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The nation’s air transportation system is currently unable to support the forecasted
demand for air travel. New airborne and groundbased capabilities are being investigated to
address the myriad of challenges that pilots, operators, and air navigation service providers
will face. One approach being studied considers a layered architecture involving a strategic
and a tactical system to provide automated separation assurance. Because the tactical system
will operate in a time horizon that may overlap with onboard collisionavoidance systems, it
must be designed not to interfere with these systems. This paper presents a new set of vertical
conflict resolutions for a conflict aircraft pair. Heuristics are presented which govern the use
of the new vertical and recentlydeveloped horizontal conflict resolution algorithms to
minimize interference with an onboard collisionavoidance system. To address the expected
increase in traffic density, an algorithm for globally resolving conflicts involving multiple
aircraft is also presented. Evaluation using realworld encounters in both en route and
terminal airspace demonstrates the effectiveness of both the vertical algorithm and the
heuristics used to reduce the interference.
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I. Introduction

HE nation’s air transportation is currently unable to support the forecasted demand for air travel. To meet the
demand a combination of air and ground based automation is necessary. One area of research central to this
goal is the automation of conflict detection and resolution functions. It is widely acknowledged that airspace
capacity is limited by controller workload. An automated conflict detection and resolution capability that makes use
of the ground and flight deck systems is a potential solution to this limitation.
There have been many studies on aircraft conflict detection and resolution in the literature.18 These studies have
mostly involved computationally intensive optimization of predefined cost functions and do not address
requirements to assure failsafe operations. Additionally, they do not directly address the acceptability of the
resulting maneuvers to pilots and controllers.
Recently there has been considerable research directed towards a new concept for a separation assurance
capability, referred to as the Advanced Airspace Concept (AAC). 911 The AAC provides two independent layers of
separation assurance, a strategic separation layer and a tactical separation layer. At each layer, conflicts are resolved
through a series of maneuvers that are compatible with current operational procedures. A third layer of safety is
assumed to be provided by an independent airborne collision avoidance system such as TCAS (Traffic Alert and
Collision Avoidance System). TCAS, or a modified version of it, is expected to continue to be required as an
airborne independent backup collision avoidance system in the next generation air transportation system. The
strategic layer of the AAC addresses conflicts from 2 to 20 minutes into the future. The tactical layer addresses
conflicts in a time horizon of less than about 2 to 3 minutes into the future. The independent airborne collision
avoidance system addresses possible collisions in a time horizon of less than about 45 seconds. The strategic layer is
expected to perform the equivalent functions of controllers in today's environment but under much higher levels of
traffic demand. It provides adjustments to the flight plan aimed at providing separation assurance while maintaining
an efficient traffic flow. As such, resolutions take into account the intended flight plan and any downstream
metering constraints. Because the strategic layer is so complicated it cannot be made sufficiently reliable to be used
alone as an autonomous agent in a safetycritical application. The tactical layer of protection, known as Tactical
Separation Assured Flight Environment (TSAFE), is proposed as a backup system that duplicates a limited set of
safetycritical functions of the strategic layer. Thus, TSAFE both simplifies the problem of automated separation
assurance and provides a safety net for the strategic layer. In a way, TSAFE replicates a controller’s response to a
“conflict alert” in today’s environment. Because the tactical system will operate in a time horizon that may overlap
with the onboard collision avoidance system (TCAS), the groundbased TSAFE automation must be designed not to
interfere with a TCAS resolution.
Significant research has already been completed on various aspects of the AAC concept. In a recent paper,12
Erzberger developed an automated conflict detection and resolution capability for use in the strategic layer. Most
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TSAFE studies to date have focused on the detection of loss of separation (LOS) in en route airspace. Tests on
documented operational error cases show that TSAFE can provide timely warnings of imminent conflicts more
consistently than the current conflict alert used in today's system. 13,14 Recently, Erzberger defined a set of horizontal
resolution maneuvers for use with TSAFE.15 Paielli is addressing possible vertical resolutions.16 These studies have
not addressed possible interactions with TCAS.
In this paper, a tactical resolution algorithm to resolve conflicts involving two or more aircraft is presented,
which generalizes vertical and horizontal resolution algorithms for a single aircraft pair by introducing constraints
that limit possible maneuvers on an aircraft. The resolutions are selected to minimize the interference with TCAS.
The set of vertical maneuvers for resolving a pair conflict are developed in the paper. The horizontal maneuvers are
based on the algorithms developed by Erzberger and Heere.15 The vertical maneuvers and the approach for
minimizing the interference with TCAS are evaluated using track data from realworld encounters in both terminal
and en route airspace.
The paper is organized to first present a testbed system designed to evaluate algorithms for the tactical system in
Sec. II. This is followed by a discussion of the method used to minimize the interference of the tactical system with
TCAS in Sec. III. The vertical and horizontal resolution maneuvers are discussed in Sec. IV, where the proposed
conflict resolution algorithm that makes use of both the vertical and horizontal maneuvers to resolve conflicts
involving two or more aircraft is also covered. The evaluation results are presented in Sec. V. Some concluding
remarks are given in Sec. VI.

