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1.0 EXECUTIVE SUMMARY

1.1 Background

This report presents the error models and figures of merit to evaluate the performance
of the Passive Final Approach Spacing Tool (FAST). Specifically, the ground speed radar
tracking errors which are introduced into the FAST software are investigated. The error
models describing the effect of these ground speed tracking errors on the FAST
Scheduling Logic (SL)are developed. These error models and a number of figures of
merit are then integrated into two FAST Performance Simulations. These Performance
Simulations are then evaluated for typical two-aircraft scenarios. It is shown that there
is an increasing likelihood that FAST SL might reach an incorrect aircraft ordering or
merging decision due to ground speed tracking errors. However, the FAST SL logic is
in general relatively robust to these types of errors.

Passive FAST provides advisories and serves as a decision aid to the air traffic controller
(Anon, 1990; Bergh, 1995; Davis, 1997; Erzberger, 1995; Lee, 1995; Mueller, 1998;
Robinson, 1997; Slattery, 1995, 1997). As illustrated in Figure 1-1, the process starts with
estimates of the aircraft horizontal position and velocity as obtained from the ARTS
radar and its tracking software. Next altitude information is added, as provided by the
aircraft barometric altimeter. FAST then computes predicted trajectories for the aircraft
to the runway threshold with the Trajectory Synthesizer (TS) using estimates of the
aircraft’s current position and velocity. FAST then determines the preferred sequencing
or merging of aircraft in the Terminal Radar Area Control (TRACON) using FAST SL,
based on logic which mimics the air traffic controller’s decision process.

ARTS RADAR

FAST

o-p AIRCRAFT-

TRAJECTORY SCHEDULING

RADAR (S8 TRACKING SYNTHESIZERI T]  LOGIC CONTROLLER

yy FILTER INTERFACE

4
7 &
BARO
ALTIMETER | q—]
KINEMATICS |

AIRCRAFT

Figure 1-1. Final Approach Spacing Tool (FAST) Information Flow
Figure 1-2 illustrates the typical aircraft flight path segments in the TRACON terminal
approach area. This figure illustrates the problem of ordering aircraft on the same flight
path segment and merging them onto a common flight path segment. The aircraft are
spaced and merged to assure that:
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* minimum separation constraints are maintained
* unwanted overtakes are avoided
* delays in reaching the runway are minimized.
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Figure 1-2. Approach to Dallas-Ft. Worth Runway 18R
from SW Metering Fix

Under a prior study (Mueller, 1998), the focus was primarily on the sources of the
velocity errors and their impact on the FAST TS. The study also evaluated a few of the
input variables into the FAST SL which are sensitive to velocity errors.

It was the objective of this study to complete the error analysis for the remaining FAST
SL input variables which are sensitive to velocity errors. This was followed with the
development of two statistical simulations of the FAST SL fuzzy logic. These
performance simulations model the individual FAST SL input errors and several figures
of merit. These statistical error models were then used to evaluate to evaluate the
performance of FAST over several nominal aircraft flight path profiles.

1.2 Report Outline

Chapter 2 introduces the four Procedures used by the FAST SL, two of which are the
focus of this study. Also, this chapter presents the mathematical definitions for all ten
Proposition input variables used by these four Procedures. In addition the mathematical
models for the nominal Membership function, Output, Weight, and Firing Strength are
presented for the six Proposition inputs which are ground speed dependent.

Chapter 3 focuses on the input variable statistics. It specifically shows the nominal
trajectories which are used to drive the input variable error models developed in this
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Chapter. The input variable statistics for the six ground speed dependent input
variables are then simulated using nominal trajectories.

Chapter 4 introduces and examines various figures of merit for evaluating the
performance of the FAST SL. This Chapter includes a discussion of the figure of merit
developed under the last study and then introduces four new figures of merit. These
new figures of merit are shown to provide a much more practical metric for evaluating
the FAST SL performance.

Chapter 5 summarizes the FAST SL Ordering Procedure Performance Simulation and
presents results for a two-aircraft scenario. Chapter 6, in turn, summarizes the FAST SL
Merging Procedure Performance Simulation and presents results for another two-
aircraft scenario.

Appendix A presents the FAST TS MATLAB simulation listing and test case, developed
under the last study. Appendix B presents the FAST SL Ordering Procedure
Performance Simulation listing and test case while Appendix C presents the FAST SL
Merging Procedure Performance Simulation listing and test case.

1.3 Key Results

The two performance simulations which were developed are illustrated in Figure 1-3.
This figure shows that one simulation is used to evaluate the nominal and statistical
performance of the Ordering Procedure of a GENERAL-Type Spatial Constraint. A
second simulation is used to evaluate the nominal and statistical performance of the
Merging Procedure of a GENERAL-Type Spatial Constraint.

As shown in this figure, each performance simulation takes the nominal trajectories of
two aircraft as input. It then computes the radar tracking ground speed errors and the
corresponding trajectory prediction errors. With the trajectory prediction errors, the
individual FAST SL Propositions are evaluated using both the nominal and the statistical
inputs. The performance figures of merit are evaluated for each Proposition in the
Procedure as well as for the composite Procedure.

For these two scenarios, the Relative Ground Speed mean errors were found to vary
between -/+25 knots while the standard deviation was less than 7 knots. While a
negative Relative Ground Speed could lead to an overtake situation, the current
deadband used by the Relative Ground Speed Proposition is -/+20 knots. This suggests
that the Relative Ground Speed errors are large enough to introduce Proposition
decision errors. Alternately, this suggests that the dead band might be set slightly
higher.

12
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Figure 1-3. FAST SL Performance Simulation Information Flow

The mean error of NSD. . for two aircraft merging onto the Downwind segment
varied between -1 and 0 while the standard deviation was less than 0.25. Since the
nominal NSD.. is 1, the estimate (sum of nominal and mean) varied between 0 and 1.
Since an NSD_ of 1 indicates a filled aircraft slot, an estimate of NSD...s < 1 suggests
the loss of a slot or alternately a minimum separation conflict between the two aircraft.
This perceived conflict can result in an unneeded additional aircraft separation request
by the air traffic controller.

For the time of arrival dependent variables, the Relative Estimated Time of Arrival
(ETA) Magnitude mean error varied between -/+1 minute while the standard deviation
was less than 0.2 minutes. The nominal and minimum allowed time separation between
two jets is 1 minute for this scenario. Hence, the Relative ETA Magnitude estimate could
lead to a perceived violation of this requirement. Alternately, if this requirement is
actually being violated, the ETA magnitude statistics can mask this problem. This would
lead to the conclusion that minimum time separation standards are being observed.

The Controllability is another ETA-dependent input variable. Its mean error varied
between -/+2 while the standard deviation was less than 0.3. The Excess Delay mean
error, another ETA-dependent input variable, varied between -/+5% while the standard
deviation was less than 2%. Finally, the Normalized Delay Savings (NDS) mean, the
fourth ETA-dependent input variable, varied between -/+0.2 while the standard
deviation was less than 0.3.

The last study selected a performance figure of merit which focused on the statistics of

the Proposition input variables. This figure of merit was defined as the probability that
an estimate of the input to a trapezoidal Membership function is located in a different
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region (within the Deadband, or to the right or left of the Deadband) than the nominal
input. This leads to a metric which determines the probability of a Proposition decision
error -- somewhat analogous to missed and false alarms in signal theory.

Under this study, it was determined that a more significant figure of merit is the mean
(expected) Proposition Firing Strength. The Proposition Firing Strength determines the
decision reached by that Proposition. The nominal Firing Strength is defined as the
product of the nominal Proposition Output and the Weight. Both are directly
determined by the nominal Proposition Membership Function and the input to it.
Hence, the mean Membership, Output, and Weight were also added as figures of merit.

For the Ordering Procedure of a GENERAL-Type Spatial Constraint, the only ground
speed dependent input is the Relative Ground Speed itself. This input is used in two of
the seven Proposition pairs. For a scenario consisting of the two in-track jet aircraft, it
was shown that the Relative Ground Speed statistics coupled with the structure of the
two Propositions introduced only small to moderate deviations from the nominal firing
strengths. When these Proposition statistics were combined with the remaining
nominal Proposition results, the Procedure Firing Strength statistics also showed only
minor deviations from the nominal Procedure results. Caution must be used in
generalizing these results since they were obtained from only a single two-aircraft
scenario.

For the Merging Procedure of a GENERAL-Type Spatial Constraint, both the Relative
Ground Speed and the NSD_, of the two aircraft are dependent on ground speed
errors. Furthermore, the NSD_. input is used in three of the seven Proposition pairs.
Also, their possible Output values are much more significant than those used for the
Relative Ground Speed Propositions. In addition, the Relative Ground Speed was used
as input in two of the seven Propositions.

For a scenario of one turboprop aircraft merging onto the same Downwind flight path
segment as a jet aircraft, the Firing Strength statistics for the NSD..,; Propositions
showed small to large deviations from the nominal results. The Relative Ground Speed
Firing Strength Statistics were shown to produce small deviations from the nominal for
the two associated Propositions. When the Firing Strength statistics from all seven
Propositions were combined to obtain the Procedure Firing Strength statistics, it was
found that Procedure Firing Strength statistics showed some moderate deviations from
the nominal Procedure results. However, the results were not significant enough to
lead to an erroneous merging order decision for the two aircraft. In other words, the
polarity of the Procedure Firing Strength did not change sign. Again, caution should be
used in generalizing these results since they are only based on one scenario.

1.4 Conclusions and Recommendations

Under this study, the remaining error models were developed which allow all six of the
ten Proposition input variables which are ground speed dependent to be evaluated.
These error models were incorporated into a performance simulation of the Ordering
Procedure of a GENERAL-Type Spatial Constraint and into a separate simulation of the
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Merging Procedure of a GENERAL-Type Spatial Constraint. In addition, four new
figures of merit were defined and incorporated into these two simulations.

The results obtained from a two-aircraft scenario with the Ordering Procedure
performance simulation, showed that the ground speed dependent input variables had
negligible effect on the Procedure decision for this scenario. The results obtained for a
second two-aircraft scenario with the Merging Procedure performance simulation
showed a moderate impact on the Procedure decision for this scenario. However, the
impact was not severe enough to result in an incorrect Procedure decision. Caution
however should be used in generalizing these results since they are based on one
scenario for each Procedure.

Overall, two performance simulations have been developed which can evaluate the
performance of two of the four Procedures used by FAST. When the performance
simulations for the last two Procedures are developed, the complete performance of
FAST SL can be determined for all four Procedures.

It is recommended that further work on Passive FAST be performed in the following
areas:

* Complete FAST SL Performance Simulations -- include FINAL Procedures

* Perform a number of FAST SL Simulation runs -- understand how well FAST
works under simulated scenarios of a typical airport

* Explore FAST performance under Free-Flight -- availability of more accurate
ground speed data as well as aircraft maneuver intent information

While the focus of this and the last study has been on the performance of Passive FAST, the
error models and various simulations developed under both studies can be extended to
Active FAST. With these extended tools, it will be possible to provide design tools for
expediting the design of Active FAST. This follows from the fact that these extended
tools will provide direct and efficient feedback of how well the proposed Active FAST
architecture will perform under a variety of different simulated scenarios.

The tasks which are recommended in support of Active FAST are:

* Enhance FAST TS simulation -- incorporate FAST SL specified speed and heading
maneuvers

* Develop generic nominal FAST SL simulation -- aid design process

* Develop generic statistical FAST SL simulation -- determine sensitivity to relative
ground speed errors

* Explore design and performance impact of flight technical errors, wind errors,
and unexpected weather fronts -- develop more robust FAST
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2.0 FAST SCHEDULING LOGIC

2.1 Introduction

In this chapter, a general overview of the FAST SL fuzzy logic is presented. It also
includes a description of the inputs used by this logic and the decisions which result
from these inputs. A more thorough description of FAST SL can be found in (Mueller,
1998; Robinson, 1997).

The FAST Scheduling Logic (SL) sequences and merges all aircraft approaching the
same runway, such that the maximum number of flights can be safely landed. To assure
that this scheduling is performed safely, FAST SL checks the minimum current and
future predicted aircraft separations to assure that these are not less than the specified
minimums nor excessively large. FAST SL also checks the current and future predicted
relative speeds of all aircraft on the same current or future flight path segment to avoid
unwanted overtakes. Finally, FAST SL attempts to schedule the aircraft such that there
is minimum delay in each aircraft reaching its assigned runway. It accomplishes this by
evaluating the current position and velocity and future predicted positions, velocities,
and ETAs for all aircraft in the TRACON.

FAST SL incorporates a fuzzy logic decision methodology to perform aircraft
scheduling. The design of this logic has evolved over a number of years, incorporating
inputs from air traffic controllers, and is still undergoing changes. As a result, the fuzzy
logic decision methodology attempts to closely mimic the decision process the air traffic
controllers themselves use in scheduling aircraft. Despite this capability, FAST is a
decision aid to the controller rather than an automation of his duties.

2.2 Nominal Scheduling Logic

There are four primary sets of scheduling decisions which are evaluated in FAST using a
set of fuzzy logic Procedures. These are:

* Ordering Procedure of a GENERAL-type Spatial Constraint
* Merging Procedure of a GENERAL-type Spatial Constraint
* Ordering Procedure for a FINAL-type Spatial Constraint
* Merging Procedure for a FINAL-type Spatial Constraint

A Spatial Constraint, or Spatial Constraint Set, is any group of aircraft whose
trajectories currently, or in the future, will pass through the same section of airspace. A
GENERAL-type Spatial Constraint is a set of aircraft from a particular trajectory
segment, other than the Final segment.

The Propositions for the Ordering Procedure of a GENERAL-type Spatial Constraint are
summarized in Table 2-1 for two aircraft, A and B. The Propositions for the Merging
Procedure of a GENERAL-type Spatial Constraint are summarized in Table 2-2 for two
aircraft. In Table 2-2, FCTS is the First Common Time Step of two aircraft which are
merging onto a common flight segment, such as the Downwind segment.

17



Table 2-1 Ordering Procedure of a GENERAL-Type Spatial Constraint

Number Proposition Input Consequent Output
1 A significantly ahead of B at current NSD+r« | Asignificantly favored 45
position
2 A ahead of B at current position NSD.r« | Afavored 30
3 Aslightly ahead of B at current position NSD.z« | Aslightly favored 15
4 A ahead of B at current position NSD+r« | Aslightly favored 15
5 A faster than B at current position AVg A marginally favored 7.5
6 A lower than B_at current position Ah A marginally favored 7.5
7 (A close to B) AND (A faster than B at Ad & Aslightly favored 15
current position) AVg
8 B significantly ahead of A at current NSD.z« | B significantly favored -45
position
9 B ahead of A at current position NSD« | B favored -30
10 B slightly ahead of A at current position NSD+r« | Bslightly favored -15
11 B ahead of A at current position NSD:r« | Bslightly favored -15
12 B faster than A at current position AVg B marginally favored -7.5
13 B lower than A at current position Ah B marginally favored -7.5
14 (B close to A) AND (B faster than A at Ad & B slightly favored -15
current position) AVg
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Table 2-2 Merging Procedure of a GENERAL-Type Spatial Constraint

Number Proposition Input Consequent Output
1 A significantly ahead of Bat FCTS NSD¢qrs | Asignificantly favored 45
2 Aahead of Bat FCTS NSDgcrs | Afavored 30
3 Aslightly ahead of Bat FCTS NSD¢crs | Aslightly favored 15
4 A ahead of B at current position NSD.r« | Aslightly favored 15
5 A faster than B at FCTS AV A marginally favored 7.5
6 A lower than B_at current position Ah A marginally favored 7.5
7 (A close to B) AND (A faster than B at Ad & Aslightly favored 15

ECTS) AVg
8 B significantly ahead of A at FCTS NSD¢crs | B significantly favored -45
9 B ahead of Aat FCTS NSD¢qrs | B favored -30
10 B slightly ahead of Aat FCTS NSD¢qrs | B slightly favored -15
11 B ahead of A at current position NSD+r« | Bslightly favored -15
12 B faster than A at FCTS AVg B marginally favored -7.5
13 B lower than A at current position Ah B marginally favored -7.5
14 (B close to A) AND (B faster than A at Ad & B slightly favored -15

ECTS) AVg

The Propositions for the Ordering Procedure of a FINAL-type Spatial Constraint are

presented in Table 2-3. Finally, the Propositions for the Merging Procedure of a FINAL-
type Spatial Constraint are summarized in Table 2-4. In this report, the focus will be on
the Ordering and Merging Procedures of GENERAL-type Spatial Constraint.

