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This research considers the technological components required in an aircraft to safely perform simultaneous,
instrument approaches into an airport with parallel runways spaced less than 2500 ft apart. Monte Carlo simu-
lations were used in order to assess the probability of collision during an unexpected aircraft blunder, but many
of the input parameters such as flight technical error, navigation sensor error, and pilot time delay were based on
recently generated experimental data. This analysis shows that with the Federal Aviation Administration’s global
positioning system-based Local Area Augmentation System operational and a reliable data link transmitting full
state information between aircraft, it is technically feasible to reduce runway spacing to 1500 ft or less using the
same safety criteria as that used for the recently implemented Precision Runway Monitor program.

Introduction

N visual conditions simultaneous, parallel approaches can be

made to runways that are a mere 700 ft apart, centerline to cen-
terline, with air traffic control passing separation responsibilities
to the pilots. This distance is just over three times the 212-ft wing
span of a B-747-400. During instrument conditions, the minimum
runway spacing for the same procedure is 3400 ft for airports with
a Precision Runway Monitor (PRM) radar and 4300 ft for airports
without a PRM radar. Air traffic controllers bear the responsibility
to ensure adequate aircraft separation during instrument conditions
anddo so by referenceto aircraftpositionderived fromradarreturns.
Onboard aircraft position, frequently obtained by using the global
positioning system (GPS), which is accurate to within 10 m (95%),
is not transmitted to air traffic controllersnor to other aircraft. There
is also no equipment in place by which to measure the location of
aircraft wake vortices. On a visual, simultaneous parallel approach,
wake vortex concerns are obviated by having the aircraft fly exactly
or very nearly side by side.

Considerthe informationapilotobtains visuallyaboutan adjacent
aircraft. The pilot notes relative position and velocity and the atti-
tude of the aircraft, and is rather certain that the intentis to follow the
(visual) glideslopeto a safe landing. If equivalentinformation about
the approach and adjacentaircraft could be passed to the pilotor au-
topilotduring instrumentconditions,it would follow that the aircraft
could continue to perform parallel approaches to the same safety
level as thatin visual conditions without visual contact. Even during
visual conditions, a pilotcannot see the wake of the adjacentaircraft.

Technology and procedures that would permit the distance be-
tween parallelrunwaysduringan instrumentapproachto drop to that
allowed during visual approaches would double the bad-weatherca-
pacity of an airport currently constrained to only single runway use
during instrument conditions. With this goal in mind, this research
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setoutto quantifythe effectof improvedtechnologyonrequiredrun-
way spacing: specifically, the effects of improvementsin navigation
enabled by differential GPS, improvements in guidance through the
use of advanced pilot displays and autopilots, and the introduction
of new information to pilots on neighboring traffic made possible
by air-to-air data links. Of particular importance to this research
was the effort to obtain or create high-quality,experimental data on
which to base a detailed Monte Carlo simulation.

This problem of allowing two airplanes to fly in close prox-
imity to one another in the clouds while maintaining necessary
safety margins has been addressed by numerous researchers over
the past 10 years. Outstanding work has been accomplished by the
Federal Aviation Administration (FAA)' and Massachusetts Insti-
tute of Technology (MIT)’s Lincoln Laboratories* on the Precision
Runway Monitor Program, which successfully brought required
runway spacing down to 3400 ft, and NASA Langley Research
Center* and Honeywell’ on the Airborne Information for Lateral
Spacing program, which demonstrated techniques by which the re-
quiredspacingcan be furtherreducedto 2500 ft. Additional work has
been performed by MIT,® the Cargo Airline Association, Stanford
University, and Georgia Tech® to identify various techniques to
increase airport capacity during instrument conditions, particu-
larly taking advantage of the information proposed in the Airborne
Dependent Surveillance-Broadcast(ADS-B) data link.

Rather than using historical databases for flight data, thisresearch
has created a new database of information on the accuracy to which
pilots can fly their aircraft during instrument approaches. Also ex-
perimentally flight tested was pilot reaction time during formation
flying maneuvers in order to simulate how quickly a pilot can re-
act to an unexpected blunder from an adjacent aircraft. Data from
Stanford and FAA flights on the demonstrated accuracy of differ-
ential GPS while airborne has also been compiled and used in this
research. Not enough data were gathered to construct statistically
significant results; however, the goal was to use demonstrated, real-
istic values for these parameters. There is no “padding”builtinto this
analysis; instead Gaussian distributions are used where appropriate
to allow both nominal and six-sigma cases. It can be argued that
safety margins must be added in; if so, then they should be explic-
itly stated as that rather than inflating known values or distributions.
The experimentally determined data on flight technical error, navi-
gationsensorerror,and pilotdelay time were combined with models
of aircraft roll dynamics, distributions of additional delay compo-
nents, and distributions of realistic relative speed and longitudinal
spacingdifferences. These probabilisticparameters were then incor-
poratedinto a two-airplane, ultra closely spaced parallel instrument
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approachMonte Carlo simulation with a fixed adjacentaircraftblun-
der trajectory commencing at 5 n miles from the runway threshold.
These simulations included navigation capabilities with both the
current instrument landing system and future differential GPS nav-
igation systems in order to compare the different technologies and
their effect on blunder avoidance. At least 100,000 trajectories were
run for each scenario, with the miss distance (based on a B-747
fuselage length of 232 ft) recorded for each trajectory. This miss
distance parameter is termed the closest point of approach. The re-
sulting distribution of closest points of approach for the trajectories
were then studied and the probability of collision during a blun-
der calculated for various approach guidance system/pilot interface
combinations.

