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Experimental Studies of Intent Information
on Cockpit Traf� c Displays
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An initial experiment was conducted to examine the use of intruder aircraft intent information on prototype
cockpit traf� c displays. The current Traf� c Alert and Collision Avoidance System (TCAS) plan-view display was
used as a baseline. Displays corresponding to three additional intent levels (rate, target state, and trajectory) were
tested, with higher levels representing a more complete knowledge of an intruder aircraft’s intended trajectory.
Intent-enhanced displays added an automation-based con� ict probe and a pro� le-view display. The experiment,
run on a Massachusetts Institute of Technology part-task � ight simulator, required pilots to maintain a mini-
mum separation from intruder aircraft in a variety of traf� c situations. Pilots maneuvered earlier and had fewer
separation violations with the three enhanced displays. A follow-up experiment, using the same apparatus and
procedure, was performed to determine the display features most responsible for the differences observed in the
� rst experiment. Providing intent information directly on the display or incorporating it into a con� ict probe both
led to fewer separation violations and earlier maneuvers when compared to the Basic TCAS display.

Introduction

W ITH theevolutiontowarda moreunstructuredair-traf� c man-
agement system underway,pilotsmay eventually incur more

responsibility for maintaining separation from other traf� c.1 To al-
low pilots to make informed decisions about potential con� icts,
researchers are working on enhancements to the current Cockpit
Display of Traf� c Information (CDTI), a component of the Traf� c
Alert and Collision Avoidance System (TCAS). Pilots will likely
require traf� c displays that provide more information about an in-
truder aircraft’s intended trajectory. The Federal Aviation Admin-
istration (FAA) has stated that this information, hereafter referred
to as intent information, will play a crucial role in the development
of a new air-traf� c management system.1 Intent information exists
at many different levels, ranging from an aircraft’s current state to
a series of expected future states. In order of the increasing level of
intent, this information may include an intruder’s current position,
velocity, commanded heading and altitude (if maneuvering), and
future waypoints.Higher levels of intent representa more complete
knowledge of another aircraft’s intended trajectory.

Several prior studies have investigated the effects of current state
level intent information.2¡5 When compared to displays that only
provided an intruder aircraft’s current position and altitude (such as
TCAS), the addition of a rate-enhanced predictor signi� cantly im-
proved a pilot’s ability to determine the future position of intruder
aircraft.2;3 Consequently, predictors also reduced the instances of
lost traf� c separation.4 Although the bene� ts of rate-enhanceddis-
plays are well known, little work has been done to examine the
bene� t of higher levels of intent, such as commanded state and mul-
tiple future state information.

Recent advancesto datalinksystems6 have enabled researchersto
considerthe applicationof higher levelsof intent in the development
of a next generation CDTI. A study by Zeitlin et al. predicts that
commanded state information will improve the accuracy of TCAS
con� ict predictions.7 Duong and Hoffman have run computer sim-
ulations on prototype displays, showing con� ict regions based on
futureownship waypoints.8 In developinga new CDTI, determining
whether pilots will be able to use this complex intent information to
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better resolve traf� c con� icts will be important. Without a notice-
able improvement in pilot performance, justifying the added system
complexity and expense associated with providing intent informa-
tion may be dif� cult.

In additionto datalinkcapability,the amountof intent information
available for display on a CDTI depends in large part on an intruder
aircraft’s current operatingmode and equipment.The three primary
operating modes, referred to here as manual, state, and trajectory,
are diagrammed in Fig. 1. With each additional outer loop the pilot
communicatesmore intentionsaboutfuturestates to hisown aircraft,
thus enabling it to be exchanged with other aircraft, assuming a
capable datalink system. Intent information outside the loop of an
aircraft’s current operating mode represents unknown states and
thereforecannotbe transmitted to other aircraft.Figure 1 also shows
the aircraftequipmentrequiredto operatein each of the threecontrol
modes. Older or less complex aircraft may not have the necessary
architecture to broadcast higher levels of intent information.

Manual mode is the innermost and simplest control loop. When
� ying manually, the pilot bypasses the autopilot and commands
the aircraft directly with the � ight controls. The available intent
information is limited to current state variables such as heading,
altitude, airspeed, and vertical speed.

The middle control loop is referred to as the state mode. Instead
of controlling the aircraft directly, the pilot issues a target state to
the autopilot. Commanded states, such as heading or altitude, are
entered intoa modecontrolpanel.The autopilotmakes thenecessary
control inputs to achieve the desired state. In this mode the aircraft’s
current and commanded state variables become known parameters.

