflict. This corresponds to the “conflict detentzone
alert” of the ACM group. A level 3 alert is decdeqh
from the previous ones. It is used in the caserevhenear
collision, passing within 0.15 nm and 300 ft of Hrey
aircraft, is less than one minute away. This wduddthe
final alert before a TCAS warning. The ACM groug-d
fined this as a “collision avoidance alert.” Tlegél O alert
will not necessarily become a level 1 alert. AdetV alert
will upgrade to a level 2 if neither crew takes actibhost
level 2 alerts will not become level 3 as the aftcare not
necessarily on a collision course. Note that thereo
right-of-way system in place in the alerting andpiy
logic.

Subject pilots receive two types of conflict reso
tions: strategic and tactical. Strategic resohgiare use-
ful for resolving potential conflicts at long rander plan-
ning, and for maintaining conformance with TFM con-
straints. Strategic resolutions are computed byparing
the subject pilot’s intended route of flight, agezrd into
the FMS, with trajectory intent data received frpnoxi-
mate aircraft. These data are in the form ofetiajry
change points received through an Automatic Depande
Surveillance-Broadcast (ADS-B) broadcast. An ADS-B
data link simulation model determines the rangeaith
the subject pilot's aircraft is able to receive addtom
proximate aircraft. The AOP uses all known traffic
weather and restricted airspace data to developficend
tions to the subject pilot’s flight plan that resid a new
conflict-free trajectory for a pre-defined time anthe fu-
ture. This new trajectory is made available tophet as a
modified route in the FMS. If the pilot electsihoplement
the new trajectory, it becomes the FMS active rougub-
ject pilots are provided means to accept, rejactequest
new strategic resolutions whenever a conflict exeshd
they are in conformance with their FMS active rodthe
AOP continuously scans the FMS active route for Ry
tent-based conflicts.
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Tactical resolutions have advantages in near-term c
flicts where avoidance of the conflict is the prijngoal
and other objectives are secondary. By not cenisig
objectives beyond minimal traffic avoidance, taatieso-
lutions can be computed and implemented much more
quickly. Tactical conflict detection involves peaging the
state vector (ground speed, track and verticaljpefethe
subject pilot's aircraft forward in time and anadhg the
projected trajectory for conflicts with similar stavector
projections from proximate aircraft. Again, an ABS
data link provides the exchange of state data ifwredt
within reception range of each other. Using teghes
pioneered by the National Aerospace Laboratoryhef t
Netherlands[6], the AOP analyzes these state-giojec
trajectories for state-based conflicts and gensretaflict
prevention bands and tactical resolutions that appe the
subject pilot's displays. Tactical resolutions aezom-
mended track and vertical speed changes. There &-
fort made to return to the flight plan. Confliatepention
bands indicate no fly zones in terms of the aitdnafiding
and vertical speed that would result in a conflitictical
resolutions maneuvers are presented to the pilahglu
level 2 and higher alerts.

Strategic and tactical resolution strategies arapte-
mentary. Each address shortcomings of the othetbath
strategies will likely be successfully implementiedthe
future airspace. However, the consequences okimght-
ing strategic versus tactical conflict resoluticas be very
different. This investigation seeks to identifiien pilots
used the two different resolution tactics and teefulness
of the information presented to them.

Experimental Approach

This experiment was conducted as one branch afa la
ger simulation that addressed general issues defataf-
fic conflicts and hazard avoidance under the DAG-TM
paradigm. The simulation design permitted multipge
search issues to be investigated concurrently itiging a
common baseline configuration for all research thas.
Each branch investigated a particular conflict tgpeon-
flict geometry. This investigation focused on dimbf
management when the airspace available for maniegver
was constrained. Results of the other researchches
will be reported at this conference and elsewhiéoe.this
investigation, the hypotheses were: (1) Reducedrdht
separation requirements would lead to fewer dedects-
flicts. (2) Corridor width and reduced lateral aggtion
requirements would have little effect on RTA confor
mance.

