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I. Introduction

T HE predominant approach to managing safety for aircraft on
closely spaced parallel approaches has been to detect and

resolve (DAR) potential collisions caused by one aircraft
unexpectedly turning toward the other (blundering) while remaining
clear of the wake vortices of the other aircraft [1–3]. Other efforts
have attempted to ensure that an escape maneuver is available, and
alert just before the predetermined maneuver or range of maneuvers
is no longer available [4,5].

In this Note, a method is introduced to structure the geometry of
aircraft on approach to closely spaced parallel runways such that a
predetermined amount of time is available to respond to an alert. That
is, a zone for the trailing aircraft relative to the lead aircraft is
computed such that the two aircraft cannot pass within 500 ft of one
another within a prescribed period of time in the event of a blunder
while also remaining clear of the wake vortices of the other aircraft.

This method is a different, and perhaps complementary, approach
to DAR methods, in that it can be used to softly constrain the
geometry of the problem. An alert can coincide with an aircraft
leaving the safe zone, but that is not a necessary feature of the safe
zone.

The Note first describes the relationship of the work to past
research, introduces the problem, and then presents the method for
determining the safe zone. Analysis of the safe zone for different
geometries is then presented, showing that the safe zone is feasible
and increases capacity over current operations.

In general, three major classes of approaches have been used to
design alerting systems for closely spaced, parallel approach alerting
and similar problems [6]. These approaches include monitoring for
compliance, alerting based on noncompliance [1], monitoring for a
future hazard state, and alerting based on some threshold such, as
response time [4,7]. (The former can be thought of as answering the
question: Given behavior of the aircraft in comparison to nominal
behavior, should I alert? Whereas the latter answers the question:
Given projected nominal positions of the aircraft, should I alert?) A
third method monitors for availability of an escape maneuver and
alerts just before escape maneuvers become unavailable [5]. There
are also combinations of these methods that can be used. In addition,
Yang and Kuchar [8] have recommended that alerting systems be
designed to directly reflect the performance metrics associated with
them, such as false alarm probability.

DARmethods are driven by a tradeoff between the time to resolve
upon detection and the false alarm rate [8,9]. That is, when setting
alert thresholds, one can choose either a low false alarm rate or a long

time to resolve, but the two cannot be set independently when
uncertainty increases with increasing time before the event. (Such
increasing uncertainty occurs in nearly every practical instance of
alerting systems.)

For aircraft alerting systems, this tradeoff results in either a high
false alarm rate, when pilots are given ample time to respond to an
alert, or an extremely short time to respond, when the false alarm rate
is required to be low. Low false alarm rates are desired, because
human performance suffers when automation is unreliable [10–14].
Very short times to respond, although commonly assumed for
alerting systems [15–17], may be unrealistic given the rare and
unexpected nature of the alert. Recent work on this issue has
suggested that a more realistic response time may be several tens of
seconds [18], and experience with the traffic collision avoidance
system indicates that pilots have not responded within the required
response time in a majority of cases [16].

Thework described in thisNote is essentially a performance-based
method, as promoted byYang and Kuchar [8], where alert thresholds
are set based on controlling some performance parameter but differ in
twoways. First, themethod can be used to identify relative risk rather
than necessarily be used as a threshold for alerting. That is, such a
system can be used in addition to, rather than instead of, a separate
DAR-based alerting system. Second, the method controls for time to
respond as the performance measure rather than a projection of false
alarm rate.

The approach uses simple aircraft kinematic equations to
determine an expression for the minimum time to a lateral separation
of 500 ft between the centers of mass of the aircraft. [Five hundred
feet is used, because collision is ambiguous with respect to the
separation of the centers of mass, and 500 ft lateral separation
corresponds to the definition of a near-midair collision (NMAC) by
the U.S. Federal Aviation Administration (FAA).] The vertical
domain is ignored due to large uncertainties in projections of vertical
position; it is assumed that, in this approach domain, when one
aircraft is blundering, the possibility of being close vertically is high.