II. Testbed System
A standalone testbed software system has been designed and implemented to evaluate tactical algorithms for
conformance, conflict detection, and conflict resolution. The general TSAFE architecture as discussed in Ref. 911
was used to design the system. The major components of the system are shown in Fig. 1. The arrows indicate data
flow. The role of each component is briefly
discussed to understand the method used to
Observer
evaluate the algorithms.
The conformance component determines
A/C Tracks
whether or not an aircraft is deviating from
Flight Plans
Aircraft Manager
Mediator
its flight plan. It is used with TSAFE en route
conflict detection for trajectory prediction
and false alert minimization. It is less useful
in today's terminal area because of the lack of
intent information and more reliance on
Conformance
Conflict Detection
Conflict Resolution
dynamically adjusted procedures to optimize
traffic flow. It is expected, however, that in
the future there will be greater use of time
Figure 1. The architectural components of a testbed TSAFE
based scheduling along predefined routes
software system.
that will allow conformance monitoring to be
used in the terminal area as a major way of reducing false alerts.
The conflict detection component detects conflicts by searching along, if available, two trajectories for each
aircraft: the DeadReckoning (DR) trajectory and the FlightPlan (FP) intent trajectory. These trajectories are
generated by the Aircraft Manager component. Conflicts are determined based on evaluating the resulting four pairs
of trajectories: DR versus DR, DR versus FP, FP versus DR, and FP versus FP. TSAFE attempts to predict conflicts
up to three minutes into the future. Based on today's separation standard, the en route criterion is 5 nmi horizontally
or 1000 ft vertically (2000 ft if one aircraft is at or above FL410) the terminal airspace criterion is 3 nmi horizontally
or 1000 ft vertically. For simplicity, we leave the influence of wake turbulence and other factors, which may become
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important during the approach and landing phases of flight, for future consideration.
Upon detecting one or more conflicts, the conflict resolution component identifies a set of maneuvers that will
resolve the conflicts over a 23 minute time horizon. TSAFE does not provide maneuvers for returning the aircraft
to its original flightplan path. The philosophy within the AAC is that this function will be provided by the strategic
layer of separation assurance.
The aircraft manager component manages all active aircraft. It generates the DR and FP trajectories of an
aircraft that are used in other components. The DR trajectory is based on simple kinematics using the current
position and velocity of the aircraft. The FP trajectory takes into account the intent of the aircraft to maintain or get
back on its flight plan route. In the horizontal plane, an FP trajectory is generated using the current speed of the
aircraft and a smoothed flightplan route, which is obtained by connecting straight lines and circular arcs among the
flightplan waypoints. Vertically, the aircraft are leveled off at their assigned or temporary altitudes. The climb or
descend rates of the aircraft are based on the Base of Aircraft Data (BADA) model.17
The mediator component receives aircraft track and flightplan data and provides communications among other
components. It sets up and initializes other components.
The observer component receives and stores data on aircraft nonconformance, loss of separation, and conflict
resolution maneuvers. These data are used to analyze and understand TSAFE algorithms and performance.

III. Interaction of TSAFE with TCAS
Since the groundbased TSAFE operates in a time horizon that overlaps with the onboard TCAS, it is necessary
to consider a design that minimizes the interference between the two systems. The FAA has mandated that TCAS
override a controller advisory in today's environment and the same philosophy is applied to TSAFE. However, this
alone may not be sufficient since, if not designed properly, a TSAFE resolution could contradict an immediately
following TCAS resolution advisory (RA).
TCAS is the last line of protection against collision and is designed to be independent of groundbased air traffic
management systems. TCAS detects and defines a maneuver to resolve a threat. A threat is identified if the expected
time to and the altitude separation at the closest point of approach (CPA) fall below a range threat threshold and an
altitude threat threshold respectively. These two tests are referred to as the range test and altitude test.
The expected time to CPA is estimated using range data calculated from transponder interrogations and range
rate derived directly from the range data. Altitude data obtained from the transponder replies, together with an
approximated time to CPA, are used to determine the projected altitude separation at CPA. Although an estimate of
bearing is available from a directional antenna, it is not directly used in detecting a threat because of its lack of
accuracy. Because bearing is not used in determining the location of a threat, a TCAS RA is restricted to climbs and
descents.
The climb or descent advisory is based on determining if adequate separation can be obtained by passing above
or below the threat aircraft. TCAS is designed to avoid an RA reversal or an altitude crossing unless absolutely
necessary to preserve safety of flight. An RA reversal occurs when an initial advisory to descend or climb is
reversed during the encounter. An altitude crossing occurs if the RA is to climb (descend) “ownship” while it is
more than 100 ft below (above) the threat aircraft. The TCAS logic has evolved based on extensive testing and
operational experience to improve the resolutions and to minimize the number of nuisance resolutions. A complete
description of the logic can be found in Ref. 18.
Since there is a desire to keep the TSAFE logic simple for reliability, a simplified and conservative modeling of
TCAS RA issuance conditions is needed. By conservative, it is meant that the conditions are necessary but may not
be sufficient. Given these conservative range and altitude tests, the following rules are applied to minimize
interference of TSAFE with TCAS:
1)
Restrict maneuvers to the horizontal plane when a TCAS RA is imminent. This assures that TSAFE and
TCAS will not issue opposing vertical maneuvers.
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Allow both horizontal and vertical maneuvers when a TCAS RA is not imminent.
3)
Prioritize horizontal maneuvers so as to reduce the likelihood of a TSAFE maneuver inducing a TCAS RA.
4)
Do not allow an altitude crossing so as to improve the compatibility between the two systems.
As mentioned above, the range and altitude tests within TCAS are based on an approximated time to CPA.
However, the actual time to CPA, denoted by  CPA , is not available due to the limited measurements. To approximate
2)

 CPA , two other parameters are computed:

=−r / ṙ

for ṙ0

m =−r / ṙ [1−DMOD /r ]
2

for ṙ 0 and r  DMOD

(1)
(2)

where  is called simple tau, m is called modified tau, r is the slant range between the aircraft, the dot over a
symbol means a time derivative, and DMOD represents a minimum desirable range between the two aircraft and is
primarily included to protect against slow closure rates.  provides time to collision for two aircraft on a collision
course with constant ṙ , which is the time to CPA in this special case. However, as the horizontal separation between
the two aircraft at CPA, referred to as horizontal miss distance and denoted by HMD, increases,  becomes
increasingly greater than CPA thereby overstating the actual time to CPA. m was introduced to help correct this
problem. When both aircraft are on constant velocity vectors , it can be shown that replacing DMOD by HMD in Eq.
(2) yields CPA . Thus, as is easily seen, if HMD < DMOD, m is less than CPA . A range test based on m would
thereby declare a threat earlier

than would be declared if CPA were used.

This is not the case when

HMDDMOD . However, since m  is always true, a range test based on m would be more conservative than
that on  .
A simplified and conservative range test for use in TSAFE is therefore given by
(3)

 m  TH

where TH is the range threat threshold that depends on the altitude of the aircraft. When ṙ≥0 and r DMOD ,
m is set to infinity. When r≤ DMOD ,  m is set to zero.