Each research branch was conducted as a human-in-
the-loop study utilizing sophisticated desktop Htigsimu-
lators. For this investigation, the desktop sitioh was
configured to represent a modern “glass cockpitjhti
deck augmented with DAG-TM tools and services fpr 0
erations in a future airspace. Each simulatitation
provided subject pilots with fully functional attide, navi-
gation, and engine displays; a flight managementesy
operated through a control display unit interfaaefunc-



tional mode control panel; and an autopilot systeBub-
ject pilots controlled the aircraft through inpuis the
autoflight system and could not “hand fly” the aaft.
DAG-TM displays and controls were fully integratedo
the cockpit environment (e.g. alerts and resolgtiap-
peared on the primary flight displays). Interacs with
the ATS provider and intra-aircraft voice commutimas
were not included in the simulation. For this istigation
they were not needed since the TFM constraints were
loaded into the FMS prior to the start of eachhligind
voice communications, particularly between subjsidits,
was not desired. It is assumed that air-to-aice&aom-
munications is not a requirement for successfubraax
mous flight.

Sixteen active or recently active airline pilotsvesl as
subject pilots. They were arranged in groups gfildts
each. Each group participated in 2 full days afning
and data collection. Each pilot received group et
vidual training on the DAG-TM elements of the siatidn
and was given structured “hands-on” practice tinith the
simulator and the DAG-TM tools. The training cowkre
DAG-TM procedures, alerting levels, and use of ¢he-
flict management tools. Printed materials, classrdrief-
ings, one-on-one instruction, and hands-on practieee
all utilized during the training. The four pilote# simul-
taneously in the simulation. For this investigafichey
did not interact with each other. The test matriaswa
2 X 2 matrix with the following independent variabl
width of the corridor (narrow or wide) and latedhen-
sion of the separation zone surrounding each #ir(3aor
5 nm). Each subject pilot flew all test configimas so
the experiment utilized a “within subjects” desighe
data collection flights were embedded in a largst ta-
trix that was counterbalanced for order of scenprésen-
tation and for order of research issue. Subjdotpflew a
total of 10 research flights during their visit.ol¥ of the
10 flights were devoted to this investigation sachepilot
flew all combinations in the test matrix once. Tféfere,
16 data collection flights were conducted for eaétthe
four cells of the test matrix. Due to simulaticults, data
from five of the runs were unusable leaving 59 riors
analysis.

Each data collection flight began at a locationsiolgt
the corridor formed by the SUAs that was approxétyat
200 nm from the RTA waypoint and lasted about
25 minutes. Subject pilots were instructed thdetgaof
flight was their top priority and that meeting TF&bn-
straints was an important but secondary object&enov-
ing map display depicting the location of the RTAyw
point, a current prediction of the arrival time arat the
waypoint, and an autoflight system with RTA-meeting
capability were provided to assist pilots in megtitihe
constraints. Prior to the flight, pilots were liei@ which
lateral protected zone dimension was in effect.is Was
necessary since the size of the protected zonetedfehe
conflict detection characteristics and the zonéusadould
be determined from the navigation display. Thejextb
pilots were not briefed that each flight includedeo
planned conflict with another aircraft. Flight di¢ (e.g.

call sign, tracks of proximate traffic) were alsbanged
from flight to flight to further disguise the basicenario.

A “distraction” task was added to the subject pilote-
sponsibilities to represent normal cockpit duties mepli-
cated in the simulation. Every 90 seconds the estbj
were asked to answer a simple aviation or triviasgjon

that appeared in a separate window on the computer
screen. All non-piloted traffic aircraft were flygrscripted
routes and did not maneuver to resolve conflicts.

Subject pilots received assistance from the DAG-TM
strategic and tactical tools and from the autofligisstem
throughout the data collection flights. They warvised
to use their “best judgment” to conduct the fligist they
would during normal airline operations and to usetbols
to support their flight decisions. They were insted that
“company policy” was to accept the strategic resotuif
it seemed appropriate. However, current simulatiapa-
bilities limit the strategic resolutions to latepth stretch
maneuvers. No strategic vertical resolutions were-
vided even though more efficient vertical maneuweese
often possible. Subject pilots had complete freedo
implement any maneuver at any time and to change th
FMS route to the RTA waypoint. If the FMS latenadti-
cal and speed flight modes were fully engaged,AD®
produced a strategic resolution to any conflictellagn the
current FMS route. If it was not fully engaged|yotacti-
cal resolutions were available. Subject pilotsidaaiso
implement a resolution of their own choosing. Efiere,
it was possible for pilots to implement stratedtest failed
to meet the assigned constraints. If pilots deitgechthat
they would be unable to meet one or more of thepwiny
constraints, they were instructed to notify ATSeasly as
possible. Since the simulation had no ATS comptnen
pilots were provided three buttons to indicate Wwhion-
straint(s) they would not be able to meet. This Wwdefed
as the initial step in a data linked transmissiuet tvould
result in the assignment of new TFM constraints.

