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Abstract

Air traffic control stands on the brink of arevolution. Fifty years from now, we will look
back and marvel that we ever flew by radio beacons and radar alone, much as we now
marvel that early aviation pioneersflew by chronometer and compass alone. The micropro-
cessor, satellite navigation systems, and air-to-air data links are the technical keys to this

revolution.

Many airports are near or at capacity now for at least portions of the day, making it clear
that major increases in airport capacity will be required in order to support the projected
growthin air traffic. This can be accomplished by adding airports, adding runways at exist-
ing airports, or increasing the capacity of the existing runways. Technology that allows use
of ultraclosely spaced (750 ft to 2500 ft) parallel approacheswould greatly reduce the envi-
ronmental impact of airport capacity increases. This research tackles the problem of multi
aircraft dynamics, navigation, and operation, specifically in the terminal area, and presents
new findings on how ultra closely spaced parallel approaches may be accomplished. The
underlying approach considers how multiple aircraft are flown in visual conditions, where
spacing criteriais much less stringent, and then uses this data to study the critical parame-
tersfor collision avoidance during an ultra closely spaced parallel approach. Also included
iIsexperimental and analytical investigations on advanced guidance systemsthat are critical
components of precision approaches. Together, these investigations form a novel approach

tothedesign and analysisof parallel approachesfor runways spaced lessthan 2500 ft apart.

This research has concluded that it is technically feasible to reduce the required runway
spacing during simultaneous instrument approaches to less than the current minimum of
3400 ft with the use of advanced navigation systems while maintaining the currently
accepted levels of safety. On a smooth day with both pilots flying a tunnel-in-the-sky dis-
play and being guided by aCategory | LAAS, itistechnically feasible to reduce the runway
spacing to 1100 ft. If aCategory | LAAS and an “intelligent auto-pilot” that executes both
the approach and emergency escape maneuver are used, the technically achievablerequired

runway spacing is reduced to 750 ft. Both statements presume full aircraft state informa-



tion, including position, velocity, and attitude, is being reliably passed between aircraft at
arate equal to or greater than one Hz.

The technology to accomplish ultra closely spaced parallel approaches will require new
equipment in aircraft and on the ground. It will be such that all aircraft using an airport will
need to be equipped with the new technology in order to reap the full capacity benefits. The
airframe manufacturers and their airline customers do not easily accept this situation. The
easy solution for them is to lobby for no such mandatory re-equipage and to argue for air-
port expansion with conventional runway spacing. However, awider view is necessary for
the best overall solution for the taxpayers, the airline passengers, and freight shippers who
ultimately have to pay for the full system costs, including airport expansions. The wider
view also should take into account the welfare of airport neighbors, residents of areas that
might become new airports, and the environmental damage brought by expanding airports

into areas that are now water.
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Chapter 1

| ntroduction

Air traffic control stands on the brink of a revolution. Fifty years from now, we will ook
back and marvel that we ever flew by radio beacons and radar alone, much as we now
marvel that early aviation pioneersflew by chronometer and compass alone. The micropro-
cessor, satellite navigation systems, and air-to-air data links are technical keysto thisrev-
olution. The first small steps have occurred; a satellite navigation system is typically
installed in every new American aircraft coming off of the assembly line, transport and gen-
eral aviation alike. The first precision approach where the American satellite navigation
system, the Global Positioning System (GPS) plays a critical role was certified in 1996 by
Alaska Airlines as part of its Required Navigation Performance approaches into Juneau,
Alaska[1].

Asfar as surveillance is concerned, it is those outside of the cockpit that have the almost
exclusiverightsto the“big picture”’, except when a pilot can physically see another aircraft.
Thisisgradually changing and the advent of the Traffic Alerting and Collision Avoidance
System (TCAS), mandatory equipage in transports as of 1993, marked the first time that
pilots were given direct information about aircraft of which he or she lacked physical sight
[2]. Not only did TCAS impart information to the pilot, but that pilot could and was man-

dated to maneuver to avoid a collision without direct air traffic control (ATC) involvement.

Allowing high accuracy and integrity information about other aircraft into the cockpit will
enable aprofound change to current ATC operations: the sharing of separation responsibil-
ity between ATC and the aircrew, where the aircrew may be a pilot or an auto-pilot. This
profound change is the revolution realized. The technical keys of microprocessors, GPS

and data links are mere gadgets in the cockpit without policy and procedures implemented



to use their capabilities. It is on the cusp of this sharing of separation responsibilities that

we now stand.

1.1 Multiple Aircraft in the Terminal Area
Although separation among aircraft iscritical during en route operations, it isin the vicinity

of an airport on which multiple aircraft are converging that separation becomes increas-
ingly timecritical. It isherethat two opposing goalsfight for priority: the efficient through-
put of aircraft at the airport, which requires tight spacing, and the unquestioned safety of

every person aloft, which opposes tight spacing.

Exceptinthecaseof TCAS, theair traffic controllershave soleresponsibility for separation
assurance between aircraft in the vicinity of an airport. If in visual meteorological condi-
tions (VMC) and ATC hasrequested that apilot “...maintain visual separation...”, itisonly
at that point that ATC has passed separation responsibility to those in the cockpit. Then it
isup to the pilot to maintain this undefined, safe “visual separation” distance from the other

arcraft.

Under an instrument flight rules (IFR) flight plan, it is presumed that visual acquisition of
adjacent aircraft isimpossible and at no timeisthe controller able to pass separation author-
ity tothe pilot. The predefined I FR spacing criteriaare enforced, with severe penalty to that

controller if two aircraft lose required separation while under his or her control.

This highlights the primary difference between operations in good weather and those in
poor weather: available information. Once a pilot can see the other aircraft, he or she can
very accurately define its relative position and velocity. Based on known aircraft perfor-
mance as well as the presumed-known intent of that aircraft, a pilot can even predict the
future flight trgjectory of an adjacent aircraft with reasonable accuracy. Should the aircraft
deviate from its expected flight path, the pilot of the following aircraft maneuversin order
toavoid acollision. If equivalent information could be passed between aircraft whileflying
in the clouds, it stands to reason that an on-board information fusion algorithm, be it com-

puter or pilot, can then react accordingly to nearby aircraft, even without visual contact.



1.2 National Airspace Capacity

Commercia air traffic is projected to grow approximately 5% per year over the coming
decades. Many airports are at or near capacity now for at least portions of the day, making
it clear that major increases in airport capacity will be required in order to support the pro-
jected growth in air traffic. This can be accomplished by adding airports, adding runways

at existing airports, or increasing the capacity of the existing runways.

In an ongoing series of articles, the well-known aerospace weekly, Aviation Week and
Space Technology, has described an airspace crisis that is gripping the United States and
western Europe [3][4]. Record delays over the past two summers (1999 and 2000) have
given rise to mutual blame between the government and the airlines for inefficiencies
within their respective systems. Weather is the primary cause of delay, but with the
expected rise in air traffic over the next two decades, the capacity of the airspace will
become sorely stressed, if not exceeded. One mgor initiative to reduce delaysisto transi-
tion from the beacon to beacon routing system to adeparture to destination flight trajectory.
Rather than flying from San Francisco to Chicago via a series of VHF Omnidirectiona
Ranging (VOR) stations, the pilot will fly from San Francisco direct to Chicago, thereby
reducing the number of miles flown and thus, time en route. This concept is termed “free
flight” [5] and relies heavily on the implementation of GPS and a common air-to-air data
link such as Automatic Dependent Surveillance - Broadcast (ADS-B) in a mgority of the
aircraft in order to optimize trajectories and forecast potential conflicts. In addition to
shorter flights, reduced in-trail and altitude spacing between aircraft will increase the

capacity of the airspace.

Free flight offers a solution to the delays incurred en route, but airports must have the
capacity for additional throughput in order to realize the capacity gains offered by free
flight. NASA Ames Research Center is researching and implementing several software
toolsfor theterminal area[6], all designed to help controllerswork more effectively within
existing ATC protocols. Other initiatives, such as the Federal Aviation Administration
(FAA)/NASA Langley Research Center’s Low Visibility Landing and Surface Operations
being tested at Dallas-Ft. Worth airport [7] are looking to improve airport surface opera-

tions, increasing both safety and efficiency of ground movement. Yet a third initiative is



the now discontinued NASA Ames Terminal AreaProductivity program that sponsored the
NASA Langley/Honeywell Airborne Information for Lateral Spacing (AILS) research on
closely spaced parallel approaches [8], which is further described in Chapter 2. The AILS
research focused on approaches with greater than 2500 ft between the runways.

In the longer term, technol ogy that allows use of ultraclosely spaced (750 ft to 2500 ft) par-
allel approaches (UCSPA) would have a huge impact on the environmental impact of air-
port capacity increases. To support airport capacity increases by a factor of two or three
over the next two decades, new runwayswill berequired. Asthe required spacing between
runways decreases, the required additional land on which to build runwaysis reduced, thus
reducing the environmental impact. Figure 1-1 lists the major airports with dua runways
less than 4300 ft apart. These airports use both runways to land aircraft simultaneously
during visual conditions; however, they must either drop to dependent approaches or single
runway operations in instrument conditions, reducing throughput by up to afactor of two.
If the means of safely conducting ultra closely spaced parallel approaches in instrument

conditions were discovered, these airports would benefit greatly without any new runways.

Figure 1-1. Airports with closely spaced parallel approaches, courtesy NASA
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1.3 Specific Contributions of This Research

The contributions of this research address reducing required runway separation below the
2500 ft that wasreported achievablein[8]. New technology in surveillance, navigation, and
guidance will become available to commercial and business aviation over the next decade.
This research addresses how these technologies will benefit closely spaced parallel
approaches and how their levels of performance tranglate into reducing runway spacing

requirements. The following specific contributions were made in this research:

*Using a system’s engineering approach that relied heavily upon realistic, flight
test experiments and computer ssimulation, it was determined that ultra closely
spaced paralel approaches may be safely accomplished down to runway sepa-

rations of 1100 ft with the use of future navigation systems.

*The FAA has established procedures and assumptionsin order to certify the safety
of multiple aircraft simultaneously approaching an airport. Using these proce-
dures and a kinematic, two dimensional, probabilistic model of a parallel
approach and blunder, the probability of collision during an approach was found
to be acceptable within the maximum allowable blunder rate of 2000/year using

a combination of advance navigation aids and novel auto-pilot procedures.

*Quantified the parametric sensitivities influencing parallel approach spacing and
blunder evasion.
A parametric sengitivity study was performed to determine the effect of six critical compo-
nents upon the miss distance during a blunder: total system error, delay time, longitudinal
spacing, relative velocity, relative maximum bank angle, and the relative maximum roll
rate. These sensitivities then define the particular component trade-offs, i.e., if the delay
time was three seconds, what isthe necessary longitudinal spacing to assure that the aircraft
miss each other by 200 ft. This type of trade study is used to specify the technological

development of that component or the information required to be shared among the aircraft.

*Using flight test data and system identification techniques, quantified visual,

pilot-in-the-loop, dual airplane cruise formation flying dynamics.



In visua conditions, the FAA allows simultaneous parallel approaches to be conducted to
runways spaced as closely as 700 ft apart. The airplanes are aligned roughly side-by-side
on the glide path and the pilots must see each other. The underlying presumption of this
procedureisthat the pilots can safely diagnose apotential collision, react in sufficient time,
and have sufficient aircraft performance to avoid a blundering aircraft. The formation
flying experiments conducted under this research quantifies the system dynamics and the

pilot reaction times associated with various maneuvers at various separation distances.

*Experimentally determined flight technical error as a function of the type of navi-
gation path and display type and determined their effect on paralel runway
spacing.

In order to conduct parallel approaches, the pilot or auto-pilot must be able to place the air-
craft very precisely on the desired glideslope. This research measured the accuracy of a
pilot flying instrument approaches while varying two critical variables. the type of
approach path (either angular, asis currently implemented, or constant width, a new con-
cept which isbased on differential GPS) and the human machine interface, using either the

current, course deviation indicator or anovel, tunnel-in-the-sky display.

1.4 Unique, Ultra Closely Spaced Parallel Approach

Research
This research tackles the problem of multi aircraft dynamics, navigation, and operation,

specifically intheterminal area, and presents new findings on how ultraclosely spaced par-
alel approaches may be accomplished. The underlying approach considers how multiple
aircraft are flown in visual conditions, where spacing criteria is much less stringent, and
then uses this data to study the critical parameters for collision avoidance during an ultra
closely spaced parallel approach. Also included is experimental and analytical investiga-
tions on advanced guidance systems that are critical components of precision approaches.
Together, these investigations form a novel approach to the design and analysis of parallel
approaches for runways spaced less than 2500 ft apart.

Chapter 2 presents background information on precision and parallel approaches aswell as
previous research on closely spaced parallel approaches. Chapter 3 establishesthetechnical

requirements for the components of a parallel approach. Chapter 4 experimentally deter-
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mines pilot response time during visual, formation flying maneuvers while Chapter 5 uses
system identification techniquesto quantify pilot in the loop visual formation flying system
dynamic characteristics. Chapter 6 presents analytical and experimental results on the accu-
racy of aircraft positioning during a precision approach. Finally, Chapter 7 utilizes data
from each of the preceding chaptersto determine the probability of collision during an ultra
closely spaced parallel approach. A summary of the current research and possible future

work on parallel approaches are presented in Chapter 8.



Chapter 2

Background

A precision approach may be broadly defined as an approach that provides both positive
horizontal and vertical guidance to the aircraft, in contrast to a non-precision approach
which provides positive horizontal guidance only. There are severa types of precision
approach procedures for single runway operations. While the initial part of the approach
may be curved or segmented, all of the procedures eventually result in afinal, straight-in
segment, wherethe aircraft islined up with the runway and isfollowing both horizontal and
vertical guidance. Thefollowing sections present adetailed procedural description of three
types of precision approaches and then describes current and potential, future parallel

runway procedures.

2.1 Current Precision Approach Types

2.1.1 Instrument Landing System (ILS)
Described in detail in Chapter 6, the ILS is based on radio frequency transmitters located

near the runway that give horizontal and vertical guidance, termed the localizer and glides-
lope, respectively. The ILS is used for straight in approaches only and is often supple-
mented with additional marker beacons (outer, middle, and inner) and/or distance
measuring equipment (DME). Angular in nature, the resolution of the guidance decreases
with distance from the runway threshold, but is precise enough to enable auto-land with
appropriately equipped aircraft. Category | IL S hasaminimum decision height (DH) of 200
ft above ground level, Category Il reduces the DH to 100 ft, Category Ill1afurther reduces
the DH to less than 100 ft, Category Il1b to less than 50 ft, and Category Ilic ILS enables

auto-land and roll-out [9].

A typical ILS approach begins with air traffic control providing vectors to intercept the

glideslope. If vectors are not provided, a holding pattern or procedure turn may be used to
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set up the proper glideslope intercept angle. An aircraft should be established on the
approach at or prior to reaching the final approach fix, often the outer maker, at about seven
nautical miles from the runway threshold. The pilot is expected to remain on the fina
approach course until the decision height isreached, at which point the pilot will either land
or execute a missed approach. The decision height varies with each airport as does the

missed approach procedure, which has no positive guidance with an ILS.

2.1.2 Precision Approach Radar (PAR)
A PAR approach (also known in the military as a Ground Controller Approach or GCA)

provides aural rather than visual cues to the pilot for precise guidance. Using a precision
approach radar and display, the controller will vector the airplane onto final approach and
then proceed to give guidance such as“dlightly high” and “well left of course”. Range from
touchdown isgiven at least once each mile. A missed approach must be executed if the con-
troller determines that the aircraft is operating outside of the safe approach zone. Thiskind
of approach isvery similar to aNo-Gyro approach, in which the controller commands “turn
right”, “turn left” or “stop” [10]; however, no vertical guidance is given in the No-Gyro

approach.

2.1.3 Area Navigation (RNAV)
Areanavigation uses ablend of onboard sensorsincluding GPS, DME, and inertial naviga-

tion systems (INS) in order to navigate to predefined three dimensional waypoints. Area
navigation may be further broken down into its Lateral and Vertical Navigation (LNAV/
VNAYV) components for use during precision approaches. Increasingly, RNAV is used to
navigate through airspace defined by some Required Navigation Performance (RNP) limit,
such as RNP-10, which means that 95% of the time, the aircraft must remain within 10 nm
of the centerline of the route. The RNP airspaceitself is defined to be twice the width of the
limit, in this case, 20 nm on either side of the route’s centerline. RNP defines only the lat-
eral performance of the aircraft while the vertical component is typically measured by the

barometric altimeter.

Currently, the only authorized RNP approaches using LNAV/VNAYV are defined by RNP-
0.3 airspace and are performed by Alaska Airlines in Alaska. Using dual redundant GPS,
INS, flight management systems (FMS), and auto-pilot systems, the FAA approved RNP
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approaches into Juneau in early 1996. This reduced the decision height on runway 8 from
2880 ft to 724 ft [11]. Note that the Wide Areaand Local Area Augmentation Systems are

planning to use RNAV procedures for their approaches.

2.2 Current Parallel Runway Operations
During visual conditions, the FAA permits approaches to be conducted under a “see and

avoid” criteria. Separation responsibility in the landing pattern shifts from the controllers
to the pilots and simultaneous landings on parallel runways may be conducted at airports
with runway separations as small as 700 ft; however, during instrument meteorological
(IMC), the controllers are responsible to ensure safe separation between aircraft that may
not be ableto visually acquire each other. Currently, runways must be 4300 ft apart in order
to conduct independent parallel approachesunder IMC[12] or, if aPrecision Runway Mon-
itor radar is installed, required runway separation drops to 3400 ft [13]. At airports with
runways between 4300 and 2500 ft apart, dependent parallel approaches may be conducted
with adiagonal spacing of 2 and 3 nm, respectively, between aircraft landing on different
runways. Airports with runways separated by less than 2500 are limited to single runway
operationsduring IMC. Safein-trail spacing between aircraft is based on the strength of the
wake vortices generated by the preceding aircraft. In general, the heavier the aircraft, the
stronger the vortices and the further back the following aircraft must fly to ensure adequate

vortex dissipation of the leading aircraft.

Theterminal area separation criteriaof 3nm isdriven primarily by the accuracy of the Air-
port Surveillance Radar (ASR-7/ASR-9) and its 4.8 sec update rate. Based on datagathered
at San Francisco International Airport (SFO) in 1990 with the ASR-7 monitoring
approaches, at 10 nm from the runway threshold an aircraft’s position may be determined
within abox 360 ft along track and 374 ft crosstrack. These numbers are heavily dependent
on radar location with respect to the runway [14]. An even larger concern, though, is the
1000 ft an airplane travel s between radar updates and the 2000 ft it would travel if an update
was missed. Thisdelay in the system meansthat an aircraft could blunder toward the flight
path of a neighboring aircraft and controllers might not realize it until ailmost 10 sec later.
With the close spacing of parallel approaches, it isnot difficult to envision ascenario where

the midair collisonisareal possibility in IMC with radar as the only surveillance sensor.
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2.2.1 Simultaneous, | ndependent Parallel Approaches - over 4300 ft
Initially, the FAA required 5000 ft between runway centerlines for simultaneous, indepen-

dent parallel approaches. In 1974, the FAA approved areduction in that distance to 4300 ft
separation, benefiting primarily Los Angeles and Atlanta. Analyses conducted by the
MITRE Corporation in support of the 4300 ft requirement divided the spacing between the
runways into various components. Table 2-1 presents the distances allotted to these com-
ponents [15]. Additional discussions of these component values may be found in [16]. The

presumed blunder used in the model was aturn to 30 deg off heading.

Table 2-1. Breakdown of spacing components, 4300 ft separation

Component Allotted distance (ft)

Normal Operating Zone 1150
(NOZ)

Detection Zone (DZ) 900
Delay 1000
Correction Zone (CZ) 600
Miss distance 200
Navigation Buffer 450
Total 4300

Figure 2-1. Allotted distances for each component, 4300 ft runway spacing.
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Triple, simultaneous approaches may also be conducted, but the Normal Operating Zone

for each runway is increased to 1500 ft, requiring at least 5000 ft between runway center-

lines [17]. Normal precision approach procedures are in effect for either dual or triple
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simultaneous approaches, with emphasisthat the pilots should remain particularly alert and

fly the approach as precisely as possible.

2.2.2 Precision Runway Monitor Approaches - 3400 ft
The FAA realized the shortcoming of the ASR-7/9 in providing coveragefor closely spaced

parallel runways and initiated the Precison Runway Monitor (PRM) program in 1988 in
order to reduce required runway spacing to 3400 ft during simultaneous parallel
approaches. The result of thiseffort was the PRM electronically scanned, monopul se radar
with an update rate of 1.0 sec and azimuth errors of one mrad, one-third that of the ASR-9.
In addition to more precise sensing, a new final monitor controller position was created
with the sole responsibility of monitoring the two airplanes on approach using a new, high
resolution, final monitor aid display system that shows current aircraft position and a 10
second predictive track based on aircraft velocity. The system provides both visual and
aural warnings to the controller if an aircraft has entered or is predicted to enter the 2000 ft
No Transgression Zone between runways. The controller then broadcasts a warning and

instructions to the off-course aircraft.

Lincoln Laboratorieswas primarily responsible for the analysis and testing of the new radar
and new procedures at Memphis International Airport [18][19][20][21], again using the 30
deg off heading blunder for collision avoidance analyses. The PRM is now installed at two
airports, Minneapolis-St. Paul and St. Louis Lambert Field, and is scheduled to beinstalled
at three more, New Y ork’s JFK, San Francisco, and Philadelphia airports [22]. San Fran-
cisco will usethe PRM in order to reduce the ceilings at which visual approaches may con-
tinue to be conducted from 3500 to 1600 ft. Airportsin Sydney, Australiaand Hong Kong

have also recently received PRM systems in order to improve traffic capacity.

2.2.2.1 PRM Procedures
In order to fly a PRM approach, the pilot must have received specific FAA training on the

procedure. If the pilot or aircraft is unable to comply with the requirements for a PRM
approach, the pilot must notify approach control at least 200 nm out, otherwise, approach
control will direct thetwo aircraft to theinitial approach fix, maintaining at least 3 nm hor-
izontal or 1000 ft vertical separation until each are established on thefinal approach course.

Two tower frequencies are used during the approach with the pilots in each aircraft moni-
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toring both, but broadcasting only on the frequency assigned to their particular runway.
This redundancy is required in order to decrease the likelihood of a stuck microphone or
overlapping voice communication in the event of a blunder. Aircraft equipped with TCAS

must switch to Traffic Advisory mode only.

If an aircraft actualy enters the No Transgression Zone, the controller must transmit
instructionsto the blundering aircraft and if necessary, direct the evading aircraft to execute
a breakout maneuver. Although it isrecommended that PRM approaches be executed with
the auto-pilot engaged, a breakout maneuver must be hand flown. Radar coverage is pro-
vided for thefirst 0.5 nm after the departure end of the runway at which point the pilot will

continue the missed approach without radar coverage.

2.2.3 Dependent, Parallel Approaches - 2500 to 4300 ft
In 1978, the FAA created the dependent parallel approach, allowing staggered approaches

to parallel runways with less than 4300 ft spacing. According to the Aeronautical Informa-
tion Manual [23], at least 1.5 nm diagonal separation is provided between adjacent aircraft.
According to [15], for runway distances between 3000 and 4300 ft, 2 nm diagonal aircraft
spacing is necessary, while 3 nm diagonal spacing is required for runway spacing between
2500 and 3000 ft. Below 2500 ft, only single runway operations are permitted due to the

potential wake vortex hazard.

2.3 Objectives

The objectives of this research were twofold:

*Determine if the required runway spacing for independent, parallel approaches

may be reduced while maintaining current safety standards.
With more precise advanced navigation sensors and systems planned by the FAA, what
effect will the change in capabilities have on parallel approaches? It seems intuitive that if
the sensors are more accurate, if the pilots can more precisely place the aircraft on the
desired path in the sky, and if adjacent traffic information is presented to both the pilots and
the controllers, that required spacing may certainly be reduced without compromising
safety.

