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Pilot-Performed In-Trail Spacing and Merging:
An Experimental Study
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Responsibility for the guidance of aircraft in the National Airspace System is currently given largely to the
air traffic controller. This study investigated the benefits of having pilots more involved in guidance during two
representative air traffic management operations: maintaining in-trail separation and arrival sequencing. This
included 12 airline pilots flying arrival routes in a part-task, medium-fidelity simulator, during which they were
responsible for attaining and maintaininga commanded relative position within the traffic flow. A variety of cockpit
displays of traffic information and procedures were tested, and the pilots’ performance was tracked during both
nominal and off-nominal traffic situations. Results provide preliminary evidence of the benefit of pilot involvement
in the guidance component of these operations. Suggestions are given for modifications to cockpit avionics systems.
The need for established air traffic control procedures to provide foreknowledge to the pilots and a structure within
which pilots can interact is also highlighted, illustrating that improvements to aircraft guidance within the National
Airspace System may benefit from both technical and procedural changes.

Introduction

LTHOUGH control over aircraft attitude is maintained by the

pilot or autopilot, responsibility for guidance and route plan-
ning is, in accordance with the federal aviation regulations, given
largely to the air traffic controller when the aircraftis in the National
Airspace System (NAS). Except during a state of emergency, a
pilot in controlled airspace is required to comply with air traffic
controller instructions (or constraints) on speed, heading, altitude,
vertical speed, and future route. In generating these commands,
the controller has several objectives. The most obvious objective is
guaranteeing safe aircraft separation. When airspace is congested,
effective air traffic management (ATM) also becomes an important
objective,as measured by the controller’s ability to organize aircraft
into traffic flows that take betteradvantageof airspace capacity while
reducing inefficient maneuvers and unnecessary delays.

Meeting this ATM objective requires the controller to perform
several tasks. First, it must be decided where the traffic flows should
go, which aircraft should be streamed into which flow, and at what
distance aircraft should be spaced in-trail within a flow. These high-
level concerns are not typically communicated to the pilot; instead,
the controller has the second task of translating them into low-level
steering commands for the pilot. This second task adds to controller
workload and limits pilots’ understanding of the traffic flow and of
the controller’s intentions.

Current methods of air traffic control are generally considered
insufficient for the future demands of air travel and for desired
safety levels. At an extreme, it has been proposed that responsi-
bility both for ATM and for aircraft separation be transferred to
the flight deck (and, to some extent, to airline operating centers).
Nearer-termchangesare also being widely examined, such as meth-
ods of improving controller’s ATM performance through automated
aids and through the dynamic resectoring of airspace or changesin
the routes taken by traffic flows in response to capacity demands
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and weather.! ~> Most of these efforts, however, have focused on the
development of new technologies and/or substantial changes in the
roles of the controller and pilot; as such, they are not intended for
immediate widespread deployment.

Significant near-term benefit may be found in the application of
currently available technology and moderate changes in personnel
roles. This paper focuses on involving pilots to a greater extent in
guidance, while keeping the controller in charge of ATM. Specifi-
cally, the controller remains responsible for making the traffic flow
decisions; the change is that the controller can then communicate
these decisions at a higher level to the pilot (e.g., “Follow BA123
with 8 n miles in-trail”) rather than requiring the controllerto calcu-
late and communicate lower-level guidance commands. This study
examined two operations pilots may perform: in-trail spacing, in
which the pilotis asked to follow another aircraftin the traffic stream
at a specified distance, and merging, in which the pilot is asked to
help create a space for anotheraircraftto join (merge into) the traffic
stream. These operations require greater involvement by the pilot
in the traffic flow; rather than just following guidance commands,
the pilot is now called on to develop a strategy to maintain position
within the traffic flow.

This comparatively small changein personnelroles may have sev-
eral benefits.%7 First, it may increase ATM efficiency by allowing
closerin-trail spacing between aircraftand by improving the consis-
tency with which these spacings are maintained because pilots will
be assisting the controller more directly. Second, it may improve
safety by providing more direct communication between pilots and
controllers about the traffic flow, enabling pilots to join in the mon-
itoring of the actions of other aircraft and obviating the practice of
pilots attempting to infer controller intentions from isolated low-
level commands. Finally, it may reduce controller workload and
congestion on voice communication frequencies by reducing the
number of commands the controller needs to broadcast to maintain
a stable traffic flow, while presumably not increasing pilot workload
unreasonably.