To test our hypotheses and verify safe conduct of
flight, we will investigate three major metrics:) the
number of separation violations with either traffie
SUAs; (2) conformance to constraints; (3) typeswadid-
ance maneuvers used; and (4) number of detected con
flicts. Extensive data were recorded from which $tates
and tracks of all aircraft in the simulation pluk subject
pilot inputs can be recreated. In addition to timeutation
data, post flight and post experiment questionsaivere
completed by the subject pilots which probed tasgess-
ments of the DAG-TM tools, the reasons they madwire
flight decisions, and their assessment of worklo&he-
on-one and group debriefs were also conducted o ga
additional feedback on DAG-TM operations and thnausi
lation environment.

Preliminary Results and Discussion

Four metrics were identified above for investigatio
First among these was to identify separation \itest and
SUA penetrations. Due to the limited amount ofilade
airspace and the high level of nearby traffic, ¢herere



few safe and efficient trajectories from which thiots
could choose. A related parameter is the pilobmifort
level with the operation. If pilots are uncomfdaawith a
flight operation, they are often reluctant to flyeven if the
operation can be performed safely. Several questiere
asked of the pilots following each data run toielibeir
opinions. The second metric measures the piloflgalo
conform to the TFM constraints. It is seen that &bility
of the pilots to fly safely and efficiently is clely related
to the avoidance maneuvers they made (the thirdianet
mentioned above); therefore, we will discuss tHéedint
resolutions methods implemented. The final mdtaks
at the number of additional conflicts created baydime
scripted ones.

Overall Safety and Acceptability of Operations

The pilots were asked to meet several constraimts d
ing each experimental run: maintain legal sepamnaei-
ther 3 nm or 5 nm laterally and 1000 ft verticallgjay
outside the restricted airspace (SUA); and meé#tdrffow
management constraints (a required time of arravad
crossing altitude downstream). In addition, thtgiom-
pany” required them to consider fuel and time éfficy
along with passenger comfort (i.e., gentler manevwere
preferred to more aggressive maneuvers).

In general, we found that the pilots were able &irm
tain the required separation and meet their TFM- con
straints. There were three cases where the @ltdf to
maintain the required separation. However, we feat
none of these were violations that compromisedtysalieit
rather were minor, technical infractions; in fache was
the direct result of a simulation shortcoming amd the
pilot’s actions.

In the first violation case, the pilot allowed pgmary
conflict to develop for several minutes to the paimere
he needed to take timely action to avoid a separafiola-
tion. He failed to check the conflict preventiopstem
before initiating a climb that took him into theopected
zone of an aircraft passing 1200 ft overhead. pihat
quickly stopped his climb, leveling off 800 ft balathe
other aircraft. The pilot was already behind thigeo air-
craft, traveling slower and on a divergent trajegtoThe
subject pilot maintained course allowing the evémt
slowly improve until separation was regained.

The other two violations occurred to another piat-
ing one data run. In his first violation the pilbad
climbed 1000 ft to solve his primary conflict. Ase
passed overhead of the other aircraft he preseM@P
altitude back to his desired altitude but did nogage the
maneuver. He stayed this way for several minutei e
was comfortable that the other aircraft was outslidefive
nautical mile range necessary. He started hisetescfew
seconds too early and clipped the edge of the atpar
zone. The pilot failed to use a tool provided ttatuld
have shown the other aircraft’'s separation zonevehan
his CDTI. This would have helped him ensure he had
gained adequate separation before starting hissdesd
similar situation occurred later in the same rdrhis time
the subject pilot was climbing to a new altitudele had
set a target level off altitude and using the dohfireven-
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Figure 2: Time off Required Time of Arrival (RTA). Bins
are5 seconds wide.

tion system, chose a vertical speed that would nsake
he would avoid an aircraft passing directly ovethead

headed in the opposite direction. As he approacthed
target altitude the autopilot system in the sinaraiver-

rode his selected climb rate causing the aircaftlimb

more steeply. This was clearly the responsibitifythe

simulator software and not of the pilot. He hadvebdd by
his slow climb that he understood the situation faidin

control. He penetrated the trailing end of theeothir-

craft’'s protection zone. The entire event lastely @ few

seconds before separation was regained.