An equivalent altitude test for use in TSAFE is not as evident. The reason can be seen by recognizing that within
TCAS the Vertical Miss Distances between the “ownship” and the “threat” at  and m are calculated
respectively by
VMD1= h  ḣ

(4)

VMD2= hm  ḣ

(5)

where  h is the current difference in altitude between the two aircraft. If the Vertical Miss Distance at  CPA were
bracketed by VMD1 and VMD2, a conservative estimate of the altitude separation at  CPA would be provided by

∣VMD∣≡

{

0

min ∣VMD1∣, ∣VMD2∣

if VMD1⋅VMD2≤ 0
otherwise

(6)

However, since ≥ CPA≥ m when HMD≤DMOD and m CPA when HMDDMOD , two cases need
to be considered to provide a representation of TCAS altitude test.
In the case where ≥CPA≥m , the Vertical Miss Distance at CPA is bracketed by VMD1 and VMD2 and a
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conservative estimate of the altitude separation is provided by Eq. (6). This leads to the simple altitude test
∣VMD∣h TH , where h TH is the altitude threat threshold specified as a function of altitude. It can be shown that,
when the aircraft are initially separated in altitude, there are encounter conditions that would lead to nuisance TCAS
RAs. TCAS protects against these nuisance RAs by also requiring the time to coaltitude
v=− h / ḣ

(7)

to be less than a vertical threat threshold, TV , where TV is also specified as a function of the altitude.
In the case where m CPA , the vertical miss distance at CPA is not bracketed by VMD1 and VMD2. In this
case, when the aircraft are initially separated vertically, it can be shown that there are situations where the actual
altitude separation at CPA can be less than the altitude threat threshold, even though the estimate from Eq. (6) yields
∣VMD∣h TH . As a result, a TCAS RA may fail to be issued. TCAS protects against this possibility by also using a
test on the time to coaltitude:

v≤ min ,  TV

(8)

The altitude test for use in TSAFE covers these cases with the following three conditions:
∣ h∣hTH and ∣VMD∣h TH
1)
2)
3)

∣ h∣h TH
∣ h∣h TH

and  ḣ⋅sign  h0 and vTH and ∣VMD∣h TH
and  ḣ⋅sign h 0 and vTH and v

Here the range threat threshold, TH , has been used in place of the vertical threat threshold, TV . This provides a
conservative representation of the TCAS altitude test because the vertical threat threshold used in TCAS is always
less than or equal to the range threat threshold. The altitude test passes if any one of the above three conditions is
true.
Table 1 shows the values of the threat
Table 1. TCAS Sensitivity Parameters as a Function of Altitude
thresholds, TH and h TH , and DMOD as
h TH
TH
Own Altitude
DMOD
a function of altitude that are used in
(feet)
(nmi)
(seconds)
(feet)
TCAS. Currently, the same parameters are
10002350
15
0.20
300
used in TSAFE. The altitude of the higher
23505000
20
0.35
300
aircraft in the conflict is used to determine
500010000
25
0.55
350
the thresholds and DMOD that are used by
10,00020,000
30
0.80
400
TSAFE.
>20,000
35
1.10
600

IV. Conflict Resolution Algorithms
Conflict detection produces a set of aircraft pairs that are potentially at loss of separation (LOS) in the next 3
minutes. Conflict resolution is to provide a set of maneuvers for some or all of the aircraft such that it is conflictfree
for the next 3 minutes once the maneuvers are executed.
A few points on conflict resolution maneuvers are necessary. First, the maneuvers are required not to generate
any secondary conflicts. A secondary conflict may cause a chain effect that produces additional new conflicts since
the aircraft is already near or at LOS. This requirement is not too restrictive since there are usually many candidate
maneuvers, both vertical and horizontal, that can be tried. Next, as noted earlier, TSAFE does not provide maneuvers
for returning an aircraft to its original flightplan path. Finally, for this paper, a vertical maneuver will be in the form
of a clearance to some altitude and a horizontal maneuver will be a left or right turn to some heading. These are the
maneuvers routinely used by pilots and controllers today.
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In a general situation, more than one pair of aircraft could be in conflict and these pairs could be in conflict with
one another. Thus two conflict pairs may involve the same aircraft. Conflicts involving three or more aircraft are less
likely than those involving a single aircraft pair, nevertheless the likelihood increases with traffic density.
The approach to resolve conflicts of a single conflict pair is, first, to develop a prioritized list of resolution
maneuvers and then, to use the same conflict detection logic that generates the initial conflicts to try the maneuvers,
starting from the highest priority resolution, until a resolution is found. The same approach applies to conflicts
involving multiple aircraft pairs where a prioritized list of maneuvers are built upon those of the individual pairs,
with possible influences of other conflict pairs taken into account as constraints. Adopting the simple altitude and
vector clearances help simplify the specification of constraints.
The general prioritization rules, applicable to both vertical and horizontal maneuvers, for an arbitrary conflict
pair prior to LOS are as follows:
1)
Favor singleaircraft maneuvers over cooperative ones that involve both aircraft.
2)
Favor vertical maneuvers over horizontal ones.
3)
Restrict to horizontal maneuvers when the TSAFE range and altitude tests pass.
It should also be noted that a response delay is allowed for the pilots to execute a maneuver. This is typically
about 10 seconds for TSAFE. If a TCAS RA is expected during the delay period based on the TSAFE range and
altitude tests, a TSAFE vertical resolution is also prohibited. If the aircraft are already at LOS and a TCAS RA is not
expected yet based on the TSAFE tests, the relative priorities of vertical and horizontal maneuvers may depend on
current horizontal and vertical separations. This situation needs further study.
In the rest of this section, a prioritized list of vertical maneuvers for an arbitrary conflict pair is first discussed.
This is followed by a discussion on a similar list of horizontal maneuvers. These maneuver lists are then used to
develop a prioritized list of vertical and horizontal maneuvers for an arbitrary conflict pair with possible influences
of other conflict pairs taken into account as constraints. The algorithm for resolving multiple conflict pairs then
becomes straightforward.
A. Vertical Maneuver
A prioritized list of trial vertical maneuvers is developed for a single conflict pair with arbitrary encounter
geometry. The list does not include all possibilities but identifies a subset which, when used with the horizontal
maneuvers, should be adequate for any encounter.
The algorithm to generate the list is based on the first of the general rules above and the following simple rules:
1)
Do not allow altitudecrossing maneuvers.
2)
Favor maneuvering a climb aircraft over a descent or levelflight aircraft.
3)
Favor maneuvering a descent aircraft over a levelflight aircraft.
4)
Favor maneuvering the lower aircraft if both are climbing.
5)
Favor maneuver the higher aircraft if both are descending.
6)
Favor climb maneuvers over descent ones.
It is significant that these rules can be applied to all encounter scenarios in the tactical time horizon, yielding
familiar maneuvers that seem to match what controllers would typically select today in similar situations.
For an aircraft pair that is not yet at loss of separation, the encounter geometry in the vertical plane can be
conveniently described in terms of their altitudes at current and projected LOS positions. The projected altitudes at
LOS are already known from the trajectories used to predict the conflicts. As a result, the resolution algorithm is
independent of the details of the trajectory algorithm, so the classification of encounters and the relevant
computations involved are greatly simplified.
Figure 2 illustrates a sample encounter where aircraft AC1 is climbing and AC2 descending. The dark dashed
line shows the trajectory of AC1 without a resolution. The two stars indicate predicted points of LOS. The dark solid
curve shows the resolution with aircraft AC2 not maneuvered. The resolution is a clearance to a flight level (FL) that
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assures at least the vertical separation standard, H, from
the LOS altitude of AC2. Flight levels are given in
multiples of 500 feet when the aircraft is below FL100,
1000 feet between FL100 and FL410, and 2000 feet
above FL410. Here 500 feet is used below FL100
because actual examples of such clearances by
controllers today can be found.
Table 2 summarizes the prioritized lists of vertical
maneuvers for all encounter conditions, which are
divided into six types based on the aircraft's vertical
flight status of level flight, climbing, or descending.
The flight status can be determined from the current
Figure 2. A vertical resolution for a twoaircraft
and projected LOS altitudes. Thus, aircraft i is in level
encounter in the vertical plane.
flight if