The second objective of this research undertakes a more fundamental question:
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*Given that the FAA now has substantially reduced flight separation spacing
requirements between two airplanes during visual conditions, what are the fun-
damental pilot-in-the-loop characteristics of visual parallel approaches?

Assuming then that a pilot’s response to an encroaching aircraft in visual conditions is
acceptablefor safety, one may quantify thisresponse and useit as abaseline for acceptable
response to a blunder in instrument conditions.This research experimentally examines the
characteristics of pilot response time and formation flying dynamics during visual condi-

tions.

2.4 Previous Work on Parallel Approaches

2.4.1 Airborne Information for Lateral Spacing (AILS) - 2500 to 3400 ft
NASA Ames, NASA Langley, and Honeywell’ s outstanding work in parallel approaches

culminated in aBoeing 757/Gulfstream IV flight test at Wallops Island in 1999 which dem-
onstrated the feasibility of safe, parallel approaches down to 2500 ft spacing even with an
adjacent aircraft blundering toward the B-757 [24][25]. The AILS program used a Special
Category | (SCAT-1) local areadifferential GPS mimicking an offset, angular ILSfor guid-
ance, astandard auto-pilot for glideslope intercept and steering, the Mode SADS-B imple-
mentation, and collision alerting algorithms embedded into the TCAS processor and
display. The approach path of the B-757 was offset two degrees from the runway heading.
This research was ground-breaking, particularly in the area of using traffic information in

the cockpit to evaluate potential collision hazards.

The goal of the AILS program was to implement technology and procedures which would
enable safe approaches down to 2500 ft runway separation. There was no attempt to iden-
tify required system-wide component performance that would enable approaches to run-
ways with less than 2500 ft spacing, nor were auto-pilot coupled evasion maneuvers
considered. While the research presented in the following chapters does not specify exact
equi pment implementation, it does specify required equipment performance and trade-offs

in order to safely execute parallel approaches to runways with less than 2500 ft spacing.
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2.4.2 Runway Spacing lessthan 2500 ft
Until recently, there has been very little research on simultaneous approaches to runways

with less than 2500 ft spacing because of the presumed wake vortex hazard. Thisisavery
real concern with the current dependent approach procedure since the adjacent aircraft are
staggered longitudinally; however, this research proposesto align adjacent aircraft side by
side, as is currently done in visual conditions. The eliminates the possibility of a wake

vortex encounter for either aircraft.

Previous work on increasing throughput to airports with runway spacing less than 2500 ft
has emphasi zed using existing navigation guidance systems to guide the two aircraft below
the cloud ceiling and then requiring visual acquisition before being allowed to continue the
approach. One example of this is a simultaneous offset instrument approach (SOIA). Sim-
ilar to localizer directional aid (LDA) approach, which is basically an ILS without the
glideslope component, the distinguishing feature of aSOIA isthat at |east one of the aircraft
approaches the runway at an angle offset from the runway heading. This offset istypically
two to three degrees and creates a larger lateral separation from an adjacent aircraft than if
the aircraft were on straight-in flight paths. The drawback to this procedure is the turn to
final required relatively late in the approach. Currently, St. Louis uses an LDA for
increased throughput on their parallel runways during IMC. SOIA has been proposed for

San Francisco.

With San Francisco Airport posting record delays due to weather over the past two years,
researchers at Georgia Tech and Stanford have investigated determining “safe zones’
between aircraft on approach to runways with spacing of 750 ft [26][27]. These safe zones
vary longitudinal spacing by modeling the wake vortex and considering collision avoidance
spacing requirements, thereby determining an optimal relative longitudinal position. Rock-
well Collinsand the Massachusetts' s I nstitute of Technology have also investigated “paired
approaches’ into San Francisco, which use an offset localizer for one of the runways and
longitudinally staggered aircraft positions [28][29]. These analyses presume certain tech-
nical component characteristics such as delay time and navigation accuracy in order to cal-

culate these optimal spacings. The approach of the research presented here reverses this
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process and analyzes the technical component characteristics in order to provide some

desired safe zone or miss distance.

2.5 Research Approach

The final analysis of this work determines the probability of collision during an ultra
closely spaced parallel approach, using methods followed by the FAA for approaches at
2500 and 3400 ft runway separation. Underpinning that analysis are experimental and ana-
lytical models of the various components comprising a multi aircraft system in the airport

terminal area.

16



Chapter 3

Ultra Closely Spaced Parallel Approach
Simulation and Sensitivity Study

3.1 Introduction
In anticipation of future advanced navigation technology and practicesthat may permit par-

alel, instrument approaches to runways less than 2500 ft apart, it isthe goal of thisinves-
tigation to determine the sensitivity of ultra low runway separation to seven parameters
which impact the successful resolution of a blunder/escape scenario: (1) safety buffer, (2)
evader aircraft delay time, (3) differences between evader and blunderer roll rates, (4) dif-
ferences between evader and blunderer maximum roll angles, (5) total system error (TSE),
composed of navigation sensor error and flight technical error, (6) differencesin airspeed,
and (7) variation ininitial longitudinal spacing. Therelative sensitivitieswill then rank the
parameter(s) which impact the successful completion of a blunder/escape maneuver during
an ultra closely spaced parallel approach. In turn, this information will define future auto-

pilot, data link, and approach guidance specifications.

While this research identifies the key parameters associated with executing standard,
straight-in approaches for each aircraft, other methods such as offset approaches may even
further reduce the probability of collision. Alternative blunder scenarios would also affect
the outcome of this sensitivity study. Fortunately, the simulation program is highly flexible
and accommodates virtually any dual aircraft approach geometry. Future researchers may
use this model to analyze differing scenarios and conduct sensitivity studies of myriad con-

figurations.

3.2 Ultra Closely Spaced Parallel Approach Mode

The model created for the sensitivity analysis defines a continuous, two-dimensional, non-

linear, time-dependent tragjectory for two point masses possessing kinematic airplane prop-
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erties. Co-planar point masses represent a worst case collision scenario as any separation
in the vertical would decrease the collision likelihood. Therefore, the third dimension was
not included in the s mulations. All properties of the “airplanes’ are deterministic. One air-
plane is designated the blundering aircraft or “blunderer”, the second is designated as the
evading aircraft or “evader”. Two virtual “runways’ are defined in an inertia reference
frame while the aircraft trajectories are propagated in a leader/follower, trandating, rotat-
ing, relative reference frame. The origin of the runway-referenced frame is placed at the
approach end of the runway of the evader; the origin of the relative reference frameis the
center of mass of the evader aircraft. After numerical integration of the equations of motion,
acoordinate transformation is performed at each time step to cal cul ate both the relative and

inertial positions and velocities of the airplanes.

3.3 Dual Airplane Kinematic Equations
Using the evader airplane-referenced frame, the position of the blunderer relative to the

evader isfirst calculated. Independently, the inertial position of the evader relative to the
runway is determined in the runway-referenced coordinate frame. A coordinate transforma-
tion is then performed to rotate the blunderer airplane into the inertial, runway-referenced

frame.

3.3.1 Evader Airplane-Referenced Frame Equations of Motion
The evader airplane referenced coordinate frame is alead/trail concept [30]. The origin of

the relative frame is the tranglating and rotating center of mass of the evader airplane,
shownin Figure 3-1. The x-direction is out the nose, the positive y-direction isout the right

wing of the evader aircraft.
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Figure 3-1. Evader airplane-referenced coordinate frame

Blunderer

The reference frame (denoted by capital X and Y) is rotating and translating with the evader air-
plane. Using this geometry, assuming no wind and a coordinated turn, the differential equations of
motion of the blunderer airplane relative to the inertial frame of the evader airplane are presented

in Egqn 3-1to Egn 3-5:

YB Rel = VgSn(Wg — W) - YeX 31

XB, Rel =V COS(l]JB—l]JE)—VE+ljJEY 32
anq@g(t ) an@c(t )

) = = .

be(t) = _[ v, Pe(t) = _[ v, 33

Pg(t) = IljJB(t)dt Pe(t) = IlIJE(t)dt 3.4

@) = [@BOR 0ub) = [e(t)at 35

where XB, Rel and Y.B, Rel aretherelative X and Y velocities of the blunderer with respect
to the reference frame attached to the center of mass of the evader, i isthe heading rota-
tion rate of the evader aircraft (positive clockwise), Yz — Y istherelative angle between
the velocity vectors of the two aircraft, @z and @g aretheroll angles of the evader and the
blunderer (right roll being positive), g isthe gravitational constant, and V¢ and Vg arethe
airspeeds of the evader and blunderer, respectively. Note that XB, Rel and Y.B, Rel arerel-

ative to the evader aircraft’s center of mass and are independent of runway location.

3.3.2 Runway-Referenced Frame Equations of Motion
In order to position the aircraft relative to a fixed set of runways, an inertial runway-referenced

coordinate frame is presented in Figure 3-2 with a fixed origin at the threshold of the evader’s
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intended runway. The along track coordinate down the runway centerlineis X’ while the crosstrack
dimensionis Y’. With prescribed initial conditions, the evader aircraft’s trajectory is calculated in
this frame using Egn 3-6 and Egn 3-7.

Figure 3-2. Runway-referenced coordinate frame

”
Blunderer

XE(t) = VzcosPg(t) 36

YE(t) = Vesinpg(t) 37

where Xe and Ye are the velocities of the evader aircraft relative to the runway-fixed

frame originating at the approach end of the runway centerline.

3.3.3 Blunderer’s Position in Runway-Referenced Coor dinates
There are now two coordinate frames: one centered at the evader’s center of mass, the second orig-

inating on the centerline of the runway threshold. The difference between these two reference
frames is merely the X and Y coordinates of the evader aircraft from the runway threshold. Once
the runway-referenced position of the evader and the relative position of the blunderer to the evader
are calculated, the position of the blunderer relative to its runway may be calculated by rotating and
translating its position into the runway frame using Eqn 3-8 and Egn 3-9.

Xg(t) = Xg(t) + XB, rel (D) cOS(—Pg(L)) + YB, rel(DSIN(—Pg(1)) 3-8
Yg(t) = Ye(t) + (=X B, rel(D)SIN(—Pg(t)) + YB, rel (1) cos(—Pe(1))) 39
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The state vector is formed from Egn 3-1 to Eqn 3-9 which are numerically integrated at each time
step using a fourth order Runge-Kutta method with an automatic step size which varies according

to the gradient of the solution.

3.4 Sensitivity Studies

3.4.1 General Sensitivity Analysis
The goal of a sensitivity analysis is to estimate the change in output of some model with

respect to the changein certain parameters[31]. In this case, let us define adynamic, deter-

ministic, continuous process of the form

{L:t>0 3-10
wheretheoutput L, = L,(Y+t) isafunction of input vector, Yt = (Y1, Y2...Yt) whichis
ahistory of the input processup to time t. { L;(-)} is a sequence of real-valued functions
[32]. The godl is then to estimate the expected performance of the system with respect to

various parameters, v,

f(0) = E{L(Y)} 311
and to examine the system sensitivities, Dkf(ﬁ), k > 1. For thisinvestigation, only thefirst
order gradients, k = 1, were examined. The parameter, v , is comprised of six variables of
interest. The performance parameter, f, is defined as the distance between the mass centers
of the airplanes at the closest point of approach (CPA). This sensitivity analysis was per-

formed about a set of baseline parameters, vg, with variationin v .

Theinput vector, Y , containsinitial conditions and maximum allowable values of the state
vector. Additional conditionsincluded in Y are timing specifications and threshold values
for maneuver initiation and termination. The model output, L, contains the complete time
dependent trajectory of the state vector, the closest point of approach of the two airplanes,
f(v), and the time at which the closest point of approach occurred. The closest point of
approach for agiven set of initial conditionsis defined by

— , 2 2
£(D) = min,/(Xe(t) = Xg(0)2+ (Y e(t) = Y 5 (1) 312
The results of the sensitivity analysis will rank the critical parameters that affect f during

an ultra closely spaced parallel approach. Based on these parameters, a detailed trade-off
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study will determine the specifications of the technological components underlying the sys-
tem, including data link message content and update rate, navigation sensor accuracy, and

relative positioning requirements.

3.4.2 Basdline Case
The baseline trgjectory chosen for the sensitivity study of UCSPA is based on the 30 deg blunder

scenario used in NASA's Airborne Information for Lateral Spacing program [33]. Initialy, the two
airplanes, modeled for all cases as Boeing 747-400s, are exactly abeam each other at matched air-
speeds of 140 kts and matched headings aligned with the runways. Each airplane has a 100 ft TSE
toward the other airplane, which means the airplanes are initially 200 ft closer to each other than if
they were each on the centerline of their respective runway, which is a worst case scenario. The
blunderer then rolls at arate of 10 deg/sto a maximum bank angle of 30 deg toward the evader and
amaximum heading change of 30 deg. After a2 sec delay from the onset of the blunderer’srall rate,
the evader performs an escape maneuver consisting of aroll rate of 10 deg/s to a maximum bank
angle of 30 deg and amaximum heading change of 45 deg. Thisissimilar to the trajectory proposed
in[34], but in two-dimensional form. A summary of the baselinetrajectory ispresented in Table 3-
1.

Table 3-1. Baseline tragjectory

Roll Max roll Max Air- TSE, Initial
starttime, | rate, | angle, deg| heading | speed, ft longitu-
sec deg/s change, kts dinal sep-
deg aration, ft
Blunderer to 10 30 30 140 100 0
Evader tg+2 10 30 45 140 100 0

Three runway separation distances were investigated: 750, 1100, and 1500 ft. The baseline values
of the sensitivity parameters are presented in Eqn 3-13. The blunderer and evader had matched air-
speeds and roll rates, resulting in a“deltaairspeed” and “ deltaroll rate” of 0 ktsand O deg/s, respec-
tively. The delay time encompasses the on-board collision detection algorithm, the air-to-air data
link, airplane roll performance, and the pilot/auto-pilot response time. The TSE of each airplane
towards the other includes error due to the navigation sensor system and the pilot path following

error.

To summarize, the baseline parameters are presented in Egn 3-13:
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TSEeach= 100 ft
Aairspeed= 0 kts
= A@= 0 deg/s 3-13
delay= 2 sec

A@= 0 deg/s
| Longitudinal spacing = O ft|

3.4.3 Parameter Range Variation
Around this baseline trajectory, the six parameters of U were individually varied over the ranges

defined in Egn 3-14 to create a six-dimensional spatial field composed of thousands of trgjectories.
Since the parametric sensitivity is directly related to the range of parameter variation, itis
critical for thisrange to be composed of reasonable values. For each parameter, arange was
chosen which seemed reasonabl e to this author, based on experimental and analytical

values aswell as the possible performance of certain aircraft. Summarizing,

TSEeaCh= 0 to 200 ft

Evader™ -20 to +20 kts

Aairspeed
A‘bEvader: -10to +10 deg/s 3-14
delay =0to5sec

A(pEvad er™ -30 to +30 deg

(g}
11

| Longitudinal spacing = -500 to +500 ft|
3431TSE

The TSE range for each aircraft was from zero (on centerline) to 200 ft toward the other
aircraft. For the sensitivity study, each aircraft had the same TSE, meaning that at the
extreme end value, the aircraft were 400 ft closer to each other than the runway centerlines.
Thisisaworst case TSE that includes navigation system errors and assumes the pilot or

auto-pilot both err toward the adjacent aircraft.

3.4.3.2 Airspeed Difference
The airspeed of the evader wasvaried +/- 20 kts around the blunderer’ sairspeed of 140 kts.

Thisvariation accountsfor aircraft of the same type, but differing weight during approach,

or aircraft of differing types.
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3.4.3.3 Roll Rate Difference
Theroll rate of the evader aircraft was varied from 10 deg/s faster to 10 deg/s slower rela-

tive to the blunderer’sroll rate of 10 deg/s. In this case then, the absolute values of the
evader roll rate ranged from a 20 deg/s roll rate to O deg/s, meaning no roll at all. The 20
deg/srall rateisamaximum performanceroll achievable by acommuter aircraft. It should
be noted that in this coordinate system aleft turn or bank isidentified by anegative number.
For instance, the baseline trgjectory’ s left roll rate of 10 deg/sis actually a-10 deg/sroll

rate. The same convention istrue for heading change and bank angle.

3.4.3.4 Delay
The delay time is defined as the time between when the blunderer’ s absolute roll rateis

greater than zero and when the evader’ s absolute roll rate becomes greater than zero. It
includes data link latency, pilot/auto-pilot response time, the collision detection and reso-
lution algorithm, and the dynamics of the aircraft. Although adelay time of zeroisnot real-
istic, this lower limit was chosen to demonstrate necessary performance at the lower
runway spacing. The five second upper limit was determined from experimental data dis-
cussed in Chapter 4.

3.4.3.5 Maximum Bank Angle Difference
The maximum relative bank angle of the evader was varied between +/- 30 deg around the

blunderer’ s baseline maximum bank angle of 30 deg. This means the maximum absolute
bank angle of the evader aircraft varied between 0 and 60 deg, the later resulting in a 2-g
turn away from the blunderer. This maximum bounds represents the best possible perfor-

mance of a commuter-sized aircraft.

3.4.3.6 Longitudinal Spacing
Theinitial relative, longitudinal position of the blundering aircraft was varied from 500 ft

in front of theinitial position of the evader to 500 behind. This distance represents the

allowable spacing in the four dimensional relative control of the two aircraft.

3.4.3.7 Safety Buffer
Not listed in the parameter vector because it does not impact the trgectory is a seventh

parameter of interest, the safety buffer. This safety buffer isdefined asthe desired missdis-

tance between the blundering and evading aircraft, where miss distance is defined as the
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distance between the centers of mass less the maximum dimension of the airplane. If one
permits less distance between two aircraft, then certain maneuvers may be permitted which
would not be allowed under more stringent separation requirements. The safety buffer was
varied from 0 to 500 ft. Although not related to technology or aircraft performance, the
safety buffer greatly influences whether a procedure is “acceptable” or not, especially at
reduced runway spacings. A safety buffer of zero isdefined astwo B-747-400sjust missing
each other, while a safety buffer of 500 ft implies that the aircraft missed by 500 ft.

3.4.3.8 Coor dinate Nor malization
From this six dimensiona spatial field, the first order gradient of the performance,

Dkf(G), k= 1, where performance is defined as the distance between the airplanes at the
closest point of approach (CPA), was determined for each parameter by taking an effective
partial derivative with respect to that parameter in the vicinity around the baseline trajec-
tory. Determining the first order gradient (or partial derivative) was done by plotting the
variation in the particular parameter versus the miss distance, fitting a straight line to the
curve using aleast squares fit over the selected range of variation, and then quantifying the
slope of that line. Prior to fitting the line, the coordinates of each parameter were trans-
formed into anormalized coordinate system ranging in valuefrom 0to 5 “ units’, asdefined
in Egn 3-15.

5 units B
of parameter rangel

value in units = (value of parameter) Efnax e 315

The gradients of each parameter with respect to miss distance may then be compared
directly, with a steeper gradient indicative of greater sensitivity over the range of variation.
Those with higher sensitivity exhibit greater impact on missdistance over therange of vara-
tion. The relative sensitivities then define the procedural changes or impact of the techno-

logical component on miss distance.

3.4.4 Parametric Gradient Example
An example of individual parametric data is presented in Figure 3-3 for the 1100 ft case.

Four of the parameters, longitudinal spacing, velocity difference, maximum roll angle and

roll rate difference exhibit nonlinear sensitivities. In order to estimate the first order gradi-
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ents for these parameters, the parameter was divided into two regions that each exhibited

linear behavior, effectively a piecewise linear fit.

Figure 3-3. Individual parametric sensitilvity gradients at 1100 ft
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One can visually inspect the plots and qualitatively determine that the delay time and an

evader with slower roll rate have steeper gradients than the rest of the parameters.

3.4.5 Collision Limits
The zero crossing of the closest point of approach definesthe critical value of that individual param-

eter at which collision (of the modeled B-747-400s) occurs, with all other parameters of the baseline
trgjectory remaining unchanged. The zero crossings for each parameter at each runway spacing are
presented in Table 3-2. The double dashes indicate no collisions within the range of values of that
parameter (shown in Egn 3-14) about the baseline trgjectory. The maximum safety buffer for the
baseline tragjectory is presented in the last row.

Table 3-2. Vaues at which a collision occurs, varied from the baseline case

Parameter 750 ft 1100 ft 1500 ft
TSE 147 ft
Aairspeed
AQ 3.8 deg/s slower 8.8 deg/s

than the blunderer | slower
delay time 29s 7 sec --
maximum A 7 deg less bank 26 deg less

than the blunderer | bank

Initial longitudinal spacing

maximum safety buffer 88 ft 434 ft
(B-747-400 model ed)

3.5 Comparison of the Relative Sensitivities

For the six parameters of interest in Eqn 3-14 and the safety buffer, composite, relative sen-
sitivities are presented for runway spacings of 750, 1100, and 1500 ft in Figure 3-4. The
percentagesindicate the relative magnitude between the gradients of the parameters, i.e., at
1100 ft, the closest point of approach is nine times more sensitive to delay time than to the

“evader velocity slower” parameter.
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Figure 3-4. Relative sensitivities
Relative sensitivity gradients at 750 ft runway spacing
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From the pie charts, one may directly obtain the top three parameters exhibiting the greatest

sengitivity at each runway spacing. These parameters are presented in Table 3-3.

Table 3-3. Top three parameters with highest gradients at each runway spacing

750 ft 1100 ft 1500 ft
Most sensitive parameter(s) Safety buffer Delay Evader with slower
(18%) (18%) roll rate, Evader with
lower bank angle
(both 22%)
Second most sensitive Delay Evader with lower
parameter(s) (16%) slower roll rate
(17%)
Third most sensitive param- TSE Safety buffer, evader Delay
eter(s) (14%) with lower bank (17%)
angle
(both 16%)

3.6 Results of Sensitivity Sudy

Overal, the delay time between the onset of the roll rate of the blunderer and the onset of
the evader’s roll rate significantly influenced the closest point of approach at al three
runway spacings. At 1100 and 1500 ft runway separation, ensuring the evading aircraft at
least matches the roll rate and maximum roll angle of the blunderer also figures promi-
nently. Minimal advantage is gained by exceeding the blunderer’s roll rate and maximum
roll angle; however, significant sensitivity is exhibited if the evader fails to match the roll
rate and maximum roll angle. At 750 ft, the accuracy of the guidance system becomes more
critical. A detailed study of the permissible delay time and the necessary guidance accuracy

is presented in the next section.

3.6.1 Safety buffer
Although visual formation flying is safely performed every day, it is because of the large

amount of information that the trail pilot has about the lead aircraft that this maneuver may
be safely accomplished. In IMC, the safety buffer, typically 500 ft, is factored into maneu-
vers in order to compensate for a lack of high fidelity information about the neighboring
aircraft. While any blunder is afundamentally dangerous scenario for neighboring aircraft,
this event occurs so rarely that no cases of ablunder during an IMC parallel approach have

ever been officially documented. Anecdotal evidence suggests that blunders have occurred
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and, therefore, two fundamental capabilities must be given to pilots performing UCSPA:
1) the ability to fly avery precise, high integrity approach to landing and 2) the activities
of the adjacent aircraft to sufficient detail that a successful escape maneuver may be accom-
plished should the other aircraft blunder. When these two capabilities exist, then the saf ety
buffer may be reduced.

3.6.2 Heading Change
While the maximum all owabl e heading change wasfixed at 45 deg for the evader, the clos-

est point of approach typically occurred near the point where both aircraft were on parallel
courses with a 30 deg heading change. Therefore, it is important that the evader aircraft
match the heading change by the blundering aircraft, but it isnot critical that the evader air-
craft exceed the blunderer’ s heading change.

