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EXECUTIVE SUMMARY

In response to concerns over the number of runway incursions and runway conflicts at U.S.
airports, the Federal Aviation Administration is sponsoring research and development of safety
systems for the airport surface. Two types of safety systems are being actively pursued, a tower
cab alerting system and a runway status light system.

The tower cab alerting system, called the Airport Movement Area Safety System (AMASS) is
currently undergoing initial operational evaluation at several major airports. It provides aural
and visual alerts to the tower cab to warn the controllers of potential traffic conflicts.

The runway status light system [1,2,3,4] is currently in the development phase, with initial
operational suitability demonstrations planned at Dallas/Fort Worth International Airport during
FY2003. Intended to offer protection in time-critical conflict scenarios where there is not
enough time to warn the aircrews indirectly via the tower cab, the runway status light system
provides visual indication of runway status directly to the cockpit: runway entrance lights warn
pilots not to enter a runway on which there is approaching high-speed traffic; takeoff-hold lights
warn pilots not to start takeoff if a conflict could occur.

Both systems operate automatically, requiring no controller inputs. Activation commands for
alerts and lights are generated by the systems' safety logic, which in turn receives airport traffic
inputs from a surface surveillance and target tracking system. Accurate traffic representation is
essential to meet system requirements, which include high conflict detection rate, prompt and
accurate alerting and light activation, low nuisance and false alarm rates, and negligible
interference with normal operations.

To ensure that a true traffic picture is provided to the safety logic, the surface surveillance and
target tracking system must meet stringent track integrity requirements. All traffic on, near, and
on final approach to the runways must be tracked reliably and accurately. The incidence of track
drops and false tracks must be low. Target position accuracy, surveillance update rate, and track
synthesis must be sufficient to determine a target's dynamic state and future motion with the
required accuracy.

This report analyzes the effect of the two fundamental surveillance performance parameters —
position accuracy and surveillance update rate — on the performance of three different surface
safety systems. The first two are the above-mentioned tower cab alerting and runway status light
systems. The third system is a hypothetical cockpit alerting system that delivers alerts directly to
the cockpit rather than to the tower cab.

The surveillance accuracy and update rate requirements of these three systems are analyzed for
three of the most common runway conflict scenarios, using realistic parameter values for aircraft
motion. The scenarios are 1) a runway incursion by a taxiing aircraft in front of a departure or
arrival, 2) a departure on an occupied runway, and 3) an arrival to an occupied runway.

The assumptions made are: 1) that the safety system must operate solely from electronic
surveillance with no controller input (except airport configuration); 2) that the safety system
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doesn't know controller or pilot intent; 3) that the system is fully automatic; and 4) that the
system is designed to prevent accidents rather than “catch™ operational errors. A consequence of
these assumptions is that there is a delay (for example) between the time when an aircraft starts a
takeoff roll and the time that the system detects that event and can act to prevent the accident.

The approach taken to analyzing the first category of incursion was to examine the events and
actions that must occur after the start of an incursion before the braking of the taxiing aircraft can
begin. A set of probability density functions for each of the required reaction events was
convolved to provide a total system reaction time probability density function. Next, the
additional delay introduced by the positional uncertainty and update interval of the surveillance
system was convolved with the reaction time probability density function to determine the
probability density function of total time required to start braking of the taxi aircraft. This is
compared with the time available, which is the latest time after crossing the taxi-hold position
that the taxi aircraft can begin braking and still avoid the wing tip of the aircraft on the runway.
This provided a single number representing the percentage of the cases where the total time
required was less than or equal to the time available. The surveillance parameters were then
varied to measure the expected percentage of “saves” as a function of surveillance parameters.
The analysis was then expanded to study the effects of different wingspans for aircraft on the
runway and to see the effects of the taxiing aircraft starting from a stopped position at the taxi-
hold position line instead of crossing the hold position without stopping. The results indicated
that, depending on the safety alerting system chosen, this category of incursion may not be
totally protected, even with “perfect” surveillance. Specifically, a taxi towards a “hot” runway
can only be protected for relatively low taxi speeds with a tower cab alerting system. A taxi-
from-a-stop profile was introduced without a significant increase in the degree of protection. A
system using a direct cockpit alert or runway status lights proved much more effective. The
surveillance requirements to fully support these systems is o; = 20 feet and update interval of
1 second.