∣h −h ∣200 ft
i

LOS
i

(9)

LOS
LOS
where h i ( hi ) with i=1, 2 is the current (LOS) altitude of the aircraft. It is climbing if hi −h i 200 ft and
LOS

descending if hi −h i 200 ft . The third column provides maneuvers for the six encounter conditions for the case
in which both aircraft are at nearly the same altitudes (within 100 ft of each other) and altitude crossing maneuvers
are allowed. The fourth column provides maneuvers for the six encounter conditions for the case in which the
aircraft are at different altitudes (more than 100 ft in altitude separation) and altitude crossing maneuvers are not
Table 2. Trial vertical maneuvers on two conflict aircraft, AC1 and AC2, for all encounters
Encounter
Type
1

2

3

Encounter Condition

Aircraft at nearly the Aircraft at different altitudes
same altitudes

Both AC1 and AC2
cruising.

Both AC1
climbing.

and

Both AC1
descending.

and

AC2

are Climb AC1 to h HL
H
2
HL
1

Climb AC2 to h H
LL
2
LL
1

if

LL
1
HL
1
LL
2

h1 h2

Descend AC2 to h − H if h1 h2
Climb AC2 to

Descend AC2 to h − H

Descend AC1 to h − H if h1 h2

are Clear AC1 to h LL
−H
2
Clear AC2 to h − H
are Clear AC1 to h HL
H
2
HL
1

Clear AC2 to h H

h H

h1 h2

Descend AC1 to h − H

LL
1

AC2

HL

h 2 H

Climb AC1 to

LL

h2 −H

Clear AC1 to

HL

Clear AC1 to h 2 H

5

One is climbing (AC1) and the Climb AC1 to h HL
H
2
LL
other is cruising (AC2).
Descend AC2 to h1 − H

Clear AC1 to

6

One is descending (AC1) and
the other is cruising (AC2).

Clear AC1 to h 2 H

LL

Climb AC2 to h 1 H
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if
HL
1

otherwise clear AC2 to h H
Clear AC1 to h 2 − H

HL

h 1 h 2

otherwise clear AC2 to h −H

One is climbing (AC1) and the Climb AC1 to h HL
H
2
LL
other is descending (AC2).
Descend AC2 to h1 − H

LL

if

LL
1

4

Descend AC1 to h 2 − H

if

LL

h 2 −H
HL

h1 h2

allowed. Note that, apart from encounter type 1, there is only one vertical maneuver in the fourth column.
Note that TSAFE conflict detection allows multipletrajectory probes. Specifically, the DR and FP trajectories
are suggested. Thus, given one encounter, four possible conflicts can be predicted. The resolution must resolve all of
these predicted conflicts simultaneously. Furthermore, a clearance altitude should coincide with a flight level.
Therefore, the clearance altitudes in Table 2 must be rounded off to the next flight level that guarantees at least the
standard separation, H, above the highest LOS altitude or below the lowest LOS altitude of the nonmaneuvering
aircraft. Here the highest (lowest) LOS altitude of an aircraft is the maximum (minimum) value of the LOS altitudes
from the probe trajectories for the aircraft. Thus, the highest and lowest LOS altitudes of the ith aircraft for the case
of dual trajectory probe are given by

FP

where hi

DR

and hi

HL

FP

DR

(10)

LL
i

FP
i

DR
i

(11)

hi =max hi , hi 
h =min h , h



are the LOS altitudes of the ith aircraft from the FP and DR trajectories.