The equations assumeminimal limits on the possible blunders, but
they also assume a simple blunderwhere the aircraft turns to an offset
heading and remains on the heading for the remainder of the blunder.
The solutions are also based on the current speed of the two involved
aircraft and assume that no speed changes occur during the
encounter.

Because of the short time over which the solutions need to be
accurate, these assumptions are deemed sufficient, but the equations
could be altered to account for more complex blunders. The effect of
accounting for more complex blunders would be to make the
equations more complex, incurring more time to find a solution. A
cursory study of the need to include the rate of blunder heading rate
change indicated its effect on the solutions was negligible.

The method is ensuring that a particular time to respond is
available. This time, called the protection time, can be selected, but it
is expected to be on the order of 30 s. As will be shown, this
(approximate) amount of time results in a manageable range of
allowable positions under most conditions while still allowing
several tens of seconds for detection and resolution of blunders.

Equations describing the separation of the pair of aircraft are
solved for the initial separation that yields a minimum separation of
500 ft within the protection time. The equations are a quadratic,
resulting in a front and back of a danger zone, within which
separations of 500 ft or less can be achieved in less than the protection
time. Outside of the danger zone, the aircraft will require more than
the protection time to getwithin 500 ft of one another. The back of the
danger zone is therefore the front of a safe zone.

The back of the safe zone is neglected in this work. A procedure
whereby the trailing aircraft is upwind would eliminate the need to
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consider wake; extensions to downwind cases can be handled by
predicting the position of the wake vortex and adjusting the
protection time or by actively avoiding the wake [19]. Models for
predicting the wake have been developed [20,21]. The focus of this
work was on developing a method for determining the front of the
safe zone, but the back of the wake is not considered to be an
impediment to implementation, except that the lead aircraft cannot be
allowed to cross in front of the trailing aircraft.

Safe zone information could be used in a number of ways. It is
possible that the method could be used to identify positions of
relative safety as guidance for current visual approaches to closely
spaced parallel approaches without the need for any additional
equipment. Another application would involve integrating an
indication of the safe zone on the aircraft’s primary or secondary
flight instruments. In such a case, the safe zone could be used as an
advisory system, indicating that very little time is available to
respond to a lead aircraft blunder. Last, the safe zone could be used as
awarning system, where leaving the safe zone requires an immediate
escape maneuver. The flexibility of how one might apply the results
of this method is seen as a significant advantage of the approach.

II. Computation of Safe Zone

The geometry of aircraft on closely spaced parallel approach is
shown in Fig. 1, and the reference frame is shown in Fig. 2. A lead
aircraft is on approach to a runway, with a trailing aircraft on
approach to a parallel runway for which the lateral separation is low
(less than 4300 ft). The trailing aircraft must avoid two hazards: the
wake vortices shed by the leading aircraft and the hazard associated
with an unexpected blunder by the lead aircraft that poses a collision
danger. The current range of positions that avoids these two hazards
is referred to as the safe zone.

In this geometry, the trail aircraft would need to establish a speed
equal to or greater than the lead to maximize capacity. (If the trail
aircraft were slower, runway throughput would be lost due to the
need to maintain minimum separation at the start of the approach,
such that the separation at the runway would be greater than the
minimum.)

Ideally, the trail aircraft would be placed such that under no
reasonable blunder dynamics (turn rate and turn extent) could the
lead aircraft collidewith the trail aircraft. In addition, it should not be
possible for the trail aircraft to interact with the wake vortices of the
lead aircraft.

Therefore, the back of the safe zone is driven by the need to be in
front of the position where the lead’s wake will cross the trail’s path.
(This represents a significant departure from today’s instrument
approaches, where the aircraft is provided spacing to keep it behind
the wake of the lead aircraft.) While more sophisticated methods to
calculate wake vortex dynamics exist [20], for simplicity, thewake is
modeled as crossing at the speed of crosswind. The back of the safe
zone is then given by

xwake � v2
�
y2
vxwind

�
(1)

Again, the back of the save zone can be ignored if the crosswind
component in the direction of the trail aircraft is zero. In that case, the
wake will not reach the trailing aircraft’s flight path unless the lead
approaches the trailing aircraft’s flight path.