These operationsmay be enabled by the cockpit display of traffic
information (CDTI). Basic CDTTI are already installed in commer-
cial (and some military transport) aircraft in the form of the traffic
situation display component of the traffic alert and collision avoid-
ance system (TCAS). Pilots have already reported using this display
to infer and maintain their place within the traffic flow.® Previous
studies have also found potential benefits of usingbasic CDTI to per-
formin-trail spacing.’~!'2 Improved CDTI are being investigated' >4
and near-term implementation is realistic once benefits are demon-
strated. Questions still remain, however, as to the amount of infor-
mation CDTI will need to provide pilots for in-trail spacing and
merging operations.
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However, CDTI is not the only source of information available to
pilots. Whereas procedures are often thought of as a list of actions,!
air traffic control procedures also create a structure within airspace
that provides a basis for pilots to infer other aircraftbehavior. These
procedures are published in forms that allow the pilot to anticipate
and prepare for a wide range of circumstances. For example, stan-
dard terminal arrival routes (STARs) are published on STAR charts
thathighlightthe waypoints and altitudes to expect during an arrival
to a major airport; some STARs also indicate expected speeds along
the route and merging arrival routes.

Procedural information has fundamental differences from that
provided by the CDTI. Only a real-time display is capable of persis-
tently presenting real-time traffic information. However, the utility
of this real-time information is limited by several factors. First, the
display’s ability to updateits informationfrequently is not necessar-
ily matched by the pilot’s capacity to sample at an equal bandwidth.
Second, concerns about display clutter and information overloadil-
lustratethe limits of the pilot to perceive and considera large amount
of real-time information, especially during busy phases of flight.

Conversely, procedural information is not descriptive informa-
tion, that is, it does not represent the world as it is. Instead, it is
normative (i.e., it represents the world as it is supposed to be), lim-
iting its assistance in dealing with the off-nominal. Despite this
limitation, procedures have compelling benefits: Procedural infor-
mation can serve as the basis for foreknowledge, expectations, and
planning. As such, pilots commonly brief themselves on upcom-
ing procedures such as departures, arrivals, and approaches before
they are flown. From this viewpoint, the role of descriptiveinforma-
tion can be simplified from presenting a comprehensive view of the
world in an absolute sense (with its commensurate problems with
information overload and display clutter), to the comparatively sim-
pler purposeof allowing the pilot to assess whetherall is proceeding
according to procedure.

The removal or relaxation of procedures in the ATM environ-
ment is often an explicit or implicit objective in ATM research and
design.'® However, when their role as a source of information is
considered, continued reliance on procedures (in some form) is
seen to have benefits. In models of manual control, for example,
pilot performanceis generally best when the pilot can apply predic-
tive information about the environment to the control and guidance
task!’; within the ATM environment, such predictive information
is typically defined by procedures. Likewise, in cognitive models
of human control behavior, strategic and tactical control is only
possible from the human when he or she has some foreknowledge
about the environment; in an unproceduralized,unpredictableenvi-
ronment, the pilot can only be expected to react opportunisticallyto
events as they occur.'®

In summary, pilot-performed guidance can potentially benefit the
safety and efficiency of ATM. However, several questions remain.
Is it feasible for pilots to perform these operations?If so, what pro-
cedures and cockpit systems will they require? This study examines
these questionsfor the operationsin-trail spacing and merging, with
specific comparison of different amounts of real-time information
presented by CDTI and procedural information presented by STAR
charts.

Objectives

One method of pilot-performed guidance asks controllers to de-
termine the in-trail spacing and merging operations needed for ef-
ficient ATM, and then for controllers to communicate these desired
actionsto pilots, leaving the pilots to guide their own aircraftto meet
these actions. It is reasonable to hypothesize that conducting these
operations in the NAS depends on having a complementary com-
bination of CDTI technology and procedural structure. This study
provided a preliminary investigation of two major issues with pi-
lot performed guidance within the NAS: 1) the general ability of
pilots to perform in-trail spacing and merging as commanded by
the controller, given the pilots’ abilities and workload, and 2) the
avionics (specifically, CDTI) and procedures required to perform
these operations, including interactions between these two sources
of information.

Experiment Design

This experiment examined pilot-performed in-trail spacing and
merging. The arrival phase of flight was chosenas atestcase because
itis typically proceduralizedby use of a STAR, which consists of a
series of waypoints to follow; altitude and speed constraints or ex-
pectations,as well as merging arrival routes, may also be stipulated.
STARs are published and communicated to pilots by STAR charts.

