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Abstract—Many of the nation’s airspace users desire more TABLE OF CONTENTS

freedom in selecting and modifying their routes. This desire
has been expressed in the free flight concept, which has
gained increased attention in the last few years. Free flight
offers the potential for more efficient routes, decreased fuel
costs, and less dependence on air traffic control. The
greatest challenge, however, is maintaining the safe
separation between aircraft. This problem is often referred
to as conflict detection and resolution (CD&R).
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1. INTRODUCTION

This paper describes a technique by which aircraft may o, ter navigation, and communication technologies

simultaneously and independently determine coIIision-freeF\]aVe advanced perhaps a hundred-fold over the past two

routes in a free flight operational environment. Theyonerations. During that time, however, the basic approach

technique, ~derived from potentlal-fleld_ models,_ hast providing air traffic control has remained nearly constant.
demonstrated tremendous robustness in a variety @lg, vears after the first network of VORs was established,
scenarios ranging from simple two-aircraft conflicts ancyicra are still largely restricted to following VOR airways

contrived geometric formations to complex, randomizethen though their onboard navigational capabilities (based

multi_—a?rcraft conflicts.__ Communic_ation failures and on radio triangulation, LORAN, GPS, inertial navigation,
restrictive maneuverability constraints have also bee@tc_) permit them to fly direct or arbitrary routes.

considered.

h | f thi K h il fiel The current air traffic control system relies on the airways
TI € _rre]:su ts of this Worl suggest It at potehntla "Ie dstructure to maintain safe spacing between aircraft. Airways
algorithms are an extremely robust solution to the problengiyjity the controller's job by limiting the trajectories that

of CD&R. The res_ults _also Sho.w that_ th_ese algorithms Ca8ircraft may follow. This restriction essentially reduces the
be adapted to a situation requiring distributed computatlog?

d luti The ad f 2 distributed h eneral three-dimensional-plus-time conflict resolution
and resolution. The advantage of a distributed approach Igqpem o a series of one-dimensional-plus-time problems.

the decreased reliance on a central command authority. ¥}o |atter type of problem is much easier for humans to
simulation, separation can be maintained even with age with the one drawback being that the set of possible

unreasonable number of aircraft, in close proximity, withs,tions will be small relative to the three-dimensional

only partially reliable communications, and operating undepghlem. Indeed, without the use of airways, the current
tight constraints on maneuverability. ATC system would simply be unable to handle typical daily

. . . . traffic. (This is not to say that aircraft are never granted
This paper explores the technical feasibility of performmgdirect routing. In fact, controllers often use direct routing

autonomous CD&R. The results are very promising. Thi uring the early morning when traffic densities are low

paper does not address the more difficult issue 0nough that they may perform the mental calculations

transitioning the airspace into a fre_e flight environment. NOFequired for all-aspect conflict detection and resolution.)
do we address the general questions about user acceptanc%

and regulatory adoption of free flight concepts. However, il\ new air traffic management paradigm that does not

is believed that if the financial advantages of making th@onfine ajrcraft to an airway network could offer several

transition to free flight can be adequately demonstrated, they antages, including greater fuel efficiency, reduced flight

reality of a more user-centric airspace management Syst€fflhe and increased airspace capacity. These are the goals of

may be closer than most people think. the free flight concept [1]. The challenge of maintaining
safe separation in such an environment has been of interest
to researchers for the last few years [2]-[8].

This paper describes a self-organizational approach to
aircraft conflict resolution in which a safe trajectory is



determined onboard in a faster-than-real-time simulation of
future conflicts. The following steps determine the
resolution:

1. Create a computer simulation of the real-world air
traffic conflict.

2. Run the simulation at many times real-time speeds,
using the resolution agorithm to resolve the conflict.

3. Observe how the aircraft in the smulation resolve the
conflict.

4. Direct the red-world aircraft to follow the conflict-free
path(s) determined by their simulation counterpart(s).

2. SELF-ORGANIZATION AND ATC

Loosdly defined, a self-organizing system is one in which
organization is achieved through the actions taken by the
individual elements of the system. The logic for generating
the organization is embedded in the individual elements,
rather than as a magter control drategy. In the air traffic
management domain, the individuad eements are the
aircraft, each attempting to reach their destinations.