The analysis of the departure with a blocked runway category of incursion investigated how
much runway was used by a takeoff aircraft that was required to reject its takeoff and come to a
stop due to a blocked runway. Safety systems cannot alert until it is apparent that the aircraft is a
departure because of the nuisance alarm problem. A system that simply detects a blocked runway
can convey that information to the controller in any number of ways, for example, by
highlighting a bar on the takeoff end of the runway in a surface radar display. However, this is
not an alert because the runway will be blocked on a regular basis, often with an aircraft in
position at the departure end of the runway. An alerting system that can detect a departure with a
blocked runway conflict must delay the alert until the aircraft is known to be a departure in order
to reduce nuisance alarms. This will, depending on the algorithms, require that the departure at
least begin to roll and accelerate to some velocity or travel some distance in an accelerating
mode while the runway is blocked. How long it takes a system to correctly declare that the
aircraft is departing depends on this threshold velocity and the surveillance parameters. A simple
threshold velocity requirement was assumed that was then “padded” to eliminate nuisance alarms
caused by the positional uncertainty of the surveillance system. In the case of a tower alerting
system, the controller reaction probability density function (pdf), the VHF channel availability
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pdf, and the pilot reaction pdf must be taken into account before evasive braking will begin. In
the case of direct cockpit alerts, only the pilot reaction pdf need be considered. The results of the
analysis of this incursion category indicated that a G, positional uncertainty of 20 feet will be
required with an update interval of about 1 second. This is coincidentally similar to the results
for the taxi incursion. For this incursion, it is apparent that a tower cab alerting system will not
protect any reasonable portion of the runway. A direct cockpit alerting system offers a significant
improvement and will protect all but the near portion of the runway, however “near” is relative
in 600-foot visibility takeoffs. The takeoff-hold lights are particularly effective in protecting the
near portion of the departure runway, even with simultaneous taxi incursions.

The analysis for the arrival with a blocked runway category of incursion investigated the case of
an arrival where the runway is blocked by an aircraft in position to depart or by an arrival or taxi
aircraft that has not exited the runway. The controlier’s handbook [5] requires that if the arrival
1s a Category III aircraft (any aircraft other than small single or twin engine propeller aircraft) the
preceding departure must be at least 6000 feet down the runway before the arrival crosses the
threshold. This is only allowed between sunrise and sunset if the controller can determine
distances by reference to suitable landmarks and the departing aircraft is airborne. It need not
have crossed the runway end. The challenge for the surveillance is to determine whether or not
the departing aircraft is indeed departing in time to alert the arriving aircraft of a blocked
runway. If the aircraft does not depart but remains on the runway, there is a danger of the arrival
landing on a blocked runway as was the case for the accident in Los Angeles on
February 1, 1991. However, if the aircraft on the runway is departing in time to allow sufficient
separation from the arrival aircraft but the surveillance system is too poor to allow the safety
system to detect the departure, then a nuisance alarm will be issued.

The approach taken was to examine the case of a Category III aircraft landing at an approach
speed of 150 knots with a departure starting a takeoff with a constant acceleration of 0.26 g's to
150 knots. The “window” between when the arrival aircraft reaches a point where it will violate
separation, even if the departure begins to roll, and the point where a go-around must be initiated
to avoid a collision was defined. The surveillance and safety system requirements are derived
based on determining whether or not the departure aircraft has begun its departure in time to alert
the arriving aircraft to go-around. The runway status lights play no role in preventing this
category of incursion. There is no problem in detecting that there is an aircraft on the runway
and alerting the tower in time to have a go-around of the arrival aircraft at the decision height of
200 feet above the ground. The problem is that the aircraft on the runway may be a normal
departure with no separation violation and the alerts would routinely be false or nuisance alarms.
This is because the departure aircraft can wait until the arrival is some 10,000 feet from the
threshold before starting to accelerate and still have no separation violation.