Experiment Procedure

At the beginning of the experiment, the pilot was taken through
a briefing that outlined the experiment and its expectations of the
pilot. Following the briefing, the pilot was taken through the first
of two training runs. The first training run acclimated the pilot with
flying the aircraft through the simulator using the given displays
and controls; no controller commands were broadcast, and the traf-
fic density was approximately half that of a normal test arrival. The
second training arrival presented the pilot with the usual traffic den-
sity of an arrival route and with controller commands. The pilot
could repeatany of the training if so desired. The training was com-
pleted once the pilot felt comfortable operating the simulator, un-
derstood the display and procedure formats, and understood what
the pilot was expected to do with regard to performing the ATM
operations.

Each pilot then flew seven test runs, with each test run lasting ap-
proximately20 min. To avoid pilotfamiliarity with a commonarrival
route, hypotheticalscenarios were created following the structure of
current STARs. Although each route shared a common underlying
structure and was intended to be of the same difficulty, slight differ-
ences were made between each to prevent the pilot from relying on
rote learning. Following each test run, the pilot was given a set of
questions pertaining to that arrival scenario. At the end of all of the
runs, the pilot was givenanotherset of questions pertainingto the ex-
perimentas a whole. The entire procedure lasted approximately4 h.

Atthestartofeach testrun, an experimenter,acting as an air traffic
controller, cleared the pilot for a STAR. The pilot was started ap-
proximately 15 n mile in-trail of another aircraftimmediately ahead
on the arrival route, and the controllerimmediatelyissued an in-trail
spacing command of 12 n miles through a voice transmission such
as, “GT123, maintain 12 n miles in-trail behind QS557.” During the
run, the controllerissued two more in-trail spacing distances (10 and
8 n miles) for the pilot to achieve. The pilot was instructed to vary
his aircraft speed to achieve and maintain the commanded spacing.
Further down the STAR, the pilot was commanded to merge his
aircraft between two aircraft joining the STAR from a separate ar-
rival path on the right or left through a voice transmission such as
“GT123, cross behind BI435 at a specified intersection, maintain
4 n miles in-trail behind BI435” After the merge, the pilot was to
maintain 4 n miles in-trail behind the aircraft that merged in front.
The only commands issued by the controllerspecified in-trail spac-
ing or merging. The controller did not issue airspeed, altitude, or
heading changes.

Subjects

The 12 subjects were all current pilots with a major airline. Total
hours ranged from 6000 to 16,000 h. Five pilots were captains and
seven were first officers. The pilots had flown Boeing 727, 737-800,
757,767, MD80, MD88, and MD90 aircraft. All pilots but one had
extensiveexperience with glass cockpits, and all were familiar with
TCAS 1II and its associated CDTI. All pilots were uncompensated
volunteers.

Independent Factors
CDTI

Three different CDTI were tested, differing only with the level of
information provided about nearby traffic. All of the displays were
based on the Boeing 757/767 electronic horizontal situation indica-
tor (EHSI) with traffic informationoverlaid. In all cases, the displays
provided information about the other aircraft that could potentially
be provided by broadcast mechanisms such as automatic dependent
surveillance-broadcast (ADS-B), with the traffic information up-
dated once per second. Matching likely near-term implementations,
the CDTI knew neither which aircraft was being followed nor the
commanded separation.
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Fig.1 Detail of the three CDTI.

1) The baseline display provided information about traffic based
on the symbology currently employed by TCAS II,'° as shown in
Fig. 1a. An unfilled triangle represents the position of the subject-
pilot’s aircraft. Diamonds representthe horizontal positions of other
aircraft, with altitude shown in text to their right. In addition to this
TCAS II symbology, callsigns for the aircraft were shown textually
above the position symbol.

2) The display with speed additionally indicated the current air-
speed of nearby aircraft. Speed information is shown textually to
the left of the aircraft symbol, as shown in Fig. 1b.

3) The display with speed and autopilot targets additionally indi-
cated the autopilot target speeds and altitudes of nearby aircraft, as
shown in Fig. 1c. Uncaptured autopilot target values are shown in
magenta text inside a magenta box. On autopilot capture, the ma-
genta box circles the actual speed or altitude, and the magenta text
disappears.

Procedures

Three different procedures were tested, representing increased
procedural information and environment predictability. These three
procedures were presented to the pilot as three different types of
STARs. Each was described by a chart using the same format as
current STAR charts.