The front of the safe zone is driven by the need to not be in a
position such that a blundering lead aircraft will cause a collision.
That is, the trail aircraft, if the lead turns toward its flight path
(blunders), should not be able to pass within a close distance of the
lead if the trail aircraft continues along the final approach course.
(Close distance is defined in this work as within 500 ft, which is the
FAA definition of a NMAC.)

Using point-mass kinematics, simple equations can be derived for
the future positions of both aircraft, assuming the trail remains on the
final approach course and the lead turns to a new heading and
continues along a new course. An expression for the separation of the
aircraft through time after the blunder turn is completed is then given
by the square root of the squared differences of the x and y positions.

The restriction on the equations being valid only after the blunder
turn is completed is believed to lead to no loss of generality. As will
be seen, the front of the safe zone will be driven by small values of
blunder turn extent and high values of blunder turn rate.

Of course, without assuming limitations on the blunder dynamics
or time to collide, such an assurance cannot be made. For example, a
sufficiently tight turn radius and a 180� turn extentwould result in the
lead turning directly back on the trail aircraft, which wouldmean that
there is no safe zone. Restrictions on the blunder dynamics will be
discussed later in the Note.

Unlike DAR methods where one is concerned with the fastest
reasonable blunder dynamics, in this case, slow blunder dynamics
will drive the solutions. That is, if the trail has some overtake on the

Fig. 1 Closely spaced parallel approach geometry.

Fig. 2 Reference frame.
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lead, the longer the time the blundering lead aircraft takes to reach the
trail’s path, the longer the trail’s overtake has to affect the separation
and the further in trail the trail aircraft needs to be.

The separation between the aircraft is given by Eq. (2):

D�
�������������������������������������������������������������������
�x1�t� � x2�t��2 � �y1�t� � y2�t��2

p
(2)

If we consider a simple blunder where the lead aircraft turns
(blunders) to some heading and then continues along that flight path,
then the equations of the x and y coordinates after the blunder turn are
given by (3)

x1�t� �
Z
Tturn

0

v1 cos� _��� d� � v1�t � Tturn� cos�

y1�t� �
Z
Tturn

0

v1 sin� _��� d� � v1�t� Tturn� sin�

x2�t� � x2�0� � v2t; y2�t� � y2�0� (3)

where x2�0� is the initial trail aircraft longitudinal position (relative to
lead), y2�0� is the initial lead aircraft lateral position (relative to lead),
v1 is the speed of the lead aircraft, v2 is the speed of the trail aircraft,�

is the blunder heading change, and _� is the blunder heading change
rate.

It is assumed that we know the positions of the two aircraft and
their speeds but that we do not knowwhat blunderwill be committed.
Integrating these equations then yields the following:

x1�t� �
v1
_�
sin�� v1�t� Tturn� cos�

y1�t� �
v1
_�
�1 � cos�� � v1�t � Tturn� sin�

x2�t� � x2�0� � v2t; y2�t� � y2�0� (4)

D2 � x20� K1 � K2t
2 � K3 � K4t

2 (5)

where

xturn �
v1
_�
sin�; yturn �

v1
_�
� v1

_�
cos�

K1 � xturn � v1
�

_�
cos�; K2 � v1 cos� � v2

K3 � yturn � y2�0� � v1
�

_�
sin�; K4 � v1 sin�

The position in which we are interested is the minimum root of
Eq. (5), where t� tprot such that the separation is equal to 5002. The
term tprot is the protection time, which is the amount of time forwhich
protection from a blundering lead aircraft is provided. Since the slow
blunder dynamicswill drive the solution, if tprot is not set, the required
distance in trail will need to be quite large to prevent slow blunders
that take a very long time to induce a collision risk. That is, the two
solutions to the quadratic with respect to x20 resulting in a separation
of 5002 at tprot will be the safe zone; the quadratic is shown in Eq. (6):

x220 � 2�K1 � K1tprot�x20� K2
2 � K2

4t
2
prot � 2K1K2

� K3K4tprot � K2
1 ��K2

3 � 5002 � 0 (6)

Equation (6) can be solved using the quadratic equation, yielding
two expressions for x20, which are the front and back of the danger
zone. Inside of these two values, the minimum separation drops
below 500 ft within tprot. Outside of them, the separation does not
reach 500 ft within tprot. The front of the danger zone is of no interest.