The outermost loop is the trajectory mode. At this level the pi-
lot currently interacts with a keypad-based control display unit to
commandmultiplefuture states.The pilotmay enteran entire trajec-
tory complete with waypoints, crossingaltitudes, and speed restric-
tions. Future systems could allow the pilot to specify a waypoint ar-
rival time. The � ight management system (FMS) determines where
climbs and descents should begin and where speed changes should
occur in order to achieve the desired trajectory. Aircraft equipment
limitations are most prevalent in this mode. Many older aircraft,
such as the Boeing 727 and Douglas DC-9, do not have FMS and
are therefore unable to transmit trajectory level information.

New display features may be necessary to allow pilots to inter-
pret more complex intruder aircraft trajectories. Providing a clear
depiction of vertical information is one of the major challenges of
CDTI design.9 An experimentby Ellis et al. showed that pilots were
more likely to perform a vertical avoidance maneuver and achieve
the required separationfrom intruder aircraft when using a perspec-
tive display in place of a plan-view display.10 Wickens and Mervin
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Fig. 1 Aircraft mode diagram.

conductedan experiment to determine if the performanceof a plan-
view display could be improved by presenting the vertical informa-
tionon a companionpro� le-viewdisplayinsteadof a traditionaldata
tag.11 They determined that pilots had fewer traf� c con� icts with
the coplanar (plan and pro� le view) display than with a perspective
display. In a related study Vakil found that the addition of a pro� le-
view display to a standard plan-view map display improved pilots’
ability to predict auto� ight mode transitions and interpret vertical
path information.12 A coplanar format may also be more compati-
ble with existing equipment because horizontal information can be
shown on an existing plan-view display.

Another prominent display enhancement currently under consid-
eration is the con� ict probe, an automation-assisted tool used to
predict potential traf� c con� icts. A con� ict probe determines likely
areas of lost separation by extrapolating the position of ownship
and intruder aircraft. By helping pilots become aware of potential
con� icts, it is believed that crews can conduct smaller and more
ef� cient avoidance maneuvers.13;14 The complexity of current con-
� ict probe models ranges from deterministic extrapolations based
on current velocity13 to estimates of con� ict probability that con-
sider randompositionerrors13;14 and intentionalchanges in heading
and altitude.14 When the con� ict probe detects a threat, the pilot
is usually alerted by a display feature that shows the intruder air-
craft and con� ict region. Some prototype systems allow the pilot to
probe a series of avoidance maneuvers to determine the most de-
sirable outcome.5 Others provide an optimal avoidance solution in
certain simple encounters.15

Three levels of intent, corresponding to the manual, state, and
trajectory operating modes, were chosen for study in an initial ex-
periment. The rate level represented the manual mode and incorpo-
rated information about an aircraft’s current state. The commanded
state level added � rst target state commands to the current state
variablesavailableat the rate level. The FMS-path level, which cor-
responded to the trajectory mode, included information about the
FMS-programmed lateral (LNAV) and vertical (VNAV) navigation
paths. Additionally, the current TCAS was used as a baseline and
represented the lowest level of intent information.

Experiment 1: Levels of Intent Information
Objective

An experiment was conducted to identify the levels and speci� c
elements of intent information most effective in enabling pilots to
recognize and resolve traf� c con� icts. To evaluate the ability of
pilots to use the information, prototype displays corresponding to
the TCAS, rate, commanded state, and FMS-path levels of intent
were developed. Pilots � ew several traf� c scenarios with each of
the four displays.

Prototype Displays
Each traf� c display was superimposedonto a map display based

on the Boeing format and color conventions.16 All displays included
the aircraft identi� cation (ID) and used current TCAS symbology
to represent the position and relative altitude of other aircraft. The
appropriate amount of intent information was added to the three
enhanced displays (rate, commanded state, and FMS-path). TCAS
II logic, including traf� c alerts and resolution advisories,was avail-
ableon all displays.Sampledisplaysfor the same traf� c situationare
provided in Figs. 2a–2d. Display � gures have been video inverted
for clarity.

The enhanced displays incorporated three major additions to the
TCAS display: intent information, a con� ict probe, and a pro� le-
view display.Display format was based on existingconventionsand
the results of numerous studies on CDTI design.5;9¡15 The pro� le-
viewdisplaywas modeledafterVakil’s prototypeElectronicVertical
Situation Display.12 It showed a projection of the traf� c situation
onto the ownship velocity vector. Distance is plotted ahead of the
ownshipand at the absolutealtitude.A simple,deterministiccon� ict
probe determined potential con� icts using trajectory information
consistent with the level of intent being evaluated. A con� ict band,
drawn along the ownship � ight path, and various color changes
alerted pilots to the presence of a detected threat.

