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1.0 INTRODUCTION

NASA’s real-time Free Flight Simulation (FFSim) is designed to be a test bed for investigating
Free Flight technical, operational, and policy concepts and their associated procedures and pilot
and controller Decision Support Tools (DSTs). The Autonomous Operations Planner (AOP)
and an advanced Flight Management System (FMS) are two major components that will be
evaluated with FFSim. Three (among many) components of AOP are the intent inference,
information confidence assessment, and hazard prioritization modules. These three modules and
a couple of other supporting data management modules are developed in this Research Task
Order (RTO) 30 effort. Figure 1.1 illustrates the high-level design of RTO 30 developed
functions, and their interaction with other AOP and FFSim modules.
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Figure 1.1. High-level AOP functions, RTO 30 developed functions, and their interaction with
an Advanced FMS.




Intent inference is implemented to infer future paths and states of nearby aircraft; this
type of intelligent information processing is a valuable input to conflict detection and resolution
algorithms, situation awareness modules, information ambiguity resolution, and fundamental to
each of these, trajectory estimation. Information confidence assessment is necessary for each
AOP component to interpret the validity of the data from that component and not to over-react
to data that is uncertain. Hazard prioritization is needed to rank order the important hazards
(e.g., flying into terrain is worse than flying into weather) and to facilitate the process of
notifying the aircraft crew about potential problems.

This report is organized as follows:

Task 1) Intent Inference is covered in Chapter 2,
Task 2) Confidence Assessment is covered in Chapter 3, and
Task 3) Hazard Prioritization is covered in Chapter 4.

Chapter 5 presents our conclusions and recommendations. Chapter 6 presents references.
Chapter 7 presents the following:

Appendix A: Functional Design Requirements for RTO 30,
Appendix B: Algorithms to convert grid weather data to triangulated data, and
Appendix C: Derivations of CPA and Time-To-CPA for Hazard Detection.




2.0 INTENT INFERENCE

This research effort investigates the theory and implementation of an intent inferencing agorithm
applicable to Free Flight [RTCA95]. As new Free Flight procedures remove jetway routing,
positive control, and other constraints, an added emphasis will be placed on distributed control
techniques. Inthe AATT program at NASA, such a system is being researched by the Distributed
Air/Ground Traffic Management (DAG TM) Team [DAG99]. In Free Flight, Automatic
Dependent Surveillance — Broadcast (ADS-B) or some other communications mechanism will be
used to communicate state and intent data between aircraft in a distributed control system. In such
a system, dstate and intent information (e.g., the position and speed for state information and for
intent information, the next one or two waypoints or even the current flight plan) will be exchanged
between aircraft. The Autonomous Operations Planner (AOP) being researched a NASA Langley
demonstrates such aflight deck. Thereisaneed for intent inference in the AOP system since in a
Free Fight environment there is no guarantee that, even if flight plans or intent are broadcast to
nearby aircraft, these plans will be followed. Even with acceptable Required Navigation
Performance (RNP) levels, there ill is the possibility that the crew of an aircraft might have
changed their plans without inputs into the Flight Management System (FMS) or ADSB
broadcast, the equipment for ADS-B broadcast might fail, or deviations from aflight plan might be
excessive due to strong winds, weather avoidance, or emergency diversions.

Figure 2.1 illustrates the intent inference problem. In this example, an arcraft has latera
deviations due to flight technical and navigation errorswhile flying to a way point, severe weather
is just ahead, and there is a good reason why the aircraft might be (1) flying North of the storm
(because the current heading isthat way), (2) flying directly to the next way point and ignoring the
weather (because dl the past data indicates this), or (3) flying to the South of the storm and
skipping away point (because the airline has a policy to avoid storms and arrive on schedule). In
general, the problem of intent inference isto determine: What is the aircraft intent?
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Figure 2.1. What is the aircraft intent?

In RTO 30 research, intent datais broadcast from one aircraft to another and the following
cases information processing of intent information need to be performed:

1. The broadcast intent message is present, but needs to be verified true;
2. The broadcast intent message is present, is verified false (or erroneous), and an
intent must be inferred from all available information;




3. The broadcast intent message is missing (due to data dropout or an unequipped
aircraft), and the intent needs to be inferred from all available information.

In each of these three cases, the intent inference agorithm designed in this research effort will
result in the intent of the aircraft and aleve of confidence in the intent inference conclusion.

By matching observed state changes or pilot actionsto adecision making model residing in
an intent inference knowledge database, as we show in this Chapter, one can infer intent. For the
aircraft situation in AOP, nearby aircraft motion (e.g., following the next one or two waypoints, a
filed flight plan, Standard Instrument Departure (SID), etc) often follows a set of well defined and
ordered actions. Intheliterature, Zhao, et a [ZHH98] specify several classifications of such pilot
intent models, including: motive intent, objective intent, trgectory intent, and cost intent. These
actions are modeled in the intent inference knowledge database using several engineering formats,
and the knowledge base can be searched for an inferred intent with one of several correlation
functions. We present an approach to solving this problem which combines a tracking filter
(Kalman filter or a low pass filter) to estimate the state information and to predict short term
trgjectories, and intent models to predict long term paths.

Our approach to solving the intent inference problem has unique benefits and does not
paralld any other approach in the literature. Other intent inference methodology include the
following:

*  Operator Plan Anaysis Logic (OPAL) [G94, HG89, RGC88], where plan-goal
graphs, as shown in Figure 2.2, are used to explain the causa relationship
between the observed discrete actions and the goals or intent of the operator.

Pan .
Plan —— Action
Plan oF Action
Plan Plan — Action
Figure 2.2. An Plan-Goa Graph (PGG an acyclic graph connecting plans

and goals, including “and” and “or” connections (as shown).

* Operator Function Modd expert system (OFMspert) [BM93,CMJ95,RIM88],
where an expert system uses a blackboard architecture and operator function
models, a heterarchic-hierarchic network of nodes that represent operator
control functions, to replicate and infer the explanation of the actions of the
human operator.

* Genegdlized plan recognition [KaA86, SSG78], where a deductive inference
system performs intent inference by recognizing the plan the operator is
implementing, based on observations of the operator, an action taxonomy (an
exhaustive set of sequences of discrete admissible actions), and constraints.

» Event tracking using Soar [TR94, TR95, TR96], where the Soar knowledge
based system is used to reason about the decisions made in the problem solving
task of the operator, triggering rules that creaste problem space, goals, and
subgoals that lead to an explanation of the situation.

These methods are primarily used for discrete intent inference problems. These discrete inference
methods are not applicable to the continuous intent inference problem of RTO 30. As shown in




Table 2.1, continuous intent inference fills in the gap between trgectory prediction and discrete
intent inference. Tracking filter-based prediction, while useful (as shown in Chapter 3) for short
time periods ahead of an aircraft, does not address the intent inference problem when it comes to
explaining factors like weather, specia use airspace, turbulence, etc., which are factors not easily
incorporated into the aircraft equations of motion modeled in the tracking filter. Using a tracking
filter ismost applicable when coupled with the intent inference method as we show in this report.
In summary, the benefits of our approach to intent inference are:

» provides amethod of verifying broadcast intent, if a broadcast intent exists,
» by exploiting atracking filter, accounts for missing or delayed data collection,

* by exploiting a tracking filter for trgjectory prediction, provides both near-term
trgjectory prediction and far-term flight path prediction, and

» provides a continuous output of the best estimate of the intent of the aircraft
being tracked by the AOP system.

Table 2.1. Prediction theories and the time of horizon where the theory is applicable
to agenera problem domain.