These resulting probabilities of collision during a blunder were
thencombined with the FAA’s method of assessingthe probability of
ablunderoccurringduringany givenapproachto determinethe over-
all likelihood of a collision for any given ultra closely spaced par-
allel approach. This probability was then compared with the FAA’s
acceptable values and conclusions made on the safety of parallel
approaches to runways with spacings of 750, 1100, and 1500 ft.

Flight Technical Error Models

One of the key parameters to specify when modeling instrument
approachproceduresis the total system error, which is comprised of
the navigationsensorerror and the flight technical error. The naviga-
tion sensor error is a function of the instrumentapproach navigation
system itself and the onboard installed equipment guiding the pilot
or autopilot. The flight technical error is determined by how well the
pilot or autopilot can follow the flight path indicated on the instru-
ments. Not only is the flight technical error a function of the pilot’s
display in the case of a manual approach, butit is also a function of
winds and turbulence.

Very little published experimental evidence exists that reports
flight technical error or navigation error. Prior to differential GPS,
“truth” was typically a laser-based system installed on the airport.
With upcoming, aviation-certified, differential GPS systems such as
the Wide Area Augmentation System (WAAS) and the Local Area
Augmentation System (LAAS), the measured horizontal accuracy
of the guidance system is on the order of 1-8 m, 95% of the time.'°
In fact, local-area differential GPS systems are now used as truth
for certifyinginstrumentlanding systems. If using WAAS or LAAS
as a guidance sensor, flight technical error, typically on the order
of tens to hundreds of meters, would outweigh navigation sensor
error by an order of magnitude. On-aircraft GPS systems are now
accurate enough to digitally record flight technical error to within
Sm.

Because of the lack of available, accurate, experimental flight
technical error data, differential GPS techniques were used to ex-
perimentally measure flight technical error during instrument ap-
proaches of a twin-engine, general aviation aircraft.!' The primary
variablesinvestigatedduring these flights were approach path geom-
etry and pilot display. Two types of approach paths were specified:
1) angular, such as that used by today’s instrument landing system
and 2) constant width, linear corridors such as might someday be
specified by a differential GPS system. Two displays were presented
to the pilot: 1) the standard course deviation indicator (commonly
referred to as “the needles”) and 2) a tunnel-in-the-skydisplay pro-
totype. In addition to this pilot-in-the-loopdata, position data from
a B-757 autopilot during 15 simulated instrument approaches into
NASA’s Wallops Field were obtained and used as a basis for deter-
mining flight technical error for a state-of-the-artautopilot.

Time histories for two sets of approaches are presentedin Figs. 1
and 2. Figure 1 presents data for nine angular, instrument landing
system-like approaches using a course deviation indicator for the
pilot’s display. With the bias removedand using WAAS to determine
position, the measured one-sigma standard deviation away from
the approach centerline was 60 ft at 5 n miles. Figure 2 presents the
results of four angular approaches, but uses the tunnel-in-the-sky
display rather than the needles. The tunnel-in-the-skydisplay used
WAAS to input the angular waypoints along the flight path and
a prototype attitude heading system for roll, pitch, and yaw. The
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Fig. 1 Flight technical error vs distance from the runway for pilots
using the course deviation indicator (needles) display.
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Fig. 2 Flight technical error with a tunnel-in-the-sky display.

WAAS measured deviation from approach centerline after the bias
is removed has a one-sigma standard deviation of 16 ft, a marked
improvementoverthe coursedeviationindicator.On each plot, flight
technical error in feet is on the y axis vs distance from the airport
in nautical miles. A positive flight technical error represents error
to the left of centerline, whereas a negative flight technical error
representserror to the right of the approach centerline. The scales on
eachplotareidentical. The four-foldimprovementin flight technical
error is primarily caused by the improved piloting achievable with
the tunnel-in-the-sky display compared to the needles. Flight tests
were later carried out with the tunnel-in-the-skydisplay during light
to moderate turbulence levels. Further details and results on these
flights can be found in Houck et al.!!

During instrument approaches, airline pilots frequently engage
the autopilot. Therefore, not only is pilot-in-the-loop flight techni-
cal errorimportant, but also that obtained with the autopilotengaged
isimportant. Horzontal flight technical error from a Boeing 757 with
the autopilot engaged during 15 instrumented approaches using a
SCAT-1, local-areadifferential GPS navigation system is presented
in Fig. 3. The bias has been removed, resulting in deviation from
mean flight path on the y axis vs time since the start of the ap-
proach on the x axis. These data were obtained during the NASA
Langley and Honeywell Airborne Information for Lateral Spacing
flight tests.’ The flights occurred in visual conditions with the test
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Tablel ICAO ILS

AND POWELL

permitted guidance errors

Category I Category II Category 111
Approach ILS Bias, Bends, Total Bias, Bends, Total Bias, Bends, Total
position element ft (max) ft (95%) NSE, ft ft (max) ft (95%) NSE, ft ft (max) ft (95%) NSE, ft
Outer marker (5 n miles) Glideslope 122 77 199 121 77 198 65 77 142
Localizer 136 249 385 93 249 342 41 249 290
Inner marker (1000 ft) Glideslope 8 5 13 8 3 11 4 3 7
Localizer 42 37 79 29 12 41 13 12 25

B-757 Auto—pilt FTE, 15 approaches
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Fig. 3 Flighttechnical error for a B-757 with autopilot coupled during
differential GPS-guided approaches.

pilot’s view of the outside obstructed in order to simulate instru-
ment conditions. For the 15 approaches the standard deviation is
11.9 ft, demonstrating extremely tight following of the flight path.
No modifications were made to the production autopilot in these
tests. Note that the single horizontal flight technical error excursion
to 45 ft is unexplained. In the past analysts modeling instrument
approach procedures have used at least 700 ft for flight technical
error'? alone, which is more than an order of magnitude higher than
that demonstrated in these tests.