The lowest level of intent is represented by the current TCAS
display (with aircraft ID added), shown in Fig. 2a. The intruder
aircraft is drawn as an open white diamond. The up arrow, drawn
between the traf� c symbol and the aircraft ID, indicatesa climb rate
of at least 500 ft/min. In Fig. 2a the intruder’s altitudeis 700 ft lower
than the ownship. The relative altitude is depicted below the traf� c
symbol. If TCAS anticipatesa con� ict based on the range and range
rate between the ownship and intruder, the traf� c symbol changes
color and/or shape to indicate the level of threat. Proximate traf� c
is drawn as a � lled white diamond. If a traf� c advisory is issued, the
intruder symbol is a � lled yellow circle. Threat aircraft requiring a
resolution advisory are drawn as a � lled red square.

On the rate display, shown in Fig. 2b, the intruder’s ground-
referenced heading is represented by a short arrow drawn from the
center of the traf� c symbol. The con� ict probe linearly extrapolated
the ownship and intrudervelocities to determinewhere de� ned sep-
aration criteria between the two aircraft would be violated if both
aircraft maintain their present track. The con� ict band shows the
region along the ownship � ight path where the distance from the

Fig. 2a TCAS display (video inverted for clarity, actual display had
black background).
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Fig. 2b Rate display (video inverted for clarity, actual display had
black background).

intruder is projected to be less than 2 n miles laterally and 500 ft
vertically (red) or 3 n miles laterally and 700 ft vertically (yellow).
The aircraft ID, drawn next to the traf� c symbol, and the heading
arrow were either white, yellow, or red, consistent with the level of
threat. In addition, an up or down arrow was drawn from the traf� c
symbol on the pro� le view display if an intruder’s climb or descent
rate exceeded 500 ft/m.

The commanded-state display (Fig. 2c) shows the commanded
heading and altitude for maneuvering aircraft. The commanded
heading is shown as a magenta arrow drawn from the center of
the traf� c symbol, and the commanded altitude is drawn as a
short magenta line on the pro� le-view display. Magenta was cho-
sen to be consistent with Boeing’s convention for showing � y-to
information.16 The con� ict probedidnot considercommanded-state
information and was identical to that used for the rate display.

The LNAV and VNAV paths,which includefuture waypoints and
crossing altitudes, are drawn in magenta on the FMS-path display,
shown in Fig. 2d. Waypointcrossingaltitudesare with respect to the
ownship’s predicted altitude (based on current vertical speed) when
the intruder arrives at the waypoint. A con� ict band was drawn on
the ownship’s path if a potential con� ict was predicted, based on
an intruder’s current velocity or FMS-path information.Because of
uncertainties in an airplane’s VNAV path, such as wind, air tem-
perature, and aircraft architecture, several simplifying assumptions
were incorporated into the FMS-path based con� ict probe. The as-
sumption was made that the intruder would cross each waypoint
exactly at the crossing altitude and would � y at constant airspeed
and vertical speed between waypoints.These assumptionsmatched
the simulated intruders’ preprogrammed � ight paths.

Fig. 2c Commanded-state display (video inverted for clarity, actual
display had black background).

Apparatus
The experiment was conducted on a Massachusetts Institute of

Technology (MIT) part-task � ight simulator. A Silicon Graphics
workstation controlled the dynamics for the ownship and intruder
aircraft. A control side stick was provided for manual control, and
autopilot control was accomplished through a mode control panel.
Aircraft displays were shown on the computer screen. Pilots were
provided with a B-747-400 style primary � ight display and the
map/traf� c display.The traf� c display range could be adjusted with
keyboardbuttons. In an effort to reduce display clutter, intent infor-
mation was only shown for aircraft projected to cause a con� ict. Pi-
lots could choose to show intent informationfor noncon� ict aircraft
by clickingon the aircraft symbol with the computer mouse. During
the experiment,the subjectpilot couldalways access the appropriate
amount of intent information from intruder aircraft. To satisfy this
requirement,assumptionswere made that a capabledatalink system
was available and that intruder aircraft were suf� ciently equipped
and always operated in the trajectory mode.

Experimental Design
The experiment incorporated a 4 Display by 5 Scenario within-

subjects factorial design with counterbalanced display order. An
initialbrie� ngexplainedthe simulatorapparatusand scenarioobjec-
tives. Prior to running scenarios for a new display, pilots were asked
to � y practice traf� c scenarios until familiar with the display sym-
bology and the handlingqualitiesof the simulator.After completing
all scenarios subject pilots � lled out a questionnaireasking them to
rate the displays and the various elements of intent information.
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Fig. 2d FMS-path display (video inverted for clarity, actual display
had black background).

Subjects
Eight current commercial airline pilots from major U.S. carriers

served as volunteer test subjects in the experiment. They all had
experienceon glass cockpit and TCAS-equipped aircraft. Their ex-
perience ranged from 5,000 to 24,000 h with a mean of 10,875 h
and their age ranged from 39 to 53 with a mean of 46.