The physical sciences provide at least one modd of a self-
organizing system that could be applied to the conflict
resolution problem. In Figure 1, several positively charged
particles have been released into a space that contains one
fixed negative charge. The positive charges will tend to be
drawn toward the fixed negative charge because of the
mutual attraction of their opposite charges. At the same
time, the positive particles tend to maintain disance
between each other because of the mutua repulsion of their
like charges. An analogy could be drawn to the free floating
positive charges as aircraft and the fixed negative charge as
a destination. This analogy provides a crude mode for
developing conflict resolution algorithms.

This potential field model is, however, too smpligic for

Destination

Figure 1. Charged Particle Conflict Resolution

immediate application to self-organizing air traffic. One
problem is that the attraction of a destination is inversaly
proportional to the distance from the destination. Another
problem is that the separation maintained between particles
is a function of their closing speed. That is, higher rates of
closure lead to smaller separations. For the air traffic control
problem, a minimum separation should be maintained
between aircraft, regardless of closing speed.

In [9], a conflict resolution algorithm was developed that
retains the basic attraction and repulson features of the
potential field model. That agorithm, consists of the
following steps:

1. Determine the distance and direction that would be
traveled in the absence of any traffic conflicts. Call this
vector D. If we refer to the original speed as Syig, then
the original path vector, Vg is

D
Vorig = Sorig ﬁ (1)

2. Project the time and position plans of the other aircraft
to determine which aircraft will intrude into the
airspace occupied by the subject aircraft in the future.
Call these obstacle aircraft.

3. For each obstacle aircraft:

a. Determinethe function i(t) that describesthe
amount (scalar) of intrusion i versustimet, where
intrusion is defined as the difference between the
desired separation rp and the projected separation.

b. Determinethetimet* when the value of equation
(2) isamaximum. In words, the quantity t* can be
thought of as the time when the degree of conflict,
C(t), isgreatest. The maximum conflict occurs
when the projected intrusion, i(t), islargest relative
to thetime until that level of intrusion occurs, (t -
tnow)

c)y = @

now

® E 3

C(t*) = max
t ~thow

c. Referencing Figure 2, the minimum spatial
differential, R, that eliminatesintrusion at time t*
isthen given by

R(t*)
R(t*)|

R =i(tY) 4
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Figure 2. Conflict Avoidance Algorithm

and the change in the subject aircraft’'s course andthe speed of the other and both are constrained to not
speed due to thé"mbstacle aircraft is given by the maneuver in altitude. Six frames of the conflict and

avoidance vector, A,.

R(t*)

|R(t*)|lt* tnowi ®)

resolution are depicted. The two aircraft are each drawn
twice — once for the original flight path, once for conflict-

free flight path. The circle around each aircraft is 2.5 miles
in radius. Therefore, the aircraft are spaced by at least 5

miles as long as their circles do not overlap.

4. Sum the original path vector and the -calculate
avoidance vectors for all the obstacle aircraft to yiel
the solution vectovs (thow)-

eatures of the Basic Algorithm

While the algorithm is quite simple, it handles en route

conflicts rather well and in an intuitively sensible fashion.

(6)

VS( now

Vorig zA
1.

Then, adjustvgtoy) as necessary to satisfy the
acceleation and velocity limitations of the subject
aircraft. (Note: Summing the avoidance vectors to yieloz'
the solution vector is directly analogous to summing the
repulsive forces in the potential-field model.)

Advance the model aircraft alongtmw) for a short
time interval. 3
The above steps describe the algorithms for a single
(modeled) point in time. The total solution requires that
calculations be performed for multiple time intervals that
are small relative to the time remaining before a conflict
involving the aircraft is projected to occur. In this way, the
modeled pilot “sees” and responds to the various obstacle
aircraft’'s paths as the solution is calculated. This process is
similar to a car driver seeing and responding to traffic
conflicts as they develop (e.g., traffic from an onramp
merging with traffic on a highway). Using this algorithm,
Figure 3 is a plot of the resulting courses for two aircraft

The algorithm has the following desirable features:

In the absence of traffic conflicts, the aircraft proceed
directly to their destinations.

The response to a given conflict is appropriate to the
time proximity and magnitude of the conflict. That is,
small conflicts far in the future result in very minor
deviations in course and speed while larger and/or more
immediate conflicts result in larger deviations.

Each modeled pilot takes responsibility for the safety of
his or her aircraft. In other words, each pilot reacts to a
conflict as though the other pilot(s) involved in the
same conflict would ndtln Figure 3, for example, both

of the aircraft paths initially display rather large angles
of deviation from the original paths but, as each pilot
“sees” the other acting to avoid the conflict, he or she
correspondingly reduces his or her own deviation. Thus
far, we have been attempting only to calculate conflict-
free paths; optimization of the conflict-free paths will
be performed in a later step.