As shown in these four tables, each Procedure incorporates a set of Propositions for a

set of two aircraft (A and B). These Propositions typically use a relative dynamic

variable, such as relative ground speed, relative separation, etc., as input. Each
Proposition then determines a decision for these two aircraft. By combining all the

Proposition decisions for a Procedure in a weighted sense, a Procedure decision is

determined for these two aircraft. For all four Procedures, the decision which is reached
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is that either the order of the two aircraft at the current, or a specified future time, is
preferred or the reverse order is preferred.

Table 2-3 Ordering Procedure of a FINAL-Type Spatial Constraint

Number Proposition Input Consequent Output

1 A sequenced behind B is_significantly out K A significantly favored 45
of delay

2 A sequenced behind B is out of delay K A favored 30

3 (A was ahead of B) AND (B sequenced NSDqr« & | Afavored 30
behind A is not significantly delayed ) C

4 A sequenced behind B is delayed [« Aslightly favored 15

5 A sequenced behind B is slightly delayed C A marginally favored 7.5

6 A ahead of B along downwind segment NSDpown | A favored 30

7 A lower than B at current position Ah A somewhat favored 22.5

8 A sequenced ahead of B causes less delay NDS A marginally favored 7.5

9 B sequenced behind A is_significantly out K B significantly favored -45
of delay

10 B sequenced behind A is out of delay K B favored -30

11 (B was ahead of A) AND (A sequenced NSD.r« & | B favored -30
behind B is not significantly delayed ) C

12 B sequenced behind A is delayed C B slightly favored -15

13 B sequenced behind A is slightly delayed [« B marginally favored -7.5

14 B ahead of A along downwind segment NSDyown | B favored -30

15 B lower than A at current position Ah B somewhat favored -22.5

16 B sequenced ahead of A causes less delay NDS B marginally favored -7.5
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Table 2-4 Merging Procedure of a FINAL-Type Spatial Constraint

Number Proposition Input Consequent Output
1 A sequenced behind B is out of delay K A significantly 45
favored

2 A sequenced behind B is significantly delayed C A favored 30

3 A sequenced behind B is delayed [« Aslightly favored 15

4 A sequenced behind B is slightly delayed [« A marginally favored 7.5

5 A ahead of B along downwind NSDpown | Asomewhat favored 22.5

6 A lower than B at current position Ah Aslightly favored 15

7 (Ais in-trail behind another aircraft) AND Ad & t,; | Amarginally favored 7.5
(A has in-trail ETA with another aircraft)

8 (B is in-trail behind another aircraft) AND Ad & t5; | Amarginally favored 7.5
(B has in-trail ETA with another aircraft)

9 A sequenced ahead of B causes less delay NDS A marginally favored 7.5

10 B sequenced behind A is out of delay K B significantly -45

favored

11 B sequenced behind A is significantly delayed C B favored -30

12 B sequenced behind A is delayed [« B slightly favored -15

13 B sequenced behind A is slightly delayed T B marginally favored -7.5

14 B ahead of A along downwind NSDpown | B somewhat favored -22.5

15 B lower than A at current position Ah B slightly favored -15

16 (B is in-trail behind another aircraft) AND Ad & t,; | B marginally favored -7.5
(B has in-trail ETA with another aircraft)

17 (Ais in-trail behind another aircraft) AND Ad & t5; | B marginally favored -7.5
(A has in-trail ETA with another aircraft)

18 B sequenced ahead of A causes less delay NDS B marginally favored -7.5
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In Table 2-4, ETA is the Estimated Time of Arrival of an aircraft at the runway edge.

For ordering aircraft which have a GENERAL-Type Spatial Constraint, each aircraft in
the initial Spatial Constraint is compared to every other in that Spatial Constraint. When
merging aircraft of a GENERAL-Type Spatial Constraint, the lead aircraft from each of
the separate Spatial Constraints are compared, while maintaining the relative sequence
established by the initial Spatial Constraint ordering Procedure.

The repetition in Table 2-1 of Propositions 2 and 4 with different Consequents, and
Propositions 9 and 11 with different Consequents is based on the fact that the
Propositions for the ordering and merging Procedure of a GENERAL Type Spatial
Constraint are conveniently implemented as those in Table 2-2. However, NSD, iS
interpreted as NSD,,, in Table 2-1.

Since the aircraft pass from separate flight path segments onto a common segment at
different times, an important common reference point is the FCTS for the Merging
Procedure of a GENERAL-type Spatial Constraint. It is defined to be the earliest time
both aircraft reach the same flight path segment based on their predicted position, or
equivalently, the first time they both belong to the same Spatial Constraint.

Each of the four Spatial Constraint scheduling decisions is based on set of fuzzy logic
Propositions. The inputs to these fuzzy logic Propositions are relative positions (Ad),
relative ground speed (AV,,), relative altitude (Ah), ETA, or derived variables based on
the previous four variables, for two aircraft at a time. The derived variables are the
NSD, the Controllability (x), the Excess Delay (€), NDS, and the Relative ETA Magnitude
(t). The equations for these derived variables are presented in a later section.

These inputs are translated, via Membership Functions, into a Membership value which
varies between 0 and 1. Zero indicates no membership, one indicates complete
membership, while intermediate values indicate the degree of membership for the two
aircraft for that particular Proposition.

The Membership value becomes the independent variable used by the assigned
Consequent function to define an Output and an Output Weight. The Output values,
which are summarized in Table 2-5, have been selected arbitrarily.

The Output Weight, which varies between 0 and 5, is determined by the Membership
value. By summing the weighted Outputs, the so-called Firing Strengths, from all the
applicable Propositions for a particular Spatial Constraint, a Procedure Decision Score,
or Firing Strength, is obtained. The polarity of that Score determines, in part, if the
previous Decision (order of the two aircraft) will be maintained (+) or reversed (-). In
addition, hysterisis is built into this Decision logic such that a reversal of a previous
Decision will not be implemented until the new Procedure Normalized Firing Strength
has reached a value of at least +/-7.5.

Table 2-5. Proposition Output Values
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Consequent Function Output
‘Marginally favored’ 7.5
‘Slightly favored’ 15
‘Somewhat favored’ 22.5
‘Favored’ 30
‘Quite favored’ 37.5
‘Significantly favored’ 45

2.3 Proposition Inputs

In this section, the Membership Function input variables will be defined and the
equations used to compute these variables will be presented. It will be shown that while
the FAST Trajectory Synthesizer (TS) provides the position, velocity, ETA, and the
relative position and ground speed at FCTS, the FAST SL uses some of these as input
variables directly and others are used to compute secondary input variables.

It is convenient to combine a number of the individual Propositions and their inputs
into Proposition pairs, if the Membership Functions are defined in terms of criteria
which depend on relative ground speed sensitive inputs. This facilitates the Proposition
error analysis, presented in Chapter 3. Specifically this combined formulation may
show that the Propositions may be erroneously satisfied due to ground speed errors.
The remaining Propositions, which depend on the current order of the two aircraft
(e.g.: aircraft A is ahead of aircraft B, or aircraft A is below aircraft B) define a unique set
of conditions which are insensitive to these ground speed errors.

A number of input variables involve the NSD between two aircraft (A and B). These are
the NSD_., the current NSD (NSD.,), and the NSD along the downwind segment
(NSDgown)- These use as inputs the relative current or future path distance of two
aircraft with the position referenced to a common arbitrary origin. This origin is
selected to be closer to the runway than the Metering Fix and positive in the direction of
the Metering Fix. As a result, the lead aircraft will have a shorter path distance than the
trailing aircraft relative to this arbitrary reference point. These inputs are defined as
follows for the general case of A ahead of B or vice versa:

2.3.1 Normalized Separation Distance at FCTS

The primary criteria for ordering two aircraft currently on different Spatial Constraints
is the Normalized Separation Distance (NSD) at their first common time step (FCTS) on
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the same Spatial Constraint. This variable determines which aircraft is ahead at FCTS
and favors this sequence for the two aircraft.

(dB,FCTs(tk) - dA,FCTS(tk))

Adap
NSD ty)=
Fes(tk) (dB,FCTS(tk) - dA,FCTS(tk))

AdBA

. if, dg rers(tk) > da FeTs(tk)

. if, dg reTs(tk) = da reTs(ti)

where, dgcrs = predicted path distance at FCTS relative to arbitrary reference point

d,g = minimum required separation distance in the TRACON given an
aircraft order: A followed by B (See Table 2-6).

Table 2-6. Aircraft Minimum Required Separation Distance, Ad,g (nmi.)

Leading Trailing Aircraft, B
Aircraft, A
Small Large Heavy B757
Small 3 3 3 3
Large 4 3 3 3
Heavy 6 5 4 5
B757 4 4 4 4

2.3.2 Normalized Separation Distance at Current Position (NSDxy)

The Normalized Separation Distance at the current position determines the current
order of two aircraft relative to the runway threshold. Positive values indicate that
aircraft A is currently ahead of B while negative values indicate the reverse order.

((d t)-d t
(R (tk) - da Tre [ k)) if, dg TRk (tk)>dA TRK (tK)
NSD gk (tk ) =4 Aflae | |
(dB,TRK(tk)_dA,TRK(tk)) if d (t )<d (t )
Adon , » B, TRK Ik )= 0A TRK (Tk

where,  d.g« = aircraft current path distance relative to arbitrary reference point
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2.3.3 Normalized Separation Distance along Downwind Segment

The Normalized Separation Distance along the Downwind Segment is used to sequence
two aircraft if their final approach course has been extended with a base extension. It is
used to favor a sequence which considers the expected order of the two aircraft on the
Downwind Segment. A positive value indicates aircraft A is further along the
Downwind Segment than aircraft B while a negative value indicates the reverse.

(d ty)-d t
( 5,00WN (tk ) - d A pown ( k)) if, dg pown (tk)>da pown (tk)
NSD pown (tk ) =4 e | |
(dB,0own (tk) -da pown (tk)) £ g (te)=d (t)
Adon : » UB,DOWN 1k )= UA DOWN Tk

where,  dpown = Path distance to Downwind Segment relative to arbitrary
reference

2.3.4 Horizontal Separation

Two additional distance-based Proposition input variables are the Horizontal
Separation and the Altitude Separation. The Horizontal Separation determines the line-
of-sight horizontal separation between the two aircraft. This will be different from the
path separation distance if the two aircraft are not on the same flight path segment.

Ad = \/(XB ~xa) + (ve- YA)2

where,  X;, y; = radar coordinate positions of aircraft i

This variable is also used together with the relative ground speed of two aircraft to
determine whether an overtake is desirable. It is also is used together with the relative
ETA magnitude to determine whether two aircraft are in-trail of each other -- one
behind the other.

2.3.5 Altitude Separation

The Altitude Separation between two aircraft, A and B, is used to establish which
aircraft is currently at a lower altitude. This variable is used for ordering aircraft which
are stacked on top of each other.

Ah = (hB,TRK - hA,TRK)

where,  hgx = current altitude of the aircraft.
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A positive value indicates that aircraft A is lower than aircraft B while a negative value
indicates the reverse.

2.3.6 Relative Ground Speed

The Relative Ground Speed between two aircraft, either at their current position or at
their FCTS, determines which aircraft is faster. This variable is used to identify
overtakes at the current position or at their FCTS, and this is used to determine
whether these overtakes are acceptable.

The Relative Ground Speed input variable is defined for two aircraft as:

AV =(Ve.a -Vos)

where, Vg = current ground speed of aircraft.

If it is positive, then aircraft A is faster than aircraft B while if it is negative, the reverse is
true.

2.3.7 Relative ETA Magnitude

Four of the input variables are based on the flight time of the aircraft. As a result, they
indirectly involve the current measured position and ground speed of the aircraft. The

four input variables are the current Relative ETA Magnitude (t,g), the Controllability
(x), the Excess Delay (C), and the NDS.

The Relative ETA Magnitude of two aircraft is used as an indicator of whether two
aircraft should be considered to be in-trail -- one behind the other. This input variable is
used together with the Horizontal Separation to establish that the two aircraft are
indeed in-trail of each other.

TaB = ITAB,EarIy - TAA,EarIyI

where,  TAa ganys T Ag gany = €arliest times of arrival for aircraft A and B

The earliest time of arrival, TAgag, y, IS Obtained by determining the time it takes an
aircraft to reach the runway threshold when it takes the shortest flight path and the
latest speed reductions.

2.3.8 Controllability

The Controllability determines if an aircraft is unable to absorb enough delay to achieve
a desired sequence between two aircraft. A positive value indicates that a desired
sequence of aircraft A ahead of aircraft B allows aircraft B to have excess delay. A
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negative value, in turn, indicates that this sequence will require more delay of aircraft B
than it has available, based on the aircraft’s ETA range. The time of arrival range is
determined by the earliest and latest arrival trajectory for that aircraft.

' (TAA,Late - STAA,BA)

: if A is sequenced behind B

K=
TA -STA
( B Late B’AB) : if Bissequenced behind A
where, STA ag = scheduled time of arrival of aircraft A, given a sequence of AB

STAg ap = Max{ STA, ag+Atag, TAg gariyhs With STA girerare = TA
TA . = latest time of arrival for that aircraft

Aty = minimum required separation time between aircraft given a
sequence of aircraft j followed by aircraft k

1strEarly

The latest time of arrival, TA .., is obtained by determining the time required for an
aircraft to reach the runway threshold when it takes the longest flight path, using any
flight path extensions, and the earliest speed reductions.

The scheduled time of arrival, STA; ,;, is obtained from the earliest times of arrival of
aircraft B and the scheduled time of arrival of the aircraft A. If aircraft A is the first
aircraft of that particular path segment, then its earliest time of arrival defines its
scheduled time of arrival. For all other aircraft, the scheduled time of arrival is
determined by the maximum of the aircraft’s earliest time of arrival and the sum of the
scheduled time of arrival of the aircraft in front of it plus their minimum required time
separation.

The minimum required separation time between two aircraft is computed by dividing
the required separation distance of Table 2-6 by an aircraft speed of 170 knots for all
aircraft. This produces the minimum required time separation shown in Table 2-7.