The priorities for some of the maneuvers in Table 2 are arbitrary. This is the case, for example, for the order for
encounter type 1 in the third column where the aircraft are at nearly the same altitude. Further information may help
resolve the arbitrariness.
B. Horizontal Maneuver
The algorithm to develop a prioritized list of trial horizontal maneuvers is summarized for a single conflict pair
of arbitrary encounter conditions, specified by the current positions and velocities of the aircraft. The details
regarding the definition and generation of the horizontal maneuvers considered in this section can be found in
Ref.15.
A horizontal maneuver is a vector clearance executed as a turn followed by a straight line segment. It is specified
by a turn direction (left or right) and a heading change with either a normal or an expedited turn rate. The normal
turn rate corresponds to a bank angle of 15 degrees and the expedited turn rate to a bank angle of 30 degrees.15 The
option to choose from two levels of turn rates allows the incorporation of severity and urgency of the conflict in the
resolution maneuver. While both turn rates are used for a singleaircraft maneuver, only the expedited turn rate is
used for a cooperative maneuver. This is because a cooperative maneuver is only expected to be required when the
aircraft are very near or already at loss of separation. In a cooperative maneuver both aircraft are expected to spend
equal amount of time in the turn segments.
Figures 3(a) and 3(b)
illustrate the resolution
of a conflict with a
singleaircraft and a
cooperative
maneuver
respectively. The dashed
lines represent the initial
conflict with the stars
indicating LOS. The
dark lines with circular
arc segments illustrate Figure 3. Horizontal resolutions for two aircraft encounters. (a) Only aircraft AC1
the resolution with the is maneuvered. (b) Both aircraft are maneuvered cooperatively.
points
of minimum
separation represented by the triangles.
For a given set of encounter conditions, a maximum of twelve possible maneuvers can be generated out of three
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types:
Singleaircraft maneuver with normal bank angle
Singleaircraft maneuver with expedited bank angle
3)
Cooperative maneuvers with expedited bank angle.
This is the case because each type above yields up to four possible maneuvers. Indeed, in the case of a single aircraft
maneuver, either aircraft can turn left or right. In a cooperative maneuver, both aircraft can turn either left or right.
A resolution maneuver is found when it yields a minimum separation that equals at least the required horizontal
separation standard with a minimal heading change. To avoid a prolonged period in which the two aircraft are too
close to each other, the time spent on the straightline segment up to the point of minimum separation is required to
be a small fraction of the time it takes to get to the point of minimum separation in the turn. If a resolution satisfying
these conditions cannot be found, the aircraft may turn beyond the point of minimum separation in the turn before
flying a straightline segment. See Ref. 15 for details.
Given one of the three types listed above, a maneuver that achieves the required separation standard may not be
possible. In this case, the maneuver is determined by calculating the heading change that maximizes the minimum
separation. This kind of maneuvers is needed when a maneuver that avoids loss of separation cannot be found or
cannot be used for some reasons, so they are given lower priority.
A prioritized list of horizontal maneuvers is obtained as follows. First, the higherpriority maneuvers that avoid
LOS are listed by type in the order given above. Within each type, the four possible maneuvers are ordered to favor
smaller turn period. Next, the lowerpriority maneuvers that result in LOS are ordered to favor larger minimum
separation. Finally, the maneuvers may be reprioritized to reduce the likelihood of causing a TCAS RA in the turn
segment. It was shown15 that potential secondary conflicts can be avoided, which would occur if some higher
priority maneuvers were chosen, by selecting lowerpriority maneuvers in the prioritized list.
1)
2)

C. Multiple Aircraft Maneuvers
1. General Description

Conflicts involving a set of multiple aircraft pairs are resolved by first grouping the set into clusters of ordered
aircraft pairs. A pair belongs to a cluster if one of the aircraft in the pair is in conflict with any other aircraft in the
cluster. The pairs in a cluster are ordered by starting with the pair with the least time to loss of separation and, if
possible, ordering the rest so that adjacent pairs share a common aircraft.
Trial resolutions for a cluster are developed by starting from the first pair and working through the ordered list of
pairs one by one. A prioritized list of vertical maneuvers, as discussed in Sec. IV.A, is constructed for the first pair.
Additionally, constraints that limit other possible maneuvers on each aircraft in the pair are identified. These
constraints are applied when a solution for a second pair in the cluster that shares a common aircraft with the first
pair is obtained. If a solution to the second pair does not violate the constraints on the common aircraft in the first
pair, the solution resolves both conflicts simultaneously. This process continues for other pairs in the cluster. The
same is done to create a prioritized list of horizontal maneuvers for each pair. This yields a prioritized list of
maneuvers for each aircraft pair with the vertical maneuvers being of higher priority than the horizontal ones.
To describe the multiple aircraft resolution algorithm more precisely, the concept of a maneuver is generalized to
include various attributes that are used in the intermediate steps toward a final resolution. The additional attributes
include a unique identifier, an identification for the aircraft to which the maneuver belongs, zero or more constraints,
and a sequence of parent identifiers. A sequence of parent identifiers is assigned to a maneuver to record the fact
that the constraints on the maneuver of each parent identifier have been taken into consideration while constructing
the current maneuver.
Three additional concepts are required in implementing the algorithm: a composite maneuver, an empty
maneuver, and a maneuver set. A composite maneuver includes both an altitude clearance and a vector clearance.
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Composite maneuvers are needed when an aircraft common to two conflict pairs is constrained to perform only
horizontal maneuvers in one pair but is allowed to perform vertical maneuvers in the other pair. An empty maneuver
does not include an altitude or a vector clearance but may contain constraints. A maneuver set is composed of unique
maneuvers, each of which belongs to a different aircraft. Two maneuvers created for two aircraft in an aircraft pair
form a maneuver set. A resolution for multiple aircraft conflicts consists of a maneuver set that contains maneuvers
(some of which could be the empty maneuver) for all aircraft involved.
More details on how to construct vertical and horizontal maneuver sets for a conflict pair are discussed next with
constraints being allowed. This is followed by the details on constructing maneuver sets for multiple aircraft pairs.
2. Vertical Maneuver Sets for One Pair