Wi_th Paths that interseCt_ at I’ight angle_s. For the purpose fuch conservative action is not a requirement of this approach; the pilot
this figure, one of the aircraft is traveling at roughly twiceémodd could assume that conflicting aircraft will also maneuver to reduce
the degree of conflict.
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Figure 3. Two-aircraft

4. Multi-aircraft conflicts are handled with similar results.
In multi-aircraft conflicts, aircraft that are only
peripherally involved in a conflict are “repulsed” by

)
Conflict Resolution
extreme deviation. Figure 4 illustrates this behavior for

the simple case of three aircraft that are not permitted to
change altitude. Here, the algorithm’s repulsion

one or more of the other aircraft in the conflict such that mechanism causes two southbound aircraft to increase
they pass even farther from the center of the conflict. the distance between them so that a northbound aircraft
This allows more maneuvering room near the center of may pass between them.

the conflict so that the aircraft involved there are spared

................... » Flight path —— Repulsive force

Figure 4. Multi-air craft Conflict

3. FREE FLIGHT SIMULATION

This current work sought to extend the algorithms
developed previously to function in a free flight
environment. A simple aircraft traffic simulator which
included self-organizing algorithms similar to those
developed at Lincoln Laboratory was constructed. The
simulation included communication assumptions based on
Automatic Dependent Surveillance — BroadcasD$-B)

[10] to communicate position and path information between
aircraft. This use of radio communications between aircraft
to implement a distributed solution was the major focus of
this research. Where the Lincoln work assumed that a single
computer on the ground had access to timely information
concerning all aircraft over a large area, the study focused
on a distributed solution environment in which the
knowledge of air traffic is highly localized, frequently
asymmetric, and subject to communications failures.
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Figure 5. " Crossing the Street" Scenario
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Conflict scenarios generated conflict sets. Figure 7 shows that prior to the use
of any separation assurance algorithm, all 50 conflict
scenarios involve the eight aircraft coming at least within
six miles of each other, at about half way through the
simulation (i.e., at approximately the same time.)

A wide variety of conflict scenarios was generated and
tested. Initial tests were of smple two-aircraft conflicts,
which proved to be trivia problems for the potential field
algorithm approach. More challenging tests included a
“crossing the street” example in which three northbound
aircraft in a tight trailing formation passed through a
continuous string of eastbound aircraft in a tight trailin
formation, as shown in Figure 5. In this example, eac
aircraft is only drawn once.

EEEsEEEE
o
H

For the purposes of further testing the self-organizin
algorithms, a simple random conflict generator was create
It produced fifty very challenging random conflict
scenarios. Each scenario involved eight aircraft traveling
randomly determined speeds ranging between 60 and ¢
mph in a randomly assigned direction for a fixed period ¢ o
time in a straight line at a constant altitude. The midpoint «
each aircraft was then translated such that it fell on
randomly determined point inside a circle of three mile
radius. The result was a set of difficult, eight-way conflic
configurations involving aircraft of varying speed
capabilities. Figure 6 illustrates a typical conflict set.

s

The simulations can be characterized as shown in Figure
Each point in these figures represents the closest point
approach between two aircraft. For each scenario of eic
aircraft, there are 28 closest points of approach. Figure

and the similar plots, include the data for all 50 random!  Fjgyre 6, A Randomly Generated Conflict Scenario



Several observations about these tests can be made.
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Figure 7. Separation without Resolution

radio range, TCP information, and aircraft maneuverability
constraints.