One of the major dilemmas in modeling flight technical error
is how to account for atmospheric disturbances such as wind and
turbulence. It is reasoned that although very low flight technical
error numbers are now valid, a safety buffer must be incorporated
into any analysis in order to account for atmospheric turbulence.
This is valid, although increasing flight technical error from the
demonstrated 32 ft to the currently used 700 ft (two sigma) can be
excessively conservative. The Monte Carlo simulations in this re-
search assumed a calm or steady wind day, with the implication that
ultra closely spaced parallel approaches should not be performedin
gusty, turbulent conditions. In the future turbulence simulations'
using turbulence models from NASA Dryden Flight Research Cen-
teror MIL-STD 1797A can be incorporatedinto the presentanalysis
in order to determine the maximum turbulence levels allowable to
safely conduct these types of approaches.

Navigation Sensor Error Models

Navigation sensor error (NSE) is defined as the guidance error
caused by the navigationsystem alone,includingboth ground-based
and airbornecomponents. Simply, the navigationsystem attemptsto
define a perfect path in the sky for a pilot to follow; however, every
system has some inaccuracy. Navigation sensor error attempts to
define the difference between the actual pathway in the sky and the
desired, true pathway. Note that defining “truth’ has always been a
challenge.

Table 2 Coefficients for the LAAS airborne
receiver noise model

Airborne model ap, m ap, m 0., deg
AADA (worst) 0.15 0.43 6.9
AADB (best) 0.11 0.13 4.0

Instrument Landing System Navigation Sensor Error Model

The navigation sensors used in this study were the Category II
Instrument Landing System (ILS) and Local Area Augmentation
System (LAAS), the current and future U.S. precision approach
guidance systems.

The ILS accuracy is driven by its sensitivity to the local envi-
ronment. Multipath because of hangars, taxiing aircraft, and terrain
cause bending or scalloping of the indicated glidepath. Additional
interference caused by other radio-frequency sources reduces the
accuracy of the ILS. The FAA’s Standard Flight Inspection Man-
ual defines the procedures for testing the accuracy of the ILS.'
International Civil Aviation Organization (ICAO) standards for ILS
accuracy are presented in Table 1.

LAAS Navigation Sensor Error Model

The LAAS model used for this study is based on the Ground Ac-
curacy Designator B (GADB) and Airborne Accuracy Designator
A (AADA) models of LAAS, defined in McGraw et al.'® and devel-
oped by researchers at several institutions. The accuracy, integrity,
continuity, and availability of the GADB/AADA model are likely to
be slightly worse than the final category I precision landing system
supported by LAAS, and so it representsa worst-case LAAS NSE.
The final NSE numbers were compared to a best-case category III
model, GADC/AADB, to determine how inflated the final values
might be. A summary 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. Combin-
ing these assumptions gives a reasonable, but conservative value of
LAAS NSE.

The airborne receiver’s pseudorange error is modeled as the rss
of the thermal noise (n) and airframe multipath errors (mp),

— 2 2
Ouir = \/ 0"1 +O'mp

ey

where, for

0 = 15deg @)
0,(0) = ag + aye”"'* 3)
Omp(0) = 0.13 +0.53¢ /(10 de®) @

The coefficients for Eq. (3) are given in Table 2 for the different
airborne models. The ground reference receiver pseudorange error
is modeled by

ag +a,e=0/%, 0 > 35deg

5
0 < 35 deg )

H(0) =
0 (0) {Umaxs
where the coefficients are presented in Table 3.

The troposphereand ionospheric pseudorange error models were
included in the LAAS NSE model and will be broadcast as part of
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Table 3 Coefficients for the overall LAAS ground-receiver
pseudorange error model

Ground-station model ap, m ap, m 0., deg Omax
GADA (worst) 0.50 1.65 14.3 —_—
GADC (best) 0.15 0.84 15.5 0.24

LAAS Lateral NSE
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Fig. 4 LAAS navigationsensor error for two models.

the LAAS data-link message. The four components of the overall
pseudorange error, airborne receiver thermal noise and multipath,
ground receiver thermal noise and multipath, troposphere,and iono-
sphere errors, are root sum squared to obtain the final, modeled
pseudorangeerror:

2 2
grnd + Ulropo + Oiono (6)

Upr(gs Xair s Ah) = \/UaZir + o2
To convert the pseudorange error into the position domain, the fol-
lowing equations are used:

ONSE (Xair) = Upr(xair) - LDOP

VAL
VDOP = ——————— (7)

LDOP = 0.818 - VDOP,
5.8 05 (7.5 km)

where VDOP is the vertical dilution of precision, VAL is the vertical
alarm limit maximum of 10 m, and the denominator in the VDOP
equation is the smallest error in the range domain that poses an
integrity threat when convertedto vertical position. The 0.818 factor
in thelateraldilutionof precision(LDOP) equationcomes from Nam
etal.'” and is a representativeratio between the standard deviations
of the verticaland horizontal NSE components.The 7.5 km s aresult
of the approximate distance from the ground station to the runway
threshold. 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 4 presents the lateral LAAS NSE for both models. The
more conservative GADB/AADA model was used for the Monte
Carlo simulations.