Table 2-7. Aircraft Minimum Relative Time Spacing, At,g (min)*
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Leading Aircraft, A Trailing Aircraft, B
Small Large Heavy B757
Small 1.0 1.0 1.0 1.0
Large 1.4 1.0 1.0 1.0
Heavy 2.1 1.8 1.4 1.8
B757 1.4 1.4 1.4 1.4

* Assumes a ground speed of 170 knots for all aircraft

2.3.9 Excess Delay

The Excess Delay, expressed as a percentage of the available delay, is used to favor
sequences which distribute the required delays equally among all aircraft. It determines
the amount of delay not used to achieve the required aircraft sequence and to maintain
the required separation at the runway threshold. Values near 100% indicate that little
additional flight time is required to achieve the required sequence. Values near zero, in
turn, indicate that a large amount of the aircraft’s available delay is used to achieve the
required sequence.

( TAALate -STAABA
(TAA,Late - TAA,EarIy)

, If Alis sequenced behind B

¢ =100-
[ TA -STA \
- B Late B.AB , iIf B is sequenced behind A
kTAB,Late - TAB,EarIy J
2.3.10 Normalized Delay Savings (NDS)

The Normalized Separation Distance indicates whether the current relative sequence of
two aircraft or the reversed order decreases their overall flight time. A positive NDS
indicates that the order of aircraft A ahead of B causes less delay than the reverse order.

(STAB,BA 'TAB,EarIy)"'(STAA,BA - TAA,EarIy)

AtBA

NDS =

(STAA,AB - TAAEarly ) + (STAB,AB - TAB Early )
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2.4  Proposition Results

It is of interest in Chapter 4 to know the nominal equations for the Proposition
Membership Function, Output, Weight, and the Weighted Output, or the so-called
‘Firing Strength.’” These variables are expressed in terms of the Proposition input
functions. The equations for the Membership Function, Output, Weight and the Firing
Strength will be presented in this section for the Propositions whose input values
depend on the Relative Ground Speed directly or indirectly.

The individual Propositions of Tables 2-1 through 2-4 are presented separately for
aircraft A versus B and then again for aircraft B versus A. It is desirable to combine the
Membership Functions for two Propositions if the condition for first or second
Proposition depends on a relative ground speed dependent variable. This makes it
possible to determine if errors in these relative ground speed variables lead to a
reversal of the conditions favoring one or the other of the two Propositions.

To be more specific, the Propositions which have conditions which are sensitive to
relative ground speed errors are the Relative Ground Speed itself and the NSD_;.. The
latter satisfies this criteria because the NSD.. depends on the predicted order of the
two aircraft under consideration, rather than on their current order.

This criteria is not satisfied by the Controllability, Excess Delay, and Normalized Delay
Savings, since the condition used for their associated Propositions is whether aircraft A
is currently ahead (or sequenced ahead) of aircraft B or whether the reverse is true. For
the Relative ETA Magnitude, there is only one Membership-Consequent function pair
which is evaluated jointly with the Horizontal Separation of the two aircraft.

2.4.1 Relative Ground Speed

In this section the equations describing Proposition Membership Function, Output,
Weight, and Firing Strength as a function of the nominal Relative Ground Speed are
presented. The Relative Ground Speed Membership Function: ‘Is faster’ and the
corresponding Consequent Function: ‘Is marginally favored’ is illustrated in Figure 2-1.

'IS FASTER' MEMBERSHIP FUNCTION 'IS MARGINALLY FAVORED' CONSEQUENT FUNCTION

1 |

! ' 'AIS FASTER' : ;

i I I . . . N - 'A IS MARGINALLY FAVORED'
084 oo P
‘B IS MARGINALLY FAVORED' || | - - ! : : : : : :

| 'BIS FASTER' !
| . . |

I I I I I I I I I I I d I I I I I I I I
0.6 4 i

[ A N N | [ e N A
0.4 - -0 v

MEMBERSHIP

024 oot s e

0

T T T T 1
-100 -60 60 100 -55 -45 -35 -25 -15 15 25 35 45 55

RELATIVE GROUND SPEED (kts) OUTPUT VALUE
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Figure 2-1. Relative Ground Speed Membership and Consequent Functions

The left-hand Membership Function (‘B is faster than A’) is used with the left-hand
Consequent Function (‘B marginally favored over A’). While the right-hand
Membership Function (‘A is faster than B’) is used with the right-hand Consequent
Function (‘A marginally favored over B’). Note that this Proposition has only three
possible Outputs: zero, -7.5, and +7.5. The Weight associated with this Output is
determined by the fraction of the triangular area beneath the Membership value for a
specific Relative Ground Speed.

For a Relative Ground Speed, v, the Membership Function ‘Is faster’, M(v), is given by:

1, for, v<-60 kts
20
—( +V), for, -60 kts = v < -20 kts
40
M(v) = 0, for, -20 kts <v <20 kts
-20
(v-20) : for, 20 kts <v <60 kts
40
1, for, 60kts<v
The Consequent Function: ‘Is marginally favored,” has an Output, O(v), which is
described by:
(-7.5, for, v<-20kts
O(v) =J 0, for, -20 kts < v <20 kts
7.5, for, 20kts<v

The Weight, W(v), which is associated with the Output, O(v), for the Membership
Function, M(v), is given by:

0, forM=0
W(M) = /5M(2- M), for, 0<M<1
5, forM=1
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Substituting for M(v) into this last expression, the Weight as a function of the Relative
Ground Speed, v, is obtained:

5, for, v<-60kts
20 100
_ (v+ gg* ) , for, -60 kts = v < -20 kts

W(v) = 0, for, -20 kts < v <20 kts

_ (v-20)(v-100) | for, 20kts<v <60 kts
320

5, for, 60kts<wv

Using the expression for the Output, O(v), and the Weight, W(v), the Firing Strength,
S(v), can be computed as the Weighted Output:

S(v) =W(v)O(v)

or,
- 375, for, v<-60 kts
3 20 100
(V * )(V - ) , for, -60 kts <v < -20 kts
128
S(v) = 0, for, -20 kts < v <20 kts

) -1
~ 3(v (1))2(;;’ 00) , for, 20 kts =v <60 kts

37.5, for, 60 kts<v

These equations now make it possible to compute the Membership Function, Output,
Weight, and Firing Strength for any specific value of the Relative Ground Speed which
is input.

2.4.2 Normalized Separation Distance at FCTS

The NSD_. Propositions are illustrated in Figure 2-2. As shown in Section 2.3, the
calculation of the NSD_.,; may differ depending on the order of the aircraft, whether
AB or BA. This arises from the use of a normalization factor which depends on what
type of aircraft is ahead of what other type of aircraft.
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These three Membership and Consequent Function pairs are seen to have a similar
structure to that of the Relative Ground Speed Membership and Consequent Function
pair. Hence, it is worthwhile to define the general equations for the Membership
Function, Output, Weigh, and Firing Strength for any general input.

If X is a general input to a trapezoidal Membership Function, M(x):

1, for, x<b_
ﬁ, for, by =sx<ag
M(x)=! 0, for, a, =x<ag
X-a
(SR_:i), for, aR =x<bpg
1, for, br =x
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'IS SIGNIFICANTLY AHEAD AT FCTS' MEMBERSHIP FUNCTION

'IS SIGNIFICANTLY FAVORED' CONSEQUENT FUNCTION
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Figure 2-2. NSD..s Propositions
where  a,,a; = left and right-hand input limits of trapezoidal dead-band (M = 0)

b, b = left and right-hand input limits where trapezoid reaches its

maximum value (M = 1)

In this definition of the trapezoidal Membership Function, the left-hand limits are
associated with a negative slope, while those for the positive limits are associated with a

positive slope.

The general Output Function O(x) based on the input x is:
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(—cC, for, x<a
O(x)=10, for, a, =x<apg
 C, for, agr =x
where ¢ = Consequent Function discrete Output Value (Table 2-5)

The general Output Weight, W(Xx), is given by:

5, for, x<b_

_5(x—a|_)(x+a|_ -2by )
(b -aL)®

, for, by =sx<ag

W(x) = 0, for, a, =x<apg

_5(x-ag)(x+ar -2bg)
(br -ag)”

5, for, br =x

for, aR =x<bpg

Then the general Firing Strength, S(x), can be computed as the Weighted Output:

S(x) = W(X)O(x)

or,
-5c, for, x<b_

5c(x-ay )(x+a, -2by )

(b -ap)?

, for, by sx<ag

S(x) = 0, for, a| =x<apg

_5¢(x-ag )(x+ar -2bg)
(br -ag)?

5¢, for, bgr =X

for, aR =x<bpg

Hence for the three NSD,¢ Propositions of Figure 2-2, the parameters are
summarized in Table 2-8.
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Table 2-8 NSD.s Proposition Parameters

Membership Function b | a | ax | bg | Consequent Function C
‘Significantly Ahead at FCTS’ 4| -2 2 4 | ‘Significantly Favored’ 45
‘Ahead at FCTS’ -25(-05] 05| 2.5 | ‘Favored’ 30
‘Slightly Ahead at FCTS’ -1 0 0 1 | ‘Slightly Favored’ 15

2.4.3 Relative ETA Magnitude

The relative ETAs between two neighboring aircraft which are in-trail on the same
flight path segment, are described by the Membership and Consequent Functions

shown in Figure 2-3.
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Figure 2-3 Relative ETA Proposition

The general equations for the Membership Function, Output, Weight, and Firing
strength can be used with the parameters of Table 2-9.

Table 2-9. Relative ETA Magnitude Proposition Parameters

Membership Function b,

a_

ag

b, | Consequent Function C

‘Has In-Trail ETA’ 0

60

0

7.5

0 [ ‘Marginally Favored’

2.4.4 Excess Delay
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The three Excess Delay Propositions for aircraft B sequenced behind A are illustrated in
Figure 2-4. The three corresponding Propositions for aircraft A sequenced behind B are

illustrated in Figure 2-5.
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Figure 2-4. ‘B Sequenced behind A’ Excess Delay Propositions
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Figure 2-5. ‘A Sequenced behind B’ Excess Delay Propositions

The Excess Delay Membership Function, Output, Weight, and Firing Strength can be
computed using the general formulas derived in Section 2.4.3. The values of the
Proposition parameters are summarized in Tables 2-10 and 2-11, respectively for
aircraft A sequenced behind B and for aircraft B sequenced behind A.

37




Table 2-10 Excess Delay Proposition Parameters (Aircraft A Sequenced Behind B)

Membership Function b | a | a | bg Consequent Function C
‘A is Significantly Delayed’ 0 50 | 100 | ‘Ais Favored’ 30
‘A is Delayed’ 0 25 | 75 | ‘Alis Slightly Favored’ 15
‘A is Slightly Delayed’ 0 0 50 | ‘Ais Marginally Favored’ | 7.5

Table 2-11 Excess Delay Proposition Parameters (Aircraft B Sequenced Behind A)

Membership Function b, | a | a; | bk Consequent Function C
‘B is Significantly Delayed’ -100 [ -50 [ O 0 |[‘BisFavored’ -30
‘B is Delayed’ 715 1-251 0 0 | ‘Bis Slightly Favored’ -15
‘B is Slightly Delayed’ 50 [ O 0 0 | ‘Bis Marginally Favored’ | -7.5

2.4.5 Normalized Delay Savings (NDS)

The Normalized Delay Savings Proposition includes only one membership-Consequent
function pair. It is illustrated in Figure 2-6.

The Proposition parameters which are required to compute the Proposition
Membership Function, Output, Weight, and Firing Strength are summarized in Table 2-

12.

Table 2-12 NDS Proposition Parameters

Membership Function b |a [a]|b Consequent Function C
R
‘A Ahead of B Causes Less Delay’ 0] 0| 0f 2] ‘AisMarginally Favored’ 7.5
‘B Ahead of A Causes LessDelay’ | -2 | 0 [ 0 [ O [ ‘Bis Marginally Favored’ -7.5
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Figure 2-6. Normalized Delay Savings Propositions

2.4.6 Controllability (k)

There are four Controllability Propositions which are illustrated in Figure 2-7 for
aircraft A sequenced behind B and in Figure 2-8 for aircraft B sequenced behind A. To
obtain the Controllability Proposition Membership Function, Output, Weight, and
Firing Strength equations, it is convenient to use the parameters of Table 2-13.
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Figure 2-7 Controllability Propositions (A Sequenced Behind B)
Table 2-13. Controllability Proposition Parameters
Membership Function b, | a ag b, Consequent Function C
‘Significantly out of Delay’ | -0.5 | 0.25 0 0 | *ASignificantly Favored’ 45
(Aircraft A behind B)
‘Significantly out of Delay’ 0 0 | -0.25 | 0.5 | ‘B Significantly Favored’ -45
(Aircraft B behind A)
‘Out of Delay’ 0 [0.75 0 0 | ‘A Favored’ 30
(Aircraft A behind B)
‘Out of Delay’ 0 0 | -0.75| 0 |‘BFavored’ -30
(Aircraft B behind A)
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Figure 2-8 Controllability Propositions (Aircraft B Sequenced Behind A)
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3.0 INPUT VARIABLE ERROR ANALYSIS

3.1 Introduction

In this Chapter, the error equations for the input variables required by FAST SL are
derived. The focus is on the six input variables which depend on the

Relative Ground Speed between two aircraft, whether this dependence is direct or
indirect. The remaining variables are based on current position measurements. As a
result these input variables are much more accurate relative to the ground speed
dependent input variables. The error equations for the Relative ETA Magnitude and the
Normalized Separation Distance at FCTS were previously derived in (Mueller, 1998) .
As a result, these derivations are not be repeated here.

The dependence of each of the FAST SL input variables on the Horizontal Separation
(Ad), Relative Altitude (Ah), and Relative Ground Speed (AV,) between two aircraft is
summarized in Table 3-1. It can be seen in this table that of the ten input variables, six
depend on ground speed.

Table 3-1. Input Variable Dependence on Ground Speed

Membership Function Input Variable Dependence on:

Ad | Ah | AV,

Normalized Separation Distance at FCTS NSD¢crs Yes Yes
Normalized Separation Distance at Current Position NSDrk Yes

Normalized Separation Distance along Downwind Segment NSDpown | Yes

Horizontal Separation Ad Yes

Altitude Separation Ah Yes
Relative Ground Speed AV Yes
Relative ETA Magnitude T Yes Yes
Controllability K Yes Yes
Excess Delay C Yes Yes
Normalized Delay Savings NDS Yes Yes

The dependence of each of the four Procedures on the six input variables which are
directly or indirectly related to the Relative Ground Speed is summarized in Table 3-2.
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This table clearly shows that the Ordering Procedure of a GENERAL-Type Spatial
Constraint is probably the Procedure least affected by Relative Ground Speed errors.

Table 3.2 FAST SL Ordering/Merging Procedure Dependence on

Relative Ground Speed, AV

Procedure*
Relative Ground Speed-Dependent GENERAL- FINAL-Type
Input Variables Type Spatial Spatial
Constraint Constraint
Order | Merge | Order | Merge
1. Normalized Separation Distance at FCTS NSD¢c+s Yes
2. Relative Ground Speed AV Yes Yes
3. Relative ETA Magnitude Tag Yes
4. Controllability K Yes Yes
5. Excess Delay C Yes Yes
6. Normalized Delay Savings NDS Yes Yes

3.2 Nominal TRACON Trajectories

It is of interest to determine the input variable error histories for several standard
TRACON scenarios. As a result, several nominal aircraft trajectories is generated using
the FAST TS simulation developed and documented in (Mueller, 1998) and presented in

Appendix A.