A practical application of the analysis was performed for Dallas/Fort Worth International
airport’s runway 18L taxi placement using the specified surveillance parameter for the
multilateration portion of the Airport Surface Detection Equipment X-band radar (ASDE-X).



The conclusion from this analysis is that a system incorporating runway status lights with tower
cab alerting will be effective in preventing most runway incursion accidents with a surveillance
system providing o, = 20 feet (20, = 40 feet)! and update interval At = 1 second. Runway status
lights are especially effective at preventing incursions and accidents between takeoff or arrival
aircraft and intersection taxi aircraft. Tower cab alerts are effective at alerting controllers to
aircraft crossing or on a runway during an arrival. Runway status information provided directly
to the cockpit will be required for the case where a previous arrival or a taxi aircraft fails to exit
the runway as anticipated shortly before the arrival crosses the threshold.

Track integrity must be very reliable for a safety system to be effective. The track integrity
depends on the probability of detection and probability of false detection by the surveillance
system as well as the tracker design. The probability of detection or false detection depends on
the type of surveillance system implemented and the location on the airport. An operational
system will need to assess the surveillance systems track performance for that individual
installation.

! o, is the standard deviation of uncorrelated position reports. System performance is often specified in terms of 95% or 20 _.
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PREFACE

The material contained in this document is based on work performed at MIT Lincoln Laboratory
under the sponsorship of the Federal Aviation Administration (FAA). Related FAA work being
performed elsewhere includes the Airport Movement Area Safety System (AMASS) project
intended to provide a near-term enhancement in airport safety by providing alerts directly to the
tower cab when the surveillance system detects hazardous situations on the airport surface
(including arrival aircraft). AMASS, which is based on concepts developed at the MITRE
Corporation and at the Norden Systems Division of United Technologies (now part of Northrop
Grumman), is being implemented as an add-on to the ASDE-3 surface radar.

The implementation of the capabilities embodied in AMASS is viewed within the FAA as an
essential first step. Subsequent phases will introduce additional safety products as well as
elements designed to improve alrport capacity.
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1. INTRODUCTION

In response to concerns over the number of runway incursions and runway conflicts at U.S.
airports, the Federal Aviation Administration is sponsoring research and development of safety
systems for the airport surface. Two types of safety systems are being actively pursued, a tower
cab alerting system and a runway status light system.

The tower cab alerting system, called the Airport Movement Area Safety System (AMASS) is
currently undergoing initial operational evaluation at several major airports. It provides aural
and visual alerts to the tower cab to warn the controllers of potential traffic conflicts.

The runway status light system [1,2,3,4] is currently in the development phase, with initial
operational suitability demonstrations planned at Dallas/Fort Worth International Airport during
FY2003. Intended to offer protection in time-critical conflict scenarios where there is not
enough time to warn the aircrews indirectly via the tower cab, the runway status light system
provides visual indication of runway status directly to the cockpit: runway entrance lights warn
pilots not to enter a runway on which there is approaching high-speed traffic; takeoff-hold lights
warn pilots not to start takeoff if a conflict could occur.

Both systems operate automatically, requiring no controller inputs. Activation commands for
alerts and lights are generated by the systems' safety logic, which in turn receives airport traffic
inputs from a surface surveillance and target tracking system. Accurate traffic representation is
essential to meet system requirements, which include high conflict detection rate, prompt and
accurate alerting and light activation, low nuisance and false alarm rates, and negligible
interference with normal operations.

To ensure that a true traffic picture is provided to the safety logic, the surface surveillance and
target tracking system must meet stringent track integrity requirements. All traffic on, near, and
on final approach to the runways must be tracked reliably and accurately. The incidence of track
drops and false tracks must be low. Target position accuracy, surveillance update rate, and track
synthesis must be sufficient to determine a target's dynamic state and future motion with the
required accuracy.

Both the Airport Surface Detection Equipment (ASDE-3) radar installed at approximately thirty
of the nation's busiest airports and a lower cost alternative surface radar, ASDE-X, which is
being installed at an additional 25 airports, are a part of the Federal Aviation Administration's
plans for modernization of the nation's air traffic control system.