PREDICTION Tracking Filter Continuous I ntent Discrete Intent
THEORY Prediction Inference Inference

Trajectory Estimation . Discrete Event

TIME Seconds — Tens of Seconds — Asynchronous /
HORIZON Tens of Seconds Minutes Event Driven

The intent inference problem can affect the actions of the ownship as well as other nearby
aircraft. For example, as shown in Figure 2.3, Yang and Kuchar [YK98] illustrates the difference
between an aircraft that isinformed about the intent of another aircraft compared to the aircraft that
is not informed. In this example, the difference is between a correct dert and a false dert for
separation assurance conflict detection. If the intent is not known, then a false dert occurs due to
the fact t~~*f; -~ ~wobo=iie - ~f ~~fi exists if the nearby aircraft continues to fly its current
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Figure 2.3. Conflict detection without knowledge of intent (left) and with
knowledge of intent (right) based on the work of Yang and Kuchar [YK98] (printed
with permission of Prof. J. Kuchar, M.1.T., Dept. of Aeronautics and Astronautics).

In the next sections of thisreport, we detail the theory behind our intent inference method,
we provide some scenarios that can be used to verify our intent inference algorithms, and we
present the process required to develop an intent inference module for the AOP system.

2.1 Theory

The intelligent inference algorithm is based on the theoretical foundation Intelligent Path Prediction
for Vehicular Travel [K92, KA91, KA93, KA95]. Our solution will incorporate any broadcast or
data linked intent messages from the nearby aircraft being tracked. Furthermore, when domain
knowledge data are available (e.g., weather data, terrain data, SIDs, STARS, etc.), these data will
be taken into consideration by the intent inference module. The intent inference module will be able
to verify that a tracked aircraft is following the intent that is broadcast, and, if the arcraft is
seemingly following some other intent, then the module will identify the most plausible intent for
the aircraft being tracked. Finally, the intent inference module will aso be able to use the most
plausible intent to predict the future motion of the vehicle being tracked. Next, we provide the
basis behind this theory.

2.1.1 Basis of Theory

The process of human flight control can be analyzed thraunh tun rlygsical theories: control
theory and psychology. From control theory, flying an aircraft incorporates: stability, control,
guidance, and naviga nmi 10logy, reasons for makini nmi ns while flying an
aircraft can be explaitieu vy unuersianding human decision making processes.

Based on the analysis of Stengel [S93], a model for intelligent flight control can be
postulated. This model includes sensing, regulation, and decision making, as shown in Figure 2.4.
The key sensory inputs to the human are associated with seeing (ownship and other aircraft,
runways, etc.), feeling (forces felt by the body), and hearing (sounds correlated with speed and
inner ear effects from gravity). These senses are connected to the brain to influence decision
making. Decision making governs regulation with neuromuscular responses driven by learned
associations between stimuli and desirable actions. Furthermore, through the decision making
process the pilot plans and sets goals that affect navigation and guidance command inputs. Such
planning and decision making is dependent on the pilots knowledge base of both rules of flight
and past experience.
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Figure 2.4. Process for human decision making while flying an aircraft.

For the aircraft model, navigation, guidance, and control functionality might be supplied by
the pilot or by computer-based control systems (e.g., FMS). For the modestly equipped aircraft, a
pilot will perform all guidance and navigation logic and will combine these with regulation logic to
affect control inputs (minimally, the stick, throttle, and rudder). In the most advanced cockpits,
navigation, guidance, and control systems are automated with potentially minimal input by the
pilot. For instance, autopilots alow the pilot to command a constant heading angle or airspeed.
The maneuvering precision will differ based on whether the tasks of navigation, guidance, and
control logic are performed by ahuman pilot or by automatic control.

The human decision making model has a hierarchica structure. In the inner most loops,
stability augmentation and reflexive control is performed with fast update rates, perhaps 1-10 Hz.
In the outer loops, guidance and navigation changes may be made every minute to ten minutes.
The central nervous system supports such a hierarchy for decision making by providing a structure
that includes declarative actions, procedural actions, and reflexive actions — this is the basis of the
intelligent flight control system proposed by Stengel [S93]. In the research of intent inference, we
will next show that this hierarchical structure and separation between declarative actions from
reflexive actionsis also useful.

Next, consider the relationship between the human decision making process of flying an
aircraft and the problem of predicting the intent and path of an aircraft being observed by an outside
observer. These concepts are similar but different:

* Intent Inference is the process of determining what the tracked vehicle is most
likely attempting to do.

e Path Prediction is the process of determining how the tracked vehicle will most
likely accomplish what it is intending to do.

The path of an aircraft is directly a result of the control inputs determined by regulation and/or
guidance decisions. The intent of the pilot is to use guidance and control inputs to follow a path
plan or a navigation plan, e.g., aflight plan. In accordance with the aircraft flight control model
set forth so far, intent inference is related to inferring the declarative and procedural decisions of
the pilot, and path prediction isrelated to inferring the path that the pilot attains from regulatory and




reflexive control inputs. They are related through the hierarchical structure that was presented
earlier.

Intent inference and path prediction are solved simultaneously in our approach. We will
first discuss these individually, and then we will show how the two are combined. Intent inference
may be considered to be at ahigher level of abstraction than path prediction, since intent inference
specifies what and path prediction specifies how. Predicting the intent of a vehicle can be
abstracted into the process presented in Table 2.2. Likewise, predicting the motion of a vehicle can
be abstracted into the process presented in Table 2.3.

Table 2.2. Process for intent inference.

Step Processfor Intent Inference

1 Build aknowledge database of plausible intent models for the vehicle being tracked and
domain knowledge about the environment the vehicle is traveling through
2 Observe and record state information about the vehicle being tracked and nearby traffic,

3 Best fit the plausible intent models with the observed state information and determine
the “correlation” of fit, and

4 Rank the intent models by “ correlation” of fit to determine the most likely intent of
the observed vehicle.

Table 2.3. Process for path prediction.
Step Process for Path Prediction

1 Build adynamics model for the vehicle being tracked, based on the inferred intent of the
vehicle,
2 Observe and record state information about the vehicle being tracked,

3 Estimate states and/or parameters in the dynamics model whether observed directly or
not, and
4 Project the dynamics model into the futurein order to predict future motion.

Since the process for intent inference and the process for path prediction relate in a
hierarchical nature, we combine these processes into a single algorithm that both predicts intent and
predicts the future path of the aircraft being tracked, as shown in Table 2.4. Note that because of
the hierarchical nature of decision making, theintent is likely to remain constant for a long time as
inner loop commands change more frequently. If path prediction is pursued with very short look-
ahead times, then the outer loop guidance and navigation commands can be assumed to be
constant. However, as look-ahead times become longer, one should expect that the guidance and
navigation commands may change, depending on where the pilot isin terms of following the outer
loop decision logic. Thus, the model used for the path prediction must adapt to the context set
forth by the outer loop decisions. From this discussion, the hierarchical structure explains why
intent inference is necessary to do accurate path prediction, especialy when the prediction time is
long enough to include the declarative or procedura decisions of the outer loops.




Table 2.4. The combined process for intent inference and path prediction.

Process for Intent Inference and Path Prediction

tracked and dom%in knowl edge%bout the environment the vehicle is
traveling through

Observe and record state information about the vehicle being tracked and
nearby traffic,

Build a dynamics model for the vehicle being tracked, based on the
plausible intent of the vehicle,

Estimate states and/or parameters in the dynamics model whether observed
directly or not, and

Combine the plausible intent models with the observed state information
and determine the “correlation” of fit, and

Rank the intent models by “correlation” of fit to determine the most likely
intent of the observed vehicle. —p RETURNINTENT

Project the dynamics model into the future in order to predict future
motion.

N O O B WD

RETURN PREDICTED
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2.1.2 Intent Inference Knowledge Base and Domain Knowledge

The intent inference knowledge base consists of plausible cost criteria for travel and domain
knowledge. Thefirst step in building an intent inference module is to use knowledge engineering
and operations analysis to build this knowledge base.