None of the separation violations seriously compro-
mised safety. However, the two operator error cabew
that additional work must be done to ensure thetgadf
autonomous flight, particularly when the pilots realerti-
cal maneuvers.

The subject pilots did nearly as well on meetingirth
TFM constraints. Out of the 59 data runs, thrdetpi
failed to meet all three of their TFM constrainTfhese
three pilots met the fix and altitude constraints$ arrived
more than 30 seconds behind their assigned tinmefact,
the rest of the pilots arrived within 15 secondgtef as-
signed time and 43 of those were within five sesofste
Figure 2). The initial speed of the aircraft, whiwould
have satisfied the constraints if no maneuveringewe-
quired, was approximately 15 KIAS (0.06 Mach) below
the performance limits of the aircraft for the gssid alti-
tude. This allowed for some speed adjustment tiver
course of the 25-minute scenario to account forsipes
delays. Neither the method that the pilot choseesmlve
the primary conflict (tactical or strategic) noetgeomet-
ric plane of the maneuver had an observable effiedtow
well they could meet the constraints. One of tiletp
received a bad strategic resolution that causednikeed
RTA and the other two tried modifying their strategeso-
lution and ended up making several additional meees

After each data run, each pilot was asked thres-que
tions concerning their comfort level and accepibibf
the flight. Responses were on a seven-point sedle
high numbers being more comfortable/acceptablededn
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Figure 3: Breakdown of flight mode and maneuver type for
conflict resolution.

all four conditions the median responses were batwe
and 7 showing the pilots’ deemed this type of higton-
strained operations acceptable and viable.

Resolution M ethods

A well-designed decision support tool should présen
flight guidance that conforms to the pilot's methodf
flying. Therefore, the development of such a ieaieces-
sarily an interactive process with substantial bestt from
the users. A good support system would improvedtu-
sions made by pilots as well as make them feel ocgmf
able with their decisions. No matter how sophatd the
tool becomes, it is the pilot who is the ultimatecidion
maker and not the technology.

In this experiment the pilot’s conflict resolutisirate-
gies are classified as strategic or tactical, axudised
above*. Several pilots also used a modified stiategso-
lution where they accepted the strategic resolutisinthen
modified it tactically. This was sometimes a résfl a
new decision as to how to resolve the conflict anthe-
times a result of trying to improve the resolutibat had
been offered.

The direction of the resolution maneuvers was aateg
rized as lateral, vertical or a combination. Aegbehange
on its own was generally insufficient to resolveanflict
in these scenarios; therefore, we do not count dspee
changes as resolution maneuvers. Few pilots maud-s
taneous heading and altitude changes but severauna
vered separately in each direction; e.g. a headiange
followed a few minutes later with an altitude chang
These are the maneuvers classified as combinedre-g)

shows both the resolution mode used and the maneuve

type. Itis clear that the pilots made use oftake resolu-
tion strategies and all available degrees of freedo

The current implementation of the AOP is only atole
offer lateral path stretch resolutions. Based dat miom-

" See Ref. [1] for a more detailed description efthtwo modes
of operation.
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Figure 4: Thetime between the pilot accepting a strategic

resolution and modifying it with a tactical maneuver. Ma-
neuver s shown arethefirst maneuver after accepting the

strategic resolution. Binsare 33 secondswide.

ments, there is interest in having additional aptifor the
strategic mode that would include vertical resolusi.

Of particular interest to us are the pilots whdiétly
accepted the AOP strategic resolution but laterifisotlit.
Figure 4 shows the direction of first modificatiby the
pilot after implementing the strategic resolutionhe ma-
neuver types separate out very nicely based on sinee
acceptance. It appears that those who first altspeed
did so because they wanted an added time buffereet
their RTA. The speed adjustment was done withirfitist
minute after accepting the resolution. Althougte th
autoflight system would adjust the speed to mainthe
RTA, several pilots expressed the desire to builcddi-
tional buffer early on to use in cases of a conftite in the
scenario.