Without constraints, the blunders that cause the separation to drop
below 500 ft could be unreasonable, such as assuming an infeasible
rate of heading change. Constraining blunder heading change limits
the turn rate of the lead blundering aircraft.We therefore constrain the
blunder heading change. To be conservative, this rate was set to
12�=s. Increasing this has little effect on the solutions, as will be

shown, but decreasing it significantly affects the solution. Therefore,
we are interested in the minimum root of Eq. (6), with the constraint
that

_�<
�

12

The solution can be obtained iteratively using a nonlinear solver.
The problem for the solver is as follows (the negative root is taken so
as to yield the back of the danger zone rather than the front):

Minimize

x20�
�b �

�������������������
b2 � 4ac
p

2a
(7)

where

a� 1; b��2�K1 � K5tprot�;
c� K2

2 � K2
4t

2
prot � 2K1K2 � K3K4tprot � K2

1 ��K2
3 � 5002

such that

b2 � 4ac > 0; _�<
�

12

The solution will yield a distance in trail such that no blunder of
less than 12�=s will result in a NMAC within tprot. The solution will
also produce the worst-case blunder heading change; that is, the
blunder heading that produces the maximum required distance in
trail will result from solving the equation.

Equation (7) can then be solved for various input parameters
�y20; v1; v2�, each of which can be obtained in real time if the aircraft
are using eitherMode S orADS-B systems. It may also be possible to
obtain these values from the traffic collision avoidance system.
(Otherwise, they can be set to the worst-case values, assuming
adherence to the procedure, although that has implications for the
procedures used by the pilots.)

It is shown, therefore, that such a region is calculable.What is now
of interest are the dynamics of the safe zone, whether there is a
practical zone for operationally meaningful geometries, and whether
that zone significantly reduces capacity under those conditions.

To test this, the safe zone was calculated for a number of
conditions. The safe zonewas calculated for tprot values of 30, 45, and
60 s and for lateral separations of 750 to 3000 ft. Lead and trail speed
differences of 5 to 60 kt were also considered.

III. Results and Discussion

The equations were solved using a nonlinear solver. The solver’s
tolerancewas set to 5%,with a convergencevalue of 0.001. Solutions
had a required precision of 0.000001. Solutions for a single problem
were calculated within 1 s, although no attempt was made to control
the speed of the algorithm, since it is not yet clear the solutionswould
need to be solved dynamically in real time.

A. Safe Zone Dynamics

First, as expected, it was found that the solutions for the front of the
safe zone were driven by relatively slow blunders as compared with
those considered byDARalgorithms. The solutions resulted from the
maximum blunder turn rate of 12�=s. As shown in the example in
Fig. 3, the worst-case blunder turns extents (i.e., those that produce
themaximumvalue of theminimumallowed distance in trail) are low
at low values of lateral separation. Because of the constraint that the
minimum separation of 500 ft be obtainedwithin the protection time,
this increases as the lateral separation increases. The worst-case
blunders are constant for a given lead speed, since the lead’s lateral
and vertical distances travelled during the blunder would be the
same; the trail speed only changes the required distance in trail.

The front of the safe zone solutions were calculated for a range of
tprot, speed differences, and lateral separations. An example of the
output is shown in Fig. 4. The minimum allowed distance in trail
increases with greater lateral separation and greater protection time.
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However, the range of distances is reasonable for the cases shown in
Fig. 4: within 0.5 nautical miles of the lead aircraft.