Navigation Sensor Error Summary

The Category II ILS flight technical error (FTE) assumes the bias
in the ILS installation has been calibrated to near zero or to the
outside of the dual-aircraft approach path. In the case of parallel
runways, each with an ILS for guidance, each runway will produce
a different NSE as each ILS installation is an independent guid-
ance system. In the case of a single LAAS system serving multiple
runways, the NSE will be approximately the same for each runway
because the same GPS satellites will be used to create the differen-
tial corrections. It is assumed that both airplanes will be observing
the same GPS satellites while on simultaneous approaches.

Table4 NSE and FTE for Monte Carlo study

Parameter 1 o value, ft
Piloted FTE 16
Autopilot FTE 11.9
ILS NSE 132
LAAS NSE 4.9
Table5 B-747 data

Parameter Value

I, slug - ft? 18.2¢6

Wing area S, ft? 5500

Wing span b, ft 195.68

C, —0.45

0.0461

lsa

The Monte Carlo simulations that follow use the experimentally
obtained flight technical error results from the piloted, tunnel-in-
the-sky approaches in the twin-engine, general aviation aircraft
(aBeechcraftQueen Air) and the autopilotdata from the B-757. The
ILS and LAAS navigation sensor errors were modeled as Gaussian
distributions with the modeled category II ILS lateral NSE one-
sigma error being 132 ft and the LAAS one sigma being 4.9 ft.
These numbers are based on NSE allowed for a category II ILS just
outside 5 n miles from the runway threshold and a category I type
of LAAS model at 5 n miles. The navigation sensor error and flight
technical error data are summarized in Table 4.

Aircraft Model

Ratherthan modeling the aircraftroll response for the blunderand
evasion maneuvers as an instantaneous roll rate, the roll-rate time
history for a given aileron input for both the evader and blunderer
airplanes was calculated using linearized aerodynamic coefficients
for an older model B-747. Table 5 presents the geometric and aero-
dynamic data for the B-747 from Etkin and Reid.'®

Beginning with the linearized, small-perturbation aircraft dy-
namic equations of motion, assuming x—z plane symmetry and sim-
ple roll without perturbationin the other axes,

OL s, + LA 1 ap (8)
850 a ap p — x p

where L is rolling moment, §, is aileron deflection, p is roll rate,
I, is moment of inertia in the x plane, p is roll acceleration, and
(0L/9d6,)Ad, is the roll moment caused by the deflection of the
ailerons and (0 L/dp)Ap is the roll-damping moment. Equation (8)
can be rewritten as

TAP + Ap = _LriaA(Sa/Lp (9)
where
1 Sbh2C;, SbC,
7= ——, Lpzu’ Laa=Q (10)
L, 21 uy I,

and 7 is defined as the roll mode time constant, Q is the dynamic
pressure, and u, is the airspeed. For a step change in aileron deflec-
tion, Eq. (9) can be analytically solved to produce

Ap(t) = _(Lria/Lp)(l - eil/r)Asa (11)

To generate the desired maximum 10 deg/s roll rate, a step composite
aileron input of 40 deg was specified, and the roll-rate time history
proceeded from Eq. (11) and is shown in Fig. 5. The roll responses
of both the evading and blundering aircraft were modeled in this
way.
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Modeled B—-747 response to 40 deg zileron input
AT

Rol rate, degls

time, sec

Fig. 5 Time history of roll angle of modeled B-747 with 40-deg aileron
input.

Delay Models

Prompt response to a blunder is critical to avoiding a collision
and is probably the key difference between visual and instrument
flying. Rather than seeing the adjacentaircraft, the pilot or autopilot
must be presented with sufficient information quickly in order to
diagnoseand respondto an unseenblunder. This resultsin generally
longer response times. The overall delay time can be broken up
into the following components: 1) pilot or autopilot response time,
2) data-link update rate and collision detection and resolution time,
3) antenna/computer electronics delay, and 4) electromechanical
actuator delay. Each were determined to be either a fixed delay time
or were assigned a uniform distributionbased on experimental data
or analysis.

Human Pilot Delay

As with flight technical error, very little actual experimental data
on pilot response time to an adjacent aircraft’s movement exists.
How the pilot determines that the adjacent aircraft has moved,
how far, and in what direction is its anticipated trajectory are also
unknown. An experimental evaluation of pilot-in-the-loop, dual-
aircraftcruise formationflying system dynamicsin visual conditions
was undertakento examine pilot response time as a function of lead
aircraft maneuver and initial separation.!” Various maneuvers such
as rolls, climbs, descents, and wings-level yaws 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.
These maneuvers were then repeated at a closer range in order to
model the pilot’s response also as a function of initial separation
distance. Results of these tests are presented in the composite graph
of pilot response time to roll, pitch, and yaw maneuvers presented
in Fig. 6. Error bars around each test point delineate the possible
range of pilot response. See Houck and Powell' for further details
on the test results.

One can see that the pilot generally responds the fastest to bank
angle changes, followed by pitch changes, and is least responsiveto
heading angle changes. Both pitch and heading angle changes ex-
hibit some sensitivityto separationdistance; however, pilotresponse
to bank angle change at separationdistances less than 2000 ft is con-
sistently less than 2 s. Beyond 2000 ft, pilot response is slower by
half a second, but the quantity of data beyond 2000 ft is signif-
icantly less, and additional data should be obtained before direct
comparison made.