Thetheory of intent inference is based on identifying a particular intent model (Step 4) from
aset of cost criteriathat explain intent (Step 1). For this purpose, the aircraft flight domain has a
rich set of cost criteria that will reside in the intent inference knowledge base, including but not
limited to the cost criteria listed in Table 2.5. A set of cost criteria is established in a database
suitable for use by the intent inference agorithm. This database holds dl the associated constants
and parameters needed to provide the direction that an aircraft should proceed given any arbitrary
set of initial conditions. While some intent models are quite simple, for instance the model to hold
heading, others are very complex, for instance the model to avoid weather.

Table 2.5. Plausible cost criteria for intent inference in the aircraft Free Flight domain.

Criteria Intent Description Required Data and Domain Knowledge Needed
to Complete Intent Model
C1 Hold Heading Velocity Data
Cc2 Hold Altitude Altitude Data
C3 Hold Speed Velocity Data or Airspeed Data
C4 Hold Course Position and Velocity Data
C5 Hold Coordinated Turn Velocity Data and
Bank Angle Data or Turn Rate Data




C6 Go To Waypoint (fly over) Position and Velocity Data and
TCP or Flight Plan Data or
Navigation Database

Cc7 Skip Waypoint; Fly to Next Waypoint | Position and Velocity Data and
(fly by) TCP+1 or Flight Plan Data or
Navigation Database
C8 Fly Direct To (waypoint, final approach | Position and Velocity Data and

fix, metering fix, or airport location) TCP or Flight Plan Data or
Airport, Metering Fix, or Final Approach Fix Data

C9 Return to Flight Plan from Heading Position and Velocity Data and
Deviation Flight Plan Data
C10 Return to Flight Plan from Speed Position and Velocity Data and
Deviation Flight Plan Data
C11 Return to Flight Plan from Altitude Altitude and Velocity or Altitude Rate Data and
Deviation Flight Plan Data
Ci12 Return to Flight Plan from Lateral Position and Velocity Data and
Offset (hold radial) Flight Plan Data
C13 Fly alist of Waypoints (Flight Plan, Position and Velocity Data and
SID, or STAR) SIDs and STARs Database or
Flight Plan Data
Cl14 Avoid Special Use Airspace (SUA) Position and Velocity Data and
SUA Data (location and time)
C15 Avoid Turbulence Position and Velocity Data and
Turbulence Report Data (location and time)
Cl6 Avoid Hazardous Weather Position and Velocity Data and
Weather Precipitation Data
C17 Avoid Aircraft Position and Velocity Data for Ownship and

Position and Velocity Data for Intruder(s) (Traffic Data) and
Alert Zone of Intruder Aircraft and
Protected Airspace Zone of Intruder Aircraft

c18 Avoid Terrain Position and Velocity Data and
Terrain Database
C19 Avoid Hazard Region (General) Position and Velocity Data and
Hazard Region Data (location and time)
C20 Fly Holding Pattern Position and Velocity Data and
Holding Pattern Data
c21 Fly Wind Optimized Route (to Position and Velocity Data and
Waypoint or Airport) Wind Data or

Waypoint Database or
Airport Database or
FMS Data (describing wind optimized route)

Cc22 Meet Required Time of Arrival RTA (at Position and Velocity Data and
waypoint or Final Approach Fix) FMS Data (describing RTA optimized route)

Next, as indicated in Table 2.5, the intent inference knowledge base requires domain
knowledge. Domain knowledge is used to build the situation assessment model, or a map of the
situation, which includes the factors that might influence the pilot’s decison making. The domain
knowledge database may include the information in Table 2.6.

10




Table 2.6. Data categories and domain knowledge databases needed for intent inference.

Data Data Description Database or Module
D1 Position (Latitude, Longitude, Altitude) | State Data Estimates from Data Fusion Module
D2 Veocity (North, East, Vertical) State Data Estimates from Data Fusion Module
D3 Acceleration (North, East, Vertical) State Data Estimates from Data Fusion Module
D4 Bank Angle State Data Estimates Module
D5 Airspeed State Data Estimates Module
D6 TCP (Waypoint) ADS-B Module; Navigation Aid Database
D7 TCP+1 (Waypoint) ADS-B Module; Navigation Aid Database
D8 Navigation Equipment Performance ADS-B Module
D9 Flight Plan Flight Plan Data from ADS-B Module ; CPDLC
Module
D10 SIDS and STARS Navigation Aid Database
D11 Airport Location Airport Database
D12 Alternate Airport L ocation Airport Database
D13 Final Approach Fix Location Airport Database
D14 Metering Fix Location Airport Database; Navigation Aid Database
D15 Conflict Detection Alert Status CD&R Module
D16 Conflict Resolution Waypoints CD&R Module
D17 Precipitation Hazard FIS Module
D18 Precipitation Hazard Avoidance Route Hazard Avoidance Module
D19 Specia Use Airspace (SUA) FIS Module
D20 Speciad Use Airspace Avoidance Route Hazard Avoidance Module
D21 Turbulence Turbulence Data from FIS PIREP
D22 Turbulence Airspace Avoidance Route Hazard Avoidance Module
D23 Terrain Data Terrain Database
D24 Terrain Avoidance Route Hazard Avoidance Module
D25 Hazard Region (Generd) Hazard Region Data
D26 Hazard Region Avoidance Route Hazard Avoidance Module
D27 Wind Field Data FIS Module
D28 FM S Generated Route FMS Module

Note: All data isfor nearby aircraft unless otherwise specified.

The domain knowledge comes from three sourcesin the AOP. These sources are:

1.

Inputs via the data fusion module — this module takes inputs from ADS-B, TIS, FIS,
and CPDLC and provides the intent inference module with necessary data and
confidence levels for these data.

Other modules within AOP — these modules include the GPS receiver, the CD&R
module, a hazard avoidance module, and FM S Module which provide data to the intent
inference module for reasoning about intent.

Databases onboard AOP — these databases provide satic data, including airport,
navigation, SUA, and terrain elevation data.

The specifications for the input modules and required databases are identified in Table 2.7.
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Table 2.7. Required data inputs and databases for intent inference.

Description

Data Fusion Module

2.

Data Required

4. Ownship State Estimate (FMS Data):
Ownship Position, Velocity, Heading
ADS-B Data
Nearby Aircraft Position, Velocity, Heading
TCP, TCP+1, Navigation Uncertainty Category — Position, Flight Plan
Emergency/Priority Status, Alternate Airport, Time-to-Go to TCP,
Turn Indication

5. TISData(as an aternate source of traffic data)
Nearby Aircraft Relative Position, Heading, Altitude Rate

6. FISData
Weather Map (dBZ Grid), Polygon Hazard Region Data,
Turbulence PIREP, Wind Field Data

7. CPDLC Data
Vertical Request (level),
Vertical Clearance (maintain level, climb to, descend to),
Crossing Constraints (cross position at level,

cross position at and maintain level at speed)

Route Modification (proceed to, cleared route, fly heading),
Speed Changes (maintain, maintain or greater, maintain or less),
SUA Status, Mayday

M2

CD&R Module

Alert Zone Status (Alert or No Alert)

Heading Conflict Resolution Solution Waypoints
Altitude Conflict Resolution Solution Waypoints
Speed Change Conflict Resolution Waypoints

M3

FMS Module

Ll Ea NN

FM S Data describing flight path as (latitude, longitude) linked list that
nearby aircraft would take if performing awind optimized route to a
specified waypoint

FM S Data describing flight path (as (latitude, longitude) linked list) that
nearby aircraft would take if performing a RTA optimized routeto a
specified waypoint

M4

Hazard Avoidance
Module

Input data may be weather data, SUA, terrain, or any general hazard region;
Outputs are:

1.
2.
3.