3.7 Trade-off Sudies

Having gained an understanding of which parameters affect the miss distance most signif-
icantly, the values of the parameters may then be cross-plotted to determine the trade-off in
capabilitieswith respect to miss distance. Since delay time was determined to be significant
at all runway spacings, it is presented in all of the following surface plots. For each trade-
off study, the parameters of interest were varied about the baseline trgjectory presented in
Table 3-1. Thefirst study is presented in Figure 3-5 which gives a composite view of three
parameters for runway spacings of 700, 1100, and 1500 ft. The x-axisis delay time in sec-
onds, the y-axisis TSE in feet, and the z-axisis runway spacing, in feet. The colors at each
runway spacing correspond to the centers of mass separation (f from Egn 3-13), with dark
red indicating a collision and dark blue indicating a miss distance of more than 500 feet.
From this four dimensional plot, one may assess the design space when determining per-
mitted delay time and necessary guidance accuracy for desired runway spacing and miss

distance.

Note that the centers of mass separation colors correspond to a distance between two point
masses. To determine the miss distance of two actual airplanes of the same type, the largest
dimension of that type must be considered. For example, the fuselage of the B-747-400 is
almost 232 ft long, longer than its wingspan. In Figure 3-5, for two B-747-400s to avoid
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collision, the centers of mass separation would need to be at least 232 ft, corresponding to
orange. Table 3-4 lists the distances between centers of mass for various aircraft.

Table 3-4. Distance between the centers of mass of two airplanes

Airplane Model Centers of mass miss sepa-
ration to avoid collision
B-747X 264 ft
B-747-400 232 ft
B-777-300 242 ft
B-737-700 113 ft
B-717-200 124 ft
A-380 262 ft
A-340-200 197 ft
A-310 153 ft

Figure 3-5. Parametric trade-off between TSE, delay time, and centers of mass separation
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Asan example, suppose two, B-737-700s were on approach to runways spaced 700 ft apart
and it was desired to have a 200 ft safety buffer between aircraft during a blunder. This
meansthat the desired center of mass separation is 113 ft plus 200 ft, atotal of 313 ft, which
corresponds to orange on the color bar. At 700 ft, one may trace the orange contour and
note that if each aircraft had a 100 ft TSE toward the other, the maximum permitted delay
timeis 2 sec. With a 50 ft TSE, the delay time increases to 3.5 sec. The direct trade-off
between precisely positioning the aircraft and the time to respond is readily apparent.
Implicit in this study is the assumption that the evader has perfect knowledge of the blun-

derer’s position, velocity, and attitude.

3.7.1 Additional Trade-off Studies
Surface plots are presented in Figure 3-6 to Figure 3-9 for the other parameters of interest.

In each case, the unvaried parameters remained at their baseline values. The baseline tra-

jectory specification is repeated here for reference.

Table 3-5. Baseline tragjectory

Roll Max rall Max Air- TSE, Initial
starttime, | rate, | angle, deg| heading | speed, ft longitu-
sec deg/s change, kts dinal sep-
deg aration, ft
Blunderer to 10 30 30 140 100 0
Evader tg+2 10 30 45 140 100 0

Figure 3-6 presents the effect of initial longitudinal offset between the two aircraft. In the
nominal case, the blundering aircraft began its maneuver while abeam the evader aircraft.
By varying the initial offset between plus and minus 500 ft, the effect of initial position
versus delay time shows that the most dangerous position is for the blundering aircraft to
be ahead of the evader. If the blunderer isat least 250 ft behind the evader initially, the blun-
derer will turn behind and be no factor to the flight path of the evader, regardless of the

evader’ s response.
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Figure 3-6. Effect of initial longitudinal offset and delay time
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Figure 3-7 and Figure 3-8 present the effects of relative maximum roll angle and roll rate,
respectively. The separation distance contours are very similar in shape, illustrating the
basic principle that it is always better for the evading aircraft to roll further and at a faster
rate than the evader. It is critical for the evader to at least match maximum roll angle and
roll rate, however, it is only marginally beneficial to exceed the blunderer’s parameters. It
clearly is dangerous to either not have the information to match the blunderer’ s parameters

or to not have the aircraft capability. This need for performance matching may require the

pairing of similar aircraft for ultra closely spaced parallel approaches.
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Figure 3-7. Effect of the difference between maximum roll angles and delay time
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Figure 3-8. Effect of differencein roll rates
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Figure 3-9 presents the effect of different aircraft approach speeds, varying between plus
or minus 20 knots of the nominal 130 kts. Recall that the aircraft are initially abeam each
other. Theworst case occurs when the evader is slower than the blunderer, within thisrange
of airspeeds. If the evader is faster, they are more likely to outrun the blundering aircraft.
The dataindicates that if the approach speeds differ by more than 30 kts, the likelihood of
collision is substantially reduced. The only danger then would be the resulting longitudinal
separation during the course of the approach and the potential for hazardous wake vortex

conditions.

Figure 3-9. Effect of differencein airspeeds and delay time
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3.8 Conclusions
This parametric sensitivity study has determined that the delay time between the onset of

theroll rate of the blunderer and the onset of the evader’sroll rate significantly influenced
the miss distance at al three runway spacings. This delay time includes the pilot or auto-
pilot reaction time, the collision detection and resol ution al gorithm computational time, any
delay incurred by the electronics, and the dynamics of the aircraft. Assuming the existence

of an air-to-air data link, the fast response times (< 5 sec) required at runway separations
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lessthan 1100 ft will require either new displays for pilot-in-the-loop operations or distrib-
uted, intelligent auto-pilots with high-integrity collision detection algorithms that automat-
ically execute the emergency escape maneuver. Anintelligent auto-pilot combination may
be envisioned whereby the individual auto-pilots of the two aircraft are coupled via data
link and the pilots monitor the approach with a different display. Although the ADS-B
specifications [35] call for atwo Hz update rate with 50% probability of reception, effec-
tively making it, on average, aone Hz datalink, it is clear that ultra closely spaced parallel
approaches would benefit from guaranteed update rates of two Hz or better during the
approach.

At 1100 and 1500 ft runway separation, ensuring the evading aircraft at least matches the
roll rate and maximum roll angle of the blunderer also figures prominently. This brings up
the issue of requiring similar aircraft for ultra closely spaced parallel approaches. If alight
commuter aircraft was to aggressively blunder toward a fully loaded heavy transport, it is
unlikely that the heavy could match the commuter’ sroll angle and roll rate, and to do soin
atimely manner. Given the criticality of these two parameters, aircraft with similar perfor-

mance capabilities should be paired, particularly with arunway spacing less than 1500 ft.

At 750 ft, the accuracy of the guidance system is second in importance only to the delay
time. Controlling Total System Error to better than 100 ft for each aircraft allows delay
times up to 3 seconds, which is aggressive, but achievable if the auto-pilots of the individ-
ual airplanes are coupled via a high update rate data link and automatically execute the
escape maneuver. To limit total system error to less than 100 ft for pilot in the loop opera-
tions will require new displays, such as the tunnel-in-the-sky display, aswell asadifferen-
tial GPS for navigation. With amodern auto-pilot coupled for the approach, 100 ft of total
system error may be obtained using either the instrument landing system or a differential
GPS system for guidance. Both of these scenarios presume relatively low atmospheric tur-
bulence on the final approach course. Further data on total system error is presented in the

next chapter.
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Chapter 4

Visual, Cruise Formation Flying:

Pilot Response Time

In the previous chapter, the parameterscritical to the success of ultraclosely spaced paralel
approaches were identified. Next, we explore ways of determining actual or expected
values of these parameters. We begin by investigating the parameters governing the
accepted procedure of visual parallel approaches. Although ultra closely spaced parallel
approaches (UCSPA) are not permitted in instrument meteorological conditions (IMC),
they are allowed in visual meteorological conditions (VMC) with the pilots providing sep-
aration assurance. Assuming then that apilot’ s response to an encroaching aircraft in visual
conditions is acceptable for safety, one may quantify this response and use it as a baseline
for acceptable response to a blunder in instrument conditions. Executing an ultra closely
spaced parallel approach closely resembles|oose formation flying as each aircraft attempts
to maintain aminimum acceptabl e spacing relative to the adjacent aircraft whilealso flying
astraight-in approach to the runway. Thus, an experimental evaluation of pilot-in-the-loop,
dual aircraft cruise formation flying system dynamicsin VMC was undertaken to examine
pilot response time and system frequency response characteristics. These characteristics
will then be used as a basis for modeling pilot response behavior during a blunder. Other
researchers have investigated optimal performance of close formation flying; however,
there has been little experimental research on the characteristics of piloted, cruise (> 100 ft

separation) formation flying [36][37].

One key concern in collision avoidance during a blunder in IMC isthe delay time between
when the blunder starts and when the evading pilot commences the escape maneuver. In
other words, how long does it take for the pilot to 1) determine that the other aircraft has

maneuvered and 2) maneuver their own airplanein response. Invisual formation flying, the
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pilot is responsible for both collision detection and resolution. The envisioned scenariosin
IMC are: 1) acomputer-based on-board collision detection algorithm to alert the pilot to a
potential collision who then either manually or with the auto-pilot engaged, executes the
escape maneuver and/or 2) for the pilot to have a display showing the neighboring aircraft
position and attitude, thus enabling human collision detection, asin visual conditions. Since
visual paralel approaches are performed daily, the question is, “how fast does a pilot
respond to another aircraft maneuvering towards them and what parameters affect this
response time?” We may then use this information to model realistic pilot-in-the-loop
response times and to baseline the response time of the human collision detection and res-

olution algorithm against that of a computer-derived agorithm.

The primary variables of interest in determining pilot response time are the specific maneu-
ver of the blundering aircraft and the initial separation distance. In order to determine the
pilot reaction time as afunction of adjacent aircraft maneuver, a series of two airplane for-
mation flights were conducted in which various single axis maneuvers such as roll inputs,
pitch changes, and wings-level yaw were performed by the lead aircraft. The trail pilot’s
task was to attempt to maintain the current separation distance by following the lead's
maneuver, thus requiring the trail pilot to accurately diagnose and anticipate the lead air-
craft’s intent. These maneuvers were then repeated at different ranges in order to also

model the pilot’s response as a function of initial separation distance.

4.1 Flight Test Setup

Three formation flights were performed using a Beechcraft Queen Air as the maneuvering,
lead airplane and a Cessna Caravan as the evading, trail aircraft. The same pilotsflew each
airplanefor al flights. Inaddition to the three formation flights, a solo parameter identifi-

cation flight with the Caravan was performed to gather dynamic response data.

4.1.1 Definitions
Throughout this chapter, reference will be made to aircraft pitch, roll, and yaw angles, their

angular rates, and ground track angle. Aircraft pitch, roll, and yaw angles are illustrated in
Figure 4-1 and are the Euler angles which define the motion of the aircraft body coordinate

frame relative to the earth-fixed, inertial frame. In this document, angular rates are denoted

38



by the angle with a dot over it, such as ¢ for roll rate, in rad/sec. Ground track angle, a

parameter referenced extensively in the following analysis, is defined by Eqn 4-7.

Figure 4-1. Definition of Euler angles. Photo courtesy of Raytheon.

4.1.2 Instrumentation
The Queen Air and Caravan both had a prototype Wide Area Augmentation System

(WAAYS) installed to produce differentially corrected GPS position and velocity. The
WAAS system broadcasts corrections from a geosynchronous satellite at the rate of one Hz
onthe L1 frequency (1575 MHz). A Novatel Millennium receiver passed GPS and WAAS
correction messages to a Stanford University algorithm [38][39] at a rate of 4 Hz which
then calculated corrected aircraft position and velocity. All of these flightswere performed
prior to the removal of selective availability from the GPS signal. During the formation
flights, the Queen Air (lead aircraft) also had a Honeywell HG1150 Inertial Navigation
System (INS) installed which recorded roll, pitch, and heading angles at up to 50 Hz. For
the parameter identification flight, the INS was installed on the Caravan. Control surfaces
were not instrumented nor were the yoke or rudder pedals. Video footage was acquired

during the second formation flight.

4.1.3 Formation Flight Procedure
The nominal Caravan test conditions were 4000 ft MSL and 130 kts. The Queen Air flew

at 3900 ft at the Caravan’s9to 11 o’ clock position. A block of up to seven test points were

given to both pilots and the Queen Air pilot randomly chose the order. Each test point was
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performed twice (not consecutively) at each separation distance. Nominal initia latera
separation distances tested were 2500, 2000, 1700, and 500 ft. In order to ensure safety, but
avoid predictable maneuver times, “ready for maneuver” callswould be confirmed by both
pilots and at some time subsequent to those calls, typically five to twenty secondslater, the
lead pilot would maneuver the Queen Air. Roll and yaw maneuvers discussed in the fol-

lowing sections are for maneuvers only toward the trail aircraft.

4.1.4 Parameter |dentification Flight
A separate flight with only the Caravan was performed in order to gather data on the Car-

avan’ sdynamic response. Using this data, one may then identify appropriate time constants
and frequencies, which were then used in post-processing the pilot response times. Step
and hold inputs as well as doublets were performed to gather data on roll mode time con-
stant, steady state roll rate, dutch roll characteristics, and pitch dynamics. Data on long

period phenomena such as phugoid and spiral divergence were not obtained.

4.2 Pilot Response Time

A block diagram of the dual airplane formation flying system is presented in Figure 4-2.
With instrumented yokes, the pilot response time would simply be the time difference
between the pilot yoke inputs. The aircraft used in this experiment did not have instru-
mented yokes because certification constraints prevented it. Thus, the aircraft response

must be separated from the pilot response analytically.

Figure 4-2. Block diagram of formation flying dynamics
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To separate pilot response time from the total response of the pilot/aircraft combination to

the lead aircraft maneuver, the aircraft dynamics for a particular maneuver, say aroll, were

40



modeled. Using WAAS velocities, one can determine the ground track angle change as a
function of time for aroll at various roll rates. Ground track angle change is defined as
instantaneous change in ground track from the initial ground track direction. Mathemati-
cally, it is the arctangent of the ratio of the two dimensional components of GPS velocity
at each point in time (see Eqn 4-7). If it takes two seconds for a Caravan at 4000 ft and 130
ktsto changeits ground track angle by half of a degree (0.5 deg) whilerolling at 9 deg/sec
(thisis strictly a function of aircraft dynamics), and the total time recorded for the pilot/
aircraft combination to change ground track angle by 0.5 deg isthree seconds, then one may

say that the pilot response time for this maneuver is one second.

For these flights, aground track angle change of 0.5 deg was chosen asthe critical point for
two reasons:. 1) the signal to noise ratio of WAAS velocity could clearly capture this small
change in angle and 2) it is more accurate to estimate pilot response time early in the
maneuver before other factors such aswind, unmodel ed aircraft dynamics and station keep-
ing factors all become significant. Note that ground track angleis different from flight path
angle when wind is present. For a maneuver such as a climb and descent, a height change

of 2 meters was chosen for identical reasons.

4.2.1 Roll Angle Change Maneuvers
As an example of removing aircraft dynamics from the total system response, let us exam-

ine flight test maneuvers that had a significant roll angle change component: rolls (15 and
30 deg) and climbing turns. Only turns toward the flight path of the trail aircraft were ana-
lyzed. A representative ground track is presented in Figure 4-3, where the x-axisistime and
the y-axis is change in ground track angle, which was derived from WAAS-based instan-
taneous vel ocity measurements. In order to back out the pilot’ sresponse, the roll dynamics
of the Caravan must be accurately modeled and the various errors sources determined and

quantified.
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Figure 4-3. Queen Air and Caravan ground track angles during aright roll
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4.2.1.1 Caravan Roll Dynamics

One flight was performed in order to estimate the dynamic response of the Caravan at the
test conditions of the formation flight: 130 knots and 4000 ft. Step inputs and doubletswere
used to excite the various modes, with time history data being recorded at approximately
50 Hz by the Honeywell HG1150 INS. Based on the data obtained, the roll mode time con-

stant and steady state roll rate were determined, which in turn were used to generate pre-

dicted flight path trgjectories.

Beginning with the linearized, small perturbation aircraft dynamic equations of motion

[40], assuming x-z plane symmetry and simple roll without perturbation in the other axes:

oL A,y s
5508+ 5P = 1A% 41

where L isrolling moment, &, is aileron deflection, pisroll rate, |, is moment of inertia
about the x axis, and @ isroll angle. (dL/0d,)Ad, istheroll moment dueto the deflection

of the ailerons and (0L /0dp)Ap isthe roll-damping moment [41]. Eqn 4-1 may be rewrit-

ten as
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L5240,

Lp

TAp+Ap = — 4-2

where

oL/0d
T = —Li and L, = aLI/a and Loa = — 2 43

X X

and 1 is defined as the roll mode time constant. The time constant indicates how quickly
the airplane will reach a steady state roll rate given a step input in aileron deflection. For a

step change in aileron deflection, Egn 4-2 may be analytically solved to produce

L ~
Ap(t) = —L—éa‘(l—e s, 44
p
As t->00, the steady state roll rate becomes
-L
Pss = LéaABa 4-5
p

Substituting this expression into Eqn 4-4 results in an expression for roll rate as afunction

of time with only two unknowns: the time constant, 1, and the steady state roll rate, Pss:

Ap(t) = p(1-€"") 46

Using this expression and a step input in aileron deflection, atime history of roll rate may
be generated during flight test [42] from which p., and T may be determined. With differ-
ent ailleron deflections, a family of roll rate time histories would be generated since each

aileron deflection produces different steady state roll rates.

For the flight test, an approximately constant amplitude step input in aileron was performed
by marking the desired yoke input on the yoke housing. Time histories of two roll events
are shown by the dotted lines in Figure 4-4. From this time history, a steady state roll rate
of 18 deg/s and atime constant of 0.5 sec were calculated, which produced the modeled roll

response (the solid line).
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Figure 4-4. Experimental and modeled Caravan roll response to a step aileron deflection.
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Using this modeled data of roll response and Egn 4-7, ground tracks were produced that
model how the Caravan would respond to aroll input with no pilot delay. All integrations
were performed using a variable step size, fourth order Runge-K utta method.

I

0
o(t) = IpSSETJ’L —eTEdt
0 a

w(t) = I \%tan(p(t)dt
V() = Veing()

4-7

V() = Vcosy(t)

\Y

ground track angle = atan—Y
Vi

Assuming theroll modetime constant remainsthe same regardless of the aileron deflection,
the steady stateroll rate, p., ,was varied between 5, 9 and 18 deg/s and the resulting ground
track angle change is plotted in Figure 4-5 for a specific ground speed of 130 kts. These
curveswill change as afunction of ground speed. In order to model values of ground track

angle change due to aircraft dynamics only, ground speed was calculated at each test point

44



during the formation flight, thus enabling specific ground track angle change models to be
calculated at each test condition.

Figure 4-5. Modeled Caravan ground tracks for various steady state roll rates at 130 kts
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Specificaly, at 130 kts ground speed, without pilot delay and a steady state roll rate of 9
deg/sec, the modeled Caravan time to a ground track angle change of 0.5 deg is approxi-
mately 1.25 sec, as shown in Figure 4-5. The total time to 0.5 deg during the formation
maneuver presented in Figure 4-3 is approximately 2.5 sec. Using the simple formulain
Eqgn 4-8,

pilot delay time = total measured time to 0.5 deg

—modeled Caravan timeto 0.5 deg
the calculated pilot delay time would be 2.5 sec - 1.25 sec = 1.25 sec.

4-8

Since roll rate was not available on the trail airplane during the formation flights, an esti-
mate of 9 deg/s was used for modeling purposes. Thisis based primarily on the measured,
average lead aircraft roll rate of 9 deg/s. Allowing for the range of actual roll rates to be
within plus or minus 3 deg/s of the nominal 9 deg/s, errors of +0.3 sec and -0.1 sec are pos-

sible. This effectively transates to a pilot delay time error of +0.1/-0.3 sec.
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4.2.1.2 WAAS Velocity Accuracy
Since WAAS s being used as the primary flight path sensor, one must account for WAAS

velocity inaccuracy in assessing the final error of the pilot response time. WAAS velocity
accuracy was measured using data taken from a static antenna. The velocity of the antenna
should always be zero, so any indicated WAAS velocity may be modeled directly as noise.
The following table presents WAAS velocity errors from data gathered over 15 hours at
Stanford. Relative to the ground speed of about 67 m/s, the error in ground track caused by
the inaccuracy of WAAS velocity is negligible.

Table 4-1. WAAS velocity errors

68th percentile (m/s) 95th percentile (m/s)
East 0.042 0.142
North 0.037 0.137
Up 0.098 0.278

4.2.1.3 INStimeversus GPStime
The two primary sensors used in these tests, the INS and WAAS, did not share the same

time stamp on the data for thefirst two flight tests. In the first two flights, the INS datawas
tagged with an arbitrary time stamp and manually aligned with GPS data. WAAS and INS
velocities were plotted on the same time history (east and north velocities only), the veloc-
ities were then manually lined up and the time difference recorded. This time change was
then applied to all of the INS data. The error associated with this manual processiswithin
+/- 0.05 sec. On thethird flight test, one computer housed both INS and GPS interface cards
and the INS data was tagged with GPS time.

4.2.1.4 Determining the Start Time of the Lead M aneuver
The start of the lead aircraft’s maneuver was defined to be the point at which roll angle

begins to change from its steady state value just prior to the maneuver. The determination
of the time of roll angle change was performed manually and is estimated to be accurate to

within +/- 0.1 sec.

4.2.1.5 Summary of Roll Response Errors
From the preceding discussions, the following list summarizes the estimated, maximum

error for each of the components contributing to the overall error.
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*Mismodeling of Caravan roll dynamics: +0.3/-0.1 sec
*Airspeed vs. ground speed: +/- 0.05 sec

*WAAS velocity inaccuracy: negligible

*INS/GPS time alignment: +/- 0.05 sec

*Start of Lead Maneuver: +/- 0.1 sec

In order to give some indication of the measurement accuracy, the errors are added and

result in maximum error bounds on the calculated pilot response times.

*Maximum error bound on pilot response to roll maneuvers. +0.3/-0.5 sec

4.2.1.6 Pilot Response Resultsfor the Roll-Towards-Trail Maneuvers
Figure 4-6 presents pilot response time as a function of separation distance and type of roll

maneuver: roll to 15 or 30 deg and climbing turns. Below 2000 ft separation, the pilot
response time to the roll maneuver generally shows no particular trend; the pilot usually
responds in less than 2 sec, with an average time of about one second. For the case of the
lead aircraft rolling to 30 deg, thereis atrend with distance and the solid line shows the best
fit for that set of data. The polynomial equation for the curvefit is expressed as

t = 137024¢ " d° + 7813786 “d—0.24615 49
where ‘t’ ispilot response timein secondsand ‘d’ is separation distance in feet.
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Figure 4-6. Pilot response times versus rolling maneuver and separation distance
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4.2.2 Response to Climb and Descent Maneuvers
The approach to separating aircraft response from pilot response time for climbs (and

descents) is different from that employed in separating roll dynamics. Climb dynamics are
afunction of not only pitch and pitch rate, but static stability and angle of attack. As such,
simply using pitch angle and atime constant does not adequately describe the motion of the
airplane. Instead, an approach using the conservation of energy was employed which

enabled better prediction of aircraft timeto climb.