1) The baseline STAR chart presented the latitudes, longitudes,
and altitudes of the waypoints comprising the STAR chart, as shown
in Fig. 2a. Other informationsuch as radio frequencies,airportloca-
tions, and navigation beacons were also shown, as typically found
on current STAR charts.

2) The STAR with speed included the same information as the
baseline STAR, with the addition of expected speeds at each way-
point, as shownin Fig. 2b. The expected speedis presentednot as an
air traffic control restriction, but rather as a rough estimate or rec-
ommendation for airspeed at a particular waypoint during typical
traffic conditions.

3) The STAR with speed and merging path provides the same
information as the STAR with speed, as well as a depiction of the
other arrival stream into which the pilot will need to merge during
the arrival. For example, in Fig. 2c, the two arrival segments merge
at the ANNEJ intersection.

Scenarios

The underlying structure of all of the scenarios mimicked that
of current STARs. However, the behavior of the other aircraft was
modified to create two types of scenarios, nominal and deviant. In
the nominal scenarios, the other aircraft all followed the published
procedures closely, meeting expected speeds and maintaining the
proper in-trail spacing. In the deviant scenario, all aircraft acted
properly except for one instance: The aircraft the pilot was to merge
behind suddenly slowed 50 kn below the expected speed as the pilot
was starting to merge into the other traffic stream.

Test Matrix

The experiment consisted of two sequential parts that may be
thought of as two separate experiments. There was no differencein
the testing procedure for the two experiments, and the pilots were
unaware they were partaking in two experiments.

The first experiment explored pilot ability to perform the given
operations in nominal scenarios. This experiment examined two
independent factors: all nine combinations of the three CDTI and
three procedures. To prevent fatigue, a balanced-incomplete block
experiment design was created in which each pilot only flew six
of the nine combinations. No pilot flew the same procedure-CDTI
combination or scenario twice, balancing against learning effects
interfering with factor effects.

The second experimentexplored pilot ability to perform the given
operationsin a deviant scenario. This experiment examined one in-
dependent factor: the three CDTI. Each pilot was given the STAR
chart presenting the most procedural information. Each pilot flew
only one deviant scenario to measure their performance when sur-
prised. This scenario was each pilot’s last (seventh) test run, elimi-
nating subsequentruns in which they might modify their behavior.

Experiment Apparatus

Pilots flew arrival scenarios using the Georgia Institute of Tech-
nology Reconfigurable Flight Simulator software,’ running on a
Pentium II desktop computer. This setup simulated the pilot’s air-
craft and autopilot dynamics, simulated the dynamics of the other
aircraft, and provided the cockpit displays, including the CDTI, on
a 21-in. monitor in front of the pilot. Although a control column
and throttle were placed by the pilot, the simulatorin this study was
flown through the autopilot by commanding autopilot modes and
target airspeed, heading, vertical speed, and altitude.

The display panel provided the pilot with a primary flight dis-
play (PFD), a combined EHSI-CDTI, a virtual mode control panel
(MCP), and a field that, when selected, displayed the current STAR
chart. The pilot was able to interact with these systems using a
mouse; this was the means for the pilot to set autopilot commands,
as well as for viewing the STAR chart and changing the display
range of the traffic display.

Measurements

Several measures were taken throughout the experiment, includ-
ing 1) spacing between the aircraft at every second, 2) all autopilot
commands entered into the MCP, 3) all points at which pilots se-
lected the display of the STAR chart, and 4) subjectiveresponses at
the conclusion of each test run and following the experiment.

Results
In total, 84 runs were flown: 72 in the primary experiment and
12 in the secondary experiment with the deviant scenario. The 12
deviant runs will be discussed separately from the 72 nominal runs.
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Fig. 2 Detail of the three STAR chart formats.

Data Analysis Methods

Standard statistical techniques were used in analyzing the
results?! Unless otherwise noted, the data were fit using regres-
sion techniques to a general linear model to perform an analysis of
variance (ANOVA). Specifically, each measurement was assumed
to be the sum of several terms: 1) the baseline value of the measure-
ment over all conditions; 2) a “fixed effect” describing the change
from overall as a result of the CDTI available to the pilot when
the measurement was taken; 3) a fixed effect describing the change
from overall as a result of the STAR available to the pilot when

the measurement was taken; 4) a “fixed interaction effect” describ-
ing the change from overall as a result of the combination of CDTI
and STAR available to the pilot when the measurement was taken
(i.e., measuring the effect of specific combinations of CDTI and
STAR beyond that predicted by their separate fixed increments);
5) an increment attributed to each pilot (termed a “random effect”
because these increments were assumed to be normally distributed
between pilots); and 6) a residual error remaining after the preced-
ing terms were fit to the measurements, assumed to be normally
distributed with zero mean.