The solutions were checked against numerical simulation of the
kinematic trajectories. Plots of the trajectories for several of the
preceding cases are shown in Figs. 5a–5c. In Fig. 5, the endpoints of
the trajectories are the points where separation drops below 500 ft at
tprot. The trailing aircraft is required to be further in trail for larger
lateral separations, and the lead aircraft must have a larger blunder
extent.

In general, the front of the safe zone was influenced by speed
differences but not substantially by the lead aircraft speed given the
same speed difference. For 	20 kt lead speed, the front of the safe
zone changed by no more than 5%, with larger changes occurring at
the greater lateral separations and less than 1% differences at 750 ft
lateral separation. Larger speed differences resulted in a front of safe
zone that is farther in trail of the lead. Figure 6 shows the effect of
speed differences on the front of the safe zone.

B. Impact on Capacity

The front of the safe zone varies mainly with the lateral separation
and speed difference between the lead and trail, with very little
variation by lead speed when the speed difference is kept constant.

This distance in trail can be compared with current operations to
estimate the impact on throughput.

Under current operations, aircraft on parallel runways that are
more than 4300 ft apart are treated independently. Under visual
conditions, this independence in theory is true for any runway
separation, although typically, some stagger (slant range separation
between the aircraft) is necessary to adhere to the “remain in visual
contact with the other aircraft” requirement. Inside of 4300 ft, but
greater than 2500 ft, a 1.5 n mile stagger must be used. Inside of
2500 ft, the runways are considered dependent, and standard wake
vortex separation of at least 2.5 n mile longitudinally must be
provided.

At some airports, a high-update radar and monitoring system
called the precision runway monitoring (PRM) system is installed.
This allows the assumption of independence of the runways to be
extended to runways of separations of 3400 ft ormore. PRMprovides
no benefit for runways that are separated by less than 3400 ft.

In this work, we can compute a rough estimate of throughput
impact by comparing the longitudinal separation requirements of the
various methods. Forty knots of speed difference provides a highly
restrictive safe zone (farther in trail than safe zones with smaller
speed differences). A comparison for lateral separations of 750 to
3000 ft is shown in Fig. 5. Clearly, even if one adds a small buffer
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Table 1 Separation requirement comparison between standard operations and safe zone

CSPAa with 20 kt speed difference

Lateral separation Standard operations Tprot � 30 s Tprot � 45 s Tprot � 60 s

750 >2:5 0.26 0.34 0.42
1000 >2:5 0.26 0.34 0.42
1250 >2:5 0.26 0.34 0.42
1500 >2:5 0.27 0.34 0.42
1750 >2:5 0.27 0.35 0.43
2000 >2:5 0.28 0.35 0.43
2250 >2:5 0.28 0.35 0.43
2500 1.44 0.29 0.36 0.43
2750 1.43 0.29 0.36 0.44
3000 1.42 0.30 0.37 0.44

aCSPA denotes closely spaced parallel approach.
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behind the front of the safe zone, throughput improvements over
standard operations should be substantial, since the separation
requirements are substantially less than during standard operations
(see Table 1).

IV. Conclusions

A safe zone can be computed that provides protection against
blunders for a predetermined period of time. This safe zone has a
reasonable width under most conditions, and adhering to the safe
zone should improve capacity over current methods for closely
spaced parallel approaches.

The safe zone is influenced by the time needed for responding to an
alert, the speed difference between the two aircraft, the lateral
separation between the paths of the aircraft, and the crosswind speed.
Greater speed differences, larger speed differences, and wider lateral
separations result in more distant in-trail separations. Higher
crosswind speeds reduce the width of the safe zone. A practical safe
zone exists up to approximately 40 kt difference in speed and 40 kt
crosswind for runways, down to 750 ft lateral separation.

Implementing the safe zone, while reducing capacity when
compared with independent operations, has a significant improve-
ment over current operations. The guidance can be applied to current
visual approaches, without the addition of any instrumentation, to
improve the safety of those approaches without substantially
impacting capacity. If a depiction is provided on a primary or
secondary flight instrument, the safe zone may allow for closely
spaced parallel approaches in instrument conditions to runways
down to 750 ft lateral separation.
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