4.2.2.1 Determining Aircraft Pitch Response
For agiveninitia specific energy, the time to reach some predefined change in height may

be measured by performing step inputsin elevator. Thistime would then be subtracted from
the combined pilot/aircraft response to isolate the pilot response when responding to a
climb or descent maneuver during formation flying. This method is reasonable for up to

about three seconds after the climb or descent isinitiated. After that, induced drag becomes
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significant and conservation of energy is no longer valid. Specific energy, or energy per
unit mass, is defined by
E_1
m 2
where E is the energy, m is the mass of the aircraft, V is the airspeed, g the gravitational

V()% + gAh(t) 4-10

constant and Ah is the change in height of the aircraft. For this flight test, airspeed as a
function of time was not recorded; however, three-dimensional groundspeed was recorded.
Theinitial airspeed was manually recorded for each test point and from this, one may cal-

culate the initial specific energy just prior to the maneuver:

E - %Viz = constant 4-11
where V; istheinitial airspeed. Sincetheinitial airspeed was the same for each maneuver
in each flight test, this expression will be the same regardless of change in aircraft weight,
since energy required to reach theinitial airspeed will increase proportionally. Substituting

Egn 4-11 into Egn 4-10 and re-arranging resultsin

D
In order to calculate V(t), the windspeed is determined by subtracting the known initial
airspeed (inthis case, 130 kts) from the calculated three dimensional WAA'S groundspeed.

Ah(t) = éﬂlvi—%va)ﬁ 412

At each time step then, the windspeed is removed from the cal culated groundspeed before

determining change in altitude resulting in

(P
This calculated change in altitude may be compared with actual change in altitude mea-

A(t) = éﬂlvi - %(Vg(t) ~Viing) 413

sured by WAAS during step inputs in elevator. Figure 4-7 shows a comparison of actual

versus calculated altitude change.
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Figure 4-7. Modeled versus actual change in height during step elevator input
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For this maneuver, the model matches the data within 0.2 sec at the 2 m mark, giving a
confidence check on the WAA S vertical position measurement. Using the data, the timeto
a height change of 2 meters exclusive of pilot delay is 1.53 seconds. Thistime will then be
subtracted from the time to 2 meters during the formation flying maneuver. Although total
airplane weight changed from flight to flight, the specific energy did not, so thisdelay time
will bevalid for all maneuversbegun at 130 kts. The additional parameter which did change
and will affect the delay timeis static margin, which isafunction of aircraft center of grav-
ity. A weight and balance was performed for each flight configuration and the center of
gravity moved forward for the three formation flights by up to 3.7 inches. Thiswill result
in the aircraft response to elevator input being dlightly longer; however, since the change
in center of gravity location is so small, this effect will be neglected for the pilot response

studies.

Figure 4-8 showsthe model of apushover or descent maneuver. Timeto achangein height

of 2 meters was averaged between the two data sets and determined to be 1.15 seconds.
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Figure 4-8. Modél of aircraft response to a pushover.
Actual vs. Modeled Caravan Climb Characteristics
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4.2.2.2 Pilot Responseto Climb and Descent Maneuver s

Pilot response time as a function of separation distance and pitch maneuver is shown in
Figure 4-9. Approximate error is +0.10/-0.25 sec, based on an analysis similar to that
detailedin Section 4.2.1. A second order polynomial curvefitisalso presented for climbing
and descending maneuvers. One can see that the response to a climb is quicker than to a

descent, but that responses to both do slightly increase with increasing separation distance.

Climb response may be represented by the second order polynomial shown in Figure 4-9

and written as

t= 1.03042e_7d2 + 2.255376_4d + 0.81896 4-14

where ‘t’ is pilot response time in seconds and ‘d’ is separation distance in feet. Pilot

response to pushovers may be expressed as

t = 2.4280¢ 'd°— 168386 'd+ 196913 415
Eqgn 4-14 and Eqgn 4-15 are used to illustrate the trends of climbing and descent maneuvers

and may be used in future models of pilot response time.
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Figure 4-9. Pilot response to pitch-type maneuvers
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4.2.3 Response to Wings-Level Yaw Maneuvers
The final class of maneuver performed in formation flying was a wings level yaw, with

varying maximum yaw angle. Although such maneuvers are rarely performed during
normal flight operations, they may represent the effect of an aircraft drifting or a sidedip

maneuver during a glideslope recapture.

4.2.3.1 Aircraft/Pilot Responseto Yaw
Inthe case of yaw, the pilot was not accustomed to making a pure rudder input as aresponse

and would typically respond with a combination of roll and yaw. Since the response was
variable, it is very challenging to accurately remove the airplane response without an INS
on the Caravan to record aircraft attitude. For thisanaysisthen, it is presumed that the trail
pilot made a roll-only input, thus enabling us to use the procedure outlined for the roll
maneuvers. Using these results, Figure 4-10 presents the pilot response characteristicsto a
1/4 or 1/2 of maximum rudder pedal input by the lead aircraft. The error estimate is approx-

imately -0.4/+0.4 sec, again, following an analysis similar to that presented in
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Section 4.2.1. The larger errors are due to the presumption of a roll-only response to the

yaw maneuver.

Figure 4-10. Pilot response to wings level yaw maneuvers
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The feature unique to this series of maneuversis that the trail pilot did not respond to five
out of the eleven maneuvers. Although the pilot responded to all of the maneuvers occur-
ring around 500 ft separation, at distances greater than 1500 ft, he could only perceive
changesin either attitude or spacing 37.5% of the time. In this case, it appears that maneu-
ver maximum amplitudeis critical to successful yaw identification, a phenomenon that was

not exhibited by the roll or climb/descent maneuvers.

4.3 Summary of Pilot Response Results

A composite graph of the datafrom the previous sectionsis presented in Figure 4-11. Error

bars generated around each test point delineate the possible range of pilot response.

One can see that the pilot generally responds the fastest to roll angle changes, followed by
pitch changes, and isthe least responsive to heading angle changes. Both pitch and heading
angle changes exhibit some sensitivity to separation distance; however, pilot response to
roll angle change at separation distances less than 2000 ft is consistently less than 2 sec-

onds. Above 2000 ft, pilot response is slower by half a second, but the quantity of data
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above 2000 ft is significantly lower than that below 2000 ft and additional data should be

obtained before direct comparison made.

Figure 4-11. Composite of pilot response times with error estimations
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4.4 Conclusions
The preceding analysis suggests that a pilot discerns roll angle change more quickly than

either pitch or yaw angle changes. This response time averages about one second for sepa-
rations less than 2000 ft. Response to a climb maneuver is faster than that to a descent and
is probably because pitching the nose up to climb is a more natural response than pushing
over in order to descend. Pilot response to awings-level yaw maneuver is between one and

five seconds, but frequently thereis no response at all.

Thisseries of flightsforms abasisfor analyzing pilot response; however, additional issues
such asindividual differencesin pilot response, differencesin lead aircraft maneuver entry
characteristics, and atmospheric factors such as sun angle, background terrain, and cloud
coverage have not been addressed. The superior trail pilot response to lead aircraft roll

maneuvers compared to yaw maneuvers strongly suggests that roll information is valuable



to the pilots for collison avoidance in situations such as ultra closely spaced parallel

approaches and thus, should be included in any air to air datalink.
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Chapter 5

Visual, Cruise For mation Flying Dynamics

The previous chapter quantified pilot response time to maneuvers performed during visual,
cruise formation flying. In this chapter, the same data sets were used to analyze the overall
dynamics of a two aircraft, pilot-in-the-loop cruise formation flying system. The system
dynamics will then indicate the trail pilot’s ability to accurately track and respond to the
maneuver of the lead aircraft, thus creating an analytical model of the dynamics of the

human collision detection and resolution algorithm.

One way to create a system model is to use experimental data along with system identifi-
cation techniques to model the overal dual aircraft system dynamics. The input to the
system is the lead aircraft maneuver while the output of the system is the trail aircraft’s
response. This chapter follows that approach and describes the system identification meth-
ods in detail as applied to example data gathered from a lead aircraft abruptly rolling
towards the trail aircraft. The merits of both single input/single output and multiple input/
single output models were analyzed and the resulting models validated in order to deter-
mine the necessary information required to satisfactorily anticipate system behavior. This
information must then be present in any air-to-air data link designed for cooperative, multi

aircraft cruise formation flying.

5.1 Physical model of Formation Flying

A simplified physical model of formation flying is the spring-mass-damper system illus-
trated in Figure 5-1.
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Figure 5-1. Physical basis of formation flying model
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Theairplanes are model ed as point masses and assuming no external forces (primarily wind

in the case of flight), the linear equation of motion for the x-direction is

m; Xy +bXg + kx; = m,Xz + bxa + kx, 51
where x, and x, aredeviations of theaircraft from their nominal positions, , isthe mass
of thelead aircraft, m, isthemass of thetrail aircraft, b and k are damping and spring coef-
ficients, respectively, and X, X, and x are acceleration, velocity, and position. Solving for
X, , thetrail aircraft position, and accounting for the fact that the trail aircraft pilot response
time to alead aircraft maneuver will be delayed by a seconds, the generalized formation

flying model may be written:

X,(1) = ax,(t—a) +bx (t—a) +cxg(t—a) + dxi(t—a) + fXa(t) + gxo(t) 52
where a, b, ¢, d, f, and g are generalized linear coefficientsand a isthetrail pilot response
time. Note that “b” now refers to a generalized coefficient rather than the damping coef-
fcient. Performing a Laplace transform and rearranging the equation into transfer function

form resultsin:

X,(S) _ be %S + cse @S + ds?e °°
X4(s) S

> —~ 5-3
1-fs—gs —ae

where the input, X 1(s) , Isthe lead aircraft position and the output, X 2(s) , Isthetrail air-
craft position. Using afirst order Pade approximation for the delay,

—as_2—0S
2+as

the transfer function may be rewritten as

5-4

Xa(8) _ _ads’ + (2d—ac)s® + (2c—ab)s+ 2b
X1(S)  _agsP+ (—af-2g)s’+ (a +aa—2f)s+ (2 - 2a)

5-5

57



Using this form of the transfer function and data from carefully controlled experiments, a
variety of parameter identification methods may be used to estimate the values of the coef-

ficients. The values of these coefficients determine the system dynamics.

5.2 Parameter |dentification Example
The experimental formation flying setup is described in detail in Chapter 4. In summary,

two aircraft flew in formation at nominal conditions of 130 kts and 4000 ft at some prede-
termined initial lateral separation distance. The lead aircraft would then execute an abrupt
maneuver toward the trail aircraft for 10 to 20 sec. This maneuver would be either in the
roll, pitch or yaw axis. The trail pilot was tasked to mimic the maneuver and attempt to
maintain the initial separation distance. The maneuver concluded when the lead aircraft
removed the input and resumed straight and level flight. Over the course of three formation
flights, maneuvers in all three axes were performed at initial lateral separation distances
varying between 500 and 2500 ft

Two example maneuvers were chosen to illustrate the parameter identification (PID) tech-
niques. The first was the lead aircraft executing an abrupt roll to a roll angle of 15 deg
towardsthetrail airplane from aninitial separation distance of 1900 ft. The second wasthe
lead aircraft executing an abrupt roll to 30 deg towardsthetrail airplanefrom aninitial sep-
aration distance of 500 ft. Two data sets were taken at each test point, one with which to
estimate the parameters and the second for model validation. The primary variables of
interest were velocity, provided by the Wide Area Augmentation System (WAAS), and
attitude, provided by a Honeywell navigation grade inertial navigation system installed on
the lead aircraft.

In system identification, it is important to capture all of the system dynamics, yet avoid
including the process or measurement noise. Most parametric models handle this by esti-
mating the noise dynamics separately. This separation between system and noise dynamics
becomes increasingly challenging as the signal to noise ratio decreases. Fortunately,
because of the excellent signal to noiseratio of WAAS velocity in this application (approx-
imately 100:1), the error dynamics are negligible. Thus, arelatively simple parameter iden-
tification model, the Auto-Regression with eXtra inputs (ARX) model, provided good
modeling of the formation flying system dynamics. In the ARX model, the current esti-
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mated output is a linear function of the past inputs and outputs. In most cases, a second
order ARX model with atwo-step time delay exhibited the best fit for the physical system
[43]. The ARX model form may be described by

Ay = Bu+te 56
wherey isthe output vector, A isthe output vector coefficient matrix, uistheinput vector,
B isthe input vector coefficient matrix, and eisthe noise. For a second order model with a

two step time delay, the resulting discrete transfer function is of the form
boz + b,

G(z) = > 5-7
z(z"+a;z+a,)

The Tustin approximation (trapezoidal rule) was used to convert the transfer function to the
continuous time domain. At each separation distance, a best model was then created to fit
the dynamics of the formation flight system for a particular maneuver. In this example case
of the lead aircraft executing a 15 deg roll toward the trail aircraft, the best fit ARX model
may be expressed as

Xo(S) _ —0.00s° + 1.815°-11.875 + 24.76
X1(8) 410,045 + 19315+ 24.06
where X 1 is the ground track angle of the lead aircraft and X2 is the ground track angle

5-8

of thetrail aircraft. The ground track angle effectively transates two dimensional position

information into a single variable by using the ratio of the instantaneous velocity vector

components
Vv
ground path angle = atan Y 5-9
Vx
where Vy Is the component of the aircraft velocity in the y direction and Vx Is the com-

ponent of the aircraft velocity in the x direction. The ground track angle of each aircraft at
the beginning of the lead aircraft’s maneuver is subtracted out, effectively making X 1 and
X o changesin ground track angle. The pilot response time may be extracted by comparing
Eqgn 5-5with Egn 5-8 and solving for the pilot responsetime, o . Todo this, o must beiter-
atively chosen in order to create alinear systemina, b, ¢, d, f, and g. The best solution then

corresponds to the a which produces the lowest root sum square of the errors. Once a is
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chosen, we have eight equations and six unknowns, so the system is overdetermined and a

least squares solution may be used. Forming the linear system,

L oo
coocon 4 o

Q O OO o o o
S OoON

0
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|
Q

O O O o o
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O O oON
o O O O
1
|
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0 —a -2
0-20
0 0 0]

Q - O O T Q9

Q O O O O O O

2

—0.09
1.81
11.87
24.76
1
10.04
19.31

|24.06]

5-10

5-11

where x contains the solution vector [ab cdf g]’ from Egn 5-5, H containsthe coefficients
of the solution vector, m contains constants, and y comes from the coefficientsin Egn 5-8.

A range of values of a was chosen and using aleast squares method to solve for X,

1
HTy 512

X = (HH)
where >A< Is the estimation of x. For each value of a, the root sum square of the errors, x -
>A< , Was calculated. The a which resultsin the lowest root sum square error isthe best solu-
tion to the linear system. As illustrated by Figure 5-2, the resulting best solution for the

coefficientsa, b, ¢, d, f and g correspondsto a = 0.3 sec.

Figure 5-2. Root Sum Square error vs. pilot response time, alpha
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There is an additional near-minimum at a = 0.5; however it is not the global minimum.

With a =0.3, the resulting solution vector is

[_110]
12.4
_ | -4.08 12
0.29
_11.16

g | 3.3

Comparing the calculated pilot delay time of 0.3 sec with the pilot delay time determined

- O O T QO

in Chapter 4 for alead roll to aroll angle of 15 deg toward the trail aircraft at 1900 ft sep-
aration, one can see that this falls well within the range of 0.4 sec +0.5/-0.3 sec, thus pro-
viding a secondary check between two entirely different methods of calculating pilot

response time.

5.2.1 Single Input vs. Multi-input Modeling
The first parameter identification was performed using the ground track angle change of

each aircraft in asingleinput/single output (SISO) model. Thismodel issimple and the data
readily available to any aircraft equipped with WAAS or other precise positioning system.
With selective availability now turned off, even stand-alone GPS may be sufficient for this
analysis. However, given the assumption that the pilot likely sensesroll angle change asthe
firstindication of aroll maneuver, pilot in the loop formation flying may be better modeled
by using multiple inputs, i.e., ground track angle and roll angle. This situation creates a
multi input/single output (MISO) system where the lead aircraft’s ground track angle
change and roll angle are the inputs and the trail aircraft’s ground track angle change isthe
output. The MISO system was also modeled using a second order ARX model where the

input is now amatrix of values rather than a vector.

5.2.1.1 Residual Error Analysis
Theresidual error is defined as the difference between the actual and modeled system out-

put. In order to determine the “goodness’ of the model, the residuals should be a normally

distributed, white noise process with zero mean that is uncorrelated with past inputs.
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To determine if the residuals are a white noise process and uncorrelated with past inputs,
an output auto-correlation of the residuals and a cross-correlation of the residuals with the

inputs, respectively, may be performed. The auto-correlation is defined as

N
I |
Re = N Z e(t)e(t—1) 5-14
t=T1
where N isthe number of data points, T isthe delay time, and € isthe output residual. The

cross-correlation is

N
Rey = % 3 eOu(t-1) 515
t=1
whereuistheinput value. To determineif theresidualsaresmall enough”, one may define
aconfidence interval for anormal distribution whereby if all of the residualsfall within the
99% confidence interval, one may say that the residuals are gaussian and all fall within

three sigma of the mean.

In order to determine the best model for the second example, that of the lead aircraft rolling
toaroll angle of 30 deg towardsthetrail at aninitial separation distance of 500 ft, the two
SISO cases and one M1 SO case presented in Table 5-1 were modeled:

Table 5-1. Parameter identification models tested

Case Input 1 Input 2 Output

1 | Leadaircraft ground track - Trail aircraft ground track
angle angle

2 Lead aircraft roll angle -- Trail aircraft ground track
angle

3 | Leadaircraftgroundtrack | Leadaircraft roll | Trail aircraft ground track
angle angle angle

Not only does amodel have to exhibit acceptable residual behavior for the data subsuming
the model, but the residuals on the validation data set must also be acceptable. The auto-
and cross-correlationsfor the M1 SO case using the data set used to create the model are pre-
sented in Figure 5-3. There are two cross-correlation figures, one for the ground track angle

input and the second for theroll input. All of the data lies within the 99% confidence inter-
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val, from which we may conclude that the model adequately captures the highest order
dynamics and accurately models the system delays.

Theresidual analysis of the validation data set showed that this model also adequately cap-
tured the dynamics of asecond roll maneuver at the same separation distance. From thiswe
may conclude that the ARX MISO model adequately captures the formation flight dynam-

ics of aright roll maneuver starting at 500 ft separation distance.

Figure 5-3. Auto- and cross-correlation functions for MISO case, modeled data set
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Figure 5-4. Auto- and cross-correlation of MISO model using validation data

Auto—correlation function of output residuals — valdation data set
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The residua analysis for the two SISO cases showed dlightly poorer modeling perfor-
mance, but still adequately model system behavior as may be shown in the output analysis.

5.2.2 Model Output Performance
Another means to assess the goodness of the ARX model is to compare the predicted

system output with actual system output and examine the average error. Figure 5-5 to
Figure 5-7 present modeled and actual output data for the two SISO and one MISO case.
In each plot, there are two data sets. the data used for creating the model and the data used
for validation. The same ARX model is used to create both predicted system outputs.
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The “goodness of fit” number presented in each graph is the mean squarefit, calculated by

) fit = norm(y —y)/ (JN) 5-16
where y isthe modeled output value, y is the actual output value, and N is the number of
output elements. The SISO models were better at predicting the behavior of the data set
used for modeling (‘model’ in the plot); however, the M1SO model performed better on the
validation data (‘ validated’).

Figure 5-5. Modeled ground track angle change based only on lead aircraft ground track angle change
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Figure 5-6. Modeled ground track angle change based only on lead aircraft roll angle input
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Figure 5-7. Modeled ground track angle change based on lead aircraft ground track angle change and roll
angle
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5.2.3 Summary of Modeling Techniques
The preceding analysis was performed for al lead aircraft test points, covering roll, pitch,

and yaw maneuvers at initial separation distances between 500 and 2500 ft. The resulting

models are then used to quantify formation flying system characteristics.

5.3 VFR Formation-keeping Characteristics

Oncethetrail aircraft’ s pilot has determined the intent of the lead aircraft, how well can he
or shefollow the lead’ s maneuver? Obviously, for formation flight at distances closer than
50 feet or so, the trail pilot must follow the lead exactly or risk collision. For distances
larger than that, there is more uncertainty in diagnosing the intentions of the lead aswell as
more airspace in which to maneuver. For thistest, the trail pilot was instructed to “ attempt
to maintain initial separation distance” and to do so, as much as possible, by matching
inputs. For instance, if the lead aircraft executed ayaw maneuver, the trail airplane should

also execute ayaw maneuver.

Formation keeping characteristics, defined as how well the trail pilot could match the lead
aircraft’ smaneuver and maintain initial separation distance, were quantified in terms of the
damping ratio and natural frequency of the formation flight dynamics. The characteristics
were generated from models created using the parameter identification method outlined in
the previous section for the SISO case with lead aircraft ground track angle change being
the sole input, except in the case of climb, which used the SISO case with pitch angle being
the sole input. From the damping ratio, one may infer how well the trail pilot/aircraft com-
bination can track the maneuver of the lead aircraft. The natural frequency of the systemis

indicative of the pilot input frequency as well as the aircraft dynamics.

At each of the test points, the lead pilot provided a step input maneuver for approximately
ten to twenty seconds in one of the different axes: roll, pitch or yaw. As one may see from
thefollowing plots, thetrail pilot responds quite differently to the different maneuvers. For
instance, Figure 5-8 presentsatime history of aroll maneuver. The response of thetrail air-
craft (solid lines) iswell damped and the pilot is able to formation-keep on the lead aircraft
(dashed lines) well. However, when the lead input isawing’ slevel yaw maneuver, the trail
aircraft ground track is much more oscillatory, as shown in Figure 5-9. The implication is

that either the pilot or the pilot/aircraft dynamics combination prevent a well damped
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response to the yaw maneuver. Trandating to the frequency domain, one may examine

damping ratio and the poles of the system.

Figure 5-8. Time history of two roll maneuvers at 500 ft separation
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Figure 5-9. Time history of two yaw maneuvers, 2300 ft separation
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5.3.1 Rall Tracking Characteristics - Frequency Domain
The poles of the open loop formation flying system for roll maneuvers at various separation

distances are presented in Figure 5-10. Roll response is athird order system consisting of
apilot delay time and an oscillatory characteristic. Note that there are overlapping poles at
s=-8. Except for the hard right roll at 480 ft, al of the poles have damping ratios between
0.5 and 0.6. The natural frequencies are between 0.3 and 1.1 rad/s, trandating to a period
of 20.9 sec and 5.7 sec, respectively. In general, the pilot must adjust hisformation-keeping
position more frequently at further separation distances. Intuitively, this may be dueto the

need to re-estimate closure rates more frequently and adjust accordingly.

Thefast pole at s= -8 rad/sec isdue to the pilot delay time. Using Eqn 5-5 and Eqn 5-8 and
solving for a, onefinds that apole at s = -8 corresponds to a pilot delay time of 0.25 sec,
which is very close to the calculated delay time of 0.3 sec of Chapter 4. It is not identical
due to the fact that pilot delay is also embedded in the second order response.

Figure 5-10. Pole locations for roll maneuvers at various separation distances
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5.3.2 Climb Tracking Characteristics - Frequency Domain
The formation-keeping characteristics of a climb are presented in Figure 5-11 and demon-

strate that the system is primarily composed of pilot delay and a translation mode.
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Figure 5-11. Frequency response to a climb, normal and zoom view
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If modeled as a second order system, the damping ratio and period is approximately 0.62

and 14 sec, respectively. The short period dynamics, with atime constant of 3 sec and very
small amplitude, are not afactor. The pilot is able to estimate and match a climb maneuver

with high confidence and accuracy.
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5.3.3 Yaw Tracking Char acteristics
Since the pilot neglected to respond to roughly half of the yaw test points, there are two

possible valid modelsthen for yaw tracking: one that has no response and onethat is second
order with undamped oscillations. The period of the oscillatory response is approximately
18 sec. Undoubtedly, the dutch roll mode is excited, but the primary factor influencing the
light damping ratio of the formation-keeping response is the strong directional stability of
thetrail aircraft, a Cessna Caravan. Thelarge vertical tail exerts arestoring moment when-
ever the pilot reduces pressure on arudder pedal. Thus, if the pilot does not exert a constant
rudder pedal force, the system will oscillate. This does not account completely for the oscil-

lations, but does exacerbate any change in pilot inpuit.