For a given conflict pair, the TSAFE approximation of the TCAS RA issuance conditions, described in Sec. III,
are first checked to determine if altitude clearances are allowed. An altitude clearance is not allowed when the
TCAS range and altitude tests pass or are expected to pass in a predetermined delay period. If an altitude clearance
is not allowed, an empty maneuver is assigned to each aircraft with the constraint of not allowing an altitude
clearance when addressing a conflict with another aircraft.
If altitude clearances are allowed and a resolution for neither aircraft has yet been generated, the generic rules
discussed in Sec. IV.A are used to generate one or more maneuver sets, one vertical maneuver for each aircraft in a
set. Each maneuver will have constraints that specify the range of clearances the aircraft must avoid. For example, in
the case where both aircraft are flying level at nearly the same altitude (encounter type 1 in Table 2) and “Climb
HL
AC1 to h 2 H ” in the third column is selected, a constraint is added to the maneuver so aircraft AC1 will not go
HL

below h 2 H . An empty maneuver is created for aircraft AC2 with the constraint that a climb clearance is not

allowed. (A more restrictive constraint would be not to allow any altitude clearance.) Similar constraints are needed
for descent clearances.
If one or both aircraft have already had vertical maneuvers generated, the existing trial vertical maneuvers are
only modified so as not to violate their constraints. Because there may be different ways to modify the maneuver, it
is cloned one or more times, each being assigned a unique identifier. Its identifier, as well as its parent identifiers, is
placed into the parent identifier sequence of the cloned maneuver with its attributes and constraints modified as
necessary. The parent identifier sequence is used to merge the pair maneuver sets into maneuver sets for the cluster.
Horizontal Maneuver Sets for One Pair
For a given aircraft pair, if neither aircraft have had a trial horizontal maneuver generated previously, up to
twelve maneuver sets are generated following the algorithm in Sec. IV.B. Each maneuver has constraints that specify
the range of heading changes the aircraft must avoid. In a singleaircraft turn situation, the nonturning aircraft is
constrained not to allow any heading change. The turning aircraft is constrained so that it is only allowed to turn
beyond the given heading change. Note that turning in a different direction is already considered by including all of
the twelve maneuver sets for the pair.
If one or both aircraft have already had horizontal maneuvers generated, the horizontal maneuvers are modified
without violating their constraints. This is done by cloning each maneuver, placing its identifier as well as its parent
identifiers in the parent identifier sequence of the cloned maneuver, and adding or modifying the constraints as
necessary.
Notice again that some of the horizontal maneuvers could potentially cause TCAS to issue an unnecessary RA
during the turn. For example, there are cases where initially turning the aircraft toward each other would provide
optimal minimum separation but would cause a TCAS RA. Maneuvers generating TCAS RAs are given lower
priorities so that they are tried last.
4. Multiple Aircraft Maneuver Sets
Once a sequence of prioritized maneuver sets are created for each conflict pair in an aircraft cluster, a maneuver
3.
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set for the cluster is found by selecting one maneuver set from each conflict pair and merging them into a single
maneuver set. The merging of two maneuver sets for two aircraft pairs that do not share a common aircraft is simply
a union of the maneuvers. The merging for the case in which the two pairs share a common aircraft requires a
further combining of the maneuvers for the common aircraft into a single maneuver. The maneuver obtained from
the merging may be composite. It may also be invalid because the maneuvers to be merged are incompatible, in
which case the resulting maneuver is referred to as null. Typically when two maneuvers of the same type are
incompatible it means that the constraints in one were not considered while constructing the other. If the merging of
two maneuver sets results in a null maneuver, the resulting maneuver set is discarded. Because of the way the
maneuver sets are constructed, a valid merging of two maneuvers is assured if the identifier of one is in the sequence
of parent identifiers of the other. With a given valid maneuver set for all the aircraft, a new trajectory can be
synthesized for each aircraft with its maneuver taken into account. The new trajectories are then used to determine
if the maneuvers clear all of the conflicts globally.
The actual process used to create a global resolution is now presented. First, the algorithm to merge two
maneuvers, say M1 and M2, which belong to the same aircraft, to obtain a merged maneuver M is presented:
1) M1 and M2 are not composite: (a) If the identifier of M1 (M2) is in the parent identifier sequence of M2
(M1), M is the same as M2 (M1). (b) If they are of the same type but the identifier of one is not in the
parent identifier sequence of the other, they cannot be merged by construction and M is null. This is
because the maneuvers are not compatible since the constraints in one have not been considered while
constructing the other. (c) If they are of different types, M is a new composite maneuver containing M1 and
M2.
2) At least one of M1 and M2 is composite: (a) If M2 (M1) is composite, M is obtained from M2 (M1) by
merging and replacing the maneuver in M2 (M1) that is of the same type as M1 (M2) with M1 (M2). The
merging follows the rules in Step 1). If it yields null, M is null. (b) If both M1 and M2 are composite, the
corresponding maneuvers of the same type in each composite maneuver are merged. M is null if any of the
merging yields null, otherwise M contains the resulting merged maneuvers.
Next, the algorithm to merge two maneuver sets, X and Y, in which some of the aircraft involved are identical is as
follows:
1) Create an empty set Z and add to it all the maneuvers in sets X and Y that belong to those aircraft which are
not involved in both sets.
2) If two maneuvers, say, M1 in X and M2 in Y, belong to the same aircraft, merge M1 and M2 to form
maneuver M. If M is null, Z is set to null. Otherwise, M is added in Z.
3) Repeat Step 2) for each aircraft that has maneuvers in both X and Y.
Finally, the algorithm for resolving conflicts that involve a set of conflict aircraft pairs is as follows:
1) Group the conflict pairs into equivalent class of aircraft clusters.
2) Sort the aircraft pairs in each aircraft cluster into an ordered list: start with the pair with the least time to
LOS and, if possible, order the rest of the pairs in such a way that adjacent pairs share a common aircraft.
3) Generate a maneuver set of the highest priority for each aircraft cluster with the following algorithm:
a) Create a prioritized list of maneuver sets for each aircraft pair in the aircraft cluster in the order of the
list of aircraft pairs based on the algorithms described in Sec IV.A and IV.B.
b) Reprioritize each list of maneuver sets created in Step a) by taking into consideration whether the
aircraft are conformed and whether terrain conditions allow the maneuver sets, etc. The relative
priorities of a subset of the maneuver sets should not be changed if they are not affected by the
additional considerations.
c) Select the maneuver set of the highest priority from each aircraft pair in the aircraft cluster and merge
them to form a new maneuver set for the aircraft cluster. If the new maneuver set is null because of
incompatible maneuvers for the common aircraft, the next maneuver set is selected from the prioritized
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4)
5)

list. This process is continued until a nonnull set is obtained.
Create all aircraft trajectories using the trial maneuver set generated in Step 3).
Check if the maneuver set chosen is conflict free using the trajectories created. If it is conflict free, a
resolution that resolves the conflicts globally has been found. Otherwise, go back to c) of Step 3) above to
generate the next maneuver set for the unresolved aircraft clusters. This iteration and recursion process
continues until a conflictfree resolution is found. Otherwise, when all trial maneuvers are exhausted, the
conflict is not resolved. In the rare condition that this should occur, the last line of defense against a
collision would be TCAS.