Once these terms were computed, the mean squared error (MSE)
was calculated as the sum of squares of the residual errors from the
measurements, providing an assessment of the inherent variance in
the measurements beyond that caused by the experiment factors,
with an associated degree of freedom (DOF) indicating the number
of measurements available for its calculation. Likewise, the mean
square (MS) variances caused by each of the fixed effects (CDTI,
STAR, and their interaction) and by the random effect (pilot), inde-
pendent of residual error, were calculated with an associated DOF.

The ratio of the MS variance caused by a fixed effect to the MSE
provides an assessment of the relative magnitude of an effect com-
pared to the inherent variance in the measurements; this variance
ratio (also called the Fisher statistic)is expressedas F (DOF of MS
variance, DOF of MSE). The equivalent ratio of the MS variance
caused by a random effect (in this study, the pilots) to the MSE
assesses whether the variance between pilots is larger than that ex-
plained by the inherent variance between measurements and is also
expressed using the same notation.

Each variance ratio can be compared to the Fisher or F distri-
bution to find the probability p that this variance ratio does not
represent, in the case of fixed effects, a statistically significant vari-
ance between the different conditions. (In this study, then, it is the
probability that the CDTI, STAR, or their interaction did not cause
significant differencesin the measurements.) In the case of random
effects, p indicates whether the variance of the random effects is
larger than explained by MSE. (In this study, then, it is the prob-
ability that the measurements of different pilots were the same.)
The following analysis uses p <0.05 as the criterion to identify
a statistically significant variation; pilots were always found to be
significant sources of variation.

If a statistically significant variation was identified, the Tukey
pairwise comparison procedure was used to identify specific factors
that are different. For example, where the effect CDTI was found
to be a source of variation, this procedure identified which spe-
cific pairs of CDTI had significantly different results. By the use
of this procedure, ratios of the differences of each pair of factors to
their standard deviation were calculated, thus generatinga ¢ statistic
(as in a standard ¢ test). However, in calculating the probability p
that the difference is statistically significant, a more conservative
value of the ¢ statistic is applied; this criterion is set so that the
total probability of incorrectly labeling a difference as statistically
significant is bounded over the combination of all pairwise compar-
isons made, rather than just bounded for one pairwise comparison.
In this case, the experimentwise error bound was set at p = 0.05,
that is, the Tukey pairwise comparisonsrequired 95% confidence to
assess significance.

Insome cases, ANOVA (and associated Tukey comparisons)were
not appropriatebecause the condition that the residual errors be nor-
mally distributed was not found to hold. In these cases, the more
conservative Wilcoxonrank-sumtest was conductedbecauseit does
not place parametric assumptions on the results. This test ranks all
of the data from greatest to least, and the ranks associated with
the different conditions are compared to see if they are equiva-
lently distributed. As in the other statistical tests, a 95% confidence
level was used as the criterion of statistical significance (corre-
sponding to a probability less than 0.05 of falsely identifying a
difference).

In-Trail Spacing

A common segment of each arrival route was chosen in which
to calculate in-trail spacing measures for each arrival. During this
interval, the pilot was asked to achieve a spacing of 8 n miles in-trail,
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Table 1 Pilot spacing at end of interval (percentage in 72 runs)

Pilots, % Spacing achieved
47 Less than or equal to 0.25 n mile of commanded
22 Greater than 0.25 and less than or equal
to 0.50 n mile of commanded
13 Greater than 0.50 and less than or equal
to 0.75 n mile of commanded
18 Greater than 0.75 n mile of commanded
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Fig. 3 Mean in-trail spacing, labeled with standard deviation (eight
runs within each CDTI-procedure combination): ®, baseline STAR; W,
STAR with speed; and A, STAR with speed and merging path.

areductionfrom the earlier spacing of 10 n miles in-trail. The mean
spacings were grouped by CDTI—procedure combination, as shown
in Fig. 3. These values are above 8 n mile because spacing at the
start of the interval was 10 n mile. ANOVA revealed the presence
of significant CDTI-procedure interactions, F'(4, 52) =2.77 and
p =0.04. A one-way ANOVA on the nine CDTI-procedure combi-
nations found marginally significant variations (8, 52) = 1.93 and
p=0.17. Tukey 95% pairwise comparisons revealed that the dis-
play with speed with the baseline STAR resulted in higher spacings
than the baseline display with the STAR with speed.