The preceding experiments suggest that a pilot discerns bank an-
gle change more quickly than either pitch or yaw angle change. The
response time to a change in roll averages about 1 s for separations
less than 2000 ft. Response to a climb maneuver is faster than that
to adescentand is probably because pitching the nose up to climb is
a more natural response than pushing over in order to descend. Pilot
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Fig. 6 Composite of pilot response times with error estimations.

response to a wings-level yaw maneuver is between 1 and 5 s, but
frequently there is no response at all. This series of flights forms a
basis for analyzing pilot response; however, additional issues such
as individual differences in pilot response, differences in lead air-
craft maneuver entry characteristics, and atmospheric factors such
as sun angle, backgroundterrain, and cloud coverage have not been
addressed.

Data from NASA Langley’s AILS flight tests’ demonstrated an
average pilot response time of 0.3 s to a computer-generated colli-
sion alert during simulated instrument conditions at a 2500 ft sep-
aration distance, with a maximum response time of 1.0 s. Average
reaction times demonstrated in the simulator studies of Abbott and
Elliott® were 0.84 s for the same scenarios of the flight test, with
a maximum of 1.84 and a minimum of 0.12 s, demonstrating that
more than displays and aural warnings impact the human in the
loop. Experimental results from Fig. 6 showed a maximum pilot
delay time of 2 s for a roll maneuver. This includes the delay from
yoke movement to control surface actuation.

Unpublished data on pilot response times being used in parallel
approach certification today are on the order of 5 to 10 s. Some
of this delay can be attributed to time required to reconfigure the
airplane prior to executing the missed approach. However, in our
judgmenta pilot on an ultra closely spaced parallel approach would
begin the escape maneuverimmediately and reconfigure once a safe
distance from the intruding airplane, just as would occur today in
visual conditions at an airport such as San Francisco during parallel
approaches. Based on the Stanford flight and NASA Langley simu-
lator data, a uniform distributionranging from 0.3 to 2.0 s was used
to model the pilot response time to a blundering aircraft.

Autopilot Delay

For the Monte Carlo cases with the autopilot coupled, not only is
the autopilot coupled during the approach but it remains in control
of the aircraft throughout the emergency escape maneuver. This is
termed an “intelligent”autopilot. During this time, the pilot monitors
the aircraftsystems as is currently done during an approach. For the
intelligent autopilot approach and escape maneuver it is assumed
that the autopilothas immediate access to the results of the collision
detectionalgorithmand can reactto an emergency escape maneuver
in less than 100 ms. The autopilot must then either activate the yoke
or electronically signal the actuators to begin the escape maneuver.
Moving the yoke causes more delay than directly signalling the
actuators, so that this case is modeled by a 0.5-s delay, for a fixed
delay time of 0.5 s caused by the autopilot.

Delay Caused by Electronics and Actuators
The antenna/computer electronics delay and the electromechan-
ical actuator delay were each assigned fixed quantities. These two
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Table 6 Components comprising the total delay distributions

Parameter Delay, s
Antenna/computers (fixed) 0.5
Electromechanical actuators (fixed) 0.5
Pilot reaction time (uniform distribution) 0.3-2.0
Autopilot reaction time (fixed) 0.5
Data-link/collision detection delay (uniform distribution) 1.0-2.0

quantities are based on known lags in computer processing times
as well as actuator response times. Based on conversations held
with personnel at the FAA Mike Munroney Aeronautical Center,
the electronics delay was chosen to be 0.5 s. The electromechanical
actuator delay time, defined as the delay from the initial movement
of the yoke to the onset of positive roll rate, was also estimated to
be 0.5s.

Delay Caused by Data Link and Collision Detection

The data-link update rate directly affects the collision detection
algorithm as it contains the necessary information to estimate air-
craft trajectories. To prevent a high probability of false alarms, it
is estimated that at least two updates from “anomalous” adjacent
airplanes states will be required before onboard collision detection
algorithms will determine that an escape maneuver is required. Us-
ing one Hz ADS-B as the baseline data link,*! the minimum time
to update the aircraft states twice is slightly over 1.0 s, assuming
the start of the blunder occurs just 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 might be required parameters in the data link
in order to infer intent. However, as a minimum bound the data-link
delay is estimated to be 1.0 s. At a maximum the onset of the blun-
derer’s roll rate will occurimmediately after the transmission of the
aircraft states, causing a delay of 2.0 s as a result of the update rate.
Although a higher update rate data link can be employed for ul-
tra closely spaced parallel approaches, the blundering aircraft must
still have time to exhibita trajectory change sufficiently severe to be
called a blunder, so 1 to 2 s for the range of possible delay caused
by data link and collision detection is still considered reasonable if
intent information such as roll angle and roll rate is also available.

Summary of Delay Times

A summary of the components of the total delay distribution is
presented in Table 6. Either the autopilot or the pilot reaction time
is used in each simulation; they are not used together.

Longitudinal Position Distribution

Videotaped observations of simultaneous, visual parallel ap-
proaches into San Francisco airport made by this author demon-
strated that the longitudinal spacing can vary widely from approach
to approach.Often, the approachesresembleddependentapproaches
(diagonal spacing 2 n miles or more) rather than simultaneous ap-
proaches. Although future autopilots might have the precision nec-
essary to bring two aircraftto positions exactly abeam each other, it
is likely that there will be some permitted longitudinal position vari-
ation that does not constitute a wake vortex hazard. For this study
a uniform distribution of 500 ft was used to determine the initial
longitudinal relative position of the blundering aircraft at the start
of the blunder.

Airspeed Distribution

So as notto limit the study to exactly matched aircraft, the relative
velocity of the evading aircraft was modeled as a uniform distribu-
tion with values between =20 kn from that of the blundering aircraft
at the start of the blunder, allowing for differing approach speeds.