V. Results
In this section, the algorithm for vertical conflict resolution is evaluated using trajectory data of realworld
incidents. One incident involved a climbing departure and a level overflight in terminal airspace. The departure
aircraft experienced a TCAS resolution advisory. Radar track data as well as TCAS RA information were available
but flight plans were not. A second incident involved a pair of aircraft that were in conflict due to an operational
error in en route airspace where radar track data as well as flight plans were available and a TCAS resolution was
reported, which could be identified from the plot of the altitude profile. The third incident involved two arrival
aircraft in a terminal airspace where radar tracks and flight plans were available and maneuvers by pilots and
controllers were executed. No TCAS RA was reported. The track positions, the predicted conflicts from TSAFE, and
the altitude profiles with the conflict resolution maneuvers generated from the vertical TSAFE algorithm described
earlier are presented. The maneuvers are shown to resolve the conflicts as the aircraft approach their first LOS
points.
A. Encounter A (Incident with an Explicit TCAS Resolution in Terminal Airspace)
This incident involved two aircraft, designated here as AC1 and AC2. The data were obtained from MIT Lincoln
Laboratory. Radar track data and TCAS RA information were available. Unfortunately, flight plan and other
information were not available. Aircraft AC1 was departing from an airport and climbing through FL170 towards its
assigned altitude of FL260. Aircraft AC2 was in level flight at FL170. A loss of separation occurred and a TCAS RA
was issued on AC1 when the two aircraft came in proximity to each other near FL170. The first loss of separation
occurred at a vertical separation of about 870 ft and a horizontal separation of about 0.9 nmi. The aircraft diverged
from each other horizontally but they
approach each other vertically and
remained in conflict for about 25 seconds.
It appears that the pilot continued
climbing without taking any action.
TSAFE was able to predict the conflict
about 3 minutes prior to the first loss of
separation while the TCAS RA was
issued about 10 seconds before the first
LOS.
Figure 4 shows the ground tracks of
the two aircraft from their actual radar
track data in the horizontal plane. The
arrows indicate the flight directions. The
stars indicate positions one minute apart
with a circle of diameter 3 nmi around the Figure 4. Aircraft ground tracks with first LOS positions
indicated for Encounter A.
point of first LOS.
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The predicted conflicts from the
TSAFE conflict detection component
are shown in Fig. 5, where the
prediction of LOS, from a specific
trajectory combination of the two
aircraft, is plotted against the time
relative to that of the first LOS. Thus
each point in Fig. 5 indicates a
prediction of a conflict using a
combination of predicted trajectories
defined by FP/FP =1, FP/DR=2,
DR/FP=3, and DR/DR=4. Since flight
plan and other information on the
aircraft were not available, the
predictions were based solely on
deadreckoning
trajectories.
The
Figure 5. Predicted conflicts for Encounter A.
occurrence of a loss of separation is
indicated by LOS=0. TSAFE predicts
a LOS starting from about 3 minutes
to the point of first LOS. Note that,
because of inaccuracy of predicted
trajectories, the predicted time to LOS
may be less than the time to first
actual LOS.
The actual altitude profiles of the
aircraft are shown in Fig. 6 along with
the TSAFE resolutions generated for
each predicted conflict that is two
minutes or less to the predicted LOS.
The profile depicts the altitudes of the
aircraft as a function of the time
relative to the first LOS. The
downward arrow indicates that a
TCAS downwardsense RA was
issued. Once TSAFE predicts the
Figure 6. Predicted vertical maneuvers for Encounter A.
conflict, if the time to predicted LOS
is 2 minutes or less, it follows the
vertical maneuver algorithm, as defined in Table 2 for the encounter type 5 of climbing and cruising, to provide a
vertical maneuver that clears the climbing aircraft AC1 to a temporary altitude 1000 ft below that of aircraft AC2 at
a flight level of 16000 ft. This happens for each radar track position until either the aircraft are at LOS or they get
within the region where it is expected that TCAS may issue a resolution, based on the TSAFE range and altitude
tests as described in Sec. III. At this point TSAFE will no longer issue a vertical resolution to avoid potential
interference with TCAS. The solid lines are the predicted trajectories of AC1 assuming the TSAFE resolutions were
executed. A 10 second delay is included for the aircraft to execute a maneuver with climb rates as provided by the
BADA model. As seen from the figure, the conservative thresholds used by TSAFE to model TCAS RA issuance
prevent vertical TSAFE resolution maneuvers within the TCAS RA time horizon.
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B. Encounter B (Operational Error Incident in En Route Airspace)
This operational error incident involves two aircraft designated again as AC1 and AC2, in which AC2 was a
southwestbound overflight at FL280 and AC1 was a northeastbound overflight assigned at FL270. Aircraft AC1
was cleared to climb to FL290 and became conflicted with AC2. Aircraft AC1 was instructed to turn 30 degrees left
and AC2 was instructed to turn 30 degrees left shortly afterwards as well. The turns were not executed until shortly
after loss of separation. Both aircraft were TCAS equipped and it was reported that aircraft AC2 had a TCAS RA
issued and the altitude profile indicates
that the pilot appeared to follow the RA
to descend the aircraft.
Figure 7 shows the ground tracks of
the two aircraft in the horizontal plane.
The first LOS positions are indicated
with circles of 5 nmi in diameter. The
arrows indicate the flight directions. The
stars are positions one minute apart. The
first radarindicated loss of separation
occurred at a vertical separation of about
600 ft and a horizontal separation of
about 4.2 nmi. Thereafter, the aircraft
remained in conflict for about 24
seconds while they were being
maneuvered.
The predicted conflicts are shown in
Fig. 8 as a function of time relative to Figure 7. Aircraft ground tracks with first LOS positions indicated
the first LOS. The first prediction came for Encounter B.
from the DR trajectory of AC1 and the
FP trajectory of AC2 (DR/FP). It
occurred about one minute away from
the
first
LOS.
All
trajectory
combinations yield predictions on the
conflict later.
Figure 9 shows the altitude profiles
of the two aircraft as a function of time
relative to the first LOS. As seen from
Figure 9, aircraft AC2 was issued a
temporary clearance to FL 290. TSAFE
predicts a LOS before AC2 begins to
climb. This is the case because TSAFE
can make predictions as soon as the
temporary clearance is entered into the
system. The BADA model is used to
Figure 8. Predicted conflicts for Encounter B.
determine the climb rates. The
algorithm selected the resolution in Table 2 for the encounter of climb vs cruise. The resolution assigned AC2 a
clearance altitude of 27000 ft, which is 1000 ft below the altitude of AC1. This causes aircraft AC2 to descend as
indicated by the solid lines, which are the predicted trajectories of AC2 assuming that the vertical maneuvers are
executed by the pilot. The first maneuver was issued before AC2 started to climb so it would have prevented the
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aircraft from climbing too soon and
avoided the LOS as well as the TCAS
resolutions. The initial short level flight
or climbing in the maneuvers are due to
the 10 second execution delay time
previously
discussed.
Vertical
maneuvers were inhibited when AC2
approached the region in which a
TCAS resolution might occur based on
the TSAFE range and altitude tests.
The TSAFE resolutions could have
been implemented about 50 seconds
before the TCAS resolution appeared to
be executed. Once again the
conservative model of TCAS RA
issuance conditions avoid interference
with the TCAS RA, which AC2
appeared to execute shortly before the
first LOS.