Scenarios
Five scenarios were designed to represent a variety of common

traf� c situations. Scenarios consisted of an intruder overtake, in-
truder trajectorychange,ownship overtake,long-rangecon� ict, and
a dual con� ict. Six background aircraft � ew trajectories in reason-
able proximity to the ownship to de� ect some of the pilot’s attention
away from the con� ict-causing aircraft. The dual con� ict scenario
included two designed con� icts, whereas all others had only one.
All intruders � ew preprogrammed � ight paths, independent of the
subject pilot’s actions. The scenarios were designed to be dif� cult
in an effort to highlight the differences in display effectiveness.To
reduce the likelihood of pilots recognizing a previously run sce-
nario, intruder aircraft were mirror imaged laterally and vertically
to produce four versions of each scenario. Scenario versions were
evenly distributed among the four displays.

Task
The primary objective of each scenario was to maintain a min-

imum 2 n miles lateral or 500 ft vertical separation from all other
traf� c. Unless maneuvering to avoid a con� ict, pilots were to � y

directly to a destination waypoint at the initial altitude of 18,000 ft.
They were instructed to turn toward the destination and return to
18,000 ft as soon as possible after resolving a con� ict. The � ight
environmentconsisted of a completelyunstructuredair-traf�c man-
agement system.No air-traf� c controlwas available,andpilotswere
not askedto conformto anyexistingprocedureswhen resolvingcon-
� icts. Pilots had full responsibility for maintaining their own traf� c
separation and were free to maneuver in any manner at any time.

Results
Data Analysis

Analysis of performance data focused on the ability of the intent
displays to reduce the number of separation violations (pilot failed
to remain at least 2 n miles or 500 ft from other traf� c) and on the
time the pilot initiated an avoidance maneuver. McNemar tests for
correlated proportions, with a one-tailed t test, were performed to
compare the separation violation percentages between the TCAS
and the three intent displays.17 To account for the higher level of
uncertaintyassociatedwith multiple t tests, a Bonferroni correction
for three comparisons was applied to the indicated p values (sig-
ni� cance levels).18 Maneuver time data were analyzed with paired
two-tailed t tests, performedon all combinationsof the four displays
(TCAS, rate, commanded state, and FMS-path). For these tests p
values include a Bonferroni correction for six comparisons.

On 23 of the 160 scenarios (eight pilots, � ve scenarios, four dis-
plays), the pilot maneuvered to avoid a background aircraft before
the designed con� ict could occur. Although maneuver time data
were lost for these events, the scenario was continued, and sepa-
ration violations were considered in the analysis. For the purpose
of comparing maneuver times between displays, timing data were
only considered for 27 out of a possible 40 scenarios (eight pilots,
� ve scenarios) where they were available for all displays.

The AnalyticHierarchyProcess (AHP) was used to determinethe
strength of pilot preference for each display.19 AHP uses compari-
son questions of each display pair combination to produce overall
display rankings that sum to unity. These rankings indicate the mag-
nitude, rather than simply the order of preference. The strength of
one display over another can be obtained by dividing the respective
rankings.

Performance Data
Figure 3 shows the mean separation violation percentages con-

sidered over the 48 con� icts per display. Reductions in separa-
tion violations for the three enhanced displays when compared to
the TCAS display were not signi� cant at the 95% con� dence in-
terval [TCAS and rate, t .47/ D 0:24, p > 0:05; TCAS and com-
manded state t .47/ D 1:17, p > 0:05; and TCAS and FMS-path,
t .47/ D 1:71, p > 0:05]. Although the results are not statistically
signi� cant, the apparent trend toward reduced separationviolations
with higher levelsof intent is supportedby previousexperiments.2¡5

Several studies have concluded that straight line predictors, simi-
lar to the heading arrow provided in the rate display, are effective

Fig. 3 Mean separation violation percentage (top) and mean maneu-
ver time before projected separation violation (bottom) by display type.
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in reducing traf� c con� icts.2¡4 Johnson et al. found that predictor
information in combination with a con� ict probe enabled pilots to
maintain a greater separation from con� icting traf� c.5

The mean maneuver times shown in Fig. 3 indicate the remaining
time before a separation violation would have occurred, if the pilot
had not maneuvered. This prediction was based on the intruder’s
known track and the ownship velocity at the time the maneuver
was initiated. Pilots maneuvered earliest with the FMS-path dis-
play, followed by the rate and commanded-state displays, and lat-
est with the TCAS display. The maneuver time differences for the
following display combinations were statistically signi� cant at the
95% con� dence interval (p · 0:05): TCAS and rate, t .26/ D 2:92,
p D 0:043; TCAS and FMS-path, t .26/ D 5:66, p < 0:001; rate
and FMS-path, t.26/ D 3:85, p D 0:004; and commanded state
and FMS-path, t .26/ D 4:02, p < 0:003. Only a marginal signif-
icance level was observed between the TCAS and commanded-
state displays: t .26/ D 2:61, p D 0:088. Differences between the
rate and commanded-statedisplayswere not statisticallysigni� cant:
t.26/ D 0:870, p > 0:10.