Summary of Monte Carlo Parameters

For each simulation run the following variables were randomly
sampled from eithera Gaussian or uniformdistribution,as described

in the preceding sections: 1) flight technical error for each aircraft
(Gaussian), 2) navigation sensor error for each aircraft (Gaussian),
3) pilot reaction time (uniform), 4) data-link/collision detection de-
lay time (uniform), 5) longitudinal relative position (uniform), and
6) relative airspeed (uniform).

The deterministic variables were set at the following values:
1) blundererairspeed (140 kn), 2) maximum roll rate (10 deg/s each
aircraft), 3) maximumroll angle (30 deg each aircraft),4) maximum
heading change (30 deg blunderer, 45 deg evader), 5) actuator and
antenna delay time (1.0 s), and 6) autopilot reaction time (0.5 s).

Two-Dimensional, Ultra Closely Spaced Parallel
Approach Model

Evader-Blunderer Model

The model created for the Monte Carlo analysis defines a continu-
ous, two-dimensional, nonlinear, time-dependenttrajectory for two
point masses possessing kinematic airplane properties, with the ex-
ception of modeled aircraftroll response. One airplaneis designated
the blundering aircraft or “blunderer;” and the second is designated
as the evading aircraft or “evader” Two virtual runways are defined
in an inertial reference frame while the aircraft trajectories are prop-
agated in a leader/follower, translating, rotating, 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 frame is the center of mass of the evader aircraft. After
numericalintegrationof the equations of motion, a coordinatetrans-
form is performed at each time step to calculate both the relative
and inertial positions and velocities of the airplanes.

The input vector contains initial conditions and maximum allow-
able values of the state vector. Additional conditions included are
timing specifications and threshold values for maneuver initiation
and termination. The model output is the complete time-dependent
trajectory of the state vector, the closest point of approach of the
two airplanes, and the time at which the closest point of approach
occurred.

The evader airplane referenced coordinate frame is a lead/trail
concept.?? The origin of the relative frame is the translating and
rotating center of mass of the evader airplane, shown in Fig. 7. The
x directionis out the nose, and the positive y direction out the right
wing of the evader aircraft. Ignoring the Earth’s rotation and without
loss of generality, the inertial frame (denoted by capital X and Y)
is translating with the evader airplane. The local body-referenced
frame (denoted by lowercase x and y) is used for intermediate cal-
culations involving the relative rotation rates of the two airplanes.

Using this geometry, the differential equations of motion of the
blundererairplanerelativeto the inertial frame of the evaderairplane
are presented in Eqs. (12-14):

Yo ra = Vpsin(¥y — W) — W, X (12)
Xpra = Vgcos(Wy — Wp) — Vi + WY (13)
. t t . t t
wm):/%@‘”w, wEm:/%m)dt (14)
B E

Evader

Blunderer

»
L

Y

Fig. 7 Evader-reference relative frame.



708 HOUCK AND POWELL

Table 7 Probability of collision during a blunder (95 % confidence interval £0.3%)

Piloted with
tunnel-in-the-sky
guidance FTE:

Intelligent autopilot
with auto-escape

P(collision), %

lo=16ft FTElo=119ft LAAS ILS
Case delay=0.3t02.0s delay=0.5s lo=491ft 1o=132ft 750ft 1100ft 1500 ft
A X e X _— 5.857 0 0
B —_— X X _— 0.001 0 0
C e X e X 8.9940 0.17 0

where XB,ReI and YB‘RBI are the relative X and Y velocities of the
blunderer with respect to the reference frame attached to the center
of mass of the evader, W, is the heading rotation rate of the evader
aircraft (positive clockwise), Wz — W is the relative angle between
the velocity vectors of the two aircraft, ¢ and ¢ are the roll angles
of the evader and the blunderer (right roll being positive), g is the
gravitationalconstant,and V; and V; are the airspeeds of the evader
and blunderer,respectively.Note that X g and Y5 ge are relativeto
the evader aircraft’s center of mass and are independent of runway
location.

To positionthe aircraftrelativeto a fixed set of runways, an inertial
runway-referenced coordinate frame was used with a fixed origin
at the threshold of the evader’s intended runway. 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 can be calculated by rotating and translating
its position into the runway frame using Eqs. (15) and (16):

Xp(t) = Xp (1) + Xp ra(t) cos =W (1)

+ Yp et (1) sin[ =W (1)] 15)
Yp(t) = Yi(t) + {—Xpra(®) sin[ Vg (1)]

+ Vi Rt (1) cos[=We (D]} (16)

The state vector is numerically integrated using a fourth-order
Runge—Kutta method.

Baseline Blunder Scenario

Choosing a “nominal” blunder presents a challenge as there have
been no reported blunders. Anecdotal evidence suggests that it is
possible for an airplane to overshoot the runway centerline during
lineup for the approach, to line up on the wrong runway, or to ex-
ecute an improper missed approach by flying towards the adjacent
airplane.In short, there is no a priori knowledge of the exact blunder.
For the purposes of this analysis, the blunderingaircraft’s trajectory
is based on the 30-deg blunder scenario used in NASA’s Airborne
Information for Lateral Spacing program. At 5 n miles from the run-
way, the blundererrolls to a maximum rate of 10 deg/s to amaximum
bank angle of 30 deg toward the evader with a maximum heading
change of 30 deg. Note that this is an extreme blundering maneu-
ver used for analytical cases and is not based on any documented,
actual blunders. The evader then performs an escape maneuver con-
sisting of rolling to a maximum rate of 10 deg/s to a maximum bank
angle of 30 deg and a maximum heading change of 45 deg. This
escape maneuver is similar to the climbing turn trajectory proposed
by MIT,® but in two-dimensional form.