Waypoints describing avoidance route to TCP location
Waypoints describing avoidance route to TCP+1 location
Waypoints describing avoidance route to Metering Fix Location

M5

Airport Database

Airport Location, Alternate Airport Location, Final Approach Fix Location

M6

Navigation Database

Navaids Data (latitude, longitude, atitude)

M7

SUA Database

SUA Regions description, if not provided in the CPDL C message

M8

Terrain Database

Terrain Elevation Data

M9

Obstacle Database

Obstacle Data

2.1.3 Method of Path Correlation

The actions of a decision maker may be observed and analyzed both localy (instantaniously) and
For instance, a loca decision is a change in state in an
instantaneous or very short time horizon, such as a single decision to hold course, turn, climb,
descend, etc. A globa decision is a series of local decisions which occur over a longer time
horizon, perhaps a sequence of decisionsto solve a navigation task to capture a way point, follow
aSTAR, avoid weather, etc. For instance, while manualy flying a flight plan, if a pilot turns to

globally (over a time window).
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capture away point after drifting away from the nominal flight plan, the loca decision might be to
turn left or right towards the way point. If one looks a the state variables & any one instant, it
might be difficult to infer that the pilot isflying to away point, as depicted in Figure 2.5. For this
discussion, we assume that the heading direction and the course are the same directions.

Mathematically, by defining aunit vector ¢ in the direction of the heading ¥ and a unit vector P
inthedirection @ to the way point, then the dot product:

Local Correlation = 2p (2.1)

will indicate (locally) if the aircraft is heading towards the way point (dot product of 1) or away
from the way point (dot product —1). This dot product acts as a good measure of correlation
(providing a number between —1 and 1) between the intent to fly directly to the way point and the
current aircraft state as indicated by the current heading.

dn9
rrent He?
cui’ -y

2o o
Direction to Way Point Way Point

Figure 2.5. A pilot isnot heading directly to away point, but is generally heading that way.

Next, thisloca analysis of the intent of the aircraft can be extended to a globa analysis by
considering the correlation between a history of state variables with a series of decisions that would
support a consistent intent. For the fly-to-next-way-point example, one would continuously
integrate the local correlation measure (the dot product) over the observed flight path:

Global Correlation = 1_ Y % ds (2.2)

flight path

whereds is a differential element along the flight path and k is a non-dimensionalization constant
based on the cost of flight. In thisresearch, agood vaue for k is simply the arc distance between
the current location of the aircraft and some characteristic domain location (e.g., a waypoint,
airport, or other applicable location):

k= ds (2.3)

flight path

In the previous work of [K92], several global corrdation functions were investigated,
including fading window and moving window functions, as shown in Figure 2.6, and functions
that accommodate lost data or data arriving a discontinuous update rates. Thus, this theory will
address the requirement FDR™1.11 that the algorithm gracefully handle situations where the nearby
aircraft data arrives intermittently or with occasional unreliable data points. The globa correation

function applicable to a moving window of size lv s described by:

* Functional Design Requirements (FDRS) are listed in Appendix A.
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|
Global Correlation = i_ P % ds (2.4)
lo

where |, =max{0,1 =1, } | and k is defined appropriately. In addition to a moving window, a
fading memory moving window correlation function can also be used, as discussed in [K92].

ind
Moving Window Time History ot Head
o e
(P“ @, . . ® . .
—_— — "V Direction to Way Point Way Point
(95 (p3 (pl

Figure 2.6. A global analysis investigates the previous headings and previous
optimal directions to the way point in order to collect data to support or reect the
conclusion that the aircraft is flying to the way point.

The global correlation measure can be used to validate the broadcast intent message. The
global correlation measure has arange:

—1<Global Correlation <1 (2.5)

If the broadcast intent is used to model the unit vectors @ , as explained in the next section, and if
the correlation value is high and close to the value 1, then the broadcast intent can be considered
valid. If the correlation value is zero or negative, then the broadcast intent is either invalid or is
simply a poor model of intent. Engineering analysis and judgement must be exercised to determine
when to decide if the globa correlation value is high enough to consider an intent validated.
Experimentation will be used to investigate the global correlation values (defined with a moving
window) for typica circumstances of aircraft attempting to follow a constant intent but having
normal guidance system and flight technical errors. After experimentation, a cutoff for identifying
valid vsinvalid broadcast intent messages will be determined. In any event, if the intent inference
algorithm is capable of presenting an intent that better explains the motion of the aircraft in
comparison to the intent that is broadcast by the aircraft, then this additiona information should
probably not be dismissed. More than one explanation of intent might apply a one time, for
instance, flying a particular flight plan and flying to the next waypoint as described in the flight
plan might both have very high global correlation values and are both quite valid intent models.

2.1.4 Decision Making Maps for Plausible Intents

A cost of travel or cost criterion C determines the optimal (or near-optimal, as discussed later in
this section) decisions that would be made to solve vehicle navigation tasks given any initia
condition. For instance, the minimum distance to a way point has a loca cost c=1 where the tota
distance to the way point solves the mathematical problem:

Costof Travel =C = 1ds _ (2.6)

flight path

However, distance is only one of many useful metrics for travel, so the cost of travel is generdized
to:
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Costof Travel =C = c(x,y,z,t)ds (2.7)

flight path

where the local cost function c(x,y,zt) may be a function of many domain variables (e.g., the
presence of wesather, turbulence, another aircraft, or Special Use Airspace, etc., as recorded in the
intent inference knowledge base), which determines a positive value for ¢. In a specific intent
model, there is only one value for ¢ defined for every point in space (x,y,z) and for any time t.
Thisis the most general form of the cost of travel C which formsthe basis for the work performed
inthisRTO 30.

Mathematically, the motion of the aircraft over time determines the set of heading unit
vectors ¥ which point in the direction of the velocity of the vehicle. The gradient C  determines

the direction for the unit vector @ . A map of unit vectors® can be derived from the gradient C
at multiple points as shown in Figures 2.7 and 2.8. In mechanization, the entire map is not
needed, only the gradient information at the current and past locations of the aircraft are needed for
the correlation function, eg. (2.4). InthisRTO 30 work, we will specify how the direction for the
unit vector ¥ can be established within the intent inference module or how it can aso be obtained
by analyzing the results from afunction cal to atrgjectory optimization module, such as that being
built in RTO 29. Note that the “ correlation” of fit (Step 4) is determined by correlating unit vectors
@, determined by the gradient C |, with the observed state data. If future motion is to be
predicted, the cost criterion C that best explains the motion of the aircraft can be used to generate
the predicted future motion by exploiting the technique of dynamic programming. Note as stated in
FDR1.12 and FDR1.13, there must be care taken for such dynamic programming to work under
the computer size and speed limitations of modern avionics platforms. Thus, the dynamic
programming search horizon will extend out to a limited range in front of the aircraft with a grid
sizing that is limited by the avionics requirements.
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Figure 2.7. Example of the optima decisions (headings) that should be used to

fly aconstant heading at any initial condition.

Hazardous airspace constraints may be modeled for Specia Use Airspace (SUA may
include restricted airspace, dert areas, and Military Operations Areas (MOAS)), Flow-Constrained
Areas (FCAS), turbulence regions, or hazardous weather avoidance regions, such as SIGMETs. A
constraint region C,, 5, ISSimply defined by alist of vertices that specify a polygon region:

Chroco = Polygon(cc, ...c,) (2.8)

where €1:.C2--- Cn |ocate the polygon vertices. Figure 2.9 illustrates the polygon constraint region
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Figure 2.8. Example of the optima decisions (headings) that should be used to
fly to away point using minimum distance to travel to the way point.

model for a SUA region north of LAS. SUA may be restricted at only specific times of day. Thus,
SUA polygon constraint regions modeled have a list of vertices and a time period associated with
them. If the constraint is inactive then the intent inference algorithm will simply ignore the SUA.
With constraint regions as shown in Figure 2.10, the minimum distance route to a waypoint can be
determined using the SUA as a constraint. In general, though, a hazard avoidance agorithm may
have to be consulted to arrive a the set of waypoints that avoid the hazard. In such cases, for
instance with weather avoidance routes, a set of weather avoidance routes is more useful than
simply the optima weather avoidance route, since the pilot may fly any of the weather avoidance
routes. Figure 2.11 illustrates such a mapping of optima directions to proceed in a weather
avoidance problem.