Figure 5-12. Frequency response to awing's level yaw
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5.4 Conclusions
Using system identification techniques, human-in-the-loop, visual formation flying charac-

teristics have been quantified for this particular pilot/aircraft combination. The signal to
noise ratio for the system is on the order of 100:1 and permits use of the relatively simple
ARX parameter identification model. M1SO and SISO modelswere also applied to therall,

climb, and yaw responses. In the case of roll and yaw, the M1 SO model was superior; how-
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ever, the SISO model using ground track angle change as the input may be adequate for
predicting system behavior and requires less information. In the case of climb, the SISO

case using pitch angle as the input exhibited the best behavior.

Although the specific system response characteristics are unique to this aircraft/pilot com-
bination, a few observations may be made. In general, the open loop, formation-keeping
characteristic of aclimb maneuver iscritically damped, while the response to aroll maneu-
ver ismoderately damped. The response to ayaw maneuver is either non-existent or exhib-
its virtually undamped oscillations, in part due to the strong directional stability of the trail
aircraft. The short period and dutch roll dynamics do not factor significantly into the for-

mation-keeping response due to their higher frequency and smaller amplitude.

The roll maneuver isthe only system with sufficient datato remark upon the effect of sep-
aration distance on the natural frequency of the system. Excluding the test point at 2445 ft,
the pilot makes more inputs as the separation distance increases, possibly due to the addi-

tional uncertainty induced by the reduced resolution in observing the maneuver.
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Chapter 6

Total System Error

6.1 Introduction
Total system error (TSE), composed of navigation sensor error and flight technical error,

defines how well a pilot/aircraft combination can accurately follow a pre-defined path in
the sky. Although valid for all phases of flight, TSE typically becomes most important
during the approach phase of operation, particularly when other aircraft are operating in the
vicinity. Navigation sensor error (NSE) is the difference between where the navigation
suite saysthe aircraft isand whereit actually is. An example of this occurs when the course
deviation indicator (CDI) needles are improperly calibrated for an instrument landing
system (ILS) approach. Another example of NSE occursiif terrain obstacles cause the ILS
beam to bend. Flight technical error (FTE) isthe difference between the desired flight path
as shown by the navigation system and the actual location of the aircraft. FTE is a direct
measure of the pilot or auto-pilot’ s path following capability. For instance, if the pilot flies
a“one-dot” ILS approach, the FTE isthe distance between where the airplaneis and where

it would be if the pilot were flying with a centered course deviation indicator needle.

One of themain difficultiesin using an existing I LS approach path with aconventional CDI
for ultraclosely spaced parallel approachesisthat the acceptable deviation paths from two
angular ILS paths will eventually overlap. Although the ILS nominally guides an aircraft
down the center of the approach path, it is permissible to deviate and still remain on the
approach. For instance, if the runways were separated by 750 ft, the overlap at full CDI
needle deflection would occur 1.2 nm from the threshold. If the pilot was flying a* good”
one-dot approach (1/5 needle deflection), the overlap would occur approximately 6 nm
from the threshold. For this reason, a novel, “corridor” type of approach path using a pro-
totype of the Wide Area Augmentation System was created and flight tested to investigate

the efficacy of using such geometry to prevent interfering approach paths.
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The above description references instrument approach procedures, but TSE may aso be
defined for a visual approach. The *navigation sensor” is the pilot’s eyes and the path fol-
lowing error is the deviation about the mean flight path for that approach. So, in this case,
TSE equalsFTE and NSE is zero. Thisis because for avisua approach, thereis no defined
path in the sky that the “navigation sensor” must follow - the pilot can choose his or her
own approach to the runway. The different values of TSE during visual and instrument
meteorological conditions directly affect the capacity of an airport, particularly if the air-
port has two or more parallel runways. In this chapter, we investigate the current values of
TSE and explore novel ways to decrease the value of TSE, particularly with aview toward

enabling ultra closely spaced parallel approaches (UCSPA).

6.2 Navigation Sensor Error

6.2.1 The Instrument Landing System

6.2.1.1 Overview

The Instrument Landing System (ILS) consists of an angular radio beam, typically 3 to 6
deg wide horizontally, shown in Figure 6-1, and 1.4 deg wide vertically. These maximum
angular deviations result in afull-scale needle deflection on the CDI. The ILS consists of
two components: the localizer beam for horizontal guidance and the glideslope beam for
vertical guidance. The localizer transmits in the 108.10 to 111.95 MHz range while the
glideslope transmits in the 329.15 to 335 MHz range [44]. As aresult of the angular guid-
ance, thefurther the aircraft isfrom the runway, thelower the position resolution for agiven
aircraft’s CDI needle deflection. For instance, at the runway threshold, the ILS full-scale
width (full left to full right needle swing on the CDI) is 700 ft; at 8.2nm, the localizer width
IS 16,000 ft, which is areduction in resolution of 2200%.
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Figure 6-1. ILS coverage. Graphic courtesy of the FAA.

6.2.1.2 LS Technical Concept
The ILS landing system was certified for Category | (200 ft decision height) operationsin

1947, with Category |1 (100 ft decision height) and Category I11 (0 to 50 ft decision height)
operations following in the 1960s and 1970s, respectively. Approximately 1500 ILSs are
deployed throughout the world with the US alone accounting for over 1000 systems. Typ-
ical cost for an ILSingtallation is $2M. The localizer antenna provides lateral guidance by
transmitting a radio frequency (RF) carrier that is amplitude modulated with two frequen-
cies, 90 Hz and 150 Hz. The 90 Hz modulation is associated with the left side of the course
centerline while the 150 Hz modulation is associated with the right side. The two carrier
plus modulations are differenced to produce a null at the course centerline. When off cen-
terline, one or the other modulation will dominate, with the onboard avionics then produc-
ing a“goright” or “go left” indication to the pilot. The glideslope course guidance is very
similar to alocalizer turned onitsside. Thispurely analog RF system is quite different from
the Microwave Landing System, which is discussed in a subsequent section. A complete

description of the ILS RF subsystemsis provided in [45].

6.2.1.3 1L S Accuracy (NSE)
ThelLSaccuracy isdriven by its sensitivity to thelocal environment. Multipath dueto han-

gars, taxiing aircraft, and terrain cause bending or scalloping of the indicated glidepath.

Additional interference caused by other radio frequency sources reduce the accuracy of the
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ILS. The FAA’s Standard Flight Inspection Manual defines the procedures for testing the
accuracy of thelLS[46]. ICAO standardsfor |ILS accuracy are presented in Table 6-1 [45].

Table 6-1. ICAO ILS permitted guidance errors
App- ILS Category | Category Il Category |11

:)Z?t(i:gn rﬁI:r;t Bias, ft | Bends, Total | Bias,ft | Bends, Tota | Bias,ft | Bends, Totd
P (Max) | ft (95%) | NSE, ft | (Max) | ft (95%) | NSE, ft | (Max) | ft (95%) | NSE, ft

Outer | Glide- | 122 77 199 121 77 198 65 77 142

Marker | dlope

(5nm)
Local- | 136 249 385 93 249 342 41 249 290
izer

Inner Glide- 8 5 13 8 3 11 4 3 7

Marker | slope

]Etl)OOO Local- 42 37 79 29 12 41 13 12 25
izer

6.2.2 Microwave Landing System

6.2.2.1 Overview

The Microwave Landing System (MLS) had originally been adopted by ICAO in 1985 for
world-wide transition from ILS, but the potential of Global Positioning System (GPS)-
based landing systems has postponed any significant adoption of the system. The MLS
offers several advantages over an ILS including elimination of ILS/FM broadcast interfer-
ence problems, provision for all-weather coverage up to £60 degrees from runway center-
line and 0.9 to 15 deg in elevation out to 20 nautical miles, accommodation of both
segmented and curved approaches, and provision of a back-azimuth for missed approaches
and departure guidance [47]. Its main components are azimuth and elevation ground sta-
tions, distance measuring equipment (DME) and adata link, all except the DME broadcast
on one of 200 frequencies between 5031.0 and 5190.7 MHz [45]. The coverage geometry
of MLSis shown in Figure 6-2.
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Figure 6-2. MLS coverage area
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6.2.2.2 ML S Technical Concept
The ML S uses electronically scanned phased array antennas at a high scanning rate (20,000

deg/s) to produce a narrow beamwidth azimuth and elevation signal with higher resistance
to multipath and other noise sources. The ground stations transmit timing information in
each data message. Also included is the direction in which the sweep is occurring. As the
antenna sweeps through the angular range of coverage at afixed rate, the airborne receiver
measures the time interval between sweeps and is then able to determine its angular posi-
tion on the glideslope. With the high scan rate, the airborne receiver can calculate its posi-

tion 40 times a second, well beyond the control needs of most aircraft.

6.2.2.3 ML S Accuracy (NSE)
Because of its higher resistance to environmental affects compared to the ILS system, only

one accuracy standard was specified for the MLS: the Category 111 ILS standard. A sum-

mary of the MLS accuracy at various rangesis shown in Table 6-2.
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Table 6-2. ICAO MLS accuracy requirements

Approach MLS Category |11
position | element ™5 | Bends, ft | Total NSE,

(Max) (95%) ft

Outer Glideslope 65 77 142

Marker 1 ocalizer 41 249 290

(5nm)

Inner Glideslope 4 3 7

Marker -

(1000 1) Localizer 13 12 25

6.2.3 Special Category | (SCAT-1) NSE

6.2.3.1 Overview

Thefirst differential GPS-based precision landing system to be certified for operational use
in the United States isthe SCAT-1 system. It isalocal areadifferential GPS system com-
posed of GPS satellites, a ground reference station, a VHF data link and an airborne
receiver. The ground reference station uplinks pseudorange corrections to the airborne
receiver viathe data link. When combined with an onboard data base, the SCAT-1 system
produces a series of waypoints that conform to the published instrument approach proce-
dure. The SCAT-1 system interfaces with the navigation system instruments to produce
ILSlike CDI deflections. Much of the SCAT-1 development was based upon Required
Navigation Performance (RNP) procedures [48].

6.2.3.2 SCAT-1 Accuracy (NSE)
The SCAT-1 Flight Standards Manual [49] defines the acceptable tolerances for the angu-

lar deviation of the system in each of the zones shown in Figure 6-3. Based on the angular

tolerance of the zone, an average NSE was calculated for each zone, shown in Table 6-3.
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Table 6-3. SCAT-1 tolerances

Figure 6-3. Zones for SCAT-1 accuracy specification. Graphic courtesy of the FAA.

Distancefromrunway | Maximum permitted Maximum permitted

threshold Glideslope Deviation Horizontal Deviation
(deg) (deg)

Overall Alignment +0.3/-0.225 +0.2

Zonel +0.14 +0.14

(4 to20nm)

Zone 2 +0.4 at 4nm

(3500 ft to 4nm) +0.14 linear decreaseto 0.2

at 3500 ft

Zone 3

(missed approach point +0.14 +0.2

to 3500 ft)

6.2.4 WAASand LAAS

6.2.4.1 Overview
The Wide Area Augmentation System (WAAS) and Local Area Augmentation System
(LAAYS) are differential GPS schemes dlated to become the primary navigation sensorsin

future United States air traffic control. WAAS will be used primarily for en route naviga-
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tion and precision approach at smaller airports while LAAS will be the primary precision
landing system at larger airports. Because WAAS and LAAS approaches are specified by
three dimensional waypoints in space, their NSE is defined with respect to the necessary
accuracy to successfully complete the instrument approach procedure for given levels of

integrity, continuity, and availability.

6.2.4.2 WAASNSE
The WAAS system is comprised of four basic components. 1) the GPS satellites, 2) the

geostationary satellites which broadcast corrections, 3) the ground network of reference
and integrity monitoring stations, and 4) the on-board aircraft equipment. The reference
stations monitor the GPS satellites and provide the data with which to calculate the differ-
ential corrections and other information. A master station then uplinks this information to
the geostationary satellites which then broadcast these messages over the same frequency
asthe GPS satellites.

According to [50], WAAS NSE is specified to have an 95% error less than 7.6 meters or
24.9 ft for approach operations. The current system is operating for visua use only and
errors have been measured to be less than 4 meters, 95% of the time in the continental
United States. The primary benefactors of the WAA'S approaches with vertical and latera
guidance will be smaller, regional airports that do not have an ultra closely spaced parallel
approach requirement. It is envisioned that all large airports, particularly those with high
traffic volume, will haveaLAAS installed.

6.2.4.3 LAAS NSE Model
Each LAAS system consists of three magjor subsystems: 1) the GPS satellites, 2) the on-air-

port reference stations, VHF data link and possibly, airport pseudolites, and 3) the aircraft
equipment. The GPS satellites provide both the ground and airborne subsystems with rang-
ing signals. The ground-based system then calculates differential pseudorange corrections
aswell asintegrity information, which isthen broadcast to the airborne system viathe VHF
datalink. The VHF datalink also contains waypoints that define the approach corridor. If
required, the airport pseudolites may also provide additional ranging signalsto the airborne

subsystem. The LAAS coverage volume is defined as the region within which continuity,
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accuracy, and integrity requirements are met for the particular performance level desired

and is shown in Figure 6-4 and Figure 6-5.

Figure 6-4. Lateral LAAS coverage. Graphic courtesy of the FAA.
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Figure 6-5. Vertical LAAS coverage. Graphic courtesy of the FAA
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The LAAS model used for the study in Chapter 7 is based on the Ground Accuracy Desig-
nator B (GADB) and Airborne Accuracy Designator A (AADA) models of LAAS, defined
in [51] and developed by researchers at several institutions. The accuracy, integrity, conti-
nuity, and availability of the GADB/AADA model are likely to be slightly worse than the

GPIP

final Category | precision landing system supported by LAAS, so it represents a “worst
case” LAAS NSE. The final NSE numbers were compared to a “best case” Category |
model, GADC/AADB, to determine how inflated the final values may be. A derivation of
the LAAS NSE model follows. For each case, a satellite elevation of 15 deg was used and
only one ground reference receiver calculated the differential correction. Combining these

assumptions gives a reasonable, but conservative value of NSE.

6.2.4.4 Airborne Receiver Pseudorange Error M odel
The airborne receiver’ s pseudorange error ismodeled as the root sum square of the thermal

noise (n) and airframe multipath errors (mp),
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_ [2, 2
Oair = A/On+ Opyp 6-1

where, for 8 = 15 deg,

8/,

0,(0) = ay+ae 6-2

and

Omp(0) = 013+ 0.53¢ (19"

The coefficientsfor Eqn 6-2 are given in Table 6-4 for the different airborne models.

6-3

Table 6-4. Coefficients for the airborne receiver noise model

Airborne ag (m) a; (m) 6, (deg)
Model

AADA (worst) 0.15 0.43 6.9
AADB (best) 0.11 0.13 40

6.2.4.5 Ground Receiver Pseudorange Error Model
The ground reference receiver pseudorange error is modeled by

-0/6
(B, + ©,0235°
0y(8) = g0 X 64
0 o 6 <35°

max?

where the coefficients are presented in Table 6-5

Table 6-5. Coefficients for the overall ground receiver pseudorange error model

Ground station ay (m) a; (m) 6, (deg) O max
Model

GADA (worsl) 0.50 165 143

GADC (best) 0.15 0.84 155 0.24

6.2.4.6 Atmospheric Pseudorange Error Models
The troposphere and ionospheric pseudorange error models must be included inthe LAAS

NSE model and will be broadcast as part of the LAAS datalink message. The tropospheric

pseudorange error is modeled by

6
oyhy % 10 —Ah/h,

(1-e

c)-tropo = ) 6-5

J0.002 + (sin6)>
where oy, = 30, Ah isthedifferencein height between the ground station antenna and the

airborne antenna, 8 = 15 deg, and h, may be calculated by
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dry Ts
TA475(T, - 273K)
Nyet = 2.277 % 104R_|;|10 T,—38.3K
Ts
42700 — h,
odry — — =z
6-7
13000 — h
he = T
Owet 5

where P isthe atmospheric pressure in mbars, T is the temperature in Kelvin, h isthe
height of the ground station antenna above the ground, in meters, and RH is the relative
humidity in percent. For this study, a sealevel, standard pressure and temperature day was
used for the atmospheric variables, 1013.8 mbars and 288 K, respectively. Relative humid-
ity was 50%. The height of the LAAS reference antenna, hs’ was 2 meters above the

ground.

6.2.4.7 lonospheric M odel
The ionospheric psuedorange error may be modeled by

IV
PP dx
isthe user to ground station distance, in meters, t;, = 100s

o =F (Xair + 2T5,Var) 6-8

dl,
Where& = 4mm/km, X,
which is the airborne carrier-smoothing time constant, and v, = 70m/s, the typical

approach speed for atransport aircraft. The obliquity factor, F_,, is approximated as

pp’

cosB-2-1/2
Fop = [1_[&_ J 69

(R, +hU
where R, isthe earth’ sradius, 6378.1363 km, and h, isthe height of the maximum electron
density of the ionosphere, 350 km.
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6.2.4.8 Summary of Pseudorange Error
The four components of the overall pseudorange error, airborne receiver thermal noise and

multipath, ground receiver thermal noise and multipath, troposphere, and ionosphere errors

are root sum squared to obtain the final, modeled pseudorange error

_ 2 2 2 2
Gpr(e' Xairs Ah) = «/Oair + Ogrnd + Gtropo * Ciono 6-10

6.2.4.9 Pseudorange Error to Lateral NSE
To convert the pseudorange error into the position domain, the following equations are used

Onse(Xay) = opr(xajr) (L.DOP
LDOP = 0.818 LW DOP

VAL
5.8 [0, (7.5km)

where VDOP isthe vertical dilution of precision, VAL isthevertical alarm limit maximum

6-11

VDOP =

of 10 meters and the denominator in the VDOP equation is the smallest error in the range
domain that poses an integrity threat when converted to vertical position. The 0.818 factor
inthelateral dilution of precision (LDOP) equation comesfrom [52] and isarepresentative
ratio between the standard deviations of the vertical and horizontal NSE components. The
7.5kmisaresult of the approximate distance from the ground station to the runway thresh-
old. This 7.5 km is then also added to the distance between the airplane and the runway
threshold for purposes of computing lateral NSE. Figure 6-6 presents the lateral LAAS
NSE for both models. The GADB/AADA model will be used in Chapter 7 for the Monte

Carlo simulations.



Figure 6-6. LAAS lateral NSE for “best” and “worst” models
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6.3 Flight Technical Error

6.3.1 Overview
The ability of the pilot or auto-pilot to follow a desired path through the sky is measured

through flight technical error (FTE). For pilot-in-the-loop operation, FTE is heavily influ-
enced by the display that guides the pilot though the sky. Additional factorsinclude turbu-
lence levels, aircraft dynamics, and the geometry of the approach path. With an auto-pilot
flying the approach, primary factors are the noise of the sensors passing information to the

auto-pilot, the control system gains, the turbulence levels and the aircraft dynamics.

Current, actual FTE values for various airplanes under various conditions have not been
publicly documented, nor has there been substantial discussion on a means of reducing
FTE, which is critical for the accomplishment of ultra closely spaced parallel approaches.
The standard FTE values used for baseline analyses of new FAA-approved approaches are
contained in [53] and are shown in Table 6-6.
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Table 6-6. FTE basdine values from DO-208 [51]

Mode of Flight Manual, nm | Flight Director, nm | Auto-pilot, nm
Oceanic 2.0 0.50 or 3,038 ft 0.25 or 1519 ft
En route 1.0 0.50 0.25
Terminal 1.0 0.50 0.25
Approach 0.5 0.25 0.125 or 759 ft

6.3.2 Experimental FTE

6.3.2.1 Precison Runway Monitor Tests

It is extremely difficult to find experimental data on FTE. Part of the difficulty liesin
accessing data from the on-board sensors of commercial aircraft which measure aircraft
position. Alternatively, flight technical error may also be bounded by off-board sensors,
such asradar. A large amount of total system error (TSE) data for transport-sized aircraft
were gathered by MIT’ s Lincoln Labs from the Precision Runway Monitor (PRM) testsin
Memphis, TN in 1989-91. The position sensor was the PRM radar, with arange error of 30
ft root mean square (rms), and an azimuthal rmserror of 90 ft at 15nm [54]. Selected results
are presented in Table 6-7. Over 900 flight paths were used in the statistical treatment of
the instrument flight rules (IFR) and marginal visual flight rules (MVFR) data, which
makesit the largest known database of its kind. The manual and auto-pilot data came from
aspecific test involving Fedex airplanes. Between 25 and 125 data tracks were used at each

distance to generate the manual/auto-pilot statistics.

Table 6-7. Summary of Lincoln Lab’s Memphis TSE results

Condition Range, nm Bias, ft | Standard Deviation, ft
(10)

Marginal VFR 1 30 50

10 10 400
IFR 1 30 55

10 45 310
Manual 1 8 35

8 100 320
Auto-pilot 1 10 60

8 30 225

86



Because the position measurement sensor was off-board and the NSE of the MemphisILS
would vary over the course of two years, it isimpossibleto separate out FTE; however, FTE
must be less than the TSE numbers and the quantity of data makes it a valuable resource

for comparison with other flight tests.

6.3.2.2 NASA Langley B-757 Auto-pilot Tests
In the fall of 1999, NASA Langley and Honeywell performed a series of simulator and

actual flight tests in support of the Airborne Information for Lateral Spacing (AILS) pro-
gram [25]. The purpose of this program was to demonstrate technology and methodol ogy
that would enable safe, independent closely spaced parallel approaches down to 2500 ft
separation. The approach path was angular in nature, offset two deg from the runway cen-
terline, and guided by alocal area differential GPS system. Raw differential GPS position
data provided to this researcher from the B-757 flight tests at Wallops Island produced the
FTEs shown in Table 6-8 for 15 simulated IFR approaches, where FTE is defined as the
variation about a mean course centerline fit to the data. Bias from the actual course center-
line is not included.

Table 6-8. B-757 FTE datawith the auto-pilot coupled
Test condition Range from runway, nm FTE, ft (1 O)

Coupled, Auto-pilot 4t015 11.9

FTE vs. distance from runway is presented in Figure 6-7 for fifteen, auto-pilot coupled,
ILS-like approaches. Atmospheric turbulence levels were minimal. The auto-pilot was a
production, off-the-shelf, B-757 avionics box. No unique, control system gains were pro-
grammed for thistest. The extremely tight path following capability of the B-757 auto-pilot
on an angular, ILS-like approach path defined by differential GPS isfar superior to the 759
ft used by the FAA for runway spacing analysis (see Table 6-6). The reason the FTE error
Isnot centered about zero is probably dueto acorrelation of error with time associated with
the SCAT-1 system.
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Figure 6-7. Time history of B-757 lateral error during 15 approaches with the auto-pilot coupled

B—757 Auto—pilot FTE, 15 approaches
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6.3.2.3 Sanford Flight Tests
In the fall of 1998 and then again in the fall of 1999 and spring of 2000, flight tests were

performed with a Beechcraft Queen Air and a Cessna Caravan in order to determine FTE
under different conditions such as visual meteorological conditions (VMC) or simulated
instrument meteorological conditions (IMC), traditional or non-traditional displays, and
angular or constant width approach paths [55].

Theflight test experiments were designed to test the effects of two primary variables: (1) a
navigation sensor that allowed angular lateral deviation from the runway centerline, like an
ILS, or asensor where the allowable deviationswere linear, similar to a constant width cor-
ridor, and (2) atraditional CDI with needles or atunnel-in-the-sky presented to the pilot for
guidance symbology. Data from visual approaches were gathered as a baseline. Four types
of smulated IMC approaches were conducted: 1) normal ILS with the CDI, 2) aWAAS
approach that closely approximated the Moffett Field ILS, with the CDI, 3) linear, constant
width corridor with WAAS and the CDI, and 4) linear, constant width corridor WAASwith
a tunnel-in-the-sky display. The displays are presented in Figure 6-8 and Figure 6-9. The
location of the display in the cockpit is presented in Figure 6-10.
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Figure 6-8. Simulated Course Deviation Indicator (CDI)

SIMULATOR
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Figure 6-10. Cockpit of the Queen Air. Note the 6 inch LCD display to the pilot’s | eft.
LCD Display

Four flight tests with the Queen Air occurred on Oct. 23, 26, Nov. 28, and Dec. 13, 1998 at
Moffett Field, California. A total of 27 smulated IMC approaches were flown. Two pilots
were used astest subjects. Pilot #1 wasacommercial pilot with 3500 hourstotal flight time
while pilot #2 was a former military pilot with an Airline Transport Pilot rating and 1600

hours total flight time.