Monte Carlo Results

At each runway spacing of 750, 1100, and 1500 ft, 100,000 tra-
jectories were run with the parameters described in the preceding
sections. For each trajectory the closest point of approach was cal-
culated, and if this distance was less than the B-747-400 fuselage
length of 232 ft this was counted as a collision. At the end of the
100,000 runs, the total number of collisions was divided by the to-
tal number of runs, resulting in the probability of collision during
a blunder for that runway spacing. Table 7 presents the results of
the Monte Carlo runs for the various configurations and defines the

Probability of collision during blunder, peot

‘ ; I
1000 1100 1200 1300 1400 1500 1600
Rurway spacing, ft

o 1
Too 800 00

Fig. 8 Probability of collision during a 30-deg blunder for various
sensor/pilot combinations.

three cases: A, B, and C. A plot of the probability of collision vs
runway spacing for each case is presented in Fig. 8.

It must be emphasized that additional onboard equipment is re-
quired for each case, as well as presumed enhancementsto the exist-
ing GPS system, as discussedin precedingsections. In summary, the
pilotedcases assume 1) tunnel-in-the-skyguidance, which currently
relies upon LAAS for position and velocity; 2) an attitude-heading
reference system for attitude information; 3) an inertial measure-
ment unit for smoothing position, velocity, and attitude; and 4) full
state information on the adjacentaircraft along with collisiondetec-
tion ability. The autopiloted cases assume 1) computerized collision
detection and resolution with the autopilotin control throughoutall
maneuvers and 2) full state information on the adjacent aircraft.

Because the probability of collision during a blunder calculation
is a binomial random variable (it either collides or it does not), the
Central Limit Theorem theorem can be used for large numbers of
trials to make a Gaussian approximation to the 95% confidence in-
terval around the calculated probability of collision. The binomial
random variable is a sum of independent, identical Bernoulli ran-
dom variables® with finite mean and variance, and in the limit the
Bernoulli cumulative distribution function approaches that of the
Gaussian. For the 100,000 total runs, in each case the 95% confi-
dence interval that P(collision)is the true value is £0.3103%.

Using today’s ILS, the calculated probability of collisionduring a
30-degblunderis 9% with 750 ft of runway separation,even assum-
ing the best possible guidance system in the aircraft and advanced
data links providing excellent information on the neighboring traf-
fic. This is clearly unacceptable and illustrates one of the reasons
why closely spaced approaches are not possible with the current
system providing the navigation. Increasing the runway spacing to
1100 ft yielded 170 collisions out of 100,000 trials with blunders
when using the ILS, which is still problematic. However, it appears
from the study that 1100-ft spacing would be acceptable if navi-
gation is provided by a system with the accuracy of LAAS. The
airplanes can be manually flown with advanced displays, or the
“intelligent autopilot” can be engaged; however, the airplanes are
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Table 8 Estimated number of years between accidents during UCSPAs, given the P(collision) in Table 72

Piloted with
tunnel-in-the-sky
guidance FTE

Intelligent autopilot

with autoescape Number of years between accidents

lo=16ft FTE1lo=119ft LAAS ILS
Case delay =0.3t02.0s delay=0.5s lo=49ft lo=132ft 750 ft 1100 ft 1500 ft
A X e X _— 1.7 33 33
B e X X _— 25 33 33
C e X _— X 1.1 21.3 33

*Anything 25 years or greater meets the FAA safety criteria established during the PRM certification.

Table 9 Minimum component requirements for 750- and 1100-ft runway spacing

Navigation sensor Human-machine interface Traffic information required

Minimum runway spacing, ft

Cat I LAAS Tunnel in the sky (requires LAAS, Full state information on adjacent 1100
attitude, and inertial sensors), traffic (position, velocity, attitude)
pilot reaction time 0.3 to 2 s

Cat I LAAS Intelligent autopilot in control throughout  Full state information on adjacent traffic 750

approach and escape maneuver (position, velocity, attitude)
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required to be equipped with an advanced data link that provides the
position, velocity, roll angle, and roll rate of the neighboring traffic.
To achieve a low probability of collision during a blunder (0.01%)
at a runway spacing of 750 ft, it is necessary to use the intelligent
autopilot to reduce reaction time, LAAS for low total system error,
and the advanced data link, which provides complete information
on the adjacent traffic.

Ultra Closely Spaced Parallel Approach Safety

Using the resultsof the Monte Carlo simulation and an estimate of
the currentsafety level for instrumentapproaches,one can calculate
the acceptable blunder frequency for ultra closely spaced parallel
approaches. According to the FAA, if this blunder frequency is less
than an intuitively reasonable number then ultra closely spaced par-
allel approaches (UCSPA) can be conducted with acceptable risk
levels.