1. The 60-mph to 600-mph range of airspeed, in common
airspace, is not realistic. These tests, however, further  The total number of test configurations is, then 2 x 2x 2 x 3
stressed the algorithm and could be conceivable in or 24 individual configurations. The bulk of the tests
some visions of freeflight. provided difficult solution environments.
2. A dower obstacle aircraft permits more time to resolve  Communications Reliability
the conflict for head-on approaches, but their ability to " L —
maneuver is limited relative to faster aircraft. Slow T_he reliability of the inter-aircraft communications Wash
moving obstacle aircraft also reduces the time available ~ Smulated at two levels, 75- and 95-percent. Even at the
for conflict resolution durin ina conflicts higher level of communications reliability the test scenario
g passing ' is less reliable than the expected ADS-B communications.
5. Wit e visel ppernce may bt e s 1S DO eIl sppIe 0, b e e e
consist of a single eight-way conflict, that is not how  '°C€ ensi etis,ne.t?.ivx? netw 0 ol ryir ot has bar FI)
ey ro siv by the i xgmiang gatms Srce - SSTITVICSLET Do b Pty Al nas b o
each obstacle aircraft generates an independent °P y 9 ’
gg;zzcggr;ft&:iﬁg%%?a?tg;ﬁcstsr%etre‘é tshzce;‘fde(;[t II?;\ rth;f; eight aircraft, each with 95% reliable communications,
temporal and spatial distances. onl mgre “difficultg are within range of each other, there is less than 4% chance
P pat : » only “that, during any one 12 second interval, all eight broadcasts
The increased difficulty, in turn, is because the close . X .
roximity of the conflicts leads to more frequent andand 56 receptions required to update each aircraft about
Emre co)r/n lex interactions between aircraft q each other aircraft will be soessful. With 75% reliable
P ’ communications, the possibility is so remote that it almost
4. These are extremely difficult conflict scenarios. W
believe that any technique which cannot robust Table 1. Test Parameters
resolve difficult, albeit rare, conflicts involving multiple -
interacting aircraft is unsuitable for free flight CD&R Test Matrix
regardless of how successful it might prove at solvir - . .
common two- or three-way conflicts. Hence, our ver | Radio Range 120 mi. | 50 mi.
dense air traffic test scenarios. Communications | 95% 75%
Test matrix Reliability
With a set of random conflicts in hand and a variety TCP Usage Tagncal gtr?teglc
distributed solution and ADS-B specific issues to t grt] teai nly
studied, a test matrix was designed as shown in Table 1.- rategic
matrix studied the effects of communications reliability | Maneuverability | Poor Fair Good




certainly never occurred in the course of any of the 600
trials (12 configurations x 50 random simul ations).

Radio Range

Current ADS-B proposals specify maximum ADS-B radio
communications ranges in the range of 90 to 120 miles [10].
The current sudy investigated conflict resolution with radio
ranges of 120 miles and 50 miles. The higher reliability
permits us to learn the expected efficiency of the algorithms
under common conditions while the latter provides
understanding of how well they perform under considerably
degraded conditions.

TCP Usage

TCPs, Tragjectory Change Points, are part of the ADS-B
specification. TCPs are used to inform ADS-B listeners of
the future path/flight intentions of the broadcasting aircraft.
During the course of this work, the researchers considered
the question of whether or not incremental deviations

Table 2. Maneuver ability parameters

M aneuver ability

Poor Fair Good
Horizontal 0.05g 0.05g 0.1g
Acceleration
Vertical 0.02g 0.05g 0.1g
Acceleration
Maximum 500 fpm | 500 fpm | 1000 fpm
Climb/Descent
Maximum +3% of +5% of +10% of
Speed Deviation | nominal | nominal | nominal

velocity | velocity | velocity

motivated by the conflict resolution agorithm should be
broadcast as TCPs.

Using the TCP mechanism to broadcast incremental
deviations in response to a conflict would make the TCPs

and actual separation is a measure of the success of the
algorithms in resolving the conflict.

As you examine the results presented below, please take
note of several points:

tactical in nature. A tactical TCP might give a point
somewhere off the current flight path to which the 1.
broadcasting aircraft intends to deviate in order to maintain
separation with another aircraft. Using the TCP mechanism

to broadcast an aircraft's ultimate intent would make the
TCPs dtrategic in nature. TCPs in a strategic role would
describe planned waypoints.

This study investigated both resolutions wherein tactical
TCP information was broadcast and utilized by all aircraft
and also resolutions that used only strategic TCP
information. 3.

Maneuverability

The maneuverability dimension of the test matrix had three
levels — Poor, Fair, and Good. Table 2 lists the constraints
associated with the three levels of maneuverability.

4. EXPERIMENTAL RESULTS

The results are presented using the same chart format as that

of Figure 7. In each case, the conflict resolution algorithms’
had a target goal of 5 miles separatioks these algorithms
are, in essence, proportional controllers (the degree of
conflict avoidance is proportional to the degree of projected
intrusion) some differential between the target and actual
separation is expectédThe difference between the target

2 Vertical separation was scaled such that 1000 feet was equivalent to 5
miles of horizontal separation.

3 In real-world use a target separation of 7 or 8 miles might be employed;
compensating not only for the proportional nature of the algorithms, but
also for other uncertainties in the system including unexpected winds,
operational error, etc. (A similar error cushion is employed by current-day
ATC controllersand most other examples of self-organizing traffic.)