6.3.3 Approach Specifications
The ILS approach at Moffett has a three deg glideslope and three deg localizer half angle.

A three deg glideslope refers to the glidepath projection angle above horizontal while the
three deg localizer half angle refersto the full scale“fly right” or “fly left” commands. The
full scale (full scalefly right to full scalefly left) width of the localizer at runway threshold
is 700 ft.

The WAAS approach imitated the IL S approach with athree deg glideslope and athree deg
half angle localizer. Full scale width of the localizer at runway threshold was also 700 ft.

The WAAS constant width, corridor approach with the tunnel-in-the-sky display had a
glideslope of 3 deg and tunnel dimensions 100 m wide by 60 m high for the entire approach.
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The WAAS constant width, corridor approach with CDI needlesimitated the tunnel-in-the-
sky dimensions so that direct comparison might be made with the tunnel. For the entire
approach, the corridor was 100m (328 ft) wide by 60m (197 ft) high at full needle deflec-
tion. Note that the 328 ft width is half that of the ILS width at the runway threshold. Thus,
the sengitivity of the CDI needles was twice that of an ordinary ILS at decision height,
requiring the pilots to fly very precise approaches. Thisis also true of the WAAS tunnel-
in-the-sky approaches. For each approach, WAAS position data was collected which was
then used to calculate FTE, where FTE is defined as the distance from the center of the

tunnel or the distance from the center of the circle on the CDI.

For the majority of the flights, in order to capture the glides ope, the tunnel was displayed
to the pilot until the approach was established at approximately 10nm. At that point, if the
ILSwasbeing flown, the display was covered and the GPS-driven horizontal situation indi-
cator (HSI) was turned off so that only the CDI was referenced for glidepath information.
If aWAAS approach was being flown, the ILS and HSI were not used. The pilot flew from
the left seat and wore foggles until decision height, at which point he removed the foggles
and executed either atouch and go or low approach. A safety pilot occupied the right seat.
All of the approacheswere performed in VFR conditions, with varying wind and turbulence
levels. The airplane was flown with gear down at 100 to 130 kts ground speed. Roll, pitch
and yaw were provided to the tunnel-in-the-sky display from a Trimble TANS-based short-
baseline, GPS attitude system [56]. There is no auto-pilot on the Queen Air.

6.3.4 Resultsof ILS-like Angular versus Corridor Approaches

Data from the ILS and WAAS IL S-like approaches were combined to form one data set
whilethe WAAS constant width, corridor approaches flown with reference to the CDI nee-
dlesand WAAS constant width, corridor approaches flown with reference to the tunnel-in-
the-sky display formed comparison data sets. Figure 6-11 to Figure 6-13 present the time
histories of horizontal FTE for ILS and WAAS ILS-like, WAAS corridor with CDI nee-
dles, and tunnel-in-the-sky approaches. Data is presented beginning 10 nm from the
runway and represent smooth atmospheric conditions except for the red line shown in

Figure 6-12 which corresponds to a day with mild turbulence. Note that the vertical scales
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are identical for al three plots. The baseline case for a visual approach is presented in
Figure 6-14. Both the Queen Air and the Caravan were test aircraft for the visual data,
which was gathered while the pilots were flying simultaneous, visual parallel approaches
into Moffett field. “Simulated” instrument FTE is defined as the distance from the center
of the indicated glidepath. Visual FTE is defined as the deviation about the best fit second
order polynomial to the pilot’s flight path from 10 to 0.5 nm.

Figure 6-11. Horizontal FTE, ILS and WAAS IL S-like approaches with CDI. Runway is at zero on
horizontal axis.
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Figure 6-12. Horizontal FTE for WAAS constant-width, corridor approaches with a CDI
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Figure 6-13. Horizontal FTE for constant width, tunnel-in-the-sky display approaches
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Figure 6-14. Visual, parallel approach FTE
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The time histories were converted into histogram form in order to look at the distribution

of FTE and its standard deviations. Figures Figure 6-15 to Figure 6-17 present histograms
corresponding to the time historiesin Figure 6-11 to Figure 6-13, which show nine, ten, and
four approaches, respectively. Also shown is the best-fit Gaussian distribution. The data
beginsat 10 nm from the runway and is truncated at 0.5 nm from the threshold, which cor-

responds to when the pilot transitioned from simulated instrument to visual flight.
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Figure 6-15. Histogram for Horizontal FTE, ILS and WAAS ILS-like Approaches from 10 nm
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Figure 6-16. Histogram for Horizontal FTE, WAAS constant-width, corridor with CDI
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Figure 6-17. Histogram for Horizontal FTE, WAAS constant-width corridor with tunnel-in-the-sky
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Since the data is not truly gaussian, pseudo standard deviations were generated for each
data set by a counting technique. Each data point was assigned to a particular bin. After all
data points were binned, the FTE was taken from the bins, counting out from zero on the
histogram, that contained the 68" and 95t percentile data points. The FTES in these bins
bound 68 and 95 percent, respectively, of the other data points. Sincethe WAAS corridor
and tunnel approach path widths are not a function of distance from the runway, composite
statistics may be formed starting 10 nm from the threshold. The allowabl e lateral deviations
of an angular approach isindeed afunction of distance, so pseudo standard deviationswere
calculated for one nm increments. Table 6-9 and Table 6-10 present the 68th and 95th per-
centile horizontal and vertical FTEs as well as the first standard deviation and mean from
the best fit gaussian distribution for the WAAS corridor/CDI, corridor/tunnel and ILS-like
angular/CDI approaches.
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Table 6-9. Composite FTE standard deviations for WAAS Approaches, 10nm to 0.5nm
from threshold (ft)

NM 68th/ | Gauss mean | 68th/ | Gauss | mean,

from | 95th | 1o, horz | o5th | 1o, vert

run- | horz | horz vert | vert

way

Corr- 49/ 62 10 28/ 46 -6
idor 129 94

Tun- 10/ 15 3 13/ 14 -10
nel 32 33

Table 6-10. Incremental FTE standard deviations for ILS-like Approaches, 10nm to 0.5nm from threshold
(fo)

NM 68th/ | Gauss mean | 68th/ | Gauss | mean,
from 95th lo, horz 95th lo, vert
run- | horz | horz vert | vert
way
10-9 269/ 375 38 94/ 106 68
875 284
9-8 314/ 374 25 141/ 129 57
802 321
8-7 267/ 224 159 136/ 126 36
569 276
7-6 195/ 221 6 89/ 109 19
447 229
6-5 186/ 183 8 73/ 108 8
344 223
5-4 191/ 198 70 57/ 111 22
499 279
4-3 191/ 323 45 50/ 91 19
719 200
3-2 88/ 114 13 50/ 55 16
264 138
2-0.5 79/ 100 8 37/ 30 17
217 69

6.3.5 Discussion of Angular vs. Corridor approach Results
In order to determine the error associated with modeling the FTE of ILS-like angular

approaches as a gaussian distribution, Figure 6-18 presents plots of the 68th percentile FTE
and the best fit gaussian one sigmavalue. The gaussian is generally more conservative than
the actual data, so modeling FTE in thisway will result in more conservative separation dis-

tances between airplanes.
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Figure 6-18. Actual vs. best fit Gaussian 1-sigma standard deviations of FTE
Comparison of Data with Best Fit Gaussian Distribution, Angular Approaches
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It should also be noted that the resolution of an ILS increases as the airplane nears the run-
way, so one would expect a decrease in standard deviation. Thisis due in part to the fact
that the increased sensitivity of the CDI needles allows a pilot to track a course more pre-
cisaly. Also, the pilot iswell tuned to flying the approach by the time he or she approaches
the runway and prepares to land. Figure 6-19 plots Table 6-10, the pseudo standard devia-
tions. As expected, the FTE on the ILS decreases markedly with proximity to the airport;
however, one notices a spike at 4 nm. Given that only nine data sets were used to generate
the distribution, even one larger than average FTE can heavily influence the standard devi-

ations. This curve should smooth with alarger data set.
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Figure 6-19. Standard Deviation as a Function of Distance to the Runway, ILS-like Approaches
Actual 88th and 85th percentile FTEs for Angular Approaches
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Nautical miles from airport
For corridor approaches, one would expect integrated standard deviation over time to be
constant. Figure 6-20 shows that while thisis true for the tunnel-in-the-sky display, there
isatrend, abeit slight, toward decreased FTE asthe distance to the runway decreaseswhen
flying with reference to the CDI. It is speculated that thistrend is related to a settling time
undergone by the pilot after establishing on the approach. It appearsto take afinite amount
of time for the pilot to adjust himself to the control inputs necessary to maintain a tight
track. This may also be related to wind compensation or may be solely a function of tran-

sitioning from en route to approach flight techniques.
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Figure 6-20. 68th and 95th Percentile Events of Corridor Approaches Using CDI or tunnel-in-the-sky
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Wautical miles from airport
The dimensions of the defined path through space were identical for the tunnel-in-the-sky
and the constant width corridor with CDI needles. The only difference wasthe pilot display.
The tunnel-in-the-sky enables the pilot to fly a more precise glideslope and localizer
throughout the entire approach. The flight observer also noted that the tunnel greatly
reduced the input frequency of corrections, thus reducing pilot workload. The human/
machineinterface of the tunnel appearsto be much moreintuitive than the CDI andthe FTE

bears out this result [57].

6.4 Summary of TSE

From the above discussions, it is clear that both NSE and FTE may be substantially reduced
from the currently accepted values. Thisis primarily due to the advent of differential GPS
asaprimary navigation sensor for civilian navigation. In addition, the potential of new dis-
playsto more accurately guide the pilot through the sky has yet to be realized other than in
prototype form, although several companies are avidly pursuing certification of this tech-
nology. The principal argument for inflating the FTE values for use in analysis of ultra
closely spaced parallel approaches has to do with wind gusts. It is reasoned that although

very low FTE numbers are valid, a safety buffer must be incorporated into any analysisin
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order to account for atmospheric turbulence. Thisis valid, athough increasing FTE from
the demonstrated 12 ft to the current 750 ft may be excessively conservative. In the case of
truly gusty conditions, it may be noted that a wind gust will likely affect each airplanein
the same direction during an ultra closely spaced parallel approach, thus resulting in no net
decrease in distance between adjacent aircraft. Finally, given the tight constraints required
inultraclosely spaced parallel approaches, it may be appropriate to place restrictions on the

level of atmospheric turbulence permitted during this procedure.
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Chapter 7

Probabilistic Studies of Ultra Closely Spaced
Parallel Approaches

The probabilistic study undertaken in this chapter is based upon the generalized sensitivity
study of Chapter 3. That study was based on deterministic parameters, which in reality are
not deterministic, but probabilistic. While appropriate for sensitivity studies, to study the
likelihood of collision for any given approach it is necessary to model the probabilistic
parameters with representative distributions. The resulting distribution of closest points of
approach for thousands of trgjectories may then be studied and the probability of collision
assessed during a blunder for various approach guidance system/pilot interface combina-
tions. The results may then be combined with an assessment of the probability of a blunder
occurring during an approach to determine the overall likelihood of a collision for any

given ultra closely spaced paralel approach.

7.1 Probability of Collision

Using the results of the sensitivity analysis as well as the approach model, the data pre-
sented in Chapter 6 on navigation sensor error and flight technical error, and the data from
Chapter 4 and [25] with respect to pilot response time, a Monte Carlo simulation was cre-
ated that modeled the FTE, the NSE, the delay time, the relative velocity, and the relative
longitudinal spacing as probabilistic variables rather than the deterministic variables of the
sensitivity study. Equationsderived in Chapter 3 were used to propagate the relative aircraft
motion in the simulation. For each simulation, it was presumed that the evading aircraft
pilot or auto-pilot had enough state information to diagnose the beginning of the blunder,
the maximum roll angle and roll rate of the blunderer, and the maximum heading change

of the blundering aircraft.
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7.1.1 Aircraft Model
In order to more accurately model the aircraft dynamic response for the blunder and evasion

maneuvers, linearized aerodynamic coefficients for an older model B-747 were used to
createroll input trajectoriesfor agiven aileron input for both the evader and blunderer air-
planes. Table 7-1 presents the geometric and aerodynamic data for the B-747 from [41].

Table 7-1. B-747 data

Parameter Value

| (slug (Ft%) 18.266
. 2

Wing areg, S, ft 5500

Wing span, b, ft 195.68

CI -0.45

p

CI 0.0461

da

Beginning with the linearized, small perturbation aircraft dynamic equations of motion,

assuming x-z plane symmetry and ssmple roll without perturbation in the other axes:

oL oL _ .
a—éaAéa+a_pAp = IXAp 7-1

where L isrolling moment, Ba is aileron deflection, p isroll rate, IX is moment of inertia

in the x-plane, and p is roll acceleration. (aL/aéa)AE)a Is the roll moment due to the

deflection of the ailerons and (0L /dp)Ap is the roll-damping moment. Egn 7-1 may be

rewritten as
L<.Ad
TAp+Ap = —%‘ 7.2
p
where
2
1 QSb CI QSbCI
= = L. = S Ls. = S 7-3
U= P~ 2y 5a |
p X0 X
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and 1 is defined as the roll mode time constant, Q is the dynamic pressure and Uy is the
airspeed. For a step change in aileron deflection, Egn 7-2 may be analytically solved to
produce
L5a —t/1

Ap(t) = —L—p(l—e )Aéa 7-4
The baseline blunder trgjectory for the Monte Carlo runs was the same as that of the sensi-
tivity studiesonly in order to generate a 10 deg/sroll rate, astep aileron input of 40 deg was
specified and the roll rate time history proceeded from Eqgn 7-4. The 40 deg aileron input
produced the roll rate time history presented in Figure 7-1. The roll responses of both the

evader and the blundering aircraft were modeled in this way.

Figure 7-1. Time history of roll angle of modeled B-747 with 40 deg aileron input.

Modeled B—747 response to 40 deg aileron input
T T T T

R

Roll rate, degls

time, sec

7.1.2 NSE and FTE models
The navigation sensors used in this study were the Category Il Instrument Landing System

(ILS) and Local Area Augmentation System (LAAS), the current and future United States
precision approach guidance systems. Each was modeled as a gaussian distribution with the
modeled Category |1 ILSlateral NSE one sigmaerror being 132 ft and the LAASonesigma
being 4.9 ft. These numbers are based on NSE allowed for a Category |1 ILS just outside
5nm from the runway threshold and a Category | type of LAAS model at 5nm, both
described in detail in Chapter 6. The Category Il ILS FTE assumes the bias in the ILS

installation has been calibrated to near zero or to the outside of the dual aircraft approach
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path. In the case of parallel runways, each with an ILS for guidance, each runway will pro-

duceadifferent NSE aseach IL Sinstallation isan independent guidance system. In the case

of asingle LAAS system serving multiple runways, the NSE will be approximately the

same for each runway since the same GPS satellites will be used to create the differential

corrections. It is assumed that both airplanes will be observing the same GPS satellites

while on simultaneous approaches. The NSE distributions are presented in Figure 7-2.

Figure 7-2. LAAS and ILS NSE distributions
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The FTE models were based on demonstrated pilot-in-the-loop performance using a corri-

dor approach path with atunnel in the sky as the pilot display and the demonstrated NASA

Langley B-757 auto-pilot performance while tracking a DGPS-generated angular approach

path. Use of the tunnel-in-the-sky presumesthat LAAS isavailable to provide position and

velocity information while an INSisavailable to supply attitude, thus precluding the use of
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the tunnel-in-the-sky with only an ILS for guidance. The one sigma value for FTE for the
piloted case was 16 ft while the auto-piloted one sigma FTE was 11.9 ft, both in smooth air.
Distributions of the FTE are presented in Figure 7-3. A complete description of the origin
of the FTE numbers is presented in Chapter 6. Note that FTE numbers currently used by
industry for similar calculations are approximately 700 ft.

Figure 7-3. Pilot and auto-pilot lateral FTE distributions
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The NSE and FTE data are summarized in Table 7-2.

Table 7-2. NSE and FTE for Monte Carlo study

Parameter 1o vaue (ft)
Piloted FTE 16
Auto-pilot FTE 11.9
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Table 7-2. NSE and FTE for Monte Carlo study

Parameter 1o vaue (ft)

ILSNSE 132

LAASNSE 49
7.1.3 Delay models

Thefollowing sources of delay were considered in the delay model: 1) datalink update rate
and collision detection and resol ution time, 2) antenna/computer electronics delay, 3) pilot/
auto-pilot response time, and 4) electro-mechanical actuator delay. Each of the components
were determined to be either a fixed delay time or were assigned a uniform distribution

based on experimental data or analysis.

7.1.3.1 Delay dueto Electronicsand Actuators
The antenna/computer electronics delay and the electro-mechanica actuator delay were

each assigned fixed quantities. These two quantities are based on known lags in computer
processing times as well as actuator response times. Based on conversations held with per-
sonnel at the FAA Mike Munroney Aeronautical Center, the electronics delay was chosen
to be 0.5 sec. The electro-mechanical actuator delay time, defined asthe delay from theini-

tial movement of the yoke to the onset of positiveroll rate, was also estimated to be 0.5 sec.

7.1.3.2 Delay dueto Data Link and Collision Detection
The datalink update rate directly affects the collision detection algorithm asit contains the

necessary information to estimate aircraft trajectories. To prevent ahigh probability of false
aarms, it is estimated that at |east two updates from “anomalous’ adjacent airplanes states
will be required before on-board collision detection algorithms will determine that an
escape maneuver isrequired. Using one Hz ADS-B asthe baseline datalink, the minimum
timeto updatethe aircraft statestwiceisdlightly over 1.0 sec, assuming the start of the blun-
der occursjust before an update. Note that this means the blundering aircraft could not have
moved very far nor changed its velocity vector to any significant degree which implies that
roll and roll rate may be required parameters in the datalink in order to infer intent. How-
ever, as aminimum bound, the data link delay is estimated to be 1.0 sec. At a maximum,
the onset of the blunderer’s roll rate will occur immediately after the transmission of the
aircraft states, causing a delay of 2.0 sec due to the update rate. Although a higher update
rate datalink may be employed for UCSPA, the blundering aircraft must still have time to
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exhibit atragjectory change sufficiently severe to be called a blunder, so one to two seconds
for the range of possible delay due to data link and collision detection is still considered

reasonabl e.

7.1.3.3 Delay dueto thePilot or Auto-Pilot
For the cases with the auto-pilot coupled, not only is the auto-pilot coupled during the

approach, but remainsin control of the aircraft throughout the emergency escape maneuver.
Thisistermed an “intelligent” auto-pilot. During this time, the pilot monitors the aircraft
systemsasis currently done during an approach. For the intelligent auto-pilot approach and
escape maneuver, it isassumed that the auto-pilot hasimmediate access to the results of the
collision detection algorithm and can react to an emergency escape maneuver in less than
100 msec. The auto-pilot must then either activate the yoke or electronically signal the actu-
ators to begin the escape maneuver. Moving the yoke causes more delay than directly sig-
nalling the actuators, so this case is modeled by a 0.5 sec delay, for afixed delay time of

0.5 sec due to the auto-pilot.

Datafrom NASA Langley’s AILSflight tests [25] demonstrated an average pilot response
time of 0.3 sec to a computer generated collision alert during simulated IMC with a 2500
ft separation distance, with a maximum response time of 1.0 sec. Average reaction times
demonstrated in the simulator studies of [33] were 0.84 sec for the same scenarios of the
flight test, with a maximum of 1.84 and a minimum of 0.12 sec, demonstrating that more
than displays and aural warnings impact the human in the loop. Experimental results from
[58] for a pilot out-the-window visual determination of an aircraft maneuver at less than
2000 ft separation measured a maximum pilot delay time of 2 sec for aroll maneuver. This
includes the delay from yoke movement to control surface actuation. Based on this data, a
uniform delay distribution ranging from 0.3 to 2.0 sec was used as the model for delay due
to the pilot.
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A summary of the components of the total delay distribution is presented in Table 7-3.

Table 7-3. Components comprising the total delay distributions

Parameter Delay (sec)
Antenna/computers (fixed) 05
Electro-mechanical actuators (fixed) 05
Pilot Reaction Time 0.3t02.0
(uniform distribution)

Auto-pilot Reaction Time (fixed) 05
Data Link/collision detection delay 1.0t02.0
(uniform distribution)

Either the auto-pilot or the pilot reaction timeis used in each simulation; they are not used

together.

7.1.4 Longitudinal Position Distribution
Videotaped observations of simultaneous, visual paralel approaches into San Francisco

airport made by this author demonstrated that the longitudinal spacing can vary widely
from approach to approach. Often, the approaches resembled dependent approaches (diag-
onal spacing 2 nm or more) rather than simultaneous approaches. Although future auto-
pilots may have the precision necessary to bring two aircraft to positions exactly abeam
each other, itislikely that there will be some permitted longitudinal position variation. For
this study, auniform longitudinal distribution of +/- 500 ft was used for the initial position
of the blundering aircraft at the start of the blunder.

7.1.5 Airspeed Distribution
So as not to limit the study to exactly matched aircraft, the relative velocity of the evading

aircraft was modeled as a uniform distribution with values between +/- 20 kts from that of
the blundering aircraft at the start of the blunder. This variation accounts for differing

approach speeds.

7.1.6 Summary of Monte Carlo Parameters
For each simulation run, the following variables were randomly sampled from either a

gaussian or uniform distribution, as described in the preceding sections:
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*Flight technical error for each aircraft
*Navigation sensor error for each aircraft
*Pilot reaction time

*Datalink/collision detection delay time
eLongitudinal relative position

*Relative airspeed

Thefollowing deterministic variables were set at the values given in the baseline trajectory
described in Chapter 3:

*Blunderer airspeed (140 kts)

*Maximum roll rate (10 deg/s each)

Maximum roll angle (30 deg each)

*Maximum heading change (30 deg blunderer, 45 deg evader)
eActuator and antenna delay time (1.0 sec)

*Auto-pilot reaction time (0.5 sec)

7.1.7 Monte Carlo Results
At each runway spacing of 750, 1100 and 1500 ft, 100,000 trajectories were run with the

distributions described in the previous sections. For each trgjectory, the closest point of
approach was calculated and if this distance was less than the B-747 fuselage length, this
was counted as a collision. At the end of the 100,000 runs, the total number of collisions
were divided by the total number of runs, resulting in the Probability of Collision During a
Blunder for that runway spacing. Table 7-4 presents the results of the Monte Carlo runsfor
the various configurations.

Table 7-4. Probability of collision during a blunder. 95% confidence interval is +/- 0.3%

Piloted with Intelligent LAAS | ILS
tunnel-in-the- | auto-pilot with P(collision) | P(collision) | P(collision)
sky guidance auto-escape lo= lo= 750 ft 1100 ft 1500 ft
FTE 1o =16ft | FTE 10=11.9ft | 4.9ft 132ft
delay=0.3to | delay = 0.5 sec
2.0sec
Case A X X 5.857% 0% 0%
CaseB X X 0.001% 0% 0%
CaseC X X 8.9940% 0.17% 0%
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A plot of Table 7-4 is presented in Figure 7-4.