ASDE-X includes both surface primary radar and transponder multilateration and incorporate
data from the Airport Surveillance Radar (ASR) and Automated Radar Terminal System
(ARTS). Multilateration, which includes the capability of adding data tags to aircraft on the
controller’s display, is also being considered as an addition to ASDE-3. It is also possible to
provide surveillance with a stand-alone multilateration system.

All of these are area surveillance systems. An area surveillance system tracks targets anywhere
in the area under surveillance as opposed to a block or point surveillance system, that records



when a target enters or exits a block or crosses a point or line. Any of these area surveillance
systems could be coupled with logic designed to reduce incursions and prevent accidents. This
could involve alerts in the tower cab, alerts or traffic information fed directly to the aircraft
cockpit, or the activation of runway status lights on the airport surface. Whether such a system
can be effective in preventing accidents and yet not create distracting nuisance alarms in the
tower cab or cockpit is in the process of being tested. It may be that a combination of systems is
needed to be effective in preventing surface accidents.

When specifying the design for a runway incursion prevention system, it is worthwhile to
examine the requirements of the system in terms of its effectiveness in reducing runway
incursions and preventing surface accidents. The purpose of this analysis is to determine the
performance requirements of area surveillance systems to support runway incursion prevention
systems.

The assumptions made are that:

1) the safety system must operate solely from electronic surveillance with no controller
input (except airport configuration);

2) the safety system doesn't know controller or pilot intent;
3) the system is fully automatic; and

4) the system is designed to prevent runway incursions and conflicts rather than “catch”
operational errors.

A consequence of these assumptions is that there is a delay (for example) between the time when
an aircraft starts a takeoff roll and the time that the system detects that event and can act to
prevent the accident.

This report analyzes the effect of the two fundamental surveillance performance parameters —
position accuracy and surveillance update rate — on the performance of three different surface
safety systems. The first two are the above-mentioned tower cab alerting and runway status light
systems. The third system is a hypothetical cockpit alerting system that delivers alerts directly to
the cockpit rather than to the tower cab.

The surveillance accuracy and update rate requirements of these three systems are analyzed for
three of the most common runway conflict scenarios, using realistic parameter values for aircraft
motion. The scenarios are 1) a runway incursion by a taxiing aircraft in front of a departure or
arrival, 2) a departure on an occupied runway, and 3) an arrival to an occupied runway.

The organization of this paper details the technical approach in Section 2. Sections 3, 4, and 5
are the detailed analysis of the surveillance requirements to support safety systems to prevent
three categories of incursion. In each of the sections, three different generic safety system
designs are analyzed to see what effect the safety system design has on the surveillance
requirements. In all cases the emphasis of the analysis is on defining surveillance parameters
necessary in preventing the accident rather than the incursion. As will be seen, in many cases it



is impossible to prevent the incursion. Section 6 provides a practical application of the analysis
to a specific runway at Dallas/Fort Worth airport and assesses the effectiveness of the
multilateration portion of the ASDE-X with a safety system that employs both tower cab alerts
and runway status lights. Section 7 contains the summary and conclusions.



2. APPROACH

2.1 INTRODUCTION

The purpose of this analysis is to derive quantitative requirements for area surveillance systems
to support runway incursion prevention safety systems. The approach taken is to determine
surveillance accuracy and update interval required to support three types of safety systems for
three specific instances of runway incursions. The effectiveness of a given safety system will
necessarily start to fall off when the quality of the surveillance inputs degrades beyond a certain
critical point. The goal in this analysis is to find that critical point for various safety systems and
different categories of incursion.

Note that a given safety system approach may not be particularly effective for a specific category
of incursion for reasons other than surveillance. It is still worthwhile to determine the required
accuracy and update interval of the surveillance system to support that safety system. In the
course of the analysis, it became apparent that the approach taken was not conducive to making
direct comparisons in effectiveness of safety systems although some attempt to do so is included
in the results.

The analysis and measurements of effectiveness are based on preventing the accident in the
category of incursion being analyzed as opposed to preventing the incursion. This is because in
many cases it is impossible to prevent the incursion and yet the safety system could still prevent
the accident.