From data obtained between 1983 and 1988, there were two ac-
cidents during an estimated total of five million approaches. This
reduces to an accidentrate of one per 2.5 million approaches. Dur-
ing the PRM program,'?* the FAA identified nine potential causes
of accidents during a final approach and added a blunder during a
PRM approachas a tenth. Thus, if the currentaccidentrate of one per
2.5 million approachesis to be maintained it was approximated that
a blunder contributes one-tenth toward that accidentrate. Therefore,
the accidentrate caused solely by blunders during a PRM can be no
greater than one per 25 million approaches. At roughly one million
approaches being performed per year, one accident every 25 years
as a result of a blunder during an approach is acceptable. This is
the specification that we will apply to UCSPA. It is difficult to esti-
mate the number of unrecoverable blunders during any given year.
“Unrecoverable” means that the airplane did not merely overshoot
and correct back to centerline, but that the airplane blundered into
the path of the adjacent airplane. Few, if any, of these unrecover-
able blunders have ever been officially reported; however, based on
anecdotal evidence,an estimate of 10 per year (in the United States)
would be a conservative estimate.

A summary of the safety data calculated from the Monte Carlo
data is presented in Table 8. The Monte Carlo data for 1500-ft run-
way spacing showed no collisions during blunders; however, the
95% error band is 0.3% or 0.003 collisions per blunder. Using this
collision rate and based on the estimate of 10 unrecoverable blun-
ders per year, this results in 0.03 collisions per year or one accident
every 33 years. This is better than the safety criteria of one accident
every 25 years.

At 1100-ft runway spacing with LAAS as the guidance system,
the accident rate is also one every 33 years, also bettering the one
every 25 years safety criteria. At 1100-ft runway spacing with ILS
and an intelligentautopilot,the accidentrate is one every 21.3 years,
slightly worse that the one-per-25-yearsrequirement.

At 750-ft runway separation LAAS with an intelligent autopilot
combination results in one accident every 25 years, matching the
acceptable safety criteria. At 750-ft runway separation with LAAS
and a pilot in the loop, the result is one accident every 1.7 years.
And with ILS and an intelligent autopilot the result is one accident
every 1.1 years. Clearly, these last two configurations do not meet
the accident rate criteria.

Although 10 blunders occurring per year is an admitted estimate,
if the actual number were two times higher the accidentrate would
not change substantially. If the actual number of blunders were on
the order of 100, there would be many more reported than what is
evident today.

Discussion

This analysis demonstrates that ultra closely spaced parallel ap-
proaches are technically achievable using upcoming advancednavi-
gation systems, data links, and pilotinterfaces. The existing runway
spacingrequirementof 4300 or 3400 ft can be substantiallyreduced,
to the levels of 1100 or 1500 ft, based on the FAA minimum safety
requirements for a simultaneous, dual-aircraftinstrument approach.
The critical underlying technical presumptions of this research, dif-
ferential GPS, air-to-air and air-to-ground data links, and a good
autopilotor pilotinterface, have all been successfullydemonstrated
in flight test by either this researcher or other researchers. Yet to be
designedand testedis anintelligentautopilotthatautonomouslyexe-
cutes 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 air-
craftattitude as well as three-dimensional position and velocity will
be available in the data link. Given the tight requirements on min-
imizing the response time of the evading aircraft during a blunder,
the collision detection community might well require a data-link
update rate greater than 1 Hz in order to provide adequate collision
diagnosis during an ultra closely spaced parallel approach while
minimizing 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 margins
is presented in Table 9.

The technology for ultra closely spaced parallel approaches will
require new equipment in aircraft and on the ground. It will be
such that both aircraft on a simultaneous approach will need to be
equipped with the new technology, which means that most aircraft
using an airport will need to be equipped in order to reap the full ca-
pacity benefits. The equipment and retraining will probably cost on
the order of $200,000 per aircraft. The airframe manufacturersand
their airline customers would save money if the airports footed the
bill for wider runway spacing, thus not requiring aircraft reequipage
and pilottraining;however, a costbenefit study of the bestoverall so-
lution for the taxpayers, the airline passengers, and freight shippers
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who ultimately have to pay for the full system costs includingairport
expansions needs to be carried out to consider all alternatives. The
study also should take into account the welfare of airport neighbors,
residents of areas that might become new airports, and the envi-
ronmental damage broughtby expandingairports into areas that are
now water. To put this into perspective, the reequipageof 10,000 air-
craft (the current U.S. commercial fleet) would cost approximately
two billion, whereas the expansion of San Francisco Airport into
the Bay for new runways is projected to cost more than two billion!
And this is just one proposed airport expansion project. In short, de-
velopment of technology that allows the use of very closely spaced
runways in instrument conditions might have significant long-term
environmental and cost benefits.

Conclusions

This research combined Monte Carlo simulations with recently
obtained high-quality flight test data to examine the technologi-
cal components necessary for achieving simultaneous parallel ap-
proaches to runways spaced less than 2500 ft apart. Using the
industry-accepted 30-deg turn blunder scenario and a safety cri-
teria of one collision every 25 years used by the FAA for the Pre-
cision Radar Monitor program, this research demonstrates that ul-
tra closely spaced parallel approaches are technically achievable at
1500 ft and in some cases 1100 ft in calm wind conditions. The main
technological components necessary to achieve this is the Local
Area Augmentation System, an air-to-air data link with full aircraft
state information broadcasting reliably at 1 Hz, and either a three-
dimensional perspectivedisplay for pilot-in-the-loopapproachesor
anintelligentautopilotthatautomaticallyexecutesan escape maneu-
ver. All of the technologiesexceptthe intelligentautopilothave been
demonstrated in the civilian aviation world. Ultra closely spaced
parallel approaches would significantly reduce the need for airport
runway expansion and its resulting adverse environmental impact.
Though additional issues such as separation responsibility, wake-
vortex avoidance procedures, and certification of new equipment
are major drivers in the commercial aviation world, the technology
is availableeither now or within the nextfive years to safely perform
ultra closely spaced parallel approaches.
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