A convenient TRACON scenario is illustrated in Figures 3-1 and 3-2. Both consist of the
southwest approach to Runway 18R at Dallas-Ft. Worth. The first figure is a radar track
plot of flights arriving around 9:15 AM, 11 July 1996, while the second figure is a
simplified diagram of the nominal flight path segments. It can be seen that while both
jets and turboprops pass over the same Metering Fix, they use slightly different flight

path segments to reach the runway.
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Also shown in the latter figure is a nominal base extension which would be used to
obtain a late arrival trajectory. The location of the tracking radar is also shown near this
runway in the latter figure.

A nominal jet and turboprop trajectory is used to provide the input variable error
histories in the next section. The two trajectories are illustrated in Figure 3-3 as a
function of the path distance from the runway threshold and in Figure 3-4 as a function
of the time from the runway threshold.
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Figure 3-3. FAST TS Jet and Turboprop Distance Histories

For the input variables used by the Merging Procedure, the focus is on the time history
of the two trajectories prior to and including the time of FCTS, t.... Since the turboprop
is the last aircraft to reach the Downwind flight path segment, t... is determined when
it reaches this segment. For this scenario, t.. corresponds to the point when the
heading of the turboprop changes to a north (0 deg.) heading. From Figures 3-3 and 3-
4, it can be seen that this occurs approximately 27 nmi. or 8 min. from the runway.

To evaluate the input variables used by the Ordering Procedure, a minimum of two
aircraft trajectories are required on the same flight path segment. Hence it is convenient
to select two jet aircraft trajectories. To evaluate the input variables used by the
Merging Procedure, requires a minimum of one aircraft each from two separate, but
merging, flight path segments. Hence it is convenient to choose a jet and a turboprop
trajectory. Since these conditions require a minimum of two jet and one turboprop
aircraft trajectories, it is convenient to select these three such that the two jets are in
near proximity to each other and that they will also be in near proximity to the
turboprop at the merge point.
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JET AND TURBOPROP TRAJECTORIES
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Figure 3-4. FAST TS Jet and Turboprop Time Histories

Since the input variable errors due to Relative Ground Speed errors are the principal
focus of this study, it is desirable to select the relative spacing such that minimum
separation criteria are satisfied both prior to and after the merge point under nominal
conditions. This corresponds then to a nominal situation which requires no air traffic
controller intervention. When the Relative Ground Speed errors are added, it is possible
to determine if the resulting input variable estimate leads to an incorrect aircraft
ordering or merging decision.

A convenient way to obtain two jet trajectories is to take the nominal jet trajectory of
the previous two figures and assume that all the jet aircraft for that runway approach
nominally flies the same distance histories. The only difference is in the time histories.
Hence, it is convenient to use the same jet time history and obtain the second jet time
history by shifting the nominal jet time history using a time bias. This approach yields
the time histories for the two jets as shown in Figure 3-5.
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Figure 3-5. FAST TS Jet 1 Ahead of Jet 2 Time Histories

In this figure, the first Jet reaches the Downwind flight path segment approximately 6
minutes prior to t..;s while the second aircraft reaches it 5 minutes prior to t.... This
time separation of one minute is the minimum separation for two jets. As noted earlier,
t-ors IS determined when the turboprop aircraft reaches the Downwind segment.

In addition, the nominal jet and turboprop trajectories are time shifted (biased) to
produce a minimum separation merging scenario. This scenario corresponds to the
Turboprop ahead of the Jet at FCTS, as illustrated in Figure 3-6. Under this scenario, the
required minimum separation distance has been used. Hence, the Turboprop is ahead
of the Jet by 3 nm. at FCTS.

3.3 Input Variable Errors
In this section, the error equations will be derived for those FAST SL Membership

Function input variables which are sensitive to ground speed errors. These errors are
also illustrated using the scenarios described in the last section.
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TURBOPROP AHEAD OF JET TRAJECTORIES

[y
&

ALTITUDE (ft)
=
o

, o

[<2]
o

IN
o

HEADING (deg)
N
o

N
[ec]
o

N
[«2]
o

N — Jetl
""""" SNl - - Turboprop |-

N
N
o

GROUND SPEED (kts)
N
o

N

o

. ©

©

'
ok
=

o

-5 -4 -3 2 -1 0 1
TIME FROM FCTS (min)

Figure 3-6. FAST TS Turboprop Ahead of Jet Time Histories

3.3.1 Aircraft Radar Tracking Errors

Before examining the input variable error statistics which affect the FAST SL
performance, it is worthwhile to examine the fundamental aircraft radar tracking
errors. In particular, since the focus of this study is on the effect of ground speed errors,
consider how significant are the other tracking errors? These latter errors include the
aircraft heading error and the ground path errors.

In Figures 3-7 and 3-8 are presented the ground speed error statistics respectively for
the jet and the turboprop aircraft. Clearly any ground speed errors might lead to an
unforeseen overtake situation which might lead to a possible collision. In the context of
the Relative Ground Speed Propositions used by the Ordering and Merging Procedure
of a GENERAL-Type Spatial Constraint, any Relative Ground Speed magnitude greater
than 20 kts. is significant. Based on these two criteria and the ground speed error
statistics of these two figures, the ground speed errors have to be considered
significant, particularly during speed reduction maneuvers and heading changes.
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Figure 3-7. Jet Ground Speed Tracking Errors

In Figures 3-9 and 3-10 are presented the heading error statistics respectively for the jet
and the turboprop aircraft. The heading mean errors are seen to vary between

+/-25 deg. for these two cases. There are no criteria, however, for determining whether
these heading errors are significant. This arises from the fact that none of the
Propositions use relative heading directly or indirectly as an input. Hence, even though
the heading errors are large, they can be ignored in an error analysis of the FAST SL
input variables.

In Figure 3-11 and 3-12 are presented the ground path error statistics respectively for
the jet and the turboprop aircraft. These errors appear to be bounded loosely between
+/-0.1 nm. Since the minimum required separation distance for two aircraft is equal to 3
nm or greater, the ground path error statistics can be ignored.
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Figure 3-8. Turboprop Ground Speed Tracking Errors
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Figure 3-9. Jet Heading Tracking Errors
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Figure 3-12. Turboprop Ground Path Tracking Errors

3.4.2 Relative Ground Speed

For aircraft A ahead of aircraft B, the Relative Ground Speed error is given by:

6VG,AB (tk) = (6VG,A(tk ) - 6VG,B(tk ))

where, V. = current ground speed of aircraft

The Relative Ground Speed error at the current time is best illustrated for the two jet
scenario which is shown in Figure 3-13. The Relative Ground Speed error at FCTS is
best illustrated for the case which involves the jet and the turboprop aircraft illustrated
in Figure 3-14. For the latter figure it was assumed that the current (prior to FCTS)
Relative Ground Speed error will be the same error at FCTS. In each of these two figure
is shown the nominal history on top. This is followed by the estimate history subplot
with the +/-2 sigma bounds. Finally, the last two subplots show the mean and the
standard deviation histories.
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The assumption that the Relative Ground Speed error at FCTS will be the same as the
current Relative Ground Speed, needs to be examined more closely. At certain flight
path distances from the runway threshold, the aircraft must adhere to three different
speed limits. The first speed limit of a 250 knot ground speed occurs as soon as the
initial descent is completed. The second speed limit of 210 knots occurs approximately
mid-way along the Downwind path segment. The third speed limit is determined by
aircraft type and occurs prior to reaching the outer marker. In general, if an aircraft has
a ground speed less than the current speed limit, it is allowed to proceed with that
speed to the next speed limit.

FAST TS considers the nominal speed reductions at the nominal locations in computing
the predicted trajectory for an aircraft. It also allows the aircraft to proceed with its
current estimate of the speed until the next speed reduction. Hence, normally the
current ground speed estimation error will only propagate to the next speed limit.

Also, if the actual ground speed equals the current speed limit, the positive estimation
errors is clipped if the air traffic controller tells the aircraft to slow down to remain
within the stated speed limit because it is large enough. The negative estimation errors,
will give the appearance that the aircraft is within the speed limit and hence are left
unchanged until the next speed limit.

There are other sources of ground speed deviations from the nominal. These sources of
ground speed deviation include the flight technical errors, and unpredicted winds.
Hence, a conservative approach is to ignore the moderating effects of the ground speed
limits, discussed above, on the ground speed estimation errors introduced through
radar tracking.

3.4.3 Normalized Separation Distance at FCTS

The estimation error for the NSD.., was derived in (Mueller, 1998). It was shown that
Relative Ground Speed errors corrupt the estimates of the time of FCTS and thereby
produce an error in the NSD_.,s. The estimation error equation is given as:

80 g rers (te ) =00 A pers(t))
SNSD ey (ty ) = (6o pers kA)dABAFCTs : ) if, dg pers (ti) > darers (te)
=
FcTs(tk (6dB,FcTs(tk)_6dA'FCTS(tk)) if, d (t )<d (t )
AdBA v Ogrers\Ui ) = QA rers Tk

or,
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ONSD stk ) =
([(tFCTS,AB -tk ) +Ik FcTs,A (VG,A (tects)- Ve s(tecTs ))]5VG,A (tk)-

[(tFCTS,AB —tk)+ Ik,FCTS,B(VG,A(tFCTS)_VG,B(tFCTS ))]6VG,B(tk))/AdAB’
if, A ahead of B at FCTS

([(tFCTS,AB —tk)+ Ik,FCTS,A(VG,A<tFCTS)_VG,B(tFCTS ))]6VG,A(tk)—

[(tFCTS,AB ~ty )+ I rers .8 (Ve a(trers) - Vo g (treTs ))]6VG,B(tk ))/Ad BA
if, B ahead of A at FCTS

where,  teers ag = First Common Time Step (FCTS) for aircraft A and B

teeTs
dt
lecrsak =-| [ Ven®
ty G,A
tects
dt
IFCTS,B,kE_ f v (t)l
ty G,B

The minimum required separation distance, Ad,,, , between two aircraft A and B in the
TRACON is presented in Table 2-5. This table shows that this separation distance
depends on the size and sequence of the two aircraft which are in-track to each other.

The NSD,, statistics histories for the Turboprop ahead of the Jet are presented in
Figure 3-15. The nominal history is shown in the top subplot while the second subplot
shows the estimate history and its +/-2 sigma bound. Finally, the last two subplots
present the mean and standard deviation histories. The reason for the diminishing
standard deviation error as time gets closer to the FCTS arises from the fact that the
FCTS prediction is made over a shorter time interval.

3.4.4 Relative ETA Magnitude:

Since the relative ETA magnitude is a non-linear function, the corresponding error has
to be obtained as follows:

: 2
Since,  Tag (tk) = ‘TAB,EarIy (tk ) - TA A Early (tx )‘ = \f(TAB,EarIy (tk ) - TA A Early (tx ))
then,

OT AB (tk ) = ‘(TAB,EarIy (t k ) + 6TAB,EarIy (tk )) - (TAA,EarIy (t k ) + 6TAA,EarIy (tk ))‘

- ‘TAB,EarIy (t k ) - TA A Early (tk )‘
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NSD@FCTS STATISTICS (TPROP - JET)
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Figure 3-15. NSD at FCTS Statistics (Turboprop ahead of Jet)

or since,
[ 1 )
6TAEarIy (tk) = _[I(tk)TA,Eany OV (tk)"' LVG (tk))éd(tk) = _I(tk)TA,EanyaVG (tk)
then,
St (tk) = <TAB,EarIy(tk)_ '(tk)TA,Eany,B@VG,B(tk))

(TAAgarty (tk) = 1t ) 1a ary. 2 OVo,A(tk )>‘

B ‘TAB,EarIy (tk ) - TAA,EarIy (tk )‘

Now if - [STAA Early (tic )| <<[TAA Earty (tic ), and, [STAg Earty (tic)| <<|TAg garty (tic)
then,

dtaB (tk ) = (6TAB,EarIy (t k ) -O0TAA Early (t k )) ’ Sign{TAB,Early (tk ) - TAA Early (t k )}
or,

dtagti) = <|(tk )TA,EarIy,A Ve, a(ti) -1tk )TA,EarIy,B Ve bt )>

'Sign{TAB,Early - TAA,EarIy}
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where,
TAA, Early TAB,EarIy

dt dt
I(tk)TA,Early,A - f Vel and I(tk)TA’Ea”y’B - f Vea(t)
Ty ’ t ’

The Relative ETA Magnitude statistics are illustrated in Figure 3-16 for the two jets. The
second subplot also shows the 2 sigma bounds around the estimate.

RELATIVE ETA MAGNITUDE STATISTICS (min) (JET 1 AHEAD OF JET 2)
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Figure 3-16. Relative ETA Magnitude Statistics (Jet 1 ahead of Jet 2)
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3.4.5 Controllability

r (5TAA,Late -55TAA,BA)
Atga

: if A is sequenced behind B

0K =/
) (5TA B,Late — 5STAB,AB)

, if Bissequenced behind A

At pp
or since,
OTA Late (tk ) = —l(tk )TA,Late OVG, Late (tk )
and, OSTA(ty ) = -1(tk )75 Ve (tk)
then,
r I(tk )STA,A,BA 0Vg,A (tk ) - I(tk )TA,Late,A OVG A Late (tk )
Atgp ’
if A is sequenced behind B
6K(tk) =

I(tk)STA,B,AB 6VG,B(tk)_ I(tk )TA,Late,BévG,B,Late (tk)

At AB

if B is sequenced behind A

where, At,,, = minimum required separation time with aircraft n ahead of m

STA TA Late
dt

(ti)sta =-| [y | and I(tk) = f
Ve (t TA,Late V
Ve ot

The minimum required separation time between two aircraft was previously shown in
Table 2-4. The Controllability is illustrated for the two jet case in Figure 3-17.