The algorithms are extremely robust. Good separation
is achieved even in the worst test conditions, i.e. poor
communications reliability, minimal communications
range, and extremely limited maneuverability.

Increasing difficulty results in a gradual degradation of

separation — no point of failure has been found in any of
the testing. When stressed, the algorithms bend rather
than break.

None of the fifty randomly generated scenarios
presented a particular difficulty to the algorithms. For
each element of the text matrix, the separation achieved
approximates a bell curve. There is, however, no
apparent pattern to the scenarios or aircraft pairings
which populate the left-most portion of the curve; the
conflict/pairing which proved worst in one matrix
element likely falls near the center of the pack in other
elements of the matrix.

Most of the chart groupings below differentiate
between runs in one matrix dimension while holding
the other dimensions at distinctlysub-optimal
conditions. In other words, the best scenario of a
particular pairing or grouping still represents a
resolution problem that is difficult in terms of variables
other than that being compared in the grouping.



Communications Reliability reception range is reduced by more than 50%. Figure 9

: . . illustrates these results using strategic TCPs, “fair”
;ri;grﬂ lo)l/emorl]rs]tézrted t?r?;theasse;anrqsgtlg:]alg()or; thmjﬂ?g?ﬁg maneuverability, and 95% reliable communications.
communications. Indeed the 75% case is nearly as good as TCP Usage
the 95% case, as shown in Figure 8, assuming strategic
TCPs, “fair” maneuverability, and 120-mile radio range. = The simulations suggested that the use of tactical TCPs — at

least in the dense traffic environments modeled in this work
Radio Range — actually decrease the quality of the conflict resolution.
Perhaps even more surprising than the limited degradati Fn'gL",;e. }0 comparesk;_?f ta%';al alr_1db|strateg|c use (t)'f TCPs
caused by unreliable communications is the limite or flair maneuverabiiity, o refiable communications,

degradation caused when the communications broadcast azri]%d 120 mile range.
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Figure 8. Comparison of (a) 75% Communications Reliability and (b) 95% Communications Reliability
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Figure 9. Comparison of (a) 50 Mile Range and (b) 120 Mile Range

The TCP results are noteworthy. The separation algorithm
performs better under strategic TCP assumptions. This can
be explained by the fact that each aircraft, due to a limited
radio range, has limited traffic information. When tactical
TCPs are broadcast and out-of-range aircraft come into
range, the set of TCPs may change dramatically from time
step to time step. Hence, a previoudy broadcast set of TCPs
becomes incorrect.

At airspeeds up to 600 mph and closing rates twice that
high, the set of conflicts to be resolved can change rapidly.
In dense traffic, atactical plan, which was believed safe one
moment, may be found undesirable the next moment. A
new, very different course is calculated by the onboard

simulator and broadcast via ADS-B. These large, “step
function” changes in solution space can have a ripple effect
as other aircraft change their courses in response. These
large discontinuities disrupt and delay the convergence of a
solution for all the aircratft.

On the other hand, utilizing only the strategic information
provides a much more stable, albeit constantly evdlving
environment in which convergence is more direct. The

4 Evolvi ng, because as an aircraft maneuvers to avoid other aircraft, the
path segment between it and its next strategic TCP changes dightly relative
to the path segment between its previous position and the same strategic
TCP.
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Figure 10. Comparison of TCP Usage as (a) Tactical and (b) Strategic

introduction of a new conflict may result in a meaningful converse situation will have to maneuver far more than their
change to an aircraft's trajectory, but the changes to th&hare.
solution space at each time step will be quite small.

This situation can be mitigated through a scheme in which
TCPs and Negotiation the aircraft negotiate some joint conflict maneuvers.