It is unlikely that the loss of maneuver time data when the sub-
jects maneuveredto avoidbackgroundaircraftaffectedthe observed
trends. Of the 13 pilot/scenario combinations where timing data
were lost for at least one display, six were from the long-range
con� ict, which produced the largest difference in maneuver time
between displays.One pointwas lost from the intruderovertakesce-
nario, and two pointswere lost in each of the remainingthreescenar-
ios. In relatedstudiesearliermaneuveringwith prediction-enhanced
displays has been reported by Hart and Loomis for straight- and
curved-linepredictors3 and Johnson et al. for a straight-linepredic-
tor display with a con� ict probe.5

Across all conditions where maneuver time data were available,
a strong relationshipwas observedbetween the separationviolation
percentage and the maneuver time. Figure 4 shows the percentage
of all con� icts resulting in lost separation for avoidancemaneuvers
that were conductedwithin various time intervalsbefore a predicted
separationviolation.Whenpilotsmaneuveredwithin20 s of thecon-
� ict, a separationviolation occurred 83% of the time. The incidents
of lost separation decreased monotonically as pilots allowed more
time for the maneuver. Only 9% of maneuvers begun between 80
and 100 s before the con� ict resulted in lost separation.

Preference Data
AHP rankings for each of the four displaysare provided in Fig. 5.

Pilotsgreatlypreferredall of the intentdisplaysto theTCAS display.
The commanded-statedisplayhad the highestoverall ranking,being
preferred by pilots twice as much as the rate and FMS-path displays
and nine times as much as the TCAS display.

Ratings of individual elements of intent information that scored
at least a score of 4 (somewhat valuable) on a scale of 1 (very detri-
mental) to 5 (very valuable) included FMS-path (4.0), commanded

Fig. 4 Experiment 1 con� icts resulting in separation violation vs ma-
neuver lead time interval.

Fig. 5 Pilot display preference for Experi-
ment 1.

altitude (4.3), current heading (4.5), and commandedheading (4.6).
In contrast, 63% of the pilots found the FMS-path display to be
too cluttered, as compared to only 13% for the commanded-state
display and none for the TCAS or rate displays.

Discussion
General results indicate that pilots maneuver earlier and have

fewer separationviolationswhen providedwith some level of intent
information.These trends have been well documented in prior stud-
ies that compared displays similar to the TCAS and rate displays
used in this experiment.2¡5 Because the experiment did not reveal
a signi� cant improvement for the FMS-path display, it is interest-
ing to take a closer look at the many practical issues involved with
implementing such a display.

Incorporating an FMS-path display would require the consider-
ation of many details neglected in this experiment. The displayed
FMS trajectoryand its associatedcon� ict probewere simpli� ed to a
basic linear model, neglectingspeed changes,mode transitions,and
differences in FMS architecture between aircraft. Existing datalink
systems may have limited carrying capacity to broadcast this infor-
mation. Even assuming a perfect system model, changing or unex-
pected wind conditions will cause the intruder’s FMS to adjust its
initial path predictions. Such uncertaintiesmay signi� cantly affect
the predicted location of long-range con� icts. Many questions also
remain about a pilot’s ability to use FMS-path information.Consid-
ering that numerous problems have been documented where pilots
have become confused over the state of their own aircraft,12 one
could question whether they would be capable of monitoring and
interpretingthe statesof other aircraft.FMS-path informationwould
also not be available for non-FMS equippedaircraft or for those � y-
ing in the manual or state modes. These mixed mode operations
were not considered in this experiment.

Pilots had substantially fewer separation violations when they
initiated early avoidance maneuvers. This bene� t, however, seems
to be concentratedon maneuvers conducted within several minutes
of the con� ict. In this experiment pilots were always able to avoid
a separation violation when they maneuvered at least 2 min before
the con� ict. Because the uncertainty in predicting aircraft position
increases as the alert time increases, an excessively long alert time
may lead to unnecessary maneuvers.13;14 In actual � ight operations
the appropriatetime to alert will likely dependon the phaseof � ight.