Because this analysis is for generic area surveillance systems it is necessary to use the generic
surveillance parameters of accuracy and update interval. In order to keep the analysis
manageable, three types of safety systems were analyzed for three representative challenging
categories of incursions. The safety systems analyzed were controller alerts, cockpit alerts, and
runway status lights. The incursions analyzed were taxi conflicts with an arrival or departure, a
departure with a blocked runway, and an arrival to a blocked runway.

2.2 SURVEILLANCE PARAMETERS

The two metrics chosen for measuring an area surveillance system are positional uncertainty and
target position update interval. In a radar system, update interval is a function of the antenna
rotation rate or scan interval. Some systems, such as multilateration systems receiving
transponder replies, will have statistical update intervals. A single measure of positional
uncertainty is somewhat of an oversimplification for most surveillance systems since the
positional uncertainty will almost certainly be due to more that one underlying factor. The
positional uncertainty might be more accurately characterized in terms of bias, scan-to-scan error
or “jitter,” and azimuth and range uncertainties. Also of concern are the probabilities of losing a
target (dropping track) or failing to identify a new target. However, this investigation is intended
to cover area systems in general and the simpler the metrics the more general the application of
the results.



2.3 TRACK INTEGRITY

A safety system cannot be effective in preventing runway incursions or runway conflicts
involving an aircraft that is not being tracked. High track integrity in the difficult environment
of the airport surface is required for an accurate representation and prediction of the airport
traffic situation. Without high track integrity, neither alerts nor lights will perform as required.

Track integrity must be very reliable for a safety system to be effective. The track integrity
depends on the probability of detection and probability of false detection by the surveillance
system as well as the tracker design. The probability of detection or false detection depends on
the type of surveillance system implemented and the location on the airport. An operational
system will need to assess the surveillance systems track performance for that individual
installation.

In the case of alerting systems, an aircraft not in track may go unnoticed, thus the fact that the
safety system is offering no protection may go unnoticed. However, in the case of a runway
status light system, the fact that an aircraft is not in track is likely to have a deleterious effect on
system operation, thus degrading users’ confidence in the system. For instance, an aircraft
waiting to taxi across an active runway that observes an aircraft taking off without having the
runway entrance lights turn red may lose confidence in the effectiveness of the system or be
confused as to the principle of operation of the status lights.

2.4  INCURSION CATEGORIES

Specific instances of three representative categories of runway incursion were chosen for
investigation. One way to classify incursions is to divide them into those involving aircraft
traveling along the same track parallel to the runway and those that involve one aircraft traveling
parallel to the runway while another aircraft crosses that runway. The most time critical
incursions are those involving crossing tracks at taxiway/runway intersections. The parallel path
incursions tend to involve one aircraft overtaking another aircraft (e.g., an arriving aircraft
overtaking a previous arrival or preceding departure) and, in general, offer more time for the
detection of the conflict and its subsequent resolution. The most challenging commonly
occurring categories of incursion include the one in which a taxiing aircraft enters an active
runway from an intersecting taxiway in front of a fast moving arrival or departure aircraft on the
runway. The most time critical demand on a safety system results from the set of dynamics
where the only evasive action possible is the braking of the taxiing aircraft. This offers the least
time for reaction. A safety system cannot alert before it is certain that the taxiing aircraft will
cross the taxi-hold position and yet there are typically only 280 feet from the taxi-hold position
to the center of the runway. This category of incursion is labeled Category 1: Intersection
Taxi-Takeoff/Landing in this analysis.

Two other categories of time critical commonly occurring incursions are studied. Category 2 is
the case of a departing aircraft with a blocked runway that requires a rejected takeoff. This is
related to Category 1 except that now the runway is blocked (either from an intersection taxi or
previous arrival) and the departure aircraft must brake to a stop before hitting the obstruction.



Category 3 is the case of an arriving aircraft with a blocked runway that requires a go-around of
the approaching aircraft. The challenge here is to determine whether or not a runway is really
blocked because normal operations include approaches with aircraft on the runway in position to
depart.