Even if tactical TCPs were practical, their introduction toHowever, such negotiations require that both aircraft be

the problem actually complicates the conflict resolutionWlthln range of the poorest receiver. The use of a

problem. In the case when the communication capabilitietrs:)egt?]t'eat'ggnﬁirgtofgéjggsna V\:hgllemnewnlgvevlvncl)f ﬁlngplet;('ty
of two aircraft are not identical, one aircraft will receive the . in the foll tptﬁ' € ﬁ ? ely be
other’s flight plan first. That aircraft, then will calculate aconSIdered In the follow-on to this effort.

resolution to the conflict and broadcast the new course. o

When the second aircraft comes within reception range E\{Ianeuverablllty

the first, it will find that there is no conflict between them —Finally, the issue of aircraft maneuverability was
the first aircraft has already resolved the conflict — and wilconsidered. As expected, better maneuverability yields
continue on its original course. Hence, those aircraft whichetter results. Figure 11 shows the results of these
have the best transmitters and the worst receividrsanely ~ experiments, using 75% communications reliability, 50-mile
be required to resolve conflicts, while aircraft with theradio range, and tactical TCPs.
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5. SUMMARY OF RESULTS
Tremendous Robustness

The robustness of this approach to sdlf-organizing air traffic
conflict resolution studied is best illustrated by Figure 11. It
shows that even with poor communications reliability and
range, with very minimal ability to maneuver, and without
benefit of any sort of overt negotiation, the conflict is
resolved to within 80% of the target 5 mile range in most
cases and 60% in al cases. In other words, a target
separation of as small as 7 or 8 miles would have provided
separation satisfying current ATC standards even in dense,
eight-way traffic conflicts and extremely challenging
congraints. Consider the more redlistic case of 98%
communications reliability, 90 mile range, and moderate
maneuverability, which is plotted in Figure 12. The
difference between the target separation and the achieved
Separation is roughly 3%.

Smple Works

It is difficult to imagine how any other approach to “free
flight” conflict resolution could be either simpler or more
robust than this one. It is believed that in terms of simpl
measures such as total path length, it is also very efficien
This study did not investigasemple conflicts in any formal

fashion. It seems likely that in simpler conflicts, more
complicated algorithms might work just as well as the
simple ones — possibly better in some cases. There is, af%'(
all, less to go wrong for any algorithm in a two-aircraft
conflict. On the other hand, the results obtained with thi

study’s algorithms leave little room for improvement.

® Shortest path length may not be the best measure of economic efficiency,
but surely the the capability to determine resolutions with relatively short
path lengthsisa crucial starting point.

t

Minimize discontinuities

The Lincoln work showed that discontinuities in the
solution space made it difficult for the simulated pilots to
independently converge on a resolution. That finding was
confirmed in this work’s investigation of the use of tactical
TCPs. Where the strategic-only approach immediately
settled into a stable configuration, the tactical-plus-strategic
approach would “oscillate” for five or so broadcast cycles
(approximately 60 seconds) before settling down. Further,
the simulation was subject to similar, usually smaller
oscillations, when additional new conflicts were detected. In
any event, it seems clear that any combination of
algorithmic and traffic complexity that involves actions
based on predictions that are later revised or found to be
wrong leads to poorer separation.

6. CONCLUSION

The results of this study suggest that field potential
algorithms may be a feasible basis for free flight separation
assurance. This study considered extremely difficult conflict
scenarios. The authors considered the effect of limited
range, limited maneuverability, and limited communi-

ations. The potential field algorithms proved to be
remarkably robust, degrading gracefully in the face of
increasingly difficult conflicts and restrictions. No outright

failure was ever encountered.

periments in the use of trajectory change points (TCPs),
which are part of the ADS-B communications protocol,
?/ielded some interesting and unexpected results. The
authors concluded that, for this separation assurance
algorithm, TCPs should be strategic in nature. That is, each
aircraft's next desired destination is the most useful
information when resolving conflicts. The experiments
showed that the algorithms’ performance decreased as each
aircraft began to broadcast the incremental deviations in



flight path motivated by the conflict resolution. The authors
explained why thisisthe case.

While this study focused on the airborne application of the
algorithms, previous results a Lincoln Labs demonstrated
its utility to ground-based air traffic control [9]. These two
studies show that this robust and simple algorithm could be
useful for both cockpit and ground operations. Future efforts
could focus on developing a dtrategy for collaborative
decision making under air traffic management.

Understanding the effect of limited-range traffic information
in the cockpit will be key to developing a collaborative
decision making grategy. An extension of this research will
consider the difference between resolutions that are based
on global information and those that are based on the traffic
within range of each aircraft.

The apparent need for incremental adjustments to a flight
path is a common criticism of the use of potential field
algorithms for maintaining aircraft separation. In [9], Eby
showed how these incremental solutions could be translated
into flyable vectors. A complete study of the effect of this
piece-wise linear approximation would be a useful extension
of thiswork.
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