Above theTCAS levelapilot’s maneuvertime appearedto depend
more on when the alert was issued than on the level of intent dis-
played to the pilot. Similar maneuver times were observed between
the rate and commanded-state displays, which both used con� ict
probes based only on current velocity. The earlier maneuver times
associatedwith the FMS-path displaywere likely caused by its con-
� ict band appearing an average of 72 s earlier than the rate-based
con� ict band.

The results of the � rst experiment led to two key questions that
warranted further study. First, which of the three additions to the
TCAS display (intent informationshown on the display, the con� ict
probe, or the pro� le-view display) were most responsible for the
reduction in separation violations and earlier maneuvering? Also,
would pilotsperform as well with a display that alerts within several
minutes of a con� ict when compared to one that has a longer range
alert?

Experiment 2: Application of Intent Information
Objective

The second experiment explored the individualand collective ef-
fect of different levels of displayed and applied intent information.
The TCAS and commanded-state displays were tested as two lev-
els of displayed intent information. The commanded-state display
was chosen to represent the three enhanced displays from the � rst
experiment because it led to similar performance,was preferred by
the pilots, and would be easier to implement than the FMS-path
display. Each display was tested with three con� ict probe options:
no con� ict probe, a con� ict probe with a 2-min look-ahead, and a
long-range con� ict probe.

Data from Experiment 1 suggested that maneuvering earlier,
up to several minutes before the con� ict, led to fewer separation
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violations.The 2-min and long-rangecon� ict probes were included
to test the hypothesis that maneuvering earlier than 2 min before
the anticipatedcon� ict would not lead to a further reduction in sep-
aration violations. For the 2-min version the con� ict probe did not
provide an alert until the ownship and intruderwere within 2 min of
a projected con� ict. The look-ahead time of the long-rangecon� ict
probe was longer than any of the scenarios used during the exper-
iment, causing a con� ict band to appear as soon as a con� ict was
detected.

To compare pilot performance with and without a pro� le-view
display, the commanded-statedisplay from Experiment 1 was mod-
i� ed to include only a plan view. The intruder overtake scenario
from Experiment 1 was used in Experiment 2 to allow for a direct
comparison.

Displays
Various changes were made to the commanded-state display to

make it compatible with a plan-view format and to ensure that au-
tomatic con� ict predictioncues coincidedwith the activationof the
con� ict probe. The commandedaltitudewas shown in magenta text
next to the traf� c symbol. To suppress the alert until the predicted
con� ict was within the look-ahead time, displayed intent informa-
tion was shown for all aircraft and could not be deselected. In addi-
tion, the aircraft ID and current headingarrow remained white until
the con� ict probe was activated.

Method
The experimentalapparatusand procedurewere identicalto those

used in Experiment 1.

Experimental Design
Experiment 2 incorporated a 2 Display by 3 Con� ict Probe by 4

Scenario within-subjects factorial design counterbalanced for dis-
play and con� ict probe order. The 2-min and long-range con� ict
probes were always presented consecutively, but were alternated
evenly between displays. The postexperiment questionnaire asked
pilots to rate the six display options and to give their opinion on the
proper range and look-ahead time for the con� ict probe.

Subjects
Eight commercial airline pilots served as volunteer test subjects.

Six were active, and two had retired within the preceding four
months. All had experience on glass cockpit aircraft. Their � ight
experience ranged between 8,300 and 28,000 h with a mean of
16,225 h. Their ages ranged from 35 to 60 with a mean of 49.

Scenarios
Experiment 2 scenarios included a short-range con� ict, long-

range con� ict, intruder overtake, and one where the intruder ma-
neuvered in response to the subject pilot’s maneuver, creating a
more serious con� ict. With the exception of the con� ict-causing
aircraft on the maneuvering intruder scenario, all intruders had pre-
programmed � ight paths independentof the subject pilot’s actions.
As in Experiment1, scenarioswere designed to be dif� cult and were
mirror imaged.

Results
Data Analysis

The occurrenceof separationviolations and pilot maneuver time
were again used as the primary performance parameters. Separa-
tion violation data concentrated on differences between all dis-
play options and the basic TCAS display, in addition to compar-
isons of the 2-min and long-range con� ict probes for the TCAS
and commanded-state displays. These results were analyzed with
McNemar tests with a one-tailed t test. Provided p values include a
Bonferroni correction for seven comparisons. Maneuver times be-
fore a predictedseparationviolationwere analyzedwith a three-way
analysis of variance (ANOVA) for repeated measures.

On nine of the 192 possible con� icts (two displays, three con� ict
probe options, four scenarios,eight pilots), the subject pilot maneu-
vered to avoid a background aircraft before the designed con� ict
could occur, and maneuver time data were lost. The nine missing

Fig. 6 Mean separation violation percentage by display option.