In an iterative manner, intent models are coded and tested one a atime. The easest intent
models are addressed first, with more complex models later. The process pursues flying to a
waypoint and holding altitude before addressing holding patterns, weather avoidance, and conflict
detection and resolution intent models. 1n general, models are build individually and in some cases
by building up the complexity of apreviously built intent inference model.
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Figure 2.9. Modeling of aSpéciaI Use Airspace (SUA) region North of Las Vegas.
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Figure 2.10. Example of the optima decisions (headings) that should be used to
arrive at the way point using minimum distance to travel to the way point subject to
avoiding SUA airspace from any initial condition.
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Figure 2.11. Example of the optima decisions (headings) that should be used to
arrive at the way point (with a South heading) using a weather avoidance route.

A unique feature of our method is that it is capable of considering multi-objective criteria
and near-optimal criteriafor travel. For example, sometimes a pilot may be avoiding weather while
skipping away point, or, apilot might be avoiding SUA or bad weather while meeting a Required
Timeof Arrival (RTA). When applicable, multi-objective optimization criteria are captured in the
theory by use of convex combinations of cost criteria (Step 3), modeled by:

C=a,.C,+a,C, (2.9)
where the candidate cost criterion C explains the pilot intent by combining two objectives C, and

C, weighted by a, and a,. The proposed approach can best fit the parameters a, and a,, to explain
the past observed state history and then to model future intent. Also, the proposed approach can
also be extended to model near-optimal decisions made by apilot. As described in [KA95], a near

optimal cost criteriaC iswithin asmall tolerance € of bei ng optimal:
C<@+e)C (2.10)

where C is the optimal. The parameter € is determined by anayzing the state data of the nearby
aircraft. For example, if an optimal decision policy C isto minimize the time to the next way point,

then the near-optima decision policy C might be to come within 10% (e.g., €=0.10) of the
optimum arrival time. Using multi-objective cost criteria and near-optimal cost criteria are two
methods of expanding asimple basis set of cost criteria, so that if needed in the AOP application, a
very rich set of cost criteria can always be available for explaining the intent of a pilot.
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2.2. A Tracking Filter to Facilitate Better Near-Term Trajectory
Estimations

The proposed solution to intent inference is coupled with a tracking filter in order to produce state
estimates and to predict motion spanning near-term (e.g., seconds to minutes) to far-term (e.g.,
minutes to hours) prediction times. Thistracking filter is a Kaman filter when the ADSB datais
available, and aLow Pass Filter (LPF) when only TIS-B datais available, as discussed in Chapter
3. A tracking filter by itself could not within reasonable accuracy predict intent beyond near-term
time horizons, since the tracking filter in its general form is not capable of modeling a knowledge
base as diverse as the one described for this application. However, the intent inference method
described so far, while applicable to both near-term and far-term predictions, can be enhanced by a
tracking filter for producing nearby aircraft state estimates, better (more accurate) near-term
trgjectory predictions, and ameasure of uncertainty of these estimates.

The tracking filter provides a convenient sequential fading window filter. It provides the
best estimate of the state variables needed for the correlation function, equation (2.4), of the
intent inference method. Thus, it assists on the input side of the intent inference module by
providing stable estimates of the state variables, even if, for instance, the state variables do not
arrive at a continuous uninterrupted rate. For example, the tracking filter would be useful for
estimating the inputs during lost transmissions of ADS-B or other input sources. Chapter 3 will
go into fine detail as to how the tracking filter is used for estimating state variables and assigning
confidence levels to them. While the tracking filter can assist the intent inference algorithm with
stable inputs, conversely, the intent inference method proposed in this RTO can be used to
adjust tracking filter parameters, such as the process noise. With these adjustments, a tracking
filter can produce better near-term trajectory predictions for the nearby aircraft.

The same tracking filter that is used for confidence assessment can also be used for path
prediction in the intent inference algorithm. Thus, there will be only one tracking filter central to
both the confidence assessment module and the intent inference module. The confidence
assessment module will use the tracking filter for producing the best estimate of the state variables,
and the intent inference module will use the tracking filter to project forward in time for path
predictions.

2.3 Scenarios

The engineering approach for testing the intent inference agorithm includes the use of severd
scenarios; these scenarios are reviewed next. First, we present a theoretical scenario to understand
andytical variations in intent model correlation values with respect to some common variations in
flight conditions. Then, several simulation based test scenarios are enumerated.  Simulation-based
test scenarios are designed to test the merits of severa plausible intent models while other intent
models should show no or little correlation with the data of the scenario. Redl or synthetic data can
be used in the test scenarios, based on the avail ability of data.

2.3.1. Theoretical Scenario: Investigation of Flying to a Waypoint

The geometry of this scenario is described in Figure 2.12, where an aircraft is attempting to fly
along the x-axis from the origin to the waypoint located at position x=a. The location of the aircraft
isdescribed by (Xx,y). In this andytical study, we consider flight paths that are modeled through
analytical, mathematical expressions.
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Figure 2.12. A pilot with aircraft located at (x,y) is heading to a waypoint located at (a,0).

We assign the cost to travel to be a uniform unitary weight c(x,y,t) = 1, so that:

C= 1lds (2.11)

flight path

where we expect the pilot istrying to fly astraight line to the waypoint, thus minimizing the cost to
the waypoint.

Case| istheideal decision making path for the perfect autopilot or pilot, where the aircraft
flies perfectly aong the x-axis to the waypoint. This example is the ided Case |, described
parametrically by the function:

X =v,t
y=0 (2.12)
whereVx =1 isthe ground speed and t istime. To define the constant k for path correlation, we use

the function k=x, which basically describes the path of the ideal path length as a function of time t.
From this, we have aglobal correlation function:

Global Correlation = i_ P Apds = L 1ds=1 (2.13)
X, '

where ¥ % =1 for dll timet since the aircraft fliesin the direction of the optimal path for al time t.
This Case | provides the baseline for other flight paths to be compared.

Casell and I11 consider a pilot who drifts off of the x-axis in a motion that is described by
the analytic function:
X =V t

X

y = Asin(r;) (2.14)

where Vx=1 is the ground speed, t is time parameter, n is a variable that describes the sinusoidal
drift with amplitude A of afictitious flight path described by (X,y), and a describes the location of
the waypoint as shown in Figure 2.12. For the flight path of Case Il, let n=1, and let A vary, and
for the flight path of Case 11 let n vary and let A be fixed. Use k=x as defined from the ideal flight
path, so that:

. 1 —~
lobal I = :
Global Correlation - Y % dt (2.15)
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where ¢ (not normalized here) is defined by the heading direction (the derivative of the function in
equation (2.14)), that is,

y=1 %OS(% , (2.16)

and @ isdescribed by the direction from the point (x,y) to the point (a,0), that is,

a-x -y
Ja-xf +y? fa-x) +y’

Figure 2.13 illustrates the comparison between the basdline Case | and Case || where the
amplitude deviation away from the optimal route increases. In this case, as the deviation away
from the baseline increases, the correlation function decreases.

Figure 2.13. If apilot is heading to a waypoint located at (a,0) and the flight path
Fly to Waypoint
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local deviation from the baseline (as shown in the top plot) causes a decrease in the
correlation value (as shown in the bottom plot).

In general, as shown in [K92], local path variations around a baseline path cause a
decrease in the correation function. As would be expected, al of the resultant correlation values
arerelatively close to yet less than the basgline correlation value. In the next set of test scenarios,
the scenarios are set up to compare competing global intent models. In a similar way to what has
been shown here for the “fly to waypoint” example, locd variations in aircraft motion will act to
reduce correlation values, but in general, al correlation values will be reduced in a similar manner
— an observation based on experience with this theory.