The majority of alterations came from pilots whodea
vertical maneuvers in addition to the lateral, tsgec reso-
lution. About half of the pilots followed their talide
change with a turn back towards their RTA fix. Yhe
seem to have decided that a vertical resolutionanvastter
choice than the lateral one offered. These mamelgen-
erally happened soon after the strategic resolutioned
the aircraft off its initial flight plan. In theest of the ver-
tical alterations, the pilot stayed on the latgrath but
added an altitude buffer. Since the separatiore zera
cylinder, this maneuver earned them little add#iosepa-
ration but came at a cost in efficiency.

The final set of modifications was additional later
maneuvering. Five of them occurred more than finie-
utes after accepting the initial resolution; arouhe time
the ownship would have been passing near the ctni
aircraft. These were either maneuvers to shavedaheer
around the other aircraft or to alter the trajegctback to
the original flight plan. The one lateral evenan80 sec-
onds was of a different nature. As soon as theradir
started to turn away from the initial flight plahet pilot
decided to nullify the strategic resolution by fag back
onto his original course. He later resolved theflact by
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Figure 5: Second-generation conflict counts as a function of
resolution strategy.

climbing over the traffic.

System Stability

A major goal in conflict resolution is to minimizbe
resolution’s effect on other aircraft in the systernthe
reduction in additional conflicts adds stability ttee sys-
tem as a whole and localized conflicts will not \grto
include additional aircraft.

In this experiment, special precautions were talken
ensure that there would be no conflicts save the on

planned along the nominal flight plan. Therefaiaddi-
tional conflicts (we will call them second-genesaticon-
flicts[1]) occurred due to the pilot deviating fromhe
nominal flight plan to avoid the planned conflictiThe
strategic resolutions offered by AOP were ensuedhd
conflict free for the next 20 minutes. Conversehe tac-
tical resolutions did not take into account othécraft
besides the conflicting aircraft and the pilot wasponsi-
ble for avoiding future conflicts. Figure 5 shotte dis-
tribution of second-generation conflicts acrossohgson

strategies. We see that the strategic method danse

additional conflicts as was expected. The plarswdlict
occurred a few minutes into the scenario so then2lutes
of clear space that AOP assured took the pilotipéaithe
end of the scenario. The results between soladictd
resolutions and modified strategic differ only bliy. For
the pilots using the modified strategic resolutinethod,
all second generation conflicts occurred after tdntical
modification.

There were a total of 26 second-generation cosflitt

addition to the 59 planned conflicts. This is aftiot in-
crease of 44%. This is noticeably higher than feasd in

previous work[1],[5] where there was 25-30% inceeas

Several factors help explain the increase. Appnaxely
10 of these conflicts occurred near the end ofdda run,
well beyond the area of the planned conflict. lastmof
these cases, the pilot maneuvered tactically whbeund

T Multiple conflicts with the same aircraft are mounted as
separate second-generation conflicts. These &fadsolutions”
will be treated in a forthcoming paper.
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Figure 6: Thelast action performed by the pilot before a
second-generation conflict was detected.

to the RTA fix and came into an unplanned conflfct
would not have occurred until after the data coitecpe-
riod was terminated. This was partly due to tmeitéd
look-ahead time of the conflict prevention systend a
partly due to the manner in which the conflict edft was
introduced into the simulation. Removing theseldte
conflicts from consideration would have reduced phe-
liferation to only 14%.

The majority of second generation conflicts occdiire
the runs with the 5 nm separation standard. Dutieg32
data runs with a 3 nm standard there were 6 segenera-
tion conflicts. In the 27 data runs that used3hem stan-
dard there were 18 second generation conflictsis dif-
ference is attributed to the larger avoidance doeahe
larger separation standard. A 5 nm standard resaire
most three times as much airspace as the 3 nmasthnd

One of the two pilot-caused loss of separation £ase
was a second-generation conflict. This was the fiase
described where the pilot ignored the conflict grion
system and climbed towards another aircraft. Itlé&ar
from these and previous results[1] that pilots oftl® not
consider the vertical conflict prevention inforneatibefore
maneuvering. Improvements to the displays conwgyin
this information are needed to make it more apgaren

There were three major techniques the pilots used t
change their trajectory. The first was to makehange
through their Mode Control Panel (MCP). The secanad
to engage an FMS mode that was not previously etjag
This could make a change to the actual trajectormgoald
just change the manner in which the trajectory wdug
flown and evaluated by AOP. Finally, several f@latade
use of the Direct Intercept function in the FMS.hisT
changes the FMS flight plan to go from the curneosi-
tion to the pilot selected fix further down the addished
flight plan.