Figure 7-4. Probability of collision during a 30 deg blunder for various sensor/pilot combinations
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It must be emphasized that additional onboard equipment isrequired for each case, aswell
as presumed enhancements to the existing GPS system, as discussed in previous sections.
In summary,

othe piloted cases assume:
- tunnel-in-the-sky guidance, which currently relies upon LAAS for posi-

tion and velocity, and an INS for attitude information
- full state information on the adjacent aircraft along with collision detection
ability

othe auto-piloted cases assume:
- computerized collision detection and resol ution with the auto-pilot in con-
trol throughout all maneuvers
- full state information on the adjacent aircraft

7.1.8 Accuracy of the Monte Carlo Simulation
Because the probability of collision during ablunder calculation isabinomial random vari-

able (it either collides or it does not), the Central Limit Theorem theorem may be used for

large numbers of trials to make a Gaussian approximation to the 95% confidence interval
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around the calculated probability of collision. The binomial random variable is a sum of
independent, identical Bernoulli random variables [59] with finite mean and variance and
inthelimit, the Bernoulli cumulative distribution function approaches that of the Gaussian.
A complete derivation follows. For the 100,000 total runs, in each case the 95% confidence
interval that P(collision) is the true value is +/- 0.3103%. The relationship between confi-

dence interval and error bound is presented in Figure 7-5.

Figure 7-5. Confidence interval vs. error for 100000 Monte Carlo simulations
Confidence interval vs. error for 100000 Monte Carlo runs
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From[59], let f~(n) betherelativefrequency of collisionin n Bernoulli trials. Inthiscase,

one Bernoulli trial is one run of the UCSPA simulation. A binomial distribution has mean

p and variance p(1-p)/n, solet Z, beazero mean, unit-variance random variable defined by
fa(n)—

= c(n)—=p 25

N )

n
which is approximately Gaussian for large n. For a 95% confidence interval, we want to

determine the 95% probability that the mean calculated from ntrials, f~(n) , iswithin some

€ of the true mean. In equation form,
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P (n) —pl <] 0P| (2] < —E0 T = 1 _pol 8N [ 7-6
H| c(n) p| €] D n‘ mE Qﬂmﬂ

where p is the true mean and the Q-function is defined by

1 > %2
QX)) = —f[ e "“dt 7-7
%)= T,

In this case, the true mean, p, is not known, however; by differentiating, it may be shown

that the maximum value of p(1—p) for theinterval 0<p <1 is1/4. Therefore,

P[|fc(n) —p| <€] >1-2Q(2¢e./n) 7-8
We want the left side of the equation to equal 0.95 for a 95% confidence interval, which

resultsin

Q(2e./n) = 0.25 7-9
Using tabulated data for values of the Q-function resultsin

(2e./n) = 1.963 7-10
Using this equation, for n=100,000 Monte Carlo runs, € = 0.003103. This means that the

calculated probability of collision iswithin the true mean +/- 0.003103, 95% of the time.

7.1.9 Results of the Probability of Collision During a Blunder
For aLAAS-based navigation system, the probability of collision at 750 ft is less than 6%,

illustrating the benefit of precision differential GPS even for pilot-in-the-loop approaches.
By coupling the auto-pilot for the approach and escape maneuver, the collision risk drops
to 9% for an ILS approach, primarily due to removing the pilot response time from the total
delay. By far, the safest combination at 750 ft isaLAAS-guided auto-pilot, with only one
collision noted in the 100,000 Monte Carlo runs. Thisis primarily dueto thefaster response
time of the auto-pilot to ablunder relative to a pilot in the loop. For either piloted or intel-
ligent auto-pilot approaches with LAAS, no collisions occurred for runway spacings
greater than 1100 ft.

7.2 Ultra Closely Spaced Par allel Approach Safety

Using the results of the Monte Carlo simulation and an estimate of the current safety level

for instrument approaches, one may calculate the acceptable blunder frequency for ultra
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closely spaced parallel approaches. According to the FAA, if this blunder frequency isless
than an intuitively reasonable number, then ultra closely spaced parallel approaches may
be conducted with acceptable risk levels.

In the Precision Runway Monitor program, the FAA adopted the following methodol ogy
for estimating the acceptable blunder rate [60][61]:

From data obtained between 1983 to 1988, there were two accidents during an estimated
total of five million approaches. This reduces to an accident rate of one per 2.5 million
approaches. Since two airplanes are on approaches during a UCSPA, one UCSPA counts

as two approaches.

The FAA identified nine potential causes of accidents during afinal approach and added a
blunder during a PRM approach as atenth. Thus, if the current accident rate of one per 2.5
million approaches is to be maintained, it was approximated that a blunder contributes one
tenth toward that accident rate. Therefore, the accident rate due solely to blunders during a

PRM may be no greater than one per 25 million.

One key assumption the FAA made for this analysiswas that out of 100 blunders occurring
during a PRM approach, 99 of them were “recoverable”, meaning that the final approach
monitor identified and the pilot corrected the blunder before requiring the adjacent airplane
to perform an emergency escape maneuver. No data was presented to report this presump-
tion and the blunder recovery for a UCSPA may not be as high, however; for the sake of

similarity, thisanaysis will use the 99% blunder recovery rate.

With these assumptions and data, the total number of allowable blunders may be written as

1 1accident 00 total blundergjbad blunder collision ratg 2 approaches] 711
[P5e6 approaches U 1 bad blunder U 2 accidents 00 1ucspPA U

where a“bad blunder” is defined as the sustained, 30 deg blunder discussed in the previous

sections and the “bad blunder collision rate” is determined from the af orementioned Monte
Carlo simulations. If one inserts the “bad blunder collision rate” for the LAASauto-pilot

configuration at 750 ft runway spacing, the result is
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 laccident 00 total blunderg 833 bad blunders 2 approaches]
[P5e6 approaches U 1 bad blunder UU 2 accidents UU 1 UCSPA U

_ 1 total blunder
750 UCSPA

where the 333 “bad blunders’ is calculated from the upper end of the confidence interval

7-12

on the probability of collision of 0.3%:

3 collisions
1000 bad blunders

1000 bad blunders _ 333 bad blunders
3 collisions collision

Thisresult of Eqn 7-12 means that 750 blunder-free UCSPAs must occur before one blun-

P(collision) =
7-13
bad blunder collision rate =

der is alowed. Obvioudly, the higher the denominator, the more blunder-free approaches
must occur and the higher the safety level. Using the resultant permissible blunder rate in
Eqgn 7-12, if San Francisco has 5,000 ultra closely spaced parallel approaches a year, six
blunders are permissible to stay within the existing safety levels. We may fill out the rest
of the test matrix given the probabilitiesin Table 7-4. Table 7-5 uses Eqn 7-12 to calculate

the number of blunder-free UCSPASs flown before a blunder may occur. The numbersin

Table 7-5. Number of blunder-free UCSPAS, given the P(collision) in Table 7-4

Piloted with | Intelligent | LAAS | ILS No. of safe | No. of safe | No. of safe
tunnel-in- auto-pilot UCSPA UCSPA UCSPA
the-sky with auto- lo= lo= 750 ft 1100 ft 1500 ft
guidance escape 4.9ft 132ft
FTE FTE
1o =16ft 1o =11.9ft
delay=0.3 | delay = 0.5
t02.0 sec Sec
Case A X X 14,500 750 750
CaseB X X 750 750 750
CaseC X X 22,500 750 750

this table are the number of blunder-free approaches that must occur in order to maintain
acceptable safety levels. Note that the 750 appearing in several columnsisnot related to the
runway spacing, but results from the confidence interval of 0.3% and the resulting proba-
bility of collision rate. Based on [60], the maximum permissible number of blunder-free

approaches required by the FAA is 2,000, which means that all three navigation system/

115



pilot configurations are acceptable at 1100 and 1500 ft runways spacings. Only the LAAY

auto-pilot combination gives acceptable performance at 750 ft separation.

7.3 Conclusions
This analysis demonstrates that ultra closely spaced parallel approaches are technically

achievable on a smooth day using upcoming advanced navigation systems and pilot inter-
faces. The existing runway spacing requirement of 4300 ft or 3400 ft may be substantially
reduced, to the levels of 1100 or 1500 ft, based on the FAA minimum safety requirements
for amulti aircraft instrument approach. The critical underlying technical presumptions of
thisresearch, differential GPS, air-to-air and air-to-ground data links, and a good auto-pil ot
or pilot interface, have al been successfully demonstrated in flight test by either this
researcher or other researchers. Y et to be designed and tested isan intelligent auto-pilot that
autonomously executes the emergency escape maneuver without pilot intervention. At least
one collision detection algorithm has been successfully flight tested and several are in
work. Most of these algorithms assume aircraft attitude as well as three dimensional posi-
tion and velocity will be available in the data link. Given the tight requirements on mini-
mizing the response time of the evading aircraft during a blunder, the collision detection
community may well require adatalink update rate greater than one Hz in order to provide
adeqguate collision diagnosis during an ultra closely spaced parallel approach while mini-
mizing the false alarm rate. A summary of the components required to achieve 750 and
1100 ft runway separations for two nominal B-747 aircraft within the acceptable FAA
safety marginsis presented in Table 7-6.

Table 7-6. Minimum component requirements for 750 and 1100 ft runway spacing

Navigation Traffic information Minimum
Sensor Human-machine interface required runway spac-
ing

Cat | LAAS| Tunnel-in-the-sky (requires | Full state information on 1100 ft
LAASand anINS), pilotin | adjacent traffic (position,
the loop velocity, attitude)

Cat | LAAS| Intelligent auto-pilotin con- | Full state information on 750 ft
trol throughout approach and | adjacent traffic (position,
escape maneuver velocity, attitude)
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Chapter 8

Conclusions and Future Work

8.1 Conclusions
This research has concluded that it is technically feasible to reduce the required runway

spacing during simultaneous instrument approaches to less than the current minimum of
3400 ft with the use of advanced navigation systems while maintaining the currently
accepted levels of safety. On a smooth day, with a pilot flying a tunnel-in-the-sky display
and being guided by a Category | LAAS, it is technically feasible to reduce the runway
spacing to 1100 ft. If aCategory | LAAS and an “intelligent auto-pilot” that executes both
the approach and emergency escape maneuver are used, the technically achievable required
runway spacing is reduced to 750 ft. Both statements presume full aircraft state informa-
tion, including position, velocity, and attitude, is being reliably passed from aircraft to air-
craft to ground at arate equal to or greater than one Hz. Thisanalysiswas supported by both
experimental flight tests and analytical models in order to provide aredlistic basis for the
sengitivity study and Monte Carlo simulation parameters. Visual, cruise formation flying
dynamics were quantified with respect to pilot response time and pilot-in-the-loop forma-
tion flying system dynamics through experimental flight tests. Additional experimental
studies of the pilot’ s ability to precisely position an aircraft while on final approachin sim-
ulated instrument conditions quantified flight technical error for both present and future
navigation systems and showed that substantial reductions in total system error may be

achieved.

Basic to this research has been the presumption that aircraft state information, such as posi-
tion, velocity, roll angleand roll rate, is available to each airplane throughout the approach.
Equally important is the presumption that wake vortex avoidance procedures in instrument
conditions may be the same as those in visual conditions: careful control of relative longi-

tudinal spacing between the two airplanes.
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8.2 Environmental | mpacts
The technology to accomplish ultra closely spaced parallel approaches will require new

equipment in aircraft and on the ground. It will be such that all aircraft using an airport will
need to be equipped with the new technology in order to reap the full capacity benefits. The
equipment will probably cost on the order of $100,000 per aircraft. The airframe manufac-
turers and their airline customers do not easily accept this situation. The easy solution for
themisto lobby for no such mandatory re-equipage and to argue for airport expansion with
conventional runway spacing. However, awider view isnecessary for the best overall solu-
tion for the taxpayers, the airline passengers, and freight shippers who ultimately have to
pay for thefull system costs, including airport expansions. The wider view also should take
into account the welfare of airport neighbors, residents of areas that might become new air-
ports, and the environmental damage brought by expanding airportsinto areasthat are now
water. To put thisinto perspective, the re-equipage of 10,000 aircraft, the approximate size
of the United States' commercial fleet, would cost approximately $1B whereas the expan-
sion of San Francisco airport into the Bay with new runways is projected to cost $2B. This

ISjust one proposed airport expansion project.

In short, development of technology that allows the use of very closely spaced runwaysin
instrument conditions has huge long-term environmental and cost benefits. It should be a

high priority for the FAA, NASA, and the avionics manufacturers.

8.3 Future Work

Two areasthat merit future research inthe area of closely spaced parallel approaches or any
application that requires two aircraft to maneuver in close proximity to each other are the
area of maneuver optimization and time dependent, linked, three dimensional control of

multiple aircraft.

8.3.1 Optimal Evasion Maneuver
Up to this point, in the event of a blunder the evader aircraft has had a fixed emergency

escape maneuver: roll to 30 deg roll angle and execute a 45 deg heading change away from
the blundering aircraft. Thisfixed maneuver isappropriate for pilot-in-the-loop operations;

a common procedure that covers all airports and all blundersis easier for pilots to execute
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and decreases the cockpit workload. Thisis critical, especialy in an emergency situation.
In the future though, with the possibility of alarge amount of information being exchanged
between the two aircraft at a high bandwidth, intelligent auto-pilots, or “pilot associates’
asthe military refers to them, will have the capability to adapt to particular circumstances.
In this case, rather than executing the fixed emergency escape maneuver, the auto-pilot will
be able to execute amaneuver that is relative to the anticipated tragjectory of the blundering
aircraft which optimizes desirable maneuver attributes. For instance, the existing emer-
gency escape maneuver consistsof aquick roll toa 1.5 g turn, 45 deg off heading. Thistype
of maneuver is undesirable, especially with full flaps and gear down in the clouds and an
airplanefull of passengersin back. The more desirable maneuver would avoid the collision
and minimize unusual attitudes. This adaptive escape maneuver would not necessarily
require the maximum performance of the aircraft, but would be optimized to missthe blun-
dering aircraft while minimizing passenger discomfort. An adaptive maneuver would be
performed with the auto-pilot engaged while the pilot monitored the overall scenario. An

example of designing an optimal escape maneuver follows.

Asaprecursor to areal-time, adaptive optimization a gorithm that minimizes pilot or auto-
pilot inputs while responding to a blunder, various cases were run about the baseline blun-
der trgjectory with the goal of minimizing the required roll rate of the evading aircraft.
While minimizing roll rate, the maximum roll angle and heading angle change were
bounded to be those of the fixed emergency escape maneuver. The problem may be posed

asa“minimax” optimization problem,

min  max |F(x)|

xon" &1
subject to the nonlinear constraints,
G(x)<0
8-2
X S X< X,

where, in our case, F(x) isevader roll rate, G(x) is defined as the airplane geometry minus
the closest point of approach, and the x-vector is composed of evader maximum roll angle

and evader maximum heading change.
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Sequential quadratic programming was used to solve for the optimum solution and the

results for the minimum dynamic maneuvering required to avoid the baseline trajectory

blunder are presented in Table 8-1.

Table 8-1. Minimum dynamic performance required to avoid collision, baseline blunder trajectory

Runway Spacing, ft Evader minimum roll Evader maximum roll Evader minimum head-
rate, deg/s angle, deg ing change, deg
750 8.34 304 36.5
1100 211 314 311
1500 0 0 0

It isinteresting to note that at 1500 ft, the optimal maneuver for the evading aircraft is to
do nothing but proceed with the approach. Although this optimization was performed once
for one predicted trgjectory, this method may be used to dynamically optimize at each data
link update, allowing an adaptive, optimal maneuver for a given blunder. Any desirable

safety buffer may also be implemented.

8.3.2 Distributed, Four-Dimensional Control
Two, additional critical components of an instrument approach that must be addressed for

ultra closely spaced parallel approaches are the initia establishment of the aircraft on the
approach and the missed approach procedure. These componentswill be uniqueto each air-
port; however, each will require either very precise absolute positioning of the aircraft in
both space and time and/or very precise relative positioning. This author’ s opinion isthat a
version of the already implemented “Required Time of Arrival” auto-pilot function may be
used to place each airplane at an initial waypoint prior to pairing for the approach. At that
waypoint, absolute positioning will then be blended with relative positioning for the final
establishment of each on glideslope. Thisfour dimensional control may be implemented in
aleader/follower hierarchy whereby one aircraft fliesa“normal” approach and the second
maintains some relative longitudinal spacing. Another means of implementation would be
cooperative control where the auto-pilots of each airplane “negotiate” a system-optimal
approach speed or position based on factors such as desired approach speed, wake vortex

considerations or atmospheric turbulence levels.
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8.4 Closing Remarks

To repeat the opening comment of this document, air traffic control stands on the brink of
arevolution. New hardware and software are going to dramatically increase the amount and
the quality of information available to both pilots and controllers. Not only should imple-
mentation of these technologies proceed on an orderly and swift schedule, but policymak-
ers must thoroughly examine all of the new avenues offered by these technologies for
increasing the effectiveness and safety of our national airspace system. In addition, air car-
riers and pilot and air traffic controller organizations have the opportunity to shape an
national airspace system of the future that incorporates new, advanced procedures, allow-

ing increased airspace capacity and increased vigilance both inside and outside the cockpit.
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	Chapter 1
	Air traffic control stands on the brink of a revolution. Fifty years from now, we will look back ...
	As far as surveillance is concerned, it is those outside of the cockpit that have the almost excl...
	Allowing high accuracy and integrity information about other aircraft into the cockpit will enabl...
	1.1 Multiple Aircraft in the Terminal Area
	Although separation among aircraft is critical during en route operations, it is in the vicinity ...
	Except in the case of TCAS, the air traffic controllers have sole responsibility for separation a...
	Under an instrument flight rules (IFR) flight plan, it is presumed that visual acquisition of adj...
	This highlights the primary difference between operations in good weather and those in poor weath...

	1.2 National Airspace Capacity
	Commercial air traffic is projected to grow approximately 5% per year over the coming decades. Ma...
	In an ongoing series of articles, the well-known aerospace weekly, Aviation Week and Space Techno...
	Free flight offers a solution to the delays incurred en route, but airports must have the capacit...
	In the longer term, technology that allows use of ultra closely spaced (750 ft to 2500 ft) parall...

	1.3 Specific Contributions of This Research
	The contributions of this research address reducing required runway separation below the 2500 ft ...
	A parametric sensitivity study was performed to determine the effect of six critical components u...
	In visual conditions, the FAA allows simultaneous parallel approaches to be conducted to runways ...
	In order to conduct parallel approaches, the pilot or auto-pilot must be able to place the aircra...

	1.4 Unique, Ultra Closely Spaced Parallel Approach Research
	This research tackles the problem of multi aircraft dynamics, navigation, and operation, specific...
	Chapter 2 presents background information on precision and parallel approaches as well as previou...


	Chapter 2
	A precision approach may be broadly defined as an approach that provides both positive horizontal...
	2.1 Current Precision Approach Types
	2.1.1 Instrument Landing System (ILS)
	Described in detail in Chapter 6, the ILS is based on radio frequency transmitters located near t...
	A typical ILS approach begins with air traffic control providing vectors to intercept the glidesl...

	2.1.2 Precision Approach Radar (PAR)
	A PAR approach (also known in the military as a Ground Controller Approach or GCA) provides aural...

	2.1.3 Area Navigation (RNAV)
	Area navigation uses a blend of onboard sensors including GPS, DME, and inertial navigation syste...
	Currently, the only authorized RNP approaches using LNAV/VNAV are defined by RNP- 0.3 airspace an...


	2.2 Current Parallel Runway Operations
	During visual conditions, the FAA permits approaches to be conducted under a “see and avoid” crit...
	The terminal area separation criteria of 3nm is driven primarily by the accuracy of the Airport S...
	2.2.1 Simultaneous, Independent Parallel Approaches - over 4300 ft
	Initially, the FAA required 5000 ft between runway centerlines for simultaneous, independent para...
	Triple, simultaneous approaches may also be conducted, but the Normal Operating Zone for each run...

	2.2.2 Precision Runway Monitor Approaches - 3400 ft
	The FAA realized the shortcoming of the ASR-7/9 in providing coverage for closely spaced parallel...
	Lincoln Laboratories was primarily responsible for the analysis and testing of the new radar and ...
	2.2.2.1 PRM Procedures
	In order to fly a PRM approach, the pilot must have received specific FAA training on the procedu...
	If an aircraft actually enters the No Transgression Zone, the controller must transmit instructio...


	2.2.3 Dependent, Parallel Approaches - 2500 to 4300 ft
	In 1978, the FAA created the dependent parallel approach, allowing staggered approaches to parall...


	2.3 Objectives
	The objectives of this research were twofold:
	With more precise advanced navigation sensors and systems planned by the FAA, what effect will th...
	The second objective of this research undertakes a more fundamental question:
	Assuming then that a pilot’s response to an encroaching aircraft in visual conditions is acceptab...

	2.4 Previous Work on Parallel Approaches
	2.4.1 Airborne Information for Lateral Spacing (AILS) - 2500 to 3400 ft
	NASA Ames, NASA Langley, and Honeywell’s outstanding work in parallel approaches culminated in a ...
	The goal of the AILS program was to implement technology and procedures which would enable safe a...

	2.4.2 Runway Spacing less than 2500 ft
	Until recently, there has been very little research on simultaneous approaches to runways with le...
	Previous work on increasing throughput to airports with runway spacing less than 2500 ft has emph...
	With San Francisco Airport posting record delays due to weather over the past two years, research...


	2.5 Research Approach
	The final analysis of this work determines the probability of collision during an ultra closely s...


	Chapter 3
	3.1 Introduction
	In anticipation of future advanced navigation technology and practices that may permit parallel, ...
	While this research identifies the key parameters associated with executing standard, straight-in...

	3.2 Ultra Closely Spaced Parallel Approach Model
	The model created for the sensitivity analysis defines a continuous, two-dimensional, nonlinear, ...

	3.3 Dual Airplane Kinematic Equations
	Using the evader airplane-referenced frame, the position of the blunderer relative to the evader ...
	3.3.1 Evader Airplane-Referenced Frame Equations of Motion
	The evader airplane referenced coordinate frame is a lead/trail concept [30]. The origin of the r...
	The reference frame (denoted by capital X and Y) is rotating and translating with the evader airp...
	3-1
	3-2
	3-3
	3-4
	3-5

	where and are the relative X and Y velocities of the blunderer with respect to the reference fram...

	3.3.2 Runway-Referenced Frame Equations of Motion
	In order to position the aircraft relative to a fixed set of runways, an inertial runway-referenc...
	3-6
	3-7

	where and are the velocities of the evader aircraft relative to the runway-fixed frame originatin...

	3.3.3 Blunderer’s Position in Runway-Referenced Coordinates
	There are now two coordinate frames: one centered at the evader’s center of mass, the second orig...
	3-8
	3-9

	The state vector is formed from Eqn�3-1 to Eqn�3-9 which are numerically integrated at each time ...


	3.4 Sensitivity Studies
	3.4.1 General Sensitivity Analysis
	The goal of a sensitivity analysis is to estimate the change in output of some model with respect...
	3-10

	where the output is a function of input vector, which is a history of the input process up to tim...
	3-11

	and to examine the system sensitivities, . For this investigation, only the first order gradients...
	The input vector, , contains initial conditions and maximum allowable values of the state vector....
	3-12

	The results of the sensitivity analysis will rank the critical parameters that affect f during an...

	3.4.2 Baseline Case
	The baseline trajectory chosen for the sensitivity study of UCSPA is based on the 30 deg blunder ...
	Three runway separation distances were investigated: 750, 1100, and 1500 ft. The baseline values ...
	To summarize, the baseline parameters are presented in Eqn�3-13:
	3-13


	3.4.3 Parameter Range Variation
	Around this baseline trajectory, the six parameters of were individually varied over the ranges d...
	3-14

	3.4.3.1 TSE
	The TSE range for each aircraft was from zero (on centerline) to 200 ft toward the other aircraft...

	3.4.3.2 Airspeed Difference
	The airspeed of the evader was varied +/- 20 kts around the blunderer’s airspeed of 140 kts. This...