2.5  DESCRIPTION OF THE SAFETY SYSTEMS

In each of the three categories of incursion, the surveillance requirements to support three types
of safety systems are analyzed: 1) safety systems utilizing direct alerts to the tower cab that
require interpretation and resolution of the conflict by the controller with subsequent voice
commands to the pilot via the VHF voice channel, 2) systems utilizing direct alerts to the
cockpit, and 3) systems using runway status lights. Each of these systems has different
consequences with regard to timing analysis and effectiveness.

A safety system utilizing alerts in the tower cab or direct alerts to the aircraft cockpit is based on
surveillance and tracking algorithms that detect a hazardous situation and deliver an audible alert
to the tower cab or cockpit. Depending on the sophistication of the system, the alert may
substantially increase the situational awareness of the controller or pilot. These systems depend
on the controller and pilot reacting to unexpected situations and thus are treated with a
probabilistic approach.

The runway status lights system involves two types of status lights. Runway entrance lights are
located at all entrances to the runway at the edge of runway. These lights turn red when a
runway is “hot,” that is when the surveillance system detects that a high speed arrival or
departure is traveling down the runway and it is unsafe to enter the runway. The system may
turn the lights amber when a runway is “active” but not “hot.” This would reinforce the amber
“wig-wag” lights at the taxi-hold positions at many airports. In addition, there are takeoff-hold
lights located ahead of the points where aircraft begin their takeoff roll that are red if the runway
ahead is unsafe for departure. No lights are shown to arriving aircraft in the current concept. A
more detailed description of the system 1s available from Lyon et al. [1,2,3,4].



3. CATEGORY 1 INCURSION: INTERSECTION TAXI-TAKEOFF/LANDING

3.1 APPROACH

The intersection taxi-takeoff/landing conflict is concerned with the case where an aircraft at a
taxiway entrance to a runway taxis past the taxi-hold position while the runway is hot with a
landing or departing aircraft. The geometry with a takeoff aircraft is depicted in Figure 1. The
presumption in the analysis is that the takeoff or landing aircraft cannot or does not brake and
that the only evasive action that will prevent the accident is the braking of the taxi aircraft. The
challenge to the surveillance system is that it is normal for an aircraft to taxi up the taxi-hold
position with a hot runway so care must be taken not to have nuisance alarms; the system cannot
alarm until it is certain that the taxi aircraft has violated the taxi-hold position.

TAKEOFF
AIRCRAFT

—

TAXI AIRCRAFT

Figure 1. Category I incursion.

Two cases are examined for the alerting safety systems, the first labeled a full speed taxi towards
a Boeing 747. In this case, it is assumed that the taxi aircraft approaches the taxi-hold position at
normal taxi speed (which is a parameter in the analysis) and does not stop, but continues through
at a constant velocity. The Boeing 747 defines the wingspan of the takeoff aircraft, which
determines how far the taxi aircraft travels before entering the region where a collision is
inevitable?. The second case assumes that the taxi aircraft is stopped at the taxi-hold position and
then begins its taxi. The wingspan of a Boeing 727 is used for the aircraft on the runway in the

2 Throughout this analysis, it is assumed that a collision will occur if the nose of the taxi aircraft is within the dimension of the
wingspan of the takeoff aircraft. In actuality, it is possible for the nose of the taxi aircraft to pass beneath the wing of the
takeoff aircraft in some instances.



second case. In an alerting system, it is necessary to detect that the taxi aircraft has crossed the
taxi-hold position before alerting. However, in a runway status light system, this is not required
since the runway entrance lights will be illumined red if the runway is hot, and the taxi aircraft
will not enter. In order to develop the surveillance requirements for a runway safety system, a
more intricate analysis 1S necessary that involves examining the relative timing of the motion of
the two aircraft and developing requirements to protect a potential collision region. This
alternate analysis is presented in Section 3.5.