3.4.6 Excess Delay

Like the ETA magnitude, the excess delay is another non-linear function for which the
error has to be obtained as follows:
Since,

( TAa Late ~STAaBA )
TAA,Late - TAA,EarIy J

, If Alis sequenced behind B
¢ =100-]
[ TAg Late - STAB A8 |

TAB,Late - TAB,Early)

, if Bissequenced behind A
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CONTROLLABILITY STATISTICS (JET 1 SEQUENCED BEHIND JET 2)
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Figure 3-17. Controllability Statistics (Jet 1 ahead of Jet 2)

then,

( (TAA, Late + 5TAA,Late) - (STAA,BA + 55TAA,BA) ) ~ [ TAp Late - STAA BA |

8¢ =100~

(TAA,Late +0TAp, Late) - (TAA,EarIy + 6TAA,EarIy)

if A is sequenced behind B

TAA,Late - TAA,EarIy ’

( (TAB,Late + 5TAB,|_ate) - (STAB,AB + 55TAB,AB) ) N ( TAg,Late - STAB AB )

or since,
O0TA Early (t k ) = _I(t k )TA,EarIy 6VG,EarIy (tk )

OTA Late (tk) = _I(tk)TA,Late 6VG,Late(tk)
and, OSTA(ty ) = —I(tk ) g7 a 8Va (tk)
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STA

with, I(ty) f
STA = VG
TAEarIy
I(tk TA Early = f VG EarIy t
TALate
I(tx) TA Late — f VG Late(t
o =

100-

{ (TAA,Late - '(tk)TA,Late,Af’VG,A,Late(tk)) - (STAA,BA - I(tk)STA,AE’VG,A(tk))

(TAA,Late - I(tk)TA,Late,AévG,A,Late(tk)) - (TAA,EarIy - I(tk)TA,Ear|y,A6VG,A,Early(tk))

[ TAALate -STAaBA |
TAA,Late - TAA,EarIy

if A is sequenced behind B

( (TAB,Late - I(tk)TA,Late,BE’VG,B,Late(tk)) - (STAB,AB - '(tk)STA,B(WG,B(tk)) \
L(TAB,Late - I(tk)TA,LatelBE’VG,B,Late(tk)) - (TAB,EarIy - |(tk)TA,Ea”y]BavG,B,EarIy(tk))J

+/ TAg Late - STAB,AB |
L TAB Late — TAB,EarIy

if B is sequenced behind A

)

|

Now, if: [STAgary| << [TAgarly|: [OTALate| <<[TALatel: and, [STA|<<[STA|,

then,

or,

100

5 [(TAA, Late —~ STAA BA )5TAA, Early
(TAA,Late - TAA,EarIy)

- (TAA,EarIy - STAA,BA)éTAA, Late - (TAA,Late - TAA,EarIy)E’STAA,BA]’
for A sequenced behind B

-100 )2 [(TAB,Late - STAB,AB)éTAB,EarIy

(TAB,Late - TAB Early

- (TAB,EarIy - STAg,AB )5TAB,|_ate - (TAB,Late - TAB,EarIy)(SSTAB,AB]'
for B sequenced behind A
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6g(tk)

N

-100
7|
(TAA,Late (tk) - TAA Early (tk ))
(TAA,Late (tk) STAA BA (tk ))I(tk )TA Early, A6VG A, Early(tk)
‘(TAA,EarIy(tk -STA A (tk )l(tk TA Late AOVG.A, Late (tk)

—(TAA,Late (tk) - TA A Early (tk ))'(tk )stA.A 6VG,A(tk)]'
for A sequenced behind B

100
Al
(TAB,Late (tk ) - TAB,EarIy (t k ))
(TAB,Late (tk)-STAg as(tk ))l(tk )TA,Ea”y,B Vg g, Early (k)
- (TAB,EarIy (tk)-STAg, stk ))l(tk )TA,Late,B OV g, Late (tk)

‘(TAB,Late (tk ) - TAB,EarIy (t k ))I(tk )STA,B 6VG,B (tk )]’
for B sequenced behind A

The Excess Delay statistics are illustrated for the two jet case in Figure 3-18.

80 EXCESS DELAY STATISTICS (%) (JET 1 SEQUENCED BEHIND JET 2)
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Figure 3-18. Excess Delay Statistics (Jet 1 ahead of Jet 2)
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3.4.7 Normalized Delay Savings

SNDS < (6STAB,BA -O0TARB Early ) + (BSTAA,BA -0TA A Early )

Atgpa

_ (6STA AAp -OTA A,Ear|y)+(6STAB, AB -BTAB’EaHy)

At pp
or, SNDS=[- 1 _ 1 (6TAAE ly +OTAB Earl )— . OSTAA,AB
, Atag  Atga Early ,Early At ag ,
+( ! )6STAA BA —(L)GSTAB AB +( ! )6STAB BA
Atgp ’ Atap ' Atgp '
then,
6NDS(tk)=—( S )('(tk)TAE y.AOVG A Early (tk)
AtAB AtBA early, n
+I(tk)TA,Ea”y,B5VG,B,EarIy(tk))
(1t \ (1t \
+L ( k)AStT:I;A’ABJéve,A,AB(tk)-L ( k)AStT;A’BAJéve,A,BA(tk)
(1t \ (1t \
+L ( kk::éB’ABJévG,B,AB(tk)‘L ( k)AS:—:;\B’BAJéVG.B,BA(tk)
since, é\)-I-'A‘Early(tk) = _I(tk )TA]EarIy OVG Early (tk)
and, 5STA(tk)E—|(tk)STA6VG(tk)
STA
with, =
STA !VG
TAEARLY
I(tk)TA,EARLY = f VG EARLY J
where,

STA, nm = scheduled time of arrival of aircraft n, given a sequence of nm
STAnm=Max{ STA, . +At, o, TAL eand With STA = TA

TA earys TAn Late = €arliest and latest time of arrival for aircraft n

At,,, = required separation time between aircraft given a sequence of nm

1st'Early
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The earliest time of arrival, TA, ., is obtained by determining the time it takes an
aircraft to reach the runway threshold when it takes the shortest flight path and the
uctions. The latest time of arrival, TA, ., is obtained by determining

the time required for an aircraft to reach the runway threshold when it takes the
longest flight path, using any flight path extensions, and the earliest speed reductions.

latest speed red

The Normalized Delay Savings statistics are illustrated in Figure 3-19 for the two jet

case.
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4.0 FIGURES OF MERIT

In this chapter figures of merit are defined for those FAST SL input variables which are
sensitive to ground speed errors. These figures of merit are then be used to establish
the performance of the Propositions which are affected by these input variable errors.
The intent is to examine how uncertainties in the Proposition input variable might lead
to incorrect decisions reached by that Proposition and the associated Procedure of
which it is a part.

The approach which is used consists of a general review of several figures of merit and
a comparison of their individual merits. This also involves the derivation of the
equations for four new figures of merit. In the process, the probability density function
for each ground speed dependent input variable is introduced. To evaluate the
preferred figures of merit, parameters is provided for these figures of merit.

4.1 Relative Ground Speed Figure of Merit

The Relative Ground Speed Membership and Consequent Function pair is illustrated in
Figure 4-1.

'IS FASTER' MEMBERSHIP FUNCTION 'IS MARGINALLY FAVORED' CONSEQUENT
1 1
o\ 1 AlIs FASTER‘/ 1
o OB TN T ] 08
B 064 -~ \BISFASTER |- [ 1 __ 064 A4 A L\
o L o " 1'B MARGINALLY FAVORED' ‘
Soaf N oL N
g ! ! ! ! ! ! ! ! !
0.2\ 0.2
0 0

-100 -60 -20 20 60 100 -15 -10 -5 0 5 10 15
RELATIVE GROUND SPEED (kts) OUTPUT VALUE

Figure 4-1. Relative Ground Speed Membership and Consequent Functions

It is worthwhile to examine this figure in greater detail in order to understand how it is
used. If two aircraft, A and B, are positioned such that A is ahead of B (AB), then if A is
faster than B, the Relative Ground Speed is positive. If A is slower than B than the
Relative Ground Speed is negative. For these two aircraft at a particular time, only one
or the other outcome is possible, given their current relative position.

Based on this figure and the uncertainties in the Relative Ground Speed estimate, a
number of error cases might occur. These are summarized in Table 4-1 and are
illustrated in Figures 4-2 through 4-4.

Table 4-1 Relative Ground Speed Decision Error Cases
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Case Actual Relative Estimated Relative Selected Required
Ground Speed, AV., | Ground Speed, AV Output Output
la | -20 kts < AVg, < 20 kts AV, < -20 kts 7.5 0
1b AV > 20 kts 7.5
2a AV, <-20 kts -20 kts < AV < 20 kts 0 -7.5
2b AV > 20 kts 7.5
3a AV, >20 kts -20 Kts < AV, < 20 kts 0 7.5
3b AV, < -20 kts -7.5
) Estiméte
o
4—— Case lb —¥

Note that there are three actions which can be taken, based on the Output of this
Proposition: no action (Output = 0), keep the current order of the two aircraft (output is

-/, Actual

Error

0 !
-100 -80

Figure 4-2. Figure of Merit for Relative Ground Speed (Case 1)

'
-60 -40 -20 0 20 40 60
RELATIVE GROUND SPEED (CASE 1, knots)

'
80 100

7.5), or reverse the order of the two aircraft (Ouput = -7.5).

In these figures, it is assumed that the estimated Relative Ground Speed has a Gaussian
probability density function (pdf). Furthermore, this pdf has a mean whose value is the
actual Relative Ground Speed. Hence, for illustration purposes, the estimation error
mean (difference between estimated and actual) is zero. Also, the magnitude of the pdf

in these figures has been arbitrarily scaled up for clarity.
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1.4

. Estimate

77777 . Case2b—»
Error

-60 -40 -20 0 20 40 60 80 100
RELATIVE GROUND SPEED (CASE 2, knots)

Figure 4-3. Figure of Merit for Relative Ground Speed (Case 2)

0 )
-100 -80 -60

-40 -20 0 20 40 60 80 100
RELATIVE GROUND SPEED (CASE 3, knots)

Figure 4-4. Figure of Merit for Relative Ground Speed (Case 3)

If the actual Relative Ground Speed is within the deadband of -20 knots to 20 knots,
then Relative Ground Speed estimates less than —20 knots or greater than 20 knots,
leads to an action when no action is required. A second case is where the actual Relative
Ground Speed is less than -20 knots, but the estimated Relative Ground Speed lies
within the deadband or is greater than 20 knots. Finally, a third case is where the actual
Relative Ground Speed is greater than 20 knots, but the estimated Relative Ground
Speed falls within the deadband or is less than -20 knots.

The decision error cases of Table 4-1 can be quantified using the Relative Ground Speed
pdf.
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Now the general Relative Ground Speed, AV, decision error probability (figure of

~ 2
/(AVG —UAvg ) )
-l
~ 1 L ZOAVG J

\ ZJ'IZO'AVG

2

where, Vo g

_ |2
OAVg =\/0VG,A +0

Mavg = (MVG’A “Uvgg )

merit) calculation is:

{<A\76_MAVG )2\

2
20 AVG

AVG,UD -

1

I:)Case =7
\%G AVG

AVG ,Low

e

when, AVG’LOW <AVG <AVG’Up

The parameters required to perform this integration for each case is presented in Table

4-2.

where, AV = actual Relative Ground Speed

A\A/G = estimate of Relative Ground Speed

Table 4-2 AV, Figure of Merit Parameters

Case AVE ow AV o AV Lo AVg o
la -20 20 -0 -20
1b 20 00
2a —00 -20 -20 20
2b 20 o0
3a 20 0 -20 20
3b —00 -20

The above figure of merit was previously developed in (Mueller, 1998). The difficulty
with this figure of merit is that it does not directly relate to the decision reached by this

Proposition. In addition, it can lead to extensive tables, such as Table 4-1, for the
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remaining Propositions which are sensitive to Relative Ground Speed errors. In other
words, just by cataloging the different decision error cases, nothing new is learned
about their impact on the decision reached by that Proposition.

4.2 New Figures of Merit

More relevant and practical figures of merit include the expected (mean) Output and
Firing Strength. The Firing Strength is defined as the weighted output -- the product of
the Output and its associated Weight. The Procedure determines its decision for the
relative order of two aircraft by combining the individual Proposition Firing Strengths
in a weighted sense, based on the degree of membership. Hence the expected
Proposition Membership and Weight are two additional figures of merit.

To quantify these new figures of merit, consider the input x,, to Proposition n. Let M, (X,)
be the Proposition Membership, O,(x,) the Proposition Output, W, (x,) the Proposition
Weight, and S, (x,,) the Proposition Firing Strength. Then if f, (x,) is the probability
density function of x,, the expected (mean) Membership, u,,,, the expected (mean)
Output, u,,, the expected (mean) Weight, w,,,,, and the expected (mean) Firing Strength,
U, are obtained, respectively, as follows:

o E}Mn(xn)fxn (xn)dxp,

o s}on(xnﬁxn (xn)dXp,
uwns}wn(xmfxn(xn)dxn, and,
o E}sn(xn)fxnm)dxn

where, Sp(Xp)=Wn(Xp) On(xn)

In addition, the Procedure combines the Firing Strengths from all N Propositions which
are included in this Procedure to obtain a weighted Firing Strength. This Procedure
weighted Firing Strength determines whether the current order or the reverse order of
two aircraft should be used. This decision is determined by examining the polarity
(positive or negative) of this Procedure Normalized Firing Strength. Hence, if the
Procedure Normalized Firing Strength is less than -7.5, the order of the aircraft is
reversed. The Procedure Normalized Firing Strength is computed as follows:
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Using this Procedure Normalized Firing Strength and the probability density functions
for all N Proposition input variables, the mean Procedure Normalized Firing Strength is
obtained as follows (Papoulis, 1965):

In the last expression, it is assumed that the x, are independent. This assumption is only
partially true since each x, depends on some scaled version of the Relative Ground
Speed error for the STA trajectories, as well as possibly for the Early or Late trajectories,
of aircraft A or B.

On closer inspection, the last expression is fairly complicated. While the numerator can
be expanded into the sum of N integrals, one for each Proposition, they all have the
same common denominator, the sum of the N individual Weights. If the Weights were
not dependent on X, and were constant, then it can be shown that the above expression
leads to the scaled sum of N Firing Strength means.

This last observation suggests the following approximation for the expected Procedure
Normalized Firing Strength:

1

MSWF> N \

2"

Hence, this approximation uses the sum of the N mean Proposition Firing Strengths
normalized by the sum of the N mean Proposition weights.

2
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Additional analysis is required to determine how closely the statistical approximation in
the last equation matches the precise definition for the Procedure Normalized Firing
Strength. If this approximation is found not to be a good statistical approximation, it is
still possible to use it as another figure of merit.

A heuristic argument to justify this approximation is as follows. In computing the n’th
mean probability integral, the denominator is probably fairly constant. This is based on
the fact that for the n’th integral, only the n’th Weight term is varying while the
remaining (N-1) Weight terms are constant. Hence the Procedure Normalized Firing
Strength is approximately the Procedure Firing Strength times a constant. This heuristic
argument provides a reasonable justification for the use of the sum of the N mean
Procedure Firing Strengths.

It is now possible to derive algorithms for the new figures of merit, defined above, for a
generic Proposition as shown in Chapter 2. If x is a general input to a trapezoidal
Membership Function, M(x):

1, for, x<b_
(x-ap)
—(bL—aL), for, by =x<ap
M(x)=] 0, for, a, =x<apg
(x-agR)
(bR‘aR)’ for, aR =X <bpg
1, for, bgr =x

where  a,,ai = left and right-hand input limits of trapezoidal dead-band (M = 0)

b, b, = left and right-hand input limits where trapezoid first reaches its
maximum value (M = 1)

In this definition of the trapezoidal Membership Function, the left-hand limits are

associated with a negative slope, while those for the positive limits are associated with a
positive slope.

Now if the probability density function of x, f,(x), is Gaussian:
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( \
1 e_( 202 J

f (%)=
X V2mo
where, X = estimate of x

oy = standard deviation of X
wy = mean of X

The corresponding Proposition mean Membership Function, u,,, is obtained as follows:

b, _ (?—u;)z . a, ) (?—u;()z
W, = 2o, :[Oe 20% d)“(+(bL “ay Nano, E!;(f(-aL)e 20%  dx
. bg ) (*—ug)z Lo - (*-Mg)z
+(bR_aR)'m0x ajR'(f(—aR)e 20x dhr@ox J;e 205 d%

The general Output Function, O(x), based on the input x is:

(—cC, for, x<a
O(x)=10, for, a, =x<ag
| C for, ag =x
where ¢ = consequent discrete output value (e.g.: 7.5, 15, 22.5, 30, 37.5, or 45)

The Proposition mean Output, u,, is then:

< _((tgg)zj . ¢ _((2;22)2) 5
MO:MOX fe dx+@ox !e dx
e o

The general Weight, W(x), is given by:
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5,

_5(x—a|_)(x+a|_ -2b| )
(b -ap)?