2.3.2. Test Scenarios

The following scenarios are designed to test competing models of intent. In Scenarios 1-5 the
following information is the same for each case:

» Tracking of a single nearby aircraft by the ownship,

* Neighboring aircraft is broadcasting position, velocity, and intent including next two
waypoints with no lost data in the transmission of intent,

» No separation conflicts or separation alerts with respect to the ownship, and

* No weather or turbulence present.

Later, in Scenarios 6-12, further conditions are varied.

Scenario 1

Key Feature:

* Nearby aircraft flies waypoints within RNP limits

Expected Outcome:

» High ranking by correlation function for: Broadcast intent verified, Flying to Waypoint, Holding
Altitude

*  Other intent models should have low values

Scenario 2

Features:

o Aircraft breaks RNP limits early and flies directly to TCP+1

Expected Outcome:

» High ranking by correlation function for: Broadcast intent not verified, Skipping Waypoint (to
TCP+1), Holding Altitude

*  Other intent models should have low values

Scenario 3

Features:

o Aircraft breaks RNP limits and flies to a Navaid unspecified in ADS-B but in the future waypoints
contained in the flight plan

Expected Outcome:

» High ranking by correlation function for: Broadcast intent not verified, Flying to Waypoint (all
waypoints in flight plan tested and best fit returned), Holding Altitude

»  Other intent models should have low values

Scenario 4

Features:

o Aircraft breaks RNP limits and flies to a Navaid unspecified in ADS-B message nor flight plan

Expected Outcome:

» High ranking by correlation function for: Broadcast intent not verified, Flying to Waypoint (all
Navaids within 50 miles are tested for best fit), Holding Altitude

»  Other intent models should have low values

Scenario 5

Features:

« Aircraft outside RNP limits yet flying towards flight plan
Expected Outcome:
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» High ranking by correlation function for: Broadcast intent not verified, Capturing Flight Plan
(from heading deviation), Holding Altitude
»  Other intent models should have low values

In scenarios 6-10, the following conditions are held constant:

» Tracking of asingle nearby aircraft by the ownship

* No separation conflicts or separation alerts with respect to the ownship, and
* No weather or turbulence present.

Scenario 6

Features:

e Tracked aircraft is within ADS-B range limit but no intent information (TCP or TCP+1) is within
the ADS-B message

Expected Outcome:

* High ranking by correlation function for: Broadcast intent not verified, Fly to Waypoint (all
Navaids within 50 miles are tested for best fit), Holding Altitude

»  Other intent models should have low values

Scenario 7

Features:

» Tracked aircraft is within ADS-B range limit but entire ADS-B message is missing or intermittent

Expected Outcome:
Kaman filter should provide best estimate of nearby aircraft location and velocity and provide
these data to intent inference algorithm

* Medium ranking (due to uncertainties in estimation) by correlation function for: Broadcast intent
not verified, Fly to Waypoint (all Navaids within 50 miles are tested for best fit), Holding Altitude

»  Other intent models should have low values

Scenario 8

Features:

e Tracked aircraft is broadcasting in ADS-B message a flight plan or (TCP and TCP+1) that violate
a recently issued SUA activation

Expected Outcome:

* High ranking by correlation function for: Broadcast intent not verified, Avoid SUA, Fly to
Waypoint (corner location of SUA), Holding Altitude

*  Other intent models should have low values

In scenarios 9-12, the conditions are fully specified on a Scenario by Scenario basis.

Scenario 9

Features:

* Ownship tracking nearby aircraft

* Neighboring aircraft is broadcasting position, velocity, and intent including next two waypoints
with no lost data in the transmission of intent

e Separation conflict between ownship and nearby aircraft determined by ownship CD&R
subsystem using state information about ownship and nearby aircraft

* Nearby aircraft broadcasts a conflict resolution set of waypoints; Nearby aircraft changes state
vectors to indicate resolution activity
No weather or turbulence present

Expected Outcome:

» High ranking by correlation function for: Broadcast intent verified (based on CD&R solution and
TCP and TCP+1), Avoiding Coallision (CD&R algorithm provides alternative frontside, backside,
topside, and bottomside maneuver waypoints — best match found from this set), Holding Altitude
(if CD&R maneuver is horizontal maneuver) or else Holding Heading (if CD&R maneuver is
vertical maneuver)

* Other intent models may have high values given the broadcast of new TCP and TCP+1, but the
Avoid Coallision intent inference has precedence over al other intents since the conflict alert
condition is on; broadcast TCP and TCP+1 that solve CD&R problem confirm valid solution.
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Scenario 10

Features:

*  Ownship tracking two nearby aircraft

» Both neighboring aircraft are broadcasting position, velocity, and intent including next two
waypoints with no lost data in the transmission of intent

e Separation conflict between the two nearby aircraft (not with ownship) determined by ownship
CD&R subsystem using state information about the two nearby aircraft

* Neither nearby aircraft broadcasts a conflict resolution set of waypoints; Neither aircraft changes
state vectors to indicate resolution activity

* No weather or turbulence present

Expected Outcome:

» High ranking by correlation function for: Broadcast intent not verified (due to estimated conflict
aert condition in violation of acceptable intent), Avoiding Collision (CD&R algorithm provides
aternative frontside, backside, topside, and bottomside maneuver waypoints)

*  Other intent models may have high values given the perceived OK status of these two aircraft, but
the Avoid Collision intent inference has precedence over all other intents

Scenario 11

Features:

*  Ownship tracking nearby aircraft

* Neighboring aircraft is broadcasting position, velocity, and intent including next two waypoints
with no lost data in the transmission of intent

» Nearby aircraft does not follow RNP for TCP and deviates to avoid bad weather

Expected Outcome:

» High ranking by correlation function for: Broadcast intent not verified, Avoid Hazardous Weather
(Hazard avoidance agorithm provides alternative frontside, backside, topside, and bottomside
maneuver waypoints around hazard),

» Skip Waypoint may have high correlation value if weather avoidance path provides opportunity
to fly directly to TCP+1

»  Other intent models should have low values

Scenario 12

Features:

*  Ownship tracking nearby aircraft

* Neighboring aircraft is broadcasting position, velocity, and intent including next two waypoints
and flight plan with no lost data in the transmission of intent

* Nearby aircraft does not follow RNP for TCP and deviates to avoid bad weather

Expected Outcome:

» High ranking by correlation function for: Broadcast intent not verified, Avoid Hazardous Weather
(Hazard avoidance agorithm provides alternative frontside, backside, topside, and bottomside
maneuver waypoints around hazard)

» Skip Waypoint may have high correlation value if weather avoidance path provides opportunity
to fly directly to TCP+1

* Fly to Waypoint (all waypoints in flight plan tested) may have high correlation value if weather
avoidance puts aircraft in a position to skip TCP and TCP+1 and go to a waypoint further in the
flight plan

*  Other intent models should have low values
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3.0 CONFIDENCE ASSESSMENT

The AOP system needs a confidence assessment module to establish the accuracy of traffic
management information for other AOP modules. For instance, the intent inference module
exploits the confidence assessment information to prepare a best estimate of the state data and to
address the issue of missing or delayed data.

The relationship of the confidence assessment task to the intent inference and hazard
assessment tasksisillustrated in Figure 3.1. This figure also shows the primary four data sources
to be exploited for this study: ADS-B, TIS, FIS, and CPDLC data. Note: Regional weather covers
the region that both aircraft will occupy during the total time interval of conflict detection and
resolution. Local weather covers the region that both aircraft will occupy from the current time to
the predicted time of conflict.
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Figure 3.1 Other aircraft continuous intent inference data flow diagram.