Figure 9. Predicted vertical maneuvers for Encounter B.

C. Encounter C (Operational Error Incident in Terminal Airspace)
This operational error incident involves two aircraft designated again as AC1 and AC2, in which AC2 was
inbound to an airport from the north at 4000 ft and AC1 was inbound to another airport nearby on a localizer at
5000 ft. The two aircraft were on a converging course. Aircraft AC1 was instructed to descend to 4000 ft and
separation was lost soon thereafter. Aircraft AC1 was then stopped at 4500 ft while AC2 was descended to 3000 ft to
avoid the conflict. Aircraft AC1 was TCAS equipped. It is not known if AC2 was TCAS equipped. No TCAS RA
appears to have been issued. The first radarindicated LOS occurred when the vertical separation was about 700 ft
and horizontal separation was 2.9 nmi. The aircraft remained at LOS for about 50 seconds while being maneuvered.
Figure 10 shows the ground tracks of
the two aircraft in the horizontal plane.
The first LOS positions are again
indicated with circles of 3 nmi in
diameter. The arrows indicate the flight
directions. The stars are points one
minute apart showing the approach to the
first LOS. Figure 11 shows the predicted
conflicts as a function of time relative to
the first LOS. TSAFE predicted a LOS
almost 4 minutes before the occurrence
of the first LOS. The predicted conflicts
came
from
various
trajectory
combinations. The time to the predicted
point of LOS for the conflicts should be
within three minutes. Thus the actual
LOS occurs later than the TSAFE
Figure 10. Aircraft ground tracks with first LOS positions
predictions, indicating some inaccuracy
indicated for Encounter C.
of the predicted trajectories.
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Figure 12 shows the altitude
profiles of the aircraft as a
function of time relative to the
first LOS. It can be seen that the
first LOS occurred before the
controller leveled AC1 off at 4500
ft and descended AC2 to 3000 ft.
TSAFE predicts LOS and
provides vertical maneuvers long
before the actual first LOS. The
vertical algorithm selects the
resolution in Table 2 for the
encounter type 6 of descending
and cruising, which assigned AC1
to a clearance altitude of 5000 ft,
1000 ft above the altitude of AC2.
Again the initial 10 second decent
of the maneuvers are due to the
delay
introduced.
Vertical
maneuvers were not inhibited until
the aircraft were at the point of
first LOS. No TCAS RA was
reported in this incident. No such
indication was found from the
simplified range and altitude tests
of TSAFE either. This once again
indicates that the conservative
TSAFE modeling of TCAS RA
issuance
conditions
avoids
interference with TCAS. Once the
aircraft are at LOS, the horizontal
maneuver algorithms are expected
to come into play.

Figure 11. Predicted conflicts for Encounter C.

Figure 12. Predicted vertical maneuvers for Encounter C.

VI. Concluding Remarks
This work proposes a new vertical resolution algorithm that provides tactical resolutions for all encounter
conditions. The significance of the algorithm lies in the fact that it is based on simple rules yet it generates familiar
altitude clearances that appear to match what controllers would select today in similar situations. An approach to
minimize the interference of these maneuvers with TCAS resolutions is included. Evaluations using realworld
encounters have successfully demonstrated the effectiveness of the vertical maneuvers for resolving conflicts well
before loss of separation. The results also indicate that the approach used to minimize the interference with TCAS is
successful. In the three cases considered, the vertical conflict resolutions are correctly provided prior to the TCAS
resolutions and are inhibited shortly before the TCAS resolution occurred.
Additionally, an algorithm is proposed for resolving multiple aircraft conflicts. The algorithm uses simple
altitude and vector clearances for a conflict pair as basic building blocks and introduces constraints that limit
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possible clearances on an aircraft when resolving other conflict pairs that share a common aircraft. As a result, a
prioritized list of vertical and horizontal maneuvers for each pair in a cluster of conflict pairs can be created and
merged into maneuver sets that resolve the multiple aircraft conflicts simultaneously. Future studies are required to
evaluate the effectiveness of the algorithm with the use of both the vertical and horizontal resolutions to resolve
multiple aircraft conflicts in a high density environment.
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