Looking at the last action the pilot made beforeirsg
the alert (Figure 6), there is a pretty even spiesitveen
tactical maneuvers and FMS changes that led tonseco
generation conflicts. In several cases, engadieghiMS
caused an alert just by extending the look-aheagk.ti



These conflicts would have eventually been deteete
the tactical time horizon, if the pilot had takem action.
The current conflict prevention system offers dittjuid-
ance to the pilot as to when changing an FMS made o
performing a direct intercept would cause a confli€he
ability to test these changes before implementivegrt is
currently under development for future versions tioé
AOP.

Conclusions

This work looked at the feasibility and acceptaypitf
performing DAG-TM autonomous flight management in a
highly constrained environment. In a desktop satioh
of en-route autonomous operations, subject pilotsew
asked to negotiate a narrow corridor of airspacehm
presence of other traffic and to meet en route fioan-
agement constraints. In each scenario, an airevaft
scripted to come into conflict with the subjectsceaft
well into the passage through the corridor.. Thet thad
the assistance of the Autonomous Operations Plarner
developmental flight deck decision support tool detect
traffic and airspace conflicts, propose resolutiansl as-
sist the pilot in avoiding additional conflicts. &aldition to
further investigating concept feasibility and adedydity
beyond results from previous research, the hypethésr
this investigation were: (1) Reduced lateral sejpamare-
quirements would lead to fewer detected conflicts.
(2) Corridor width and reduced lateral separatiequire-
ments would have little effect on flow managemeon-c
straint conformance.

We found that autonomous operations in this highly
constrained environment are feasible. There weaig a
few failures to meet all constraints; none of thaffected
the safety of operations or the stability of theteyn. The
reduced lateral separation requirements decreabed t
number of secondary conflicts by two-thirds. Tliet{s
ability meet the flow management constraints wasefio
fected by the separation standard in use or théhwatithe
corridor.

In a previous experiment[1],[5], significantly imas-
ing traffic density (up to three times 1997 traffiensities
in ZFW) was found to not reduce the feasibilityamcept-
ability of autonomous operations. In the currexpesi-
ment we focused on scenarios where the maneuvering
space available to the pilot was greatly reducedp®gcial-
use airspace. We also considered the implicatadna
reduced lateral separation standard. In neithee egas
feasibility or acceptability to our subject piloteduced.
Of the three separation violations that occurres;, was a
simulation artifact, and in the other two the mialrsepa-
ration was only slightly less than the requirements

It is clear that flight deck tools for autonomouscieaft
operations must conform to the pilot’s normal fligiac-
tices.In this experiment we have gained additidmeiwl-
edge on how and when our current tools were usafdl
not useful. Both loss of separation cases occunieen
the pilot attempted an altitude change without fyarg
there was sufficient separation from other traffid.his

problem was also observed in previous work [5]e "
tribute this operational error to the tools not eqately
accommodating the multiple ways a pilot may in@iat
vertical maneuver, and to the spatial separatidwédsn
the autoflight controls and the conflict preventioforma-
tion. The presentation of conflict prevention imf@tion
must be improved to eliminate these problems.

The pilots also frequently left the strategic mddea
more tactical mode of operation. There is a coudion
of reasons for this. One is that several pilotshed to
resolve conflicts with a temporary altitude chamggead
of a lateral maneuver around the intruding aircraft the
current prototype version of the Autonomous Opereti
Planner (AOP), strategic conflict resolutions arelyo
available in the lateral plane. We are currenttyking on
a vertical resolution capability to answer theseceons.
The use of a predictable and trustworthy flightnptdfers
the greatest stability to the system; therefores dur goal
to offer solutions that meet the pilot's objectivesile
maintaining the flight plan. To this end we arsocakx-
panding the capabilities of the AOP to better suppite
multitude of ways that pilot’s fly their aircraft.
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