The other aircraft trgjectory will not only include the nominal flight path history but also the
small perturbations about the nominal due to pilot or autopilot steering errors, or Flight Technica
Errors (FTE). In addition, the trgjectory information will be further corrupted by the sensors that
are used to measure the trgjectory parameters. Under ADS-B, the sensor is the GPS receiver
onboard the other aircraft while under TIS, the primary sensor will be the surveillance radar. The
reason that these sensor and FTE errors have to be considered is that they corrupt the predicted
nearby aircraft trgectory. These errors are expected to be modeled under the RTO-21 FFSIM
effort.

The upper part of Figure 3.1 illustrates the ADS-B processing while the middle part
illustrates the TIS processing. For ether path, a trgectory for both arcraft would have to be
provided. In the case of the ADS-B path, both the threat and own trgjectory are corrupted by GPS
sensor and FTE errors. The threat trgjectory is processed through the Kaman track filter that
accepts as inputs the ADS-B threat trgjectory and any near-term intent, such as aircraft turns or
decelerations. The current estimated threat trgjectory is combined with the own current trgjectory to
establish acurrent relative trgjectory. This current relative trgjectory is then propagated forward for

27




several tens of seconds or up to a few minutes using a relative trgjectory predictor. This near-term
predicted relative threat trgjectory isthen fed to the long-term inference algorithm.

The TIS path is somewhat similar to the ADS-B path except that the TIS data is provided in
the form of relative trgjectory data. Since the TIS datais of much lower accuracy and available a a
much lower data frequency (12 seconds vs 1 second for ADS-B), the intent is to use it only when
the ADS-B datais not available (e.g., the other aircraft does not have an ADS-B transponder or the
transponder is not operating).

Due to the lower quality and lower frequency of this TIS data, a different Kalman track
filter is proposed. This track filter is a Low Pass Filter (LPF) that provides a current relative
trgjectory using the relative TIS trgectory and any near-term intent data. This current relative
trgjectory isaso fed to the relative trgjectory predictor algorithm where it is propagated forward to
provide a near-term intent assessment. This near-term intent assessment is then fed to the long-term
inference algorithm.

A variety of qualitative data is expected to eventualy be available over the FIS data link,
which is gill undergoing definition by the relevant RTCA committee. The focus under this effort
will be the broadcast of weather cellsto pilotsin the area. The lower path in Figure 3.1 illustrates,
in apreliminary form the generation of the actua wesather in the region of interest and how this data
is corrupted by imperfect measurements and data frequency. In the latter case, a near-term weather
prediction has to be generated by the Airline Operations Center (AOC) or onboard the aircraft.
Since this prediction will not be perfect, this will lead to uncertainties in the prediction. As shown
in Figure 3.1, both the actua and the estimated weather models will be generated under the RTO
30 study.

The long-term inference agorithm relies on the near-term relative threat trgjectories, the
near-term intent, such as may be provided in the ADS-B message, and the flight plans that might
be provided by CDPLC data. In addition, the potentia hazards to the current aircraft flight path,
such as provided by the FIS weather data and by the hazard assessment tasks, will be used as
input. From these inputs, the long-term intent of the other aircraft will be inferred.

3.1 Input Data

3.1.1 ADS-B Message Data

The ADS-B state vector, shown in Figure 3.1, isdefined in Table 3.1. The principal Kalman filter
inputs are the time of applicability, latitude, longitude, geometric atitude, North velocity, East
velocity, and geometric vertical rate. The position and velocity measurement uncertainty is
provided by elements 5 and 10, respectively, in Table 3.1. The position error categories are further
defined in Table 3.2 while the velocity uncertainty categories are defined in Table 3.3.
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Table 3.1. The ADS-B state vector report definition [RTCA232, RTCA242, SK99a].

Element Contents
1 Participant Address
2 Latitude
3 Longitude
4 Geometric Altitude
5 Navigation Uncertainty Category NUC, — Position
6 Geometric Position Valid (Horizontal/Vertical)
7 *North Velocity
8 *East Velocity
9 *Geometric Vertical Rate
10 Navigation Uncertainty Category NUCy — Velocity
11 Barometric Altitude (Pressure Altitude)
12 * Barometric Altitude Rate
13 * Air Speed (True/lAS)
14 * Ground Speed, Ground Track (True/Mag Heading)
15 * Turn Indication
16 Time of Applicability
17 Report Mode (Acquisition, Track, Default)

* Anindication that no datais available should be provided if appropriate

The navigation position uncertainty categories are defined in Table 3.2 while the velocity
uncertainties are defined in Table 3.3 with accuracy specified at the 95% (20) confidence level.

Table 3.2. Navigation Position Uncertainty Category, NUCy (95%
Confidence) [RTCA232, RTCA242, SK99a].

Table 3.3. Navigation Velocity Uncertainty Category, NUC, (95% Confidence)

Categor | Uncertainty Categor | Uncertainty
y y

0 No Integrity 5 < 0.5 nmi

1 < 20 nmi (RNP-10) 6 < 0.2 nmi

2 < 10 nmi (RNP-5) 7 < 0.1 nmi

3 < 2 nmi (RNP-1) 8 TBD

4 < 1 nmi (RNP-0.5) 9 TBD

[RTCA232, RTCA242, SK99a].
Category | Horizontal Velocity Uncertainty | Vertical Velocity Uncertainty
0 Unknown Unknown
1 <20 m/s < 50 fps
2 <3 mis < 15 fps
3 < 1m/s <5 fps
4 < 0.3m/s < 1.51ps

The turn indication information that describes near-term intent is provided by elements 15
and 16 of Table 3.1. For long-term intent, as described by the next waypoint, or Tragectory
Change Point (TCP), latitude, longitude, altitude, time of applicability and time to reach it is
obtained from the ADS-B Mode-Status Report as summarized in Table 3.4. The following TCP
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latitude, longitude, atitude, and the time to reach it are obtained from the ADS-B TCP+1 On-
Condition Report, as summarized in Table 3.5.

Table 3.4. The ADS-B Mode-Status Report definition
[RTCA232, RTCA242, SK99a].

Element Contents
1 * Participant Address
2 *Call Sign
3 * Participant Category
4 *Surveillance Support Code
5 * Emergency/Priority Status
6 *Class Codes
7 TCP Latitude
8 TCP Longitude
9 TCP Altitude (Baro Alt/FL)
10 Time-To-Go TTG
11 Operational Mode Specific Data
12 Flight Mode Specific Data
13 Time of Applicability

* Elements 1-6 comprise a Partial Mode-Satus Report.

Table 3.5. The ADS-B TCP+1 On-Condition Report definition
[RTCA232, RTCA242, SK99a].

Element Contents
1 Participant Address
2 TCP+1 Latitude
3 TCP+1 Longitude
4 TCP+1 Altitude (Baro/FL)
5 TCP+1 Time-To-Go TTG
6 Time of Applicability

3.1.2 TIS-B Data

The Traffic Information Service — Broadcast (TIS-B) provides a much more limited data set of
other aircraft relative to own aircraft. It isbased primarily on ground-based radar measurements of
aircraft position that are not as accurate as the GPS-based ADS-B aircraft state data. TIS-B is
intended for those aircraft that are not equipped with ADS-B transponders or for those aircraft that
are equipped with ADS-B but cannot ‘see’ anon-equipped aircraft. The latter represents the mixed
equipage case. The TIS traffic information data block is summarized in Table 3.6.

Table 3.6. The TIS-B traffic information block [RTCA239, SK99b].

Element Content
1 Traffic Bearing (deg)
2 Traffic Range (nmi)
3 Relative Altitude (ft)
4 Relative Altitude Rate
5 Traffic Heading
6 Traffic Status
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Due to the use of minimum bit encoding, TIS-B message elements are quantized as
summarized in Tables 3.7 through 3.12.

Table 3.7. The TIS-B traffic bearing encoding [RTCA239, SK99b].

Encodin Range of Values
g
0 0%< B<#@°
1 6°< B < 12°
2 12°< B < 18°
59 354°< B < 360°

Table 3.8. The TIS-B traffic range encoding [RTCA239, SK99b].