The approach taken to analyze the taxiway incursion is first to examine the events and actions
that must occur after the start of an incursion before the braking of the taxiing aircraft can begin.
In the timing analysis of Section 3.2, a set of probability density functions (pdfs) for each of the
events is convolved to provide a total system reaction time probability density function. Next, the
additional delay determined by the positional uncertainty and update interval of the surveillance
system is convolved with the reaction time distribution to determine the distribution of total time
required before taxi aircraft braking can begin. A cumulative distribution is calculated from the
total time required probability density function and this is compared with the time available,
defined as the latest time after crossing the taxi-hold position that the taxi aircraft can begin
braking and still avoid the wing tip of the aircraft on the runway. This will provide a single
number representing the percentage of the cases where the total time required (both the reaction
time of the events that comprise the reaction time probability density function and the probability
density function for the detection time given the particular surveillance parameters specified) is
less than or equal to the time available. The surveillance parameters are then varied to measure
the expected percentage of accident preventions as a function of surveillance parameters.

The analysis is then expanded to investigate the effect of different wingspans for aircraft on the
runway and to see the effect of the taxiing aircraft starting from a stopped position at the taxi-
hold position line.

3.2 ANALYSIS FOR TOWER CAB ALERTS
3.2.1 Timing Analysis for Tower Cab Alerts and Direct Cockpit Alerts

3.2.1.1 Event Probability Density Function

There are five events that must take place before the taxi aircraft begins braking. First, the
surveillance system must detect that the taxi aircraft has crossed the taxi-hold position while the
runway is hot. This will initiate an alert in the tower cab. Second, the controller must react to
the alert. Third, the controller must have access to a VHF channel. Fourth, the controller must
issue the warning to the pilot. And fifth, the pilot must react to the alert and begin braking the
aircraft. The time required for each of these events can be portrayed as a probability density
function (pdf) and all of the pdfs convolved to create a probability density function representing
the time from the start of the incursion to the start of aircraft braking.

The authors know of no specific studies that have measured pdfs for the events described above.
However, the Precision Runway Monitor (PRM) program [6] made extensive measurements on a
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system that alerted the final approach controller of the potential deviation of one aircraft on a
final approach towards another aircraft on a parallel approach. A warning or caution alert
indicated to the controller that an aircraft was about to enter the “no transgression zone.” The
controller, reacting to the alert, had to have access to a clear VHF channel, issue a brakeout
instruction to the parallel aircraft, and that aircraft had to react by beginning a turn. These
scenarios are considered similar enough that the probability density functions measured in those
studies are adopted here.

The probability density function for the surveillance depends on the accuracy and update interval
of the surveillance system. Since these are the variables of interest, the surveillance pdf is a
variable that is computed last and described below.

Figure 2 is the pdf for controller reaction time and is based on the studies in the PRM program.
Figure 3 represents the VHF channel availability taken from the PRM report and based on
extensive data taken in Memphis. Most of the time (86.6%) the channel is available because the
controller is already talking on the channel or no pilot is transmitting. The remaining 13.3% of
the time the controller must wait until the pilot completes a transmission in order to have access
to the channel. Figure 4 is the pdf for pilot reaction time and represents the time from the start of
the message from the controller until the start of evasive action, thus the time to speak the
alerting message is included.

These pdfs are based on studies from the PRM program because that data is from the closest
safety system available. However, there are noticeable differences. In the PRM system the
controller is closely monitoring aircraft on paralle] tracks with an audible warning before an
aircraft flies into a no-transgression zone. In a runway incursion alerting system, the controller is
more likely to have lost situational awareness and the reaction times may be longer on average
with longer tails. The pilot reaction times in the PRM study are for pilot reactions while flying
the airplane and require a change in aircraft flight trajectory. Pilot reaction times for braking a
taxi aircraft may be shorter on average and have shorter tails. Nonetheless, these are the most
representative data available and should provide representative results. Charts are derived in
Appendix A to allow the reader to see the effects of different reaction times.
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Figure 4. Pilot reaction time pdf.