Fig.7 Mean maneuvertime before projected separationviolation(left)
and after con� ict band appeared (right) by display option.

points were restricted to one pilot, which enabled the ANOVA to
be performed on the remaining seven pilots. As in Experiment 1,
separation violation data was considered for all con� icts.

Preference data was analyzed with the AHP. Rankings are pro-
vided for the TCAS and commanded-state displays, with and with-
out a con� ict probe.

Performance Data
The mean percentage of separation violations, considered over

the 32 con� icts per display option, is shown in Fig. 6. The addition
of either a con� ict probe or intent information to the basic TCAS
display resulted in fewer separationviolations.Display optionspro-
ducing a statistically signi� cant reduction in separation violations
when compared with the basic TCAS display included the TCAS
with 2-min con� ict probe, t .31/ D 2:99, p D 0:02; TCAS with long-
range con� ict probe, t.31/ D 3:81, p D 0:002; commanded-state
with no con� ict probe, t .31/ D 2:99, p D 0:02; and commanded-
state with 2-min con� ict probe, t .31/ D 3:81, p D 0:002. Only
a marginal difference was observed between the basic TCAS
and the commanded-state with long-range con� ict probe displays:
t .31/ D 2:28, p D 0:10.The differencesbetweenthe2-minand long-
range con� ict probes for the TCAS, t .31/ D 1:38, p > 0:10 and
commanded-state displays, t .31/ D 1:46, p > 0:10 were not statis-
tically signi� cant.

Figure 7 shows the mean maneuver times for seven pilots and
the associated 28 con� icts by display option. It provides the time
remaining before a predicted separation violation and the elapsed
time after a con� ict band appeared.The ANOVA performedon ma-
neuver lead time revealed statistically signi� cant main effects for
display type, F.1; 6/ D 7:85, p D 0:03, and con� ict probe option,
F.2; 12/ D 6:51, p D 0:01. Very little interactionoccurred between
displays and con� ict probe options, F.2; 12/ D 0:17, p D 0:84.
Adding displayed intent information to the TCAS display did not
affect the relative maneuver lead times between con� ict probe op-
tions, but did reduce the time to maneuver after a con� ict band
appeared. With the 2-min con� ict probe pilots maneuvered 47 s
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Fig. 8 Experiment 2 con� icts resulting in separation violation vs ma-
neuver lead time interval.

Fig. 9 Pilot display prefer-
ence for Experiment 2.

after the con� ict band appeared when using the TCAS display and
only 17 s after with the commanded-state display. This difference
is statistically signi� cant: t .27/ D 2:42, p D 0:02.

Figure 8 shows the relationship between the separation viola-
tion percentage and the maneuver lead time. It considers all con-
� icts where maneuver time data were available and is an analogous
representation to Fig. 4 for Experiment 1. Consistent with Experi-
ment 1, separationviolationswere reducedsubstantiallywhen pilots
allowed more time for the avoidancemaneuver.As before, the most
signi� cant improvement occurred for maneuvers conducted within
2 min of the con� ict.

To compare performance with and without the pro� le-view dis-
play, a limited comparison of separation violation percentage was
made between the commanded-statedisplay of Experiment 1 (with
pro� le view)and the commanded-statedisplaywith 2-min and long-
range con� ict probes of Experiment 2 (without pro� le view). Con-
sidered over eight pilots for each case, this scenario resulted in
three separation violations with the pro� le-view display in Experi-
ment 1. InExperiment2, two separationviolationsoccurredwith the
2-min con� ict probe, and three occurred with the long-range con-
� ict probe. Considering the similarity in separation violations with
this scenario, the pro� le-viewdisplaydid not appear to signi� cantly
affect pilot performance.

Preference Data
The AHP rankings, shown in Fig. 9, indicate that pilots preferred

all display options over the basic TCAS display by at least a 3:1
margin. They tended to prefer the commanded-state display with a
con� ict probe the most, but if required to make a choice, they would
rather have intent information shown directly on the display than
incorporated into a con� ict probe.

Fifty percent of the pilots found the commanded-state display
to be too cluttered with the con� ict probe, and 25% found it too
cluttered if alone. Problems with overlaid symbology and intent in-
formation shown for noncon� icting aircraft were mentioned. Com-
pared to Experiment 1, the higher percentage of pilots mentioning
clutter on the commanded-state display was likely related to their
inability to turn off the information.Nonetheless, pilots gave value
ratingsof 4.4, 4.6, and 4.9 (on a 5-pointscale) to the currentheading,
commanded heading, and commanded altitude, respectively.

Discussion
Separation violations were reduced by almost the same amount

over the basic TCAS display when intent information was either
displayed directly or incorporated into a con� ict probe. When dis-
played intent and a con� ict probe were used in combination, there
was little improvement in separation violations over cases where
they were provided individuallyalthough pilots maneuvered earlier
and preferred the commanded-state display with a con� ict probe.