	3.4.3.3 Roll Rate Difference
	The roll rate of the evader aircraft was varied from 10 deg/s faster to 10 deg/s slower relative ...

	3.4.3.4 Delay
	The delay time is defined as the time between when the blunderer’s absolute roll rate is greater ...

	3.4.3.5 Maximum Bank Angle Difference
	The maximum relative bank angle of the evader was varied between +/- 30 deg around the blunderer’...

	3.4.3.6 Longitudinal Spacing
	The initial relative, longitudinal position of the blundering aircraft was varied from 500 ft in ...

	3.4.3.7 Safety Buffer
	Not listed in the parameter vector because it does not impact the trajectory is a seventh paramet...

	3.4.3.8 Coordinate Normalization
	From this six dimensional spatial field, the first order gradient of the performance, , where per...
	3-15

	The gradients of each parameter with respect to miss distance may then be compared directly, with...


	3.4.4 Parametric Gradient Example
	An example of individual parametric data is presented in Figure�3-3 for the 1100 ft case. Four of...
	One can visually inspect the plots and qualitatively determine that the delay time and an evader ...

	3.4.5 Collision Limits
	The zero crossing of the closest point of approach defines the critical value of that individual ...


	3.5 Comparison of the Relative Sensitivities
	For the six parameters of interest in Eqn�3-14 and the safety buffer, composite, relative sensiti...
	From the pie charts, one may directly obtain the top three parameters exhibiting the greatest sen...

	3.6 Results of Sensitivity Study
	Overall, the delay time between the onset of the roll rate of the blunderer and the onset of the ...
	3.6.1 Safety buffer
	Although visual formation flying is safely performed every day, it is because of the large amount...

	3.6.2 Heading Change
	While the maximum allowable heading change was fixed at 45 deg for the evader, the closest point ...


	3.7 Trade-off Studies
	Having gained an understanding of which parameters affect the miss distance most significantly, t...
	Note that the centers of mass separation colors correspond to a distance between two point masses...
	As an example, suppose two, B-737-700s were on approach to runways spaced 700 ft apart and it was...
	3.7.1 Additional Trade-off Studies
	Surface plots are presented in Figure�3-6 to Figure�3-9 for the other parameters of interest. In ...
	Figure�3-6 presents the effect of initial longitudinal offset between the two aircraft. In the no...
	Figure�3-7 and Figure�3-8 present the effects of relative maximum roll angle and roll rate, respe...
	Figure�3-9 presents the effect of different aircraft approach speeds, varying between plus or min...


	3.8 Conclusions
	This parametric sensitivity study has determined that the delay time between the onset of the rol...
	At 1100 and 1500 ft runway separation, ensuring the evading aircraft at least matches the roll ra...
	At 750 ft, the accuracy of the guidance system is second in importance only to the delay time. Co...


	Chapter 4
	In the previous chapter, the parameters critical to the success of ultra closely spaced parallel ...
	One key concern in collision avoidance during a blunder in IMC is the delay time between when the...
	The primary variables of interest in determining pilot response time are the specific maneuver of...
	4.1 Flight Test Setup
	Three formation flights were performed using a Beechcraft Queen Air as the maneuvering, lead airp...
	4.1.1 Definitions
	Throughout this chapter, reference will be made to aircraft pitch, roll, and yaw angles, their an...

	4.1.2 Instrumentation
	The Queen Air and Caravan both had a prototype Wide Area Augmentation System (WAAS) installed to ...

	4.1.3 Formation Flight Procedure
	The nominal Caravan test conditions were 4000 ft MSL and 130 kts. The Queen Air flew at 3900 ft a...

	4.1.4 Parameter Identification Flight
	A separate flight with only the Caravan was performed in order to gather data on the Caravan’s dy...


	4.2 Pilot Response Time
	A block diagram of the dual airplane formation flying system is presented in Figure�4-2. With ins...
	To separate pilot response time from the total response of the pilot/aircraft combination to the ...
	For these flights, a ground track angle change of 0.5 deg was chosen as the critical point for tw...
	4.2.1 Roll Angle Change Maneuvers
	As an example of removing aircraft dynamics from the total system response, let us examine flight...
	4.2.1.1 Caravan Roll Dynamics
	One flight was performed in order to estimate the dynamic response of the Caravan at the test con...
	Beginning with the linearized, small perturbation aircraft dynamic equations of motion [40], assu...
	4-1

	where L is rolling moment, is aileron deflection, p is roll rate, is moment of inertia about the ...
	4-2

	where
	4-3

	and is defined as the roll mode time constant. The time constant indicates how quickly the airpla...
	4-4

	As , the steady state roll rate becomes
	4-5

	Substituting this expression into Eqn�4-4 results in an expression for roll rate as a function of...
	4-6

	Using this expression and a step input in aileron deflection, a time history of roll rate may be ...
	For the flight test, an approximately constant amplitude step input in aileron was performed by m...
	Using this modeled data of roll response and Eqn�4-7, ground tracks were produced that model how ...
	4-7

	Assuming the roll mode time constant remains the same regardless of the aileron deflection, the s...
	Specifically, at 130 kts ground speed, without pilot delay and a steady state roll rate of 9 deg/...
	4-8

	the calculated pilot delay time would be 2.5 sec - 1.25 sec = 1.25 sec.
	Since roll rate was not available on the trail airplane during the formation flights, an estimate...

	4.2.1.2 WAAS Velocity Accuracy
	Since WAAS is being used as the primary flight path sensor, one must account for WAAS velocity in...

	4.2.1.3 INS time versus GPS time
	The two primary sensors used in these tests, the INS and WAAS, did not share the same time stamp ...

	4.2.1.4 Determining the Start Time of the Lead Maneuver
	The start of the lead aircraft’s maneuver was defined to be the point at which roll angle begins ...

	4.2.1.5 Summary of Roll Response Errors
	From the preceding discussions, the following list summarizes the estimated, maximum error for ea...
	In order to give some indication of the measurement accuracy, the errors are added and result in ...

	4.2.1.6 Pilot Response Results for the Roll-Towards-Trail Maneuvers
	Figure�4-6 presents pilot response time as a function of separation distance and type of roll man...
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	where ‘t’ is pilot response time in seconds and ‘d’ is separation distance in feet.


	4.2.2 Response to Climb and Descent Maneuvers
	The approach to separating aircraft response from pilot response time for climbs (and descents) i...
	4.2.2.1 Determining Aircraft Pitch Response
	For a given initial specific energy, the time to reach some predefined change in height may be me...
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	where E is the energy, m is the mass of the aircraft, V is the airspeed, g the gravitational cons...
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	where is the initial airspeed. Since the initial airspeed was the same for each maneuver in each ...
	4-12

	In order to calculate , the windspeed is determined by subtracting the known initial airspeed (in...
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	This calculated change in altitude may be compared with actual change in altitude measured by WAA...
	For this maneuver, the model matches the data within 0.2 sec at the 2 m mark, giving a confidence...
	Figure�4-8 shows the model of a pushover or descent maneuver. Time to a change in height of 2 met...

	4.2.2.2 Pilot Response to Climb and Descent Maneuvers
	Pilot response time as a function of separation distance and pitch maneuver is shown in Figure�4-...
	Climb response may be represented by the second order polynomial shown in Figure�4-9 and written as
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	where ‘t’ is pilot response time in seconds and ‘d’ is separation distance in feet. Pilot respons...
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	Eqn�4-14 and Eqn�4-15 are used to illustrate the trends of climbing and descent maneuvers and may...


	4.2.3 Response to Wings-Level Yaw Maneuvers
	The final class of maneuver performed in formation flying was a wings level yaw, with varying max...
	4.2.3.1 Aircraft/Pilot Response to Yaw
	In the case of yaw, the pilot was not accustomed to making a pure rudder input as a response and ...
	The feature unique to this series of maneuvers is that the trail pilot did not respond to five ou...



	4.3 Summary of Pilot Response Results
	A composite graph of the data from the previous sections is presented in Figure�4-11. Error bars ...
	One can see that the pilot generally responds the fastest to roll angle changes, followed by pitc...

	4.4 Conclusions
	The preceding analysis suggests that a pilot discerns roll angle change more quickly than either ...
	This series of flights forms a basis for analyzing pilot response; however, additional issues suc...


	Chapter 5
	The previous chapter quantified pilot response time to maneuvers performed during visual, cruise ...
	One way to create a system model is to use experimental data along with system identification tec...
	5.1 Physical model of Formation Flying
	A simplified physical model of formation flying is the spring-mass-damper system illustrated in F...
	The airplanes are modeled as point masses and assuming no external forces (primarily wind in the ...
	5-1

	where and are deviations of the aircraft from their nominal positions, is the mass of the lead ai...
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	where a, b, c, d, f, and g are generalized linear coefficients and is the trail pilot response ti...
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	where the input, , is the lead aircraft position and the output, , is the trail aircraft position...
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	the transfer function may be rewritten as
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	Using this form of the transfer function and data from carefully controlled experiments, a variet...

	5.2 Parameter Identification Example
	The experimental formation flying setup is described in detail in Chapter 4. In summary, two airc...
	Two example maneuvers were chosen to illustrate the parameter identification (PID) techniques. Th...
	In system identification, it is important to capture all of the system dynamics, yet avoid includ...
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	where y is the output vector, A is the output vector coefficient matrix, u is the input vector, B...
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	The Tustin approximation (trapezoidal rule) was used to convert the transfer function to the cont...
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	where is the ground track angle of the lead aircraft and is the ground track angle of the trail a...
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	where is the component of the aircraft velocity in the y direction and is the component of the ai...
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	where x contains the solution vector [a b c d f g]’ from Eqn�5-5, H contains the coefficients of ...
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	where is the estimation of x. For each value of , the root sum square of the errors, x - , was ca...
	There is an additional near-minimum at ; however it is not the global minimum. With =0.3, the res...
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	Comparing the calculated pilot delay time of 0.3 sec with the pilot delay time determined in Chap...
	5.2.1 Single Input vs. Multi-input Modeling
	The first parameter identification was performed using the ground track angle change of each airc...
	5.2.1.1 Residual Error Analysis
	The residual error is defined as the difference between the actual and modeled system output. In ...
	To determine if the residuals are a white noise process and uncorrelated with past inputs, an out...
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	where N is the number of data points, is the delay time, and is the output residual. The cross-co...
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	where u is the input value. To determine if the residuals are “small enough”, one may define a co...
	In order to determine the best model for the second example, that of the lead aircraft rolling to...
	Not only does a model have to exhibit acceptable residual behavior for the data subsuming the mod...
	The residual analysis of the validation data set showed that this model also adequately captured ...
	The residual analysis for the two SISO cases showed slightly poorer modeling performance, but sti...


	5.2.2 Model Output Performance
	Another means to assess the goodness of the ARX model is to compare the predicted system output w...
	The “goodness of fit” number presented in each graph is the mean square fit, calculated by
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	where is the modeled output value, y is the actual output value, and N is the number of output el...

	5.2.3 Summary of Modeling Techniques
	The preceding analysis was performed for all lead aircraft test points, covering roll, pitch, and...


	5.3 VFR Formation-keeping Characteristics
	Once the trail aircraft’s pilot has determined the intent of the lead aircraft, how well can he o...
	Formation keeping characteristics, defined as how well the trail pilot could match the lead aircr...
	At each of the test points, the lead pilot provided a step input maneuver for approximately ten t...
	5.3.1 Roll Tracking Characteristics - Frequency Domain
	The poles of the open loop formation flying system for roll maneuvers at various separation dista...
	The fast pole at s = -8 rad/sec is due to the pilot delay time. Using Eqn�5-5 and Eqn�5-8 and sol...

	5.3.2 Climb Tracking Characteristics - Frequency Domain
	The formation-keeping characteristics of a climb are presented in Figure�5-11 and demonstrate tha...
	If modeled as a second order system, the damping ratio and period is approximately 0.62 and 14 se...

	5.3.3 Yaw Tracking Characteristics
	Since the pilot neglected to respond to roughly half of the yaw test points, there are two possib...


	5.4 Conclusions
	Using system identification techniques, human-in-the-loop, visual formation flying characteristic...
	Although the specific system response characteristics are unique to this aircraft/pilot combinati...
	The roll maneuver is the only system with sufficient data to remark upon the effect of separation...

	Chapter 6
	6.1 Introduction
	Total system error (TSE), composed of navigation sensor error and flight technical error, defines...
	One of the main difficulties in using an existing ILS approach path with a conventional CDI for u...
	The above description references instrument approach procedures, but TSE may also be defined for ...

	6.2 Navigation Sensor Error
	6.2.1 The Instrument Landing System
	6.2.1.1 Overview
	The Instrument Landing System (ILS) consists of an angular radio beam, typically 3 to 6 deg wide ...

	6.2.1.2 ILS Technical Concept
	The ILS landing system was certified for Category I (200 ft decision height) operations in 1947, ...

	6.2.1.3 ILS Accuracy (NSE)
	The ILS accuracy is driven by its sensitivity to the local environment. Multipath due to hangars,...


	6.2.2 Microwave Landing System
	6.2.2.1 Overview
	The Microwave Landing System (MLS) had originally been adopted by ICAO in 1985 for world-wide tra...

	6.2.2.2 MLS Technical Concept
	The MLS uses electronically scanned phased array antennas at a high scanning rate (20,000 deg/s) ...

	6.2.2.3 MLS Accuracy (NSE)
	Because of its higher resistance to environmental affects compared to the ILS system, only one ac...


	6.2.3 Special Category I (SCAT-1) NSE
	6.2.3.1 Overview
	The first differential GPS-based precision landing system to be certified for operational use in ...

	6.2.3.2 SCAT-1 Accuracy (NSE)
	The SCAT-1 Flight Standards Manual [49] defines the acceptable tolerances for the angular deviati...


	6.2.4 WAAS and LAAS
	6.2.4.1 Overview
	The Wide Area Augmentation System (WAAS) and Local Area Augmentation System (LAAS) are differenti...

	6.2.4.2 WAAS NSE
	The WAAS system is comprised of four basic components: 1) the GPS satellites, 2) the geostationar...
	According to [50], WAAS NSE is specified to have an 95% error less than 7.6 meters or 24.9 ft for...

	6.2.4.3 LAAS NSE Model
	Each LAAS system consists of three major subsystems: 1) the GPS satellites, 2) the on-airport ref...
	The LAAS model used for the study in Chapter 7 is based on the Ground Accuracy Designator B (GADB...

	6.2.4.4 Airborne Receiver Pseudorange Error Model
	The airborne receiver’s pseudorange error is modeled as the root sum square of the thermal noise ...
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	where, for ,
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	and
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	The coefficients for Eqn�6-2 are given in Table�6-4 for the different airborne models.

	6.2.4.5 Ground Receiver Pseudorange Error Model
	The ground reference receiver pseudorange error is modeled by
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	where the coefficients are presented in Table�6-5

	6.2.4.6 Atmospheric Pseudorange Error Models
	The troposphere and ionospheric pseudorange error models must be included in the LAAS NSE model a...
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	where , is the difference in height between the ground station antenna and the airborne antenna, ...
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	where is the atmospheric pressure in mbars, is the temperature in Kelvin, is the height of the gr...

	6.2.4.7 Ionospheric Model
	The ionospheric psuedorange error may be modeled by
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	where , is the user to ground station distance, in meters, which is the airborne carrier-smoothin...
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	where is the earth’s radius, 6378.1363 km, and is the height of the maximum electron density of t...

	6.2.4.8 Summary of Pseudorange Error
	The four components of the overall pseudorange error, airborne receiver thermal noise and multipa...
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	6.2.4.9 Pseudorange Error to Lateral NSE
	To convert the pseudorange error into the position domain, the following equations are used
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	where VDOP is the vertical dilution of precision, VAL is the vertical alarm limit maximum of 10 m...



	6.3 Flight Technical Error
	6.3.1 Overview
	The ability of the pilot or auto-pilot to follow a desired path through the sky is measured throu...
	Current, actual FTE values for various airplanes under various conditions have not been publicly ...

	6.3.2 Experimental FTE
	6.3.2.1 Precision Runway Monitor Tests
	It is extremely difficult to find experimental data on FTE. Part of the difficulty lies in access...
	Because the position measurement sensor was off-board and the NSE of the Memphis ILS would vary o...

	6.3.2.2 NASA Langley B-757 Auto-pilot Tests
	In the fall of 1999, NASA Langley and Honeywell performed a series of simulator and actual flight...
	FTE vs. distance from runway is presented in Figure�6-7 for fifteen, auto-pilot coupled, ILS-like...

	6.3.2.3 Stanford Flight Tests
	In the fall of 1998 and then again in the fall of 1999 and spring of 2000, flight tests were perf...
	The flight test experiments were designed to test the effects of two primary variables: (1) a nav...
	Four flight tests with the Queen Air occurred on Oct. 23, 26, Nov. 28, and Dec. 13, 1998 at Moffe...


	6.3.3 Approach Specifications
	The ILS approach at Moffett has a three deg glideslope and three deg localizer half angle. A thre...
	The WAAS approach imitated the ILS approach with a three deg glideslope and a three deg half angl...
	The WAAS constant width, corridor approach with the tunnel-in-the-sky display had a glideslope of...
	The WAAS constant width, corridor approach with CDI needles imitated the tunnel-in-the- sky dimen...
	For the majority of the flights, in order to capture the glideslope, the tunnel was displayed to ...

	6.3.4 Results of ILS-like Angular versus Corridor Approaches
	Data from the ILS and WAAS ILS-like approaches were combined to form one data set while the WAAS ...
	The time histories were converted into histogram form in order to look at the distribution of FTE...
	Since the data is not truly gaussian, pseudo standard deviations were generated for each data set...

	6.3.5 Discussion of Angular vs. Corridor approach Results
	In order to determine the error associated with modeling the FTE of ILS-like angular approaches a...
	It should also be noted that the resolution of an ILS increases as the airplane nears the runway,...
	For corridor approaches, one would expect integrated standard deviation over time to be constant....
	The dimensions of the defined path through space were identical for the tunnel-in-the-sky and the...


	6.4 Summary of TSE
	From the above discussions, it is clear that both NSE and FTE may be substantially reduced from t...


	Chapter 7
	The probabilistic study undertaken in this chapter is based upon the generalized sensitivity stud...
	7.1 Probability of Collision
	Using the results of the sensitivity analysis as well as the approach model, the data presented i...
	7.1.1 Aircraft Model
	In order to more accurately model the aircraft dynamic response for the blunder and evasion maneu...
	Beginning with the linearized, small perturbation aircraft dynamic equations of motion, assuming ...
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	where L is rolling moment, is aileron deflection, p is roll rate, is moment of inertia in the x-p...
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	where
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	and is defined as the roll mode time constant, Q is the dynamic pressure and is the airspeed. For...
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	The baseline blunder trajectory for the Monte Carlo runs was the same as that of the sensitivity ...

	7.1.2 NSE and FTE models
	The navigation sensors used in this study were the Category II Instrument Landing System (ILS) an...
	The FTE models were based on demonstrated pilot-in-the-loop performance using a corridor approach...
	The NSE and FTE data are summarized in Table�7-2.

	7.1.3 Delay models
	The following sources of delay were considered in the delay model: 1) data link update rate and c...
	7.1.3.1 Delay due to Electronics and Actuators
	The antenna/computer electronics delay and the electro-mechanical actuator delay were each assign...

	7.1.3.2 Delay due to Data Link and Collision Detection
	The data link update rate directly affects the collision detection algorithm as it contains the n...

	7.1.3.3 Delay due to the Pilot or Auto-Pilot
	For the cases with the auto-pilot coupled, not only is the auto-pilot coupled during the approach...
	Data from NASA Langley’s AILS flight tests [25] demonstrated an average pilot response time of 0....
	A summary of the components of the total delay distribution is presented in Table�7-3. Either the...


	7.1.4 Longitudinal Position Distribution
	Videotaped observations of simultaneous, visual parallel approaches into San Francisco airport ma...

	7.1.5 Airspeed Distribution
	So as not to limit the study to exactly matched aircraft, the relative velocity of the evading ai...

	7.1.6 Summary of Monte Carlo Parameters
	For each simulation run, the following variables were randomly sampled from either a gaussian or ...
	The following deterministic variables were set at the values given in the baseline trajectory des...

	7.1.7 Monte Carlo Results
	At each runway spacing of 750, 1100 and 1500 ft, 100,000 trajectories were run with the distribut...
	A plot of Table�7-4 is presented in Figure�7-4.
	It must be emphasized that additional onboard equipment is required for each case, as well as pre...
	- tunnel-in-the-sky guidance, which currently relies upon LAAS for posi-
	tion and velocity, and an INS for attitude information
	- full state information on the adjacent aircraft along with collision detection
	ability
	- computerized collision detection and resolution with the auto-pilot in con-
	trol throughout all maneuvers
	- full state information on the adjacent aircraft

	7.1.8 Accuracy of the Monte Carlo Simulation
	Because the probability of collision during a blunder calculation is a binomial random variable (...
	From [59], let be the relative frequency of collision in Bernoulli trials. In this case, one Bern...
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	which is approximately Gaussian for large n. For a 95% confidence interval, we want to determine ...
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	where p is the true mean and the Q-function is defined by
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	In this case, the true mean, p, is not known, however; by differentiating, it may be shown that t...
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	We want the left side of the equation to equal 0.95 for a 95% confidence interval, which results in
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	Using tabulated data for values of the Q-function results in
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	Using this equation, for n=100,000 Monte Carlo runs, . This means that the calculated probability...

	7.1.9 Results of the Probability of Collision During a Blunder
	For a LAAS-based navigation system, the probability of collision at 750 ft is less than 6%, illus...


	7.2 Ultra Closely Spaced Parallel Approach Safety
	Using the results of the Monte Carlo simulation and an estimate of the current safety level for i...
	In the Precision Runway Monitor program, the FAA adopted the following methodology for estimating...
	From data obtained between 1983 to 1988, there were two accidents during an estimated total of fi...
	The FAA identified nine potential causes of accidents during a final approach and added a blunder...
	One key assumption the FAA made for this analysis was that out of 100 blunders occurring during a...
	With these assumptions and data, the total number of allowable blunders may be written as
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	where a “bad blunder” is defined as the sustained, 30 deg blunder discussed in the previous secti...
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	where the 333 “bad blunders” is calculated from the upper end of the confidence interval on the p...
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	This result of Eqn�7-12 means that 750 blunder-free UCSPAs must occur before one blunder is allow...

	7.3 Conclusions
	This analysis demonstrates that ultra closely spaced parallel approaches are technically achievab...



	Chapter 8
	8.1 Conclusions
	This research has concluded that it is technically feasible to reduce the required runway spacing...
	Basic to this research has been the presumption that aircraft state information, such as position...

	8.2 Environmental Impacts
	The technology to accomplish ultra closely spaced parallel approaches will require new equipment ...
	In short, development of technology that allows the use of very closely spaced runways in instrum...

	8.3 Future Work
	Two areas that merit future research in the area of closely spaced parallel approaches or any app...
	8.3.1 Optimal Evasion Maneuver
	Up to this point, in the event of a blunder the evader aircraft has had a fixed emergency escape ...
	As a precursor to a real-time, adaptive optimization algorithm that minimizes pilot or auto- pilo...
	8-1

	subject to the nonlinear constraints,
	8-2

	where, in our case, F(x) is evader roll rate, G(x) is defined as the airplane geometry minus the ...
	Sequential quadratic programming was used to solve for the optimum solution and the results for t...
	It is interesting to note that at 1500 ft, the optimal maneuver for the evading aircraft is to do...

	8.3.2 Distributed, Four-Dimensional Control
	Two, additional critical components of an instrument approach that must be addressed for ultra cl...


	8.4 Closing Remarks
	To repeat the opening comment of this document, air traffic control stands on the brink of a revo...
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