On visual inspectionof Fig. 3, little differencein spacing appears
between CDTI when used with STAR with speed and merging path.
To confirm this, a post hoc one-way ANOVA on the conditions
with the STAR with speed and merging path was performed across
CDTI. This testrevealed that main effects due to CDTI do not exist,
F(2,21)=0.01 and p =0.989, in conditions with the STAR with
speed and merging path.

Inspectionof Fig. 3 also suggeststhat both the baseline STAR and
STAR with speed appear to have similar effects. To analyze this, a
post hoc two-way ANOVA was performed on the conditions with
the baseline STAR and STAR with speed. The interaction effects
found with the full data set were not significant in the data set con-
taining only these two procedures, F'(2,42) =0.09 and p =0.913.
Main effects due to procedures were not significant in this reduced
dataset, F'(1,42) =2.39 and p = 0.129. However, significant CDTI
effects were present, F'(2,42) =6.42 and p=0.01. Tukey 95%
pairwise comparisons on the CDTI indicated that the baseline dis-
play resulted in significantly lower spacing values than the display
with speed.

Another measure of pilot ability at spacing during the chosen
arrival segment was obtained by taking the absolute value of the
difference between the spacing the pilot had achieved at the end
of the interval from the commanded value. Table 1 summarizes
these results. Pilots achieved within 0.25 n mile of the commanded
spacing in 34 runs (47%). In 50 of the 72 runs (69%) pilots were
within 0.50 n mile.

Throughanalysisof the time it took the pilots to pass halfway from
their earlier commanded spacing to their new commanded spacing
for the same segment, behavior in obtaining the commanded spac-
ing (specifically, the rate at which the pilots sought the new spac-
ing) can be examined. Pilots failed to achieve half of the change in
commanded spacing in 7% of the intervals; for computation pur-
poses, the time at end of the interval was used in these cases. The
mean time to reach half the change in commanded spacing is shown
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in Fig. 4. Because the data did not follow a normal distribution, a
Wilcoxon 95% rank sum test was used for analysis. Conditions with
the display with speed and baseline STAR had significant longer
times to achieve half of the change in commanded spacing than
pilots provided with either the baseline display and STAR with
speed or the display with speed and autopilot targets and STAR
with speed.

Comparison of Figs. 3 and 4 reveals some similar trends because
their two measures may be capturing different elements of the same
behavior. Pilots requiring more time to attain half of the change in
commanded spacing often had higher mean spacing values due to
the duration with higher spacing integrated into the mean spacing
calculation.

In summary, these measures both found significant interactions
between CDTI and procedures when examined in the aggregate.
These interactions may arise from two behaviors: a lack of CDTI
effect when the STAR with speed and merging path was available
and a significant CDTI effect with the other two STARs.

Spacingis not the only measure of performance. The smoothness
of the flight, as indicated by the number of speed changes made by
the pilots during each run, is also important because higher num-
bers are generally indicative of poorer fuel efficiency and higher
pilot workload (although fuel efficiency and pilot workload were
not directly measured in this experiment). The mean number of
speed changes made by the pilots during the entire arrival is shown
in Fig. 5. ANOVA revealed the presence of marginally significant
CDTI effects, F(2,52)=2.83 and p =0.068. Neither CDTI-
procedure interaction effects, F'(4,52) =1.11 and p = 0.360, nor
procedure effects, F(4,52)=0.10 and p=0.909, were signif-
icant. Analysis of Tukey 95% pairwise comparisons revealed
that when provided with the baseline display, pilots made more
speed changes than when either of the other two displays were
provided.
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speed; and A, STAR with speed and merging path.

Merging

The merging operation required each pilot to cross behind an-
other aircraft at the merge point and then follow behind that aircraft
while maintaining 4 n miles in-trail spacing. As a measure of pilot
merging ability, the mean merge spacings were obtained from when
the aircraft ahead of the pilot crossed the merge point until the end
of the pilot’s run, as shown in Fig. 6. The mean separations fall be-
tween 3.5 and 4.4 n mile. ANOVA found neither significant CDTI
effects, nor procedure effects, nor interactions between CDTI and
procedures.