W(x) = 0,

_5(x-agp)(x+ag -2bg)
(br -ag)”

5,

for, x<b_

for, b =x<ag
for, a| =x<ag
for,

aR SX<bR

for, bgr =X

The corresponding Proposition mean Weight, u,,, is obtained as follows:

. b, _ (i‘l*);)z . o _ (R‘“g)z
- e 2% dg+— fe 0% d&
tw V2no, f N2mox X
—00 R
5 a.|_ _ ()’Z_MX)Z
o o 202 o
- (X-a_)(x+a_-2b,)e X dX
(b -ap)? V2moy E!;
bR _ ()z_u)()z
> (%-ag )X 2bgle 29 ds
- 5 f —aR X+aR - R) X
(bR —aR) N’ZJ‘COX ar
Then the general Firing Strength, S(x),:
( - 5¢, for, x<b

5c(x-ap )(x+aL -2b)

(bL_aL)Z for, b|_ =X<agp

0, for, a, =x<ag

5¢(x-aR )(x+ag -2bg)

(br -ar)’

for, ar =x<bpg

The corresponding Proposition mean Firing Strength, us, is obtained as follows:

5S¢,

for,
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5 b|_ _ (X_MX) 5 © (X_MX)
c 202 S c 202 S
w, =- e X O+ —— fe x  dX
> \2moy f V2mox
—00 R
aL _ (f(_MX)Z
~ ~ 2 ~
+ 5C2 f(x—aL)(x+a|_—2b|_)e 0% dx
(bL —aL) \/ZJ'EOX
by
bR _ (),Z_!"LX)2
~ ~ 2 ~
- 5C2 — f(x—aR)(x+aR ~2bgle 2% dg
(bR —aR) \/fZTEO'X ar

The integrals involving integration to +o Or -o for the mean Weight and mean Firing
Strength can be evaluated using the complementary error function, erfc, which is
readily available in MATLAB. The remaining integrals have to be evaluated
numerically. Since these latter integrals involve finite integration limits, this can easily
be performed in MATLAB.

Comparing the expression for mean output with the figure of merit, derived in Section
4.2, it can be seen that the sum of the products of the original figures of merit times
their corresponding Proposition output is the mean Proposition output. By comparing
the actual output to the mean output of the estimate, the mean output error is obtained.
Stated in another way, rather than enumerating the individual Proposition decision
error cases, the mean Proposition output provides a direct measure of the decision
error when this mean output is compared to the actual output.

4.3 Relative Ground Speed

For the Relative Ground Speed Proposition of Figure 4-1, the parameters required in
the above equations are summarized in Table 4-3.

Table 4-3 Relative Ground Speed Proposition Parameters

Membership Function b | a | ax | bg | Consequent Function C

‘Is Faster’ -60 [ -20 | 20 | 60 | ‘Marginally Favored’ 7.5

In addition, the probability density for the Relative Ground Speed is:
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~ 2
/(AVG_MAVG) )
o
~ 1 L ZOAVG J
A\ ZJ'IZO'AVG
where, OAVg = \/OE/G AT OE/G .

Mavg = (MVG’A “Uvgg )

With definition of the Relative Ground Speed Proposition parameters and statistics, the
equations of the Section 4.2 can be used to determine the Relative Ground Speed mean
Membership, Output, Weight, and Firing Strength.

4.4 Relative ETA Magnitude
Since the Relative ETA Magnitude Proposition input involves a magnitude operation,
the probability density function is more complicated than for the other input variables.

Hence, the new figures of merit for this variable are derived separately.

The membership, M(t) for the Relative ETA Magnitude, =, is:

( (60 -
( T), for, 0 <t <60 sec
60
M(T) =
0, for, T =60 sec
The Output, O(7) is:
7.5, for, 0 =t <60 sec
O(t) =
0, for, 60sec <<t

The Weight, W(7) is:

(60 -)(60 + )
720

, for 0=t <60

W(T) =
0, for T=060

The Firing Strength, S(t), is:
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((60-7)(60 + 1)

96

S(r)

0,

Finally, the probability density fu
1998) is:

nction, f

for 0=t <60

for t=60

(t), for the Relative ETA Magnitude (Mueller,

(%_Mr)z

(F+ue)?

2
20t e

203

fr (’E) = €

A 23130'.c

S8
1\

where,

I 2 2

Ot =\ 9eTAL Y OETA

W

The Mean Membership, u,,, is:

T = estimate of the Relative ETA Magnitude,t

, standard deviation of the Relative ETA Magnitude

= (M ETAg ~ METAL ) mean of the Relative ETA Magnitude

60 ()’ ()

0, = ﬁ {(60—%)[e 200 e 200 o

The Mean Output, u,, can now be derived as follows:
(F-1e)” (i)’
e
The Mean Weight, u,,, is:
L0 ) (tg;) (f;;) )
My, =m{(60—r)(60+r)[e tore 29 at

The Mean Firing Strength, u, is
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45 NSD;crs

For the three NSD., Propositions, the parameters are summarized in Table 4-4:

Table 4-4 NSD. .. Proposition Parameters
Membership Function b | a | a5 | bg | Consequent Function C
‘Significantly Ahead at FCTS’ 4] -2 2 4 | ‘Significantly Favored’ 45
‘Ahead at FCTS’ -25(-05] 05| 25 | ‘Favored’ 30
‘Slightly Ahead at FCTS’ -1 0 0 1 | ‘Slightly Favored’ 15

The probability density function, f, (n), for NSD is:

(ﬁAB—un AB )2

1 202 .
—— ¢ NAB , if A ahead of B at FCTS
A VZROWAB
fa(m)=
~ 2
_(”BA‘“HBA)
1 202 .
——e NBA , if B ahead of A at FCTS
VZROT]BA
_ |2 2
where, Onpp _\e“ONA,AB Ng A5
Unpe = (M NA AB s NB,AB )
_ (52 2
Onpa = \fGNA,BA "ONgea
“nga = (M NA,BA —H NB,BA )

77




Mg = (NA,AB - NB,AB)

Mgy = (NA,BA - 'QlB,BA)

A,ABE( N )\A/G,A(tk), if A ahead of B at FCTS

A,BAE( N )VG,A(tk), if B ahead of A at FCTS

B,ABE( N )\A/G,B(tk), if A ahead of B at FCTS

BBA = ( Vgg(tk), ifBahead of Aat FCTS

N = (t cers ~ Uy )— |k,FCTS,A(VG,A(t FCTS )_ VG'B(t FCTs ))

The problem with formulating the figures of merit using the generic equations
presented in Section 4.3 is that the estimate of NSD..,; may vary between positive and
negative values prior to reaching t..s. This depends on whether the aircraft separation
distance estimate between aircraft A and B, is positive or negative. What complicates
the computation of the estimate of NSD._. is that whenever the sign of the estimated
separation distance at FCTS switches, the required minimum separation distance will
also switch from Ad,; to Adj,.

A practical formulation involves using the estimate of the SD.,, A, in place of the
NSD..;s. The new figures of merit can be reformulated using SD..sand still obtain the
same results as would be obtained with the figures of merit for NSD_,.. The
corresponding SD.. Proposition parameters are summarized in Table 4-5:

Table 4-5 SD..,; Proposition Parameters

Membe_rship b, a, ag be Conseq_uent c
Function Function
‘Significantly Ahead at FCTS’ -4 Agga -2 Adga 2 Ad g 4 Ad,; | ‘Significantly Favored’ | 45
‘Ahead at FCTS’ 25 Adgs | -0.5 Adg. | 0.5 Ad,s | 2.5 Ad,, | ‘Favored’ 30
‘Slightly Ahead at FCTS’ - Adga 0 0 Ad,g ‘Slightly Favored’ 15

The probability density function, f,(A), for A is:
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where, o, = \(NAOVGA>

wy = (NAMVG'A “Netyg, )
N A E(tFCTS —tk )— |k,|:c:Ts,A(VG,A(t FCTS )‘VGlB(t FCTS ))

Np = (t rers ~ Uk )_ Ik'FCTS’B(VG’A(t FCTS )_ VG'B(t FCTS ))

S 1 2072
f,( \)= A
» () T2no,
2 2
+<NBGVGB>

The generic figure of merit equations of Section 4.3 can now be used with the above
definition of the parameters and the SD statistics.

4.6 Excess Delay

The parameters for the three Propositions for the Excess Delay were presented in

Tables 2-10 and 2-11 and are again summarized in Tables 4-6 and 4-7.

Table 4-6 Excess Delay Proposition Parameters (Aircraft A Sequenced Behind B)

Membership Function b | a | ax | bg Consequent Function C
‘A is Significantly Delayed’ 0 0 50 | 100 | ‘Ais Favored’ 30
‘A is Delayed’ 0 0 25 | 75 | ‘Alis Slightly Favored’ 15
‘A is Slightly Delayed’ 0 0 0 50 | ‘Ais Marginally Favored’ | 7.5

Table 4-7 Excess Delay Proposition Parameters (Aircraft B Sequenced Behind A)

Membership Function b, | a | az | bk Consequent Function C
‘B is Significantly Delayed’ -100 | -50 | O 0 | ‘Bis Favored’ -30
‘B is Delayed’ 715 1-251 0 0 | ‘Bis Slightly Favored’ -15
‘B is Slightly Delayed’ -50 0 0 0 | ‘Bis Marginally Favored’ | -7.5

The probability density function, f.(C), for the Excess Delay, G, is:
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and,

where,

with,

and,

_{(iBA_M?;BA )2\
SR
— e

~ 20’2
fg;BA (Cga)=— oA : for A sequenced behind B
VZWOCBA
- 2
_((CAB-M;AB)
f. (Cag)= . L oo J for B sequenced behind A
Cag \°AB MOCAB ’

2 2 2

“‘ 2

| 2 2
o = |E ) o +(E o +(Eg) o
Cas \( B Barly VG,B,Early ( B’Late) VG5B, Late ( B) Ve .B

MCas =(EB’Ea”y)MVG,B,EarIy _(EB’Late)MVG,B,Late _(EB)“VG,B

Otga = \/(EA’Early)zos/G,A,Early * (EA’Late)ZO-s/G,A,Late * (EA)ZGE/G,A
Wega =(EA,EarIy)MVGYA1Ear|y —(EA,L.amte)MVGALate _(EA)MVG’A

Eg Early = DB(TAB,Late - STAB,AB)'TA,EarIy,B

Eg,Late = DB(TAB,EarIy - STAB,AB)ITA,Late,B

Eg = DB(TAB,Late - TAB,EarIy)ISTA,B

EA Early = DA(TAA,Late - STAA,BA)'TA,EarIy,A

EA Late = DA(TAA,EarIy - STAA,BA)ITA,Late,A

Ea = DA(TAA,Late - TAA,EarIy)ISTA,A

-1
D = 00 :
(TA B,Late — TA B,Early )
100
Da = 5
(TAA,Late - TAA,EarIy )
STA
I dt
STA =~ N7 ()
Vg (t)
k
TAEarIy
| - . at
TABarly = ;f VG,EarIy(t)
k
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TA Late

and, ITA Late =~ f NEETAY
. VG,Late (t)
k

4.7 Normalized Delay Savings

The parameters which are required to compute the Proposition statistics for the NDS
are summarized in Table 4-8.

Table 4-8. NDS Proposition Parameters

Membership Function b |a [ag]|b Consequent Function

‘A Ahead of B Causes Less Delay’ 0] 0 [O0f2|‘AisMarginally Favored’

‘B Ahead of A Causes LessDelay’ | -2| 0 [ O [ O [ ‘Bis Marginally Favored’

If n is the NDS input, the NDS probability density function, f, (n), is defined as follows:
(p )2

_\7‘| H;;
fn(ﬁ)sz—ion e 20y
where,
AZGVG AB +A§03/G,A,BA +A§0€/G,B,AB +A‘2"0€/G,B,BA +A§ 3/GAEarly
0.5

2 2
+Azo
6 VG B,Early ]

My EAlpLVG,A,AB AZMVG,A,BA +A3MVG,B,AB _A4MVG,B,BA _ASMVG,A,EarIy

B AGMVG B,Early

_ [ tk)STAAAB\ (1 tk)STA,A,BA\ “(tk)STA,B,AB\
with, = =  As=
L At pp J L Atga J Atag J
A ((tk)stappa) 5 = 1(ty) 1 1
4 = L Atga ' = "\*k /1A Early, A Atpag Atga

1 1
Ag = I(tk)TA,EarIy,B(AtAB - AtBA)
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STA

dt
(t)sta=-| [V q
Ve (t
[veio
TAEarIy dt
I(ty =- f Ve o (1)
( )TA,EarIy 4 VG,EarIy(t)

4.8 Controllability

The input parameters for the Controllability Propositions are summarized in Table 4-9.

Table 4-9. Controllability Proposition Parameters

Membership Function b, a, ag bg Consequent Function c
‘Significantly out of Delay’ -0.5] 0.25 0 0 [ *ASignificantly Favored’ 45
(Aircraft A behind B)
‘Significantly out of Delay’ 0 0 -0.25 | 0.5 | ‘B Significantly Favored’ -45
(Aircraft B behind A)
‘Out of Delay’ 0 |0.75 0 0 | ‘A Favored’ 30
(Aircraft A behind B)
‘Out of Delay’ 0 0 -0.75 | 0 | ‘B Favored’ -30
(Aircraft B behind A)

The probability density function for the Controllability, x, is:

~ 2
/(KBA_MKBA) )
e R
R 1 L 20k J
f (K ): —FFF €
KBA BA \/ZTEGKBA
and,
~ 2
((KAB_MKAB)
B 2
- 1 L 20k ag J
fKAB (KAB) = /_—e
VZEOKAB

for A sequenced behind B

for B sequenced behind A
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At g J Ve.B ( Atpg J VG B, Late

(tk)sTA,B,AB\M _(I(tk)TA,Late,B\‘MV
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2 2
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5.0 ORDERING PROCEDURE
PERFORMANCE SIMULATION RESULTS

In this Chapter the FAST Scheduling Logic error models developed in the last Chapter

are incorporated into a performance simulation for the Ordering Procedure for a

GENERAL-Type Spatial Constraint. While the focus is on the Propositions which are

directly or indirectly dependent on the Relative Ground Speed errors, it is necessary to
also model the remaining Propositions. For these latter Propositions, the inputs are
assumed to be error-free with respect to the Relative Ground Speed dependent
Propositions. By modeling all the Propositions for each Procedure, it is possible to

determine the influence that the Relative Ground Speed errors have on the Procedure

decision. A listing of this simulation is presented in presented in Appendix B.

5.1 Ordering Procedure Performance Simulation

Table 5-1 summarizes the seven Proposition pairs which are evaluated by the Ordering
Procedure of a GENERAL-Type Spatial Constraint. It specifically indicates the
Proposition, the Proposition input, the Consequent, and the Consequent Output.
Propositions 2 and 4 are the same since FAST SL uses the same logic for both the
Ordering and the Merging Procedure of a GENERAL-Type Spatial Constraint.

However, for the latter, the first three Propositions are referenced to the FCTS rather

than the current position.