As with Experiment 1, there were fewer separation violations
when pilots maneuvered earlier, up to several minutes before the
con� ict. The addition of either displayed intent or a con� ict probe
both led to earlier maneuvers. Pilots responded more rapidly to
the 2-min con� ict probe when using the commanded-state dis-
play. Commanded-state information may reinforce the issuance
of an alert, thus reassuring pilots that an avoidance maneuver is
appropriate.

Separationviolation percentageswere similar between the 2-min
and long-rangecon� ict probes. For the con� icts used in this experi-
ment, there seemed to be no additionalbene� t to alertingto con� icts
beyond2 min. Pilots may have felt that the long-rangecon� ict probe
was issued too early, as they maneuveredmore promptly in response
to the 2-min con� ict probe.

A more in-depth study of the pro� le-view display is warranted.
Workby Merwinet al.11 andEllis et al.10 showed that pilots are more
effective at interpreting vertical information when provided with a
three-dimensional display. Many pilots indicated that they did not
include the pro� le-view display in their scan, suggesting that it may
become more useful with further practice.

Discussion
Results from the two experiments show that intent information is

valuable in enabling pilots to recognizeand resolve traf� c con� icts.
Displaying intent directly or incorporating it into a con� ict probe
both appear to be bene� cial. With intent in either form, pilots ma-
neuvered earlier and had fewer separation violations. Also, pilots
rated all intent displays higher than the baseline TCAS display.

The commanded-statedisplay led to the best overall performance
on the two experiments. In Experiment 1 pilots performed as well
with the commanded-state display as they did with the other intent
displays and better than with the TCAS display. The commanded-
state display was preferred by the pilots and would be more prac-
tical to implement than the FMS-path display. Pilots consistently
gave high ratings to the current heading, commanded heading, and
commanded altitude. These opinions were shared by pilots in an
experiment by Johnson et al.5 In that study several pilots identi-
� ed commanded heading and altitude as desirable items to add to a
rate-enhanceddisplay.

A pilot’s ability to use various intent levels may depend on the
phase of � ight in which the display is used. The high traf� c density
and crew workload associated with terminal area operations may
suggest a simpler intent level. Most pilots indicated that the FMS-
path display was too cluttered, suggestingthat this informationmay
be dif� cult to interpret in a high workload situation.Also, the climb
and descent phases are most likely to have the complicated verti-
cal path transitions that lead to the FMS-path prediction problems
already mentioned. On the contrary, crews have more time avail-
able during cruise � ight, and con� icts are likely to be limited to a
single airplane. Considerationof a limited number of waypoints, in
addition to the presence of simpler vertical trajectories, may make
it possible for pilots and automated systems to adequately predict
con� icts based on FMS path. Knowledge of an intruder’s down-
stream course change would be bene� cial if it allows a pilot to plan
ahead and perform a more ef� cient avoidance maneuver.

In addition to the � ight phase, the rules of operation will likely
in� uence the design of future traf� c displays. As part of the FAA
Free Flight effort, work on procedures that assign priority to con-
� icting aircraft is being done in parallel with systems development
projects. Pilots may bene� t from displays that clearly indicate the
aircraft having the right of way and whether the ownship pilot must
initiate an avoidancemaneuver.Without this informationpilotsmay
maneuver unnecessarily when given priority.20 Eurocontrol is de-
veloping a set of Extended Flight Rules that assign priority based
on encounter geometry, phase of � ight, and � ight status.21 As part
of these rules, the lower priority aircraft must execute an avoidance
maneuver at a minimum distance from the projected con� ict. If im-
plemented, these rules would strongly in� uence the con� ict probe
look-ahead time.

A 2-min look-ahead time for a con� ict probe appeared to be
suf� cient in alerting pilots to con� icts in these two experiments.
In Experiment 2 pilots performed as well with the 2-min con� ict
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probe as they did with the long-rangeversion. Also, most of the re-
duction in separation violationsoccurred for maneuvers performed
within 2 min of the con� ict. Because few, if any, separation vio-
lations occurred for the long-range con� icts in these and similar
experiments,5;20 future studies could investigate a crew’s ability to
make smaller, more ef� cient maneuvers when provided with long-
range alerts.

Conclusion
The use of intent information in future traf� c displays will de-

pend greatly on the structure of a continually evolving air-traf� c
management system. Traf� c displays will need to provide pilots
with information that allows them to manage con� icts safely and
ef� ciently while respecting limitations in system architecture and
pilot workload. These two experiments have shown, however, that
pilots are supportive of intent information and are able to use it
effectively in a variety of traf� c situations.
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