Procedure Usage

It was hypothesizedthat pilots may use the STAR chart for speed
information. If this were true, speed changes would commonly be
made shortly after referencing the STAR chart. In an attempt to as-
sess pilot use of procedures, the number of STAR chart references
made by each pilot within the 8 s preceding an airspeed change
was counted. These trends varied widely between pilots, with some
frequently referencing the STAR chart before a speed change, and
others never doing so. The mean values across pilots are shown in
Fig. 7. ANOVA found that CDTI-procedure interactions were not
significant, F'(4,52) =0.79 and p =0.535. However, both CDTI,
F(2,52)=3.06and p =0.06, and procedures, F (2, 52) =2.83 and
p =0.07, were marginal sources of variation. Tukey 95% pairwise
comparisons of displaysrevealed that a higher percentage of speed
changes in the 8 s following STAR chart access when the baseline
display was available than when the display with speed was avail-
able. Tukey 95% pairwise comparisons of procedures showed that
the baseline STAR resulted in a lower percentage of speed changes
in the 8 s followingits accessthan the STAR with speed and merging
path.

The total number STAR chart references over each test run was
similarly analyzed. Although ANOVA showed that both CDTI-
procedure interaction effects, F'(4,52) =1.53 and p=0.21, and
CDTI effects, F(2,52) =0.49 and p =0.62, were not significant,
the procedure was a significant source of variation, F'(2, 52) =3.28
and p =0.05. As found with references to the STAR chart immedi-
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Fig. 8 Deviant scenario mean separation values from merge point to
end of arrival (four runs within each CDTI condition; error bars rep-
resent standard deviation).

ately before a speed change, Tukey 95% pairwise comparisons on
procedure level indicated that the baseline STAR had fewer refer-
ences than did the STAR with speed and merging path.

In summary, pilots were found to refer more to the STAR charts
that containedmore proceduralizedinformation,both in generaland
in the 8 s before making a speed change. Although large variability
existed between pilots, these results suggest that many treated the
STAR chart as an information source.

Effect of the Deviant Scenario

In the deviant scenario, the pilot was confronted with a situation
where the published procedure was not followed by the aircraft the
pilot was to merge behind, thatis, the lead aircraft slowed to a speed
50 kn slower than the speed on the STAR chart. Figure 8 presents
the mean separation values as a function of CDTI. In current air
traffic control operations, separation below 3 n mile horizontally
and 1000 ft vertically is considered a separation violation. Each
of the 12 pilots violated this minimum separation requirement at
some pointduring the deviant scenario. The mean separation values
were below this required separation value except in conditions with
display with speed. Two pilotsfailed to regain at least 3 n mile of hor-
izontal separation before the run ended. ANOVA found marginally
significant CDTI effects, F'(2,9)=3.05 and p =0.10; however,
Tukey 95% pairwise comparisons found no significant differences
between display conditions. The overall low separation values sug-
gest that pilots may have difficulty noticing and/or reacting to other
pilots’ deviations from procedures.

Pilot Opinions

When asked at the end of the experiment about the feasibility of
performing in-trail spacing, 11 of the 12 pilots felt the operation
could be performed, but with qualifications such as increased train-
ing and equipment, as well as display and procedural modifications.
Of the 12 pilots, 11 cited current airspeed as a helpful componentto
the traffic display when performing in-trail spacing. Target airspeed
was viewed as helpful, but not as necessary as current airspeed.
Pilots also cited the ability of range marks to help judge spacing
distances.

When asked about pilot-performed merging, 10 of the 12 pilots
believed it was feasible. However, all but one of the pilots qualified
their response. Such qualifications include, but are not limited to,
ATC interventionin the event of “trouble”; need for proceduralized,
adhered-to speeds and clarification of spacings at merge; a time to
cross fix (intersection); and a published escape maneuver out of
the merging area. Of the 12 pilots, 9 cited current airspeed as an
aid during in the merging operation. The relative position of other
traffic was also cited by seven of the pilots as an aid.

The main complaint by pilots about the presentation of informa-
tion across all three CDTI was the high degree of clutter. This was
especiallytrue for the display with speed and autopilottargets. Many
pilots offered suggestions that would enable the pilot to declutter
the display. However, using redundant pairwise-comparisons ana-
lyzed by the analytic hierarchy process,? pilots rated the display
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with speed and autopilot targets (the most informative and clut-
tered) over the display with speed by a ratio of nearly 2:1, con-
sidered a slight preference. Pilots rated the display with speed and
autopilottargets over the baseline display by a ratio of 10:1, consid-
ered an extremely strong preference. Pilots rated the display with
speed over the baseline display by a ratio of 5:1, considered a strong
preference.