A total reaction time pdf is calculated by convolving these three density functions. The result is
plotted as a bar chart in Figure 5. A cumulative distribution function is also calculated and
presented as a bar chart in Figure 6.
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Figure 5. Total reaction time pdf.
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3.2.1.2 Surveillance Delay Probability Density Function

Next, a probability density function is calculated that represents the time delay due to
surveillance uncertainty. This will depend on the update interval and the positional uncertainty.
For purposes of this analysis, positional uncertainty will be represented by the standard deviation
in position measurements, G,, and update interval by Az. It is assumed that an aircraft must taxi

a distance of 20, before it can be detected as having passed the taxi-hold position without
producing nuisance alarms. A worst-case assumption is that the taxiing aircraft moves at a
constant velocity through the hold position. An aircraft starting from a stopped position would
afford more time for the system to react. The assumption is made that the surveillance system
will use an estimate of the target extent, or size, to estimate the position of the aircraft's nose. In
this analysis it is assumed that the surveillance knows the position of the aircraft's nose and uses
that rather than the centroid to determine when the taxi-hold position has been crossed. If the
target centroid was used for the taxi aircraft position without regard for the aircraft's extent then
the distance traveled before detection must be further increased by half of the length of the taxi
aircraft. This will degrade the safety system further.

The pdf is a uniform distribution spread from the time the aircraft reaches the prescribed distance
past the taxi-hold position until the maximum update interval of the surveillance system. In other
words, no detection is possible until the aircraft reaches a point corresponding the positional
uncertainty past the taxi-hold position. Then there is an equal probability of detection from that
point until the maximum update interval. This uniform distribution is distributed over the “bins”
representing tenths of seconds, i.e., the two-second “bin” corresponds to the probability that a
detection occurs between 1.95 and 2.05 seconds.
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A sample calculation for a single case serves as an example. First the position uncertainty,
update interval and taxi velocity are defined.

(o = 25 feet
At = 2 seconds
Viaxi = 10 Knots (16.878 feet/second)

The earliest time that a detection can take place is the time it takes to taxi the distance
represented by 20, past the taxi-hold position. The maximum time it takes for a detection

assumes that the aircraft crosses the uncertainty distance at one update and it takes another full
update interval to detect the crossing.

tdetmin = 20; /V ., 2.96242 seconds

tdetmax tdetmin+ At 4.96242 seconds

The probability density function for surveillance detection is created by distributing the
uniform distribution from tdetmin to tdetmax into the “bins” representing tenths of seconds,
each element representing the probability that detection will occur between .05 second less to .05
second more than the tenth of a second bin. The surveillance detection pdf for this example is
plotted as a bar chart in Figure 7.
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Figure 7. Surveillance detection time pdf for example with positional uncertainty of o, of 25 feet
and update interval of 2 seconds.
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3.2.1.3 Total Time Required to Begin Evasive Action

Convolving the surveillance detection probability density function with the reaction time
probability density function yields the probability density function for the time required before
evasive action can begin. The reaction time pdf is interpolated to match the tenth of a second
intervals used for the surveillance pdf. This is expressed as a probability density function and a
cumulative distribution function in Figures 8 and 9 for the example case described above.

The total cumulative distribution can be interpolated to determine the probability of all of the
required events occurring before any time as illustrated in Figure 10. If we know when the
aircraft must begin braking in order to avoid the accident, then the total cumulative distribution
can be interpolated at this time to determine the probability that this will be successful.
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Figure 8. Total time required pdf for example with positional uncertainty o of 25 feet and
update interval of 2 seconds.
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3.2.1.4 Time Available for Evasive Action

The assumed incursion is a taxiing aircraft not holding short at the hold position but continuing
to taxi onto a runway with a departing or arriving aircraft crossing at the intersection. The
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assumption is that the only evasive action possible in this case is the braking of the taxi aircraft
to stop short of the portion of the runway that is occupied by the wing-tip of the aircraft on the
runway. The question is, how long after the taxi aircraft crosses the taxi-hold position must it
begin braking to avoid a collision? This will depend on the velocity of the taxi aircraft, the
distance from the taxi-hold position line to the runway, and the wingspan of the aircraft on the
runway. The size of the taxi aircraft does not affect the results if the assumption is made that the
surveillance system measures the length (extent) of the taxi target and estimates the position of
the nose of the aircraft rather than tracking only the centroid of the aircraft.

In the case above, the taxi aircraft was assumed to taxi at 10 knots. We will later analyze the
results as a function of taxi velocity noting that changing the taxi velocity will change the
surveillance detection pdf and the resulting total time required pd