Table 5-1. Ordering Procedure of a GENERAL-Type Spatial Constraint

Number Proposition Input Consequent Output
1 ‘Significantly ahead at current position’ NSD:x« | ‘Significantly favored’ | +/-45
2 ‘Ahead at current position’ NSDz« | ‘Favored’ +/-30
3 ‘Slightly ahead at current position’ NSD+x« | ‘Slightly favored’ +/-15
4 ‘Ahead at current position’ NSD:x« | ‘Slightly favored’ +/-15
5 ‘Faster at current position’ AV ‘Marginally favored’ +/-7.5
6 ‘Lower at current position’ Ah ‘Marginally favored’ +/-7.5
7 (‘Close’) AND (‘Faster at current position’) AACi/& ‘Slightly favored’ +/-15

9

These Propositions are evaluated for two aircraft at a time, such as aircraft A and B. If
the Proposition is true for aircraft A ahead of B, then the positive Output is selected. If
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the Proposition is true for aircraft B ahead of A, then the negative Output is selected. By
combining these individual Proposition Outputs in a Weighted sense (the Firing
Strength), the Procedure decision is obtained. Hence if the Procedure decision is
positive, aircraft A is recommended to be ahead of aircraft B. If the Procedure decision
is negative, aircraft B is recommended to be ahead of aircraft A.

Figure 5-1 summarizes the principal modules of the FAST SL Ordering Procedure
Performance Simulation and their relationship. The FAST TS simulation (fastTS.m),
which was previously developed and documented in (Mueller, 1998) is used to generate
a nominal trajectory for the two aircraft (A and B) whose order is evaluated.

Ordering Procedure
Tfo;ZSry FAST SL ORDERING PROCEDURE Nominal & Statistical
(fastTS.m) PERFORMANCE SIMULATION (SL1stats.dat)
Traj. A File Conpute
(TstrajA.dat) %] Input Y Compute Radar > Compute Ordering Proposition
Parameters a-f Filter Trajectory 1= ominal & Stati stical
Traj. B File (SLlinpar.m) [—» Track Errors L Errors Y Input Variables
(TStrajB. dat) (abfltrfunc.m) (vgfunc.m) (SL1in.m)
Compute Compute
Propositions 1-6 Proposition 7
| Nominal —> Nominal
Performance Performance Conmpute
(symbrfunc.m) (symberfunc.m —> . ™
& mbrfunc.m) Ordering Procedure
i Nominal & Statistical
Performance
Compute Compute ——> (fastSL1.m)
Proposition 5 Proposition 7
’ Statistical — Stati sti cal
Performance Performance
(vgscrfunc.m) (vgscrfunc.m & Plot
mbrfunc.m) Ordering Procedure
Nominal & Statistical
Performance
(SL1plotfunc.m)

Figure 5-1. FAST SL Ordering Procedure Performance Simulation

The control parameters for this performance simulation, fastSL1.m, are specified in
SLlinpar.m. Using these parameters, the nominal trajectories are loaded in and used as
an input to the a—f radar tracking filter error simulation (abfltrfunc.m) which was
developed and documented in (Mueller, 1998). Next, the trajectory errors are computed
for these two trajectories in vgfunc.m. With the nominal trajectories and their error
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histories, the aircraft nominal relative trajectory variables and their error statistics are
computed in SL1in.m.

The statistical inputs as well as the nominal inputs are then used individually to evaluate
the seven Propositions of the Ordering Procedure. As shown in this figure, the Relative
Ground Speed statistics, which are inputs to Propositions 5 and 7, are the only ground
speed-dependent input used in this Procedure. The combined Firing Strength from
these seven Propositions determines the nominal and the statistical Ordering Procedure
performance (fastSL1.m). By comparing the performance of this Procedure under
nominal as well as perturbed conditions, the degradation due to the Relative Ground
Speed errors can be determined.

Under this study, the principal figures of merit which are used are the expected (mean)
Proposition Membership, Output, Weight, and Firing Strength. The effects of the
corresponding dispersions (standard deviations) are only used to loosely determine a
confidence interval, such as the 95% confidence interval corresponding to +/- 2 sigma
about the estimate, assuming that the statistics are approximately Gaussian.

5.2 Nominal Trajectories

To evaluate the performance of the Ordering Procedure Procedure, trajectories for two
aircraft are required. Hence, a nominal jet trajectory from the Southwest Metering Fix
to Dallas-Ft. Worth Runway 18R is used. Then, to obtain the trajectories for two jet
aircraft in-track from each other, the nominal jet trajectory can be used twice with
different time biases as illustrated in Figure 5-2.

For convenience the period of interest is the time interval from the metering fix to the
FCTS of the jet aircraft with a turboprop merging onto the common Downwind flight
path segment. This merging scenario is evaluated in the next Chapter for the Merging
Procedure.

Since the performance degradation due to Relative Ground Speed errors is the principal
focus of this study, it is desirable to select the relative spacing such that minimum
separation criteria are satisfied at the FCTS under nominal conditions. Under this
nominal situation, no air traffic controller intervention is required. When the Relative
Ground Speed errors are added, it is possible to determine if an incorrect Procedure
decision is produced which might lead to an incorrect air traffic controller intervention.
Hence, in Figure 5-2 the two jets are separated by 3 nm from each other at their FCTS
with the turboprop.
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JET 1 AHEAD OF JET 2 TRAJECTORIES
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Figure 5-2. FAST TS Jet 1 and Jet 2 Time Histories

5.3 Ordering Procedure Input Error Statistics

In this section, the FAST SL Proposition input error statistics are presented. These
estimation errors will be combined, in the performance simulation of the Ordering
Procedure, with the nominal (error-free) inputs to obtain the estimated inputs. For the
Ordering Procedure, the focus is on the Relative Ground Speed estimation error
statistics. These are the only Proposition inputs used by the Ordering Procedure of a
GENERAL-Type Spatial Constraint which are dependent on ground speed errors.

The case of the Relative Ground Speed error for Jet 1 ahead of Jet 2 is illustrated in
Figure 5-3. The Relative Ground Speed estimation error mean must be added to the
nominal Relative Ground Speed to obtain the Relative Ground Speed estimate. The
standard deviation of the Relative Ground Speed estimate is the Relative Ground Speed
error standard deviation. Also shown in this figure is a 95% confidence (+/-2 sigma)
bound around the estimate.
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REL GROUND SPEED STATISTICS (knots) (JET 1 - JET 2)

NOMINAL

EST +/- 2*SIG

ERROR MEAN

ERROR SIGMA

0 1 2 3 4 5 6 7 8 9
TIME FROM METERING FIX (min)

Figure 5-3. Relative Ground Speed Statistics (Jet 1 ahead of Jet 2)

As can be seen in this figure, the estimate ‘lags’ the nominal Relative Ground Speed
history with the addition of the mean error. On the other hand, the standard deviation
is so small that it leads to a very tight 95% confidence bound around the estimate.

Examining this figure further, it can be seen that the Relative Ground Speed mean
varies between +/-30 kts while the standard deviation is generally less than 6 kts. The
individual spikes observed in the mean error histories correspond to either one or the
other aircraft undergoing a speed reduction maneuver or a heading change.

5.4 Ordering Procedure Performance Statistics

In this section the performance of the Ordering Procedure of a GENERAL-Type Spatial
Constraint is evaluated. The seven Propositions which are used by this Procedure are
summarized in Table 5-1. The performance is determined using the input variables for
the Jet 1 followed by a Jet 2 trajectory history.
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It is necessary to determine the impact on this Procedure from the decision errors
introduced by those Propositions which are sensitive to Relative Ground Speed errors.
Since the only ground speed dependent Proposition inputs are the Relative Ground
Speed itself, the two Propositions (5 and 7) which use this input are evaluated with both
the nominal and the estimated Relative Ground Speed. The remaining Proposition
inputs are assumed to be nearly error-free with respect to the Relative Ground Speed
errors. Hence, only the nominal Proposition inputs are used for those Propositions.

5.4.1 Membership Statistics

Figure 5-4 presents the input variable histories for the Proposition pairs evaluated by
the Ordering Procedure. The solid curves represent the nominal inputs while the
dashed curves represent the statistical estimates.

ORDERING PROCEDURE MEMBERSHIP INPUT HISTORIES (JET 1 - JET 2)

HD (ft)
=
o
o
o
T

N A
o o
o

N
o o

VGD (Kts)
& & AR
[eNoNe)

TIME FROM METERING FIX (min)

5-4. Ordering Procedure Input Histories
Differences between the nominal Normalized Separation Distance (NSD) and the
Horizontal Separation histories arise from the fact that the former is based on path
separation distance while the latter is based on line-of-sight separation distance. Hence
when Jet 1 reaches the Downwind path segment before Jet 2, the Horizontal Separation
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is shorter than the path separation distance. The histories are based on the Jet 1 - Jet 2
relative trajectories for the time history from the metering fix to the time of FCTS.

Also shown in Figure 5-4 is the relationship of the nominal and the estimated Relative
Ground Speed. The former is shown in solid while the latter in dashed form. This
subplot shows how the estimate lags the nominal when speed reduction or heading
maneuvers are made by one or the other aircraft.

Figure 5-5 presents the Membership histories for the seven Propositions of Table 5-1.

ORDERING PROCEDURE MEMBERSHIP HISTORIES (JET 1 - JET 2)

M1

0 1 2 3 4 5 6 7 8 9
TIME FROM METERING FIX (min)

Figure 5-5. Ordering Procedure Membership Histories (Jet 1 ahead of Jet 2)

In this figure the nominal Membership values are shown with a solid line while the
estimates are shown with a dashed line. The first four Membership histories are based
on the Propositions which use the current Normalized Separation Distance between the
two jets as the input.

The fifth Proposition is based on the Relative Ground Speed. This Membership history
is seen to vary from zero to one. The seventh Proposition also uses the Relative Ground
Speed and the Horizontal Separation as joint inputs. The AND operation selects the
input which leads to minimum Membership -- the one which produces the lowest
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Membership value. Finally, the sixth Proposition uses the Relative Altitude as input. The
Membership for this Proposition varies between zero and one, depending on whether
the two jets have the same altitude.

5.4.2 Output Statistics
Figure 5-6 presents the Proposition Output histories. The histories for the nominal
Output are shown with a solid line while those for the estimates are shown with a

dashed line.

ORDERING PROCEDURE OUTPUT HISTORIES (JET 1 - JET 2)
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Figure 5-6. Ordering Procedure Output Histories (Jet 1 ahead of Jet 2)

The Ouput value is nonzero, if the Membership is nonzero. The maximum Output value
can reach +/-45, depending on the Proposition. However, while the Membership can
take any value between zero and one, the nominal Output can only take the discrete
positive or negative value assigned to that Proposition or zero. The Output estimate,
however, can take on any value between the maximum nominal positive and negative
Output for that Proposition.
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Examining the first four Propositions, it can be seen that these all have positive or zero
Output values. This corresponds to the fact that Jet 1 always remains ahead of Jet 2. The
fifth and seventh Proposition show both positive and negative Output values. This
arises from the fact that the Relative Ground Speed may be negative during the early
stages of this history since Jet 2 performs its speed reductions after Jet 1. Hence, it
appears at times that Jet 2 might overtake Jet 1. The Ouput value for the sixth
Proposition varies between zero and 7.5. This arises from the fact that Jet 2 performs its
altitude reduction maneuvers later than Jet 1. This results in the condition where Jet 1 is
lower than Jet 2, even though they are both flying along the same flight path history.

5.4.3 Weight Statistics

Figure 5-7 presents the Proposition Weight histories. The Weight histories can only
have positive values between 0 and 5.

5.4.4 Firing Strength Statistics

Figure 5-8 presents the Firing Strength histories for these seven Propositions. The
Firing Strengths corresponding to the nominal Proposition inputs are shown with a
solid line while those corresponding to estimated Proposition inputs are shown with a
dashed line. While the Firing Strength can vary between +/-225, the vertical axes were
set at -50 and 150 in this Figure.

This Figure shows that the Firing Strength histories are positive or zero except for the
fifth and seventh Proposition. Both of the latter two are dependent on the Relative
Ground Speed.

Since these Firing Strength histories are partly determined by the maximum nominal
Output for each Proposition, it is convenient to normalize these by the sum of all the
Proposition Weights. These Normalized Firing Strength histories are illustrated in
Figure 5-9.
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ORDERING PROCEDURE WEIGHT HISTORIES (JET 1 - JET 2)
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Figure 5-7. Ordering Procedure Weight Histories (Jet 1 ahead of Jet 2)

5.4.5 Proposition 5 Results

A detailed look at the Proposition 5 results is presented in Figure 5-10. This figure
shows the nominal results with a solid line. The estimates are shown with a dashed line
while the 95% confidence interval about the estimate are shown with dotted lines.

The Output values can vary between +/-7.5. For the nominal Output, only the discrete
Output values of 0 or +/-7.5 are possible. For the estimate as well as its 95% confidence
interval, the histories can vary continuously between +/-7.5.

The Weight is limited to values between 0 and 5. This leads to Firing Strength values

bounded by +/-37.5. The normalized Firing Strength history for this case appears to be
bounded by +/-2.
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Figure 5-8. Ordering Procedure Firing Strength Histories (Jet 1 ahead of Jet 2)

5.4.6 Proposition 7 Results

A detailed look at the Proposition 7 results is presented in Figure 5-11. The Output
values can vary between -15 and 15 for this Proposition. As a result, the Firing Strength
can vary between -75 and 75.

As shown in Table 5-1, this Proposition depends on both the Horizontal Separation and
the Relative Ground Speed, with the results selected from the input which produces the
lowest Membership. By comparing Figures 5-10 and 5-11, it can be seen that the
Relative Ground Speed appears to produce the non-zero results in Figure 5-11.
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Figure 5-9. Ordering Procedure Normalized Firing Strength Histories
(Jet 1 ahead of Jet 2)

5.4.7 Ordering Procedure Results

Finally, when the individual Proposition results are combined to determine the
Ordering Procedure results, the histories of Figure 5-12 are obtained. This figure shows
that the total Output, total Weight, total Firing Strength, and the total Normalized
Firing Strength are all positive. This confirms that the decision to have Jet 1 ahead of Jet
2 is the preferred order for these two aircraft.

If the Normalized Firing Strength history is examined, it varies approximately between
10 and 20. This Normalized Firing Strength history appears to lie in the neighborhood
of Proposition Outputs of +7.5, +15, and +30. These Outputs correspond respectively to
‘Marginally favored’, ‘Slightly favored’ and ‘Favored’. Hence, one can interpret the
Procedure Normalized Firing Strength results to suggest that the order of Jet 1 ahead of
Jet 2 is ‘Slightly favored’.
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Figure 5-10. ‘Is Faster’ Proposition Results (Jet 1 ahead of Jet 2)

In summary, an Ordering Procedure scenario consisting of two in-track Jets has been
evaluated. With the introduction of the ground speed tracking errors, the Ordering
Procedure Firing Strength histories show some transient perturbations from the
nominal. The net impact of the ground speed tracking errors on the ordering decision
reached by this Procedure is not significant for this scenario.