Pilots also had strong opinions about the utility of the STAR
charts. When asked if the STAR provided support for the in-trail
spacingoperation,all 12 pilots concludedthatthe STAR was helpful
due to the inclusion of expected speeds at each waypoint. All 12
of the pilots cited some aspect of the STAR as being helpful in
supporting the merging operation. Of the 12 pilots, 10 cited the
merge depiction as being helpful. The two pilots who did not cite
the merge depiction felt that the expected airspeed was helpful when
merging.

By the use of redundant pairwise comparisons analyzed by the
analytic hierarchy process,?? pilots were found to prefer the STAR
with speed and merging path to the STAR with speed by a slim
margin for in-trail spacing and a relatively wide margin for merging.
A strong preference for the STAR with speed and merging path was
indicated over the baseline STAR. Pilots possessed a moderately
strong preference for the STAR with speed over the baseline STAR.
The STAR with speed was slightly preferred over the baseline STAR
for the merging operation.

Pilots cited altitude, airspeed, upper speed bands, and some sort
of allocated protective maneuvering space as potential components
that could be mandated by the STAR, especially for support of in-
trail spacing and merging. One pilot noted that, if the STAR man-
dated airspeed within a certain range, for example, 10 kn, and if
controllers held pilots to those published speeds, displaying other
aircraft speeds would be unnecessary.

Conclusions

The results of this study suggestthat pilot performed in-trail spac-
ing is a potentially viable operation worthy of furtherinvestigation;
11 of 12 pilots felt that it was feasible with the CDTI and proce-
dures tested. The results on pilot-performed merging were positive,
albeit with qualifications. Pilots suggested a need for both tech-
nology enhancements, display of other aircraft airspeed, automated
speed-up/slow-down cues near the merge, and procedural changes,
proceduralized speeds, published escape maneuvers in case of dif-
ficulties in achieving the correct spacing, and a controller-specifed
time to cross the merge point. In all cases, pilots also voiced strong
opinions abouta continued,activerole for the controller. Their com-
ments highlighted a desire for the controller to continue to have
several responsibilities, including oversight of safety, centralized
organization of the traffic flow, and monitoring for (and resolution
of') nonprocedural actions taken by any pilot.

The results of this study provide only a preliminary assessment:
The fidelity of the simulation confounded the spacing and merging
performance of the pilots with the limitations of its dynamic models
of the aircraft and autopilot; the single-crew, part-task nature of the
runs prevented in-depth analysis of workload; only the arrival phase
of flight was examined; and the low number of subjects limited the
power of the statistical analysis. Likewise, the only stochastic and
reactive element in this study stemmed from the pilots themselves.
However, thesetentativeresults suggestmore extensiveresearchinto
these types of operations may be fruitful. The results provide the first
step in showing that the pilots are capable of greaterinvolvementin
their own guidance within the NAS when all of the other aircraftare
following open-loop, prespecified speed profiles. However, these
results cannot necessarily be extended to a stream of aircraft, each
maneuvering to maintain relative positions, without further pilot-
in-the-loop studies with multiple pilots in series investigating the
overall stability of the traffic flow.

Statistical interactions were found between the effects of CDTI
and the effects of procedures in many measures in this study, in-
cluding pilot performance at in-trail spacing and the accelerations
used to achieve these spacings. These statistical interactions have
the practical implication that CDTI and airspace procedures do not
function independently of each other. Like CDTI, procedures may

be a source of guidance information to the pilot. In this study, pi-
lots were found to refer to STAR charts more frequently when the
charts had more information and when the CDTI provided less. At
an extreme, as one pilot noted, if the procedure requires a specific
speed range of all aircraft, then a presentation of aircraft speed on
the CDTI is not required. This highlights the careful consideration
that should be given to proceduralinformationin testing CDTI. Any
CDTI is likely to be tested and demonstrated in the current ATM
environment, with its commensurate procedures. Such testing alone
does not necessarily guarantee that the CDTI will be an adequate
information source in future ATM environments where different
procedures may provide less, or different, information.

The importance of procedural information found in this experi-
ment highlights the challenge to balance the pilots’ need for pro-
cedures with the need for the NAS to be flexible and responsive to
changing conditions. Future ATM guidance procedures, it may be
reasonably hypothesized, may not need to be as permanent and in-
flexible as they are currently. Rather than needing to be publishedin
paper (with a commensurate lack of flexibility), their utility in pro-
viding foreknowledge and expectations may possibly be provided
by electronic presentations of that day’s (or that hour’s) traffic flow
plan, uplinked to a cockpit display.
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