Caution should be used in generalizing the results of this scenario whose primary
purpose was to illustrate the features of the Ordering Procedure Performance
Simulation. A larger number of additional scenarios should be investigated before more
general conclusions can be reached about the performance of this Procedure. These
scenarios would involve different flight path histories and different aircraft separations.
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Figure 5-11. Ordering Procedure ‘Is Close AND Faster’ Proposition Results

(Jet 1 ahead of Jet 2)
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6.0 MERGING PROCEDURE
PERFORMANCE SIMULATION RESULTS

In this Chapter, the performance of the Merging Procedure of a GENERAL-Type Spatial
Constraint is evaluated. While the focus is on the Propositions which are directly or
indirectly dependent on the ground speed errors, it is necessary to also model the
remaining Propositions. For these latter Propositions, the inputs are assumed to be
error-free relative to the ground speed dependent Propositions. By modeling all the
Propositions for this Procedure, it is possible to determine the influence that the ground
speed errors have on the Procedure decision. A listing of the performance simulation is
presented in Appendix C.

6.1 Merging Procedure Performance Simulation

Similarly to the Ordering Procedure of a GENERAL-Type Spatial Constraint, the
Merging Procedure consists of seven Proposition pairs as shown in Table 6-1. Now,
however, in addition to the Relative Ground Speed input, the Normalized Separation
Distance at FCTS Proposition input is also dependent on ground speed.

Table 6-1 Merging Procedure of a GENERAL-Type Spatial Constraint

Number Proposition Input Consequent Output
1 ‘Significantly ahead at FCTS’ NSD:.s | ‘Significantly favored’ +/-45
2 ‘Ahead at FCTS’ NSD;.s | ‘Favored’ +/-30
3 ‘Slightly ahead at FCTS’ NSDgs | “Slightly favored’ +/-15
4 ‘Ahead at current position’ NSD:x« | ‘Slightly favored’ +/-15
5 ‘Faster at FCTS’ AVg ‘Marginally favored’ +/-7.5
6 ‘Lower at current position’ Ah ‘Marginally favored’ +/-7.5
7 (‘Close’) AND (‘Faster at FCTS’) | Ad & AV, | ‘Slightly favored’ +/-15

The FAST SL Performance Simulation which is used to evaluate the Merging Procedure
of a GENERAL-Type Spatial Constraint is illustrated in Figure 6-1. This Performance
simulation computes the individual Proposition expected Membership values, Outputs,
Weights, and Firing Strengths and then combines these to determine the expected
Procedure Output, Weight, and Firing Strength.
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Figure 6-1. FAST SL Merging Procedure Performance Simulation

These Proposition calculations can be performed with both nominal (error-free) inputs
or with statistical inputs. In the latter case, only the inputs which depend directly or
indirectly on the Relative Ground Speed errors are substituted in place of their nominal
values. It is assumed that the remaining inputs are relatively close to nominal when
compared to those ground speed dependent inputs.

By comparing the performance of this Procedure under nominal as well as perturbed
conditions, the degradation of the Procedure due to the Relative Ground Speed errors
can be determined. Under this study, the principal figures of merit which are used are
the expected (mean) Proposition Membership, Output, Weight, and Firing Strength.
The effects of the corresponding dispersions (standard deviations) are only used to
loosely determine a confidence interval about the estimate. Hence, a 95% confidence
interval corresponds to +/- 2 sigma, assuming that the statistics are approximately
Gaussian.

Examining Figure 6-1 more closely, the simulation requires the nominal trajectory

histories for the two aircraft whose merging sequence is determined. These trajectories
can be obtained using the fastTS.m MATLAB simulation (Appendix A) or they ca be
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obtained from some other source. In the latter case, for instance, actual aircraft
trajectories can be used, so long as the same trajectory variables and ASCII format is
used for the data files.

These trajectories as well as all the key control parameters are entered into the
SL2inpar.m MATLAB script. Using these parameters and trajectory histories, the radar
tracking error histories are computed in abfltrfunc.m. With the radar tracking error
histories, the aircraft trajectory error histories are computed in vgfunc.m. These
trajectory error histories are then combined in SL2in.m to obtain the nominal and
statistical relative input variable histories for the seven Proposition pairs.

Using these nominal relative variable histories, Propositions 1 - 6 are evaluated using
symbrfunc.m while Proposition 7 uses symbrfunc.m and mbrfunc.m. For the Merging
Procedure, there are now two sets of ground speed dependent input variables. These
are the Relative Ground Speed and the NSD_ for the two aircraft. Using the NSD_¢
statistics, Propositions 1 - 3 are evaluated in fctscrfunc.m. The Relative Ground Speed
statistics are evaluated for Proposition 5 using vgscrfunc.m and in Proposition 7 using
mbrfunc.m and vgscrfunc.m.

The individual Proposition results are combined in fastSL2.m to determine the Merging
Procedure decision based on the Procedure composite Firing Strength. By using the
nominal Proposition results, the nominal Procedure decision results are obtained.
Substituting the statistical Proposition results for the corresponding nominal
Proposition results, leads to the statistical Procedure decision. These results are plotted
using SL2plotfunc.m.

6.2 Nominal Trajectories

The nominal trajectories, which are used, correspond to the same scenario presented in
Section 3.2. This corresponds to the approach to Dallas-Ft. Worth Runway 18R from the
southwest metering fix. In this section the focus are on the nominal jet and turboprop
trajectories, since they present a merging scenario for this Procedure. Specifically the
nominal jet and turboprop trajectories are time shifted (biased) to produce the desired
separation for the merging scenario onto to the Downwind flight path segment. This
corresponds to Jet 2, of the two jet scenario used in Chapter 5, positioned behind the
Turboprop at their nominal FCTS, as illustrated in Figure 6-2. Under this scenario, the
Turboprop is ahead of the Jet by 3 nm. at FCTS. This corresponds to the nominal
minimum required separation distance for these two aircraft and their flight sequence.
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Figure 6-2. FAST TS Time Histories (Turboprop ahead of Jet)

6.3 Merging Procedure Input Statistics

In this section, the FAST SL Proposition input error statistics are presented. First the
nominal relative trajectory variables are computed. Then the estimation errors is
combined with the nominal relative trajectory variables to obtain the estimated relative
trajectory variables. Since the only ground speed dependent variables are the NSD..
and Relative Ground Speed, the focus is on their error statistics.

6.3.1 NSD. Statistics

The NSD.. nominal and error statistics are illustrated in Figure 6-3 for the Turboprop
ahead of the Jet. The time interval is the time from the metering fix to their FCTS. The
estimate is also shown with the 95% confidence interval.
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Figure 6-3. NSD.. Statistics (Turboprop ahead of Jet)

An examination of this figure shows that the nominal NSD. .. has a constant value of 1
while the estimate varies approximately between 0 and 1. The individual spikes
observed in the estimate and the mean statistics are produced by one or the other
aircraft undergoing a speed reduction or a heading change.

6.3.2 Relative Ground Speed Statistics

In this section the focus is on the Relative Ground Speed estimation error at the FCTS
for the Turboprop ahead of the Jet trajectories. This case is illustrated in Figure 6-4.
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Figure 6-4. Relative Ground Speed Statistics
(Turboprop ahead of Jet)

Examining this figure, it can be seen that the nominal Relative Ground Speed at FCTS is
zero. With the addition of the mean Relative Ground Speed error to the nominal, the
Relative Ground Speed estimate is obtained. This estimate, which also includes the 95%
confidence interval for this estimate, is seen to vary roughly between +/- 20 knots. The
95% confidence interval about this estimate, extends the range to roughly -30 to +20
knots. The individual spikes observed in the estimate and mean error histories
correspond to either one or the other aircraft undergoing a speed reduction maneuver
or a heading change.

As discussed in Section 2.3.3, the Relative Ground Speed at FCTS estimate, is nominally
the current Relative Ground Speed estimate. However, if there is a nominal speed
reduction maneuver between the current time and t.., the current Relative Ground
Speed at FCTS estimate is the nominal Relative Ground Speed at FCTS. This follows
from the assumption that the current estimate of the ground speed will be flown by
each aircraft until a nominal speed reduction is made, since FAST TS uses only hominal
maneuver profiles. This reduction of the Relative Ground Speed at FCTS errors by
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nominal future speed maneuvers has not been considered in these figures, making
these results conservative. However, these figures also have not considered other
ground speed errors such as unpredicted winds and flight technical (pilot steering)
errors.

6.4 Merging Procedure Decision Statistics

In this section, the decision statistics for the Merging Procedure of a GENERAL-Type
Spatial Constraint are presented. While the principal statistic are the Proposition and the
Procedure expected Firing Strength, the expected Membership, Output, and Weight are
also presented.

6.4.1 Membership Histories

The input histories to the Propositions of this Merging Procedure are presented in
Figure 6-5 for the Turboprop ahead of the Jet. These indicate very similar results for the
nominal cases, shown with the solid lines, and more variability for the statistical
estimates, shown with dashed lines. Note that the NSD..; and NSD histories in Figure
6-5 are based on a normalization factor of 3 nm.

The expected Membership histories for the Turboprop ahead of the Jet are shown in
Figure 6-6. In this figure, the nominal Membership histories are shown by the solid
curves while the estimates are shown with the dashed curves. While most of the
estimate histories are fairly close to their corresponding nominal histories, the third
Proposition does show some significant deviations from the nominal.

6.4.2 Output Histories

The expected Output histories are shown in Figure 6-7. Note that while the nominal
Ouput can only assume three discrete values (zero, +nominal, or -nominal), the
expected Output values can vary continuously between these extremes. This arises
from the use of the probability weighting.

6.4.3 Weight Histories

Figure 6-8 presents the nominal and estimated Weight histories for these seven
Propositions. The general shapes of these histories are seen to be similar to the
Membership histories of Figure 6-6.
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Figure 6-5. Merging Procedure Input Histories
(Turboprop ahead of Jet)

6.4.4 Firing Strength Histories

The expected Firing Strength histories for this scenario are presented in Figure 6-9. The
nominal Firing Strength histories can be obtained as the product of the nominal Output
and the nominal Weight histories. However, the estimated Firing Strength history
cannot, in general, be obtained as the product of the estimated Output history and the
estimated Weight history, as is shown in Chapter 4. If the standard deviations of the
Output and the Weight are small, then their estimated Firing Strength is approximately
equal to the product of the estimated Output and the estimated Weight. Due to these
direct or approximate relationships, the Firing Strength histories tend to have similar
shapes as the Weight histories.
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Figure 6-6. Merging Procedure Membership Histories
(Turboprop ahead of Jet)

In Figure 6-9 are presented the nominal and statistical Normalized Firing Strength
histories. These are obtained by normalizing the nominal Firing Strength histories by
the sum of the seven Proposition nominal Weight histories. In similar fashion, the
statistical Normalized Firing Strength histories are obtained by normalizing the
statistical Firing Strength histories by the sum of the seven Proposition statistical or
nominal Weights.

The Normalized Firing Strength can be viewed as a Weighted Output. As a result, it is
possible to examine its value and assign a similar significance as the Output values have.
Hence values near +7.5 can be thought of as ‘Marginally favoring the current aircraft
sequence’ while values near +45 can be thought of as ‘Significantly favoring the current
aircraft sequence.” Similar arguments apply for negative values in which case the
reverse aircraft sequence is preferred. In addition, the nominal Normalized Firing
Strength is not limited to discrete values, unlike the nominal Output. An examination of
Figure 6-9 shows that most of the Normalized Firing Strength histories lie between
zero and 10.
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Figure 6-7. Merging Procedure Output Histories
(Turboprop ahead of Jet)

6.4.5 Proposition 1 - 3 Results

In the next five figures, a close look at the Proposition results is presented for those
Propositions which rely on ground speed dependent inputs. These are Propositions 1 -
3,5, and 7. In these figures, the nominal histories are shown with solid curves while the
histories of the estimates are shown with dashed curves. In addition, the 95%
confidence interval curves are shown as dotted curves.

In Figures 6-11 through 6-13 are presented the results for Propositions 1 through 3.
Examining these NSD...s Proposition figures, it can be seen that the results for
Proposition 1 are zero while the Proposition 2 and 3 results are zero or positive. For
Proposition 3, however, the 95% confidence limits show some brief periods of negative
Output, Firing Strength, and Normalized Firing Strength results.
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Figure 6-8. Merging Procedure Weight Histories
(Turboprop ahead of Jet)

6.4.6 Proposition 5 and 7 Results

In Figures 6-14 and 6-15 are presented the results for the Propositions 5 and 7 which
both depend on the Relative Ground Speed. In general, the statistical results do not
appear to differ significantly from the corresponding nominal results.

6.4.7 Merging Procedure Results

In Figure 6-16 are presented the Merging Procedure results. Examining the Normalized
Firing Strength histories for this Procedure, it can be seen that the nominal and
statistical results vary between 10 and 20. In the context of the Proposition Output of
+15, these results suggest that the Turboprop ‘Is slightly favored’ to merge ahead of
the Jet onto the Downwind flight path segment.
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Figure 6-9. Merging Procedure Firing Strength Histories
(Turboprop ahead of Jet)

This analysis only included ground speed tracking errors. It did not consider additional

FAST TS modeling errors due to the use of simplified dynamics models. Also the effects

of wind

prediction errors and pilot steering errors were not considered.

The perturbations, however, were insufficient to lead to an incorrect Merging

Procedu

re decision. An incorrect Merging Procedure decision would have resulted if the
expected Normalized Firing Strength estimates had switched polarity and had reached

a value whose magnitude was at least 7.5. For this specific scenario, an incorrect

Procedu

reached values less than -7.5. This limit has been selected in the design of the FAST SL to
e hysterisis and avoid limit cycling back and forth between small positive and

add som
negative

re decision would have been reached if the Normalized Firing Strengths

Normalized Firing Strength results.
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Figure 6-10. Merging Procedure Normalized Firing Strength Histories
(Turboprop ahead of Jet)

If the nominal separation distances between the two sets of aircraft were increased, the
nominal Normalized Firing Strength is expected to increase. Hence, it would be even
less likely that the expected Normalized Firing Strength will switch polarity. However,
if the nominal separation distances are less than nominal between the two sets of
aircraft, the nominal Normalized Firing Strength is expected to decrease. Under these
conditions it may be more likely that the Relative Ground Speed errors may lead to a
polarity change in the expected Normalized Separation Distance which is sufficient to
lead to an incorrect Merging Procedure decision. This would have to be investigated
further.

In summary, a Merging Procedure scenario consisting of a Turboprop followed by a Jet
aircraft has been evaluated. With the introduction of the ground speed tracking errors,
the Merging Procedure Firing Strength histories show some transient perturbations
from the nominal. The net impact of the ground speed tracking errors on the merging
decision reached by this Procedure is not significant for this scenario.
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Figure 6-11. ‘Is Significantly Delayed’ Proposition Results
(Turboprop ahead of Jet)

Caution should be used in generalizing the results of this scenario whose primary
purpose was to illustrate the features of the Merging Procedure Performance
Simulation. A larger number of additional scenarios should be investigated before more
general conclusions can be reached about the performance of this Procedure. These
scenarios would involve different flight path histories and different aircraft separations.
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Figure 6-12. ‘Is Delayed’ Proposition Results
(Turboprop ahead of Jet)
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Figure 6-13. ‘Is Slightly Delayed’ Proposition Results
(Turboprop ahead of Jet)
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Figure 6-14. ‘Is Faster’ Proposition Results

(Turboprop ahead of Jet)
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Figure 6-15. ‘Is Close’ AND ‘Is Faster at FCTS’ Proposition Results
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Figure 6-16. Merging Procedure Results
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