Encoding Range of Values Encoding Range of Values
(nmi) (nmi)
0 0<R<18 8 17/18<R<214
1 1/8<R<3/8 9 214<R<23/4
2 3/8<R<5/8 10 234<R<31/2
3 5/8<R < 7/8 11 312<R<412
4 7/8<R<118 12 41U2<R<51/2
S} 11/8<R<13/8 13 51/2<R<612
6 13/8<R<15/8 14 612<R<7
7 15/8<R<17/8 15 7<R

Table 3.9. The TIS-B traffic relative altitude encoding [RTCA239, SK99b].

Encoding Relative Altitude (ft) | Encoding | Relative Altitude (ft)
0 0 < Ah < 100 16 No Altitude Reported
1 100 < Ah < 200 17 -100 < Ah <0
2 200 < 4h < 300 18 -200 < Ah < -100
9 900 < 4h < 1000 26 -1000 < 4h < -900
10 1000 < Ah < 1500 27 -1500 < Ah < -1000
11 1500 < Ah < 2000 28 -2000 < Ah < -1500
14 3000 < Ah < 3500 30 -3000 < 4h < -2500
15 3500 < 4h 31 Ah < -3000

Table 3.10. The TIS-B traffic heading encoding [RTCA239, SK99b].

Encoding Range of Values
0 0%< B < 45°
1 45%< B < 90°
2 90%< B < 135°
7 315% B < 360°

Table 3.11. The TIS-B traffic altitude rate encoding [RTCA239, SK99b].
| Encoding |  Range of Values (ft/min) |
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unused
500 < v, Climbing
-500 > v;,, Descending
- 500 < v}, < 500, Level

WIN | |O

Table 3.12. The TIS-B traffic status encoding [SK99b].

Encodin Range of Values (ft/min)
g
0 Proximity Alert
1 Traffic Alert

TIS-B data have afew shortcomings. Absent in Table 3.6 are the time of applicability and
the relative velocity. As seen in Table 3.8, the data provided by TIS-B is very short range when
you consider that the minimum en route separation requirement is 5 nmi. Finally, the TIS-B data
message specifications do not provide any indication of the accuracy of the data.

3.1.3 FIS Data

Flight Information Service (FIS) data provides weather and other flight advisory information to
pilots for the purpose of enhancing situation awareness and strategic decision making. The exact
FI'S datathat will be broadcast are till not fully defined by the RTCA. A list of products that have
been proposed by RTCA-169 is summarized in Table 3.13. The cruise products that will probably
most directly affect the long-term intent of another aircraft is the weather data. Precipitation Maps,
provided by the Graphical Weather Service, and the Hazardous Weather Advisories, are the
principal data sources of interest for AOP Long-Term Intent algorithms.

The data contents of the FIS-B messages are transmitted with a lossless compression
mechanism. For the AOP, thereislittle benefit in smulating the compression and de-compression
processes. We assume that the compression mechanism does not have to be simulated. The raw
data without compression can be transmitted to the AOP, and if needed, corrupt or missing data
can be included without the need to simulate compression.

Based on the latest draft versions of the FIS MASPS, the contents of the FIS messages are
designed to be composed of:

METARsand PIREPs, with a maximum of 120 minutesin age,
*  Weather forecasts within amaximum lifespan asindicated in the message,
* Mosaic Weather Products with a maximum of 75 minutes lifespan,

* Graphica Maps for METARs and CATMETs with a maximum of 75 minutes
lifespan, and

* NEXRAD Weather Radar Mosaic Precipitation Maps with a maximum of 10
minutes of lifespan.

As shown in Table 3.14, the FIS products include text, graphic, and gridded types. The only
gridded format data are GRIB format forecasts for winds, temperature, relative humidity, vertica
velocity, and other weather parameters. The graphic type format is used more often and is very
much different from the gridded format, in that the graphic type format ssimply describes the colors
of adisplay image while the gridded format describesthe raw data. The size and range of colors in
the graphic format depends on the compression mechanism chosen for the TIS product installed in
an aircraft. Six different compression mechanisms are available, as shown in Table 3.15. For
instance, one graphic format allows up to 65,536 pixels of colors or data codes ranging from O to
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255, and another graphic format only allows colors or data codes ranging from 0 to 15. The soon-

to-be-published FIS MASPS describes the details.
Table 3.13. Operational usage of initial FIS Request/Response products [RTCA232].

Operational/ Hazard Hazard Optimi- | Situational
FIS Product Regulatory | Avoidance | Avoidance | zation Awar eness
(Approach/ | (Approach/ (Cruise) (Cruise) (Cruise)
Departure) Departure)
Precipitation Map X X
(Graphical Westher
Service)
Termina Weather X X
Information for Pilots
(TWIP)
Automated Terminal X X
Information Service
(ATIS)
Hazardous Weather X X
Advisory
Surface Observation X
Terminal Forecast X
Winds/Temperature X
Pilot Reports X X
(PIREPS)
Notice to Airmen X
(NOTAMS)
Runway Visua Range (Locd) (Remote)
(RVR)
Table 3.14. Expected FIS-B Products (from FIS MASPS [RTCA195]).
Field | Product Type
0 METAR and SPECI Text
1 TAF and Amended TAF Text
2 SIGMET Text
3 Convective SIGMET Text
4 AIRMET Text
5 PIREP Text
6 AWW Text
7 Winds and Temperatures Aloft Text
8-50 Reserved
51 National NEXRAD, Type 0 - Low dynamic range Graphic
52 National NEXRAD, Type 1 - 8 level Graphic
53 National NEXRAD, Type 2 — 8 level Graphic
54 National NEXRAD, Type 3 - 16 level Graphic
55 Regional NEXRAD, Type 0 - Low dynamic range Graphic
56 Regional NEXRAD, Type 1 - 8 level Graphic
57 Regional NEXRAD, Type2 - 8 level Graphic
58 Regional NEXRAD, Type 3 - 16 level Graphic

33




Field | Product Type
59 Individual NEXRAD, Type O - low dynamic range Graphic
60 Individual NEXRAD, Type1 - 8level Graphic
61 Individual NEXRAD, Type2—8 level Graphic
62 Individual NEXRAD, Type 3 - 16 level Graphic

63-80 Reserved

81 Radar echo tops graphic, scheme 1: 16-level Graphic
82 Radar echo tops graphic, scheme 2: 8-level Graphic
83 Storm tops and velocity Graphic
84-100 Reserved
101 Lightning strike type 1 (pixel level) Graphic
102 Lightning strike type 2 (grid element level) Graphic
103 Lightning strike type 3 (raster encoding scheme) Graphic

104-150 | Reserved
151 Point phenomena, vector format Graphic

152-200 | Reserved
201 Surface conditions/winter precipitation graphic Graphic
202 Surface weather systems Graphic

203-250 | Reserved
251 National METAR Graphic Graphic
252 CATMET format Graphic
253 Regional METAR Graphic Graphic
254 AIRMET, SIGMET: Bitmap encoding Graphic
255 AIRMET, SIGMET: Vector representation, closed curves Graphic
256 AIRMET, SIGMET: Vector encoding scheme Graphic
257-300 | Reserved
301 Gridded Westher Forecast Products Gridded

Because of the lack of gridded format precipitation map data in the FIS messages, AOP
modules will have to use graphic weather data interpreted in gridded form. NEXRAD
precipitation products in the FIS messages are in graphic form, however, they can be converted
from radar levels to intensity values based on the relationships defined in Tables 3.15 through
3.17. While precise radar reflectivity values (in dBZ) cannot be determined, the levels transmitted
in the graphic image can be replaced with the average value within the range to specify the radar
reflectivity for agiven level (Level 0-7 or Level 0-15, depending on NEXRAD Type).

Table 3.15. The 8-Level NEXRAD Type 1 encoding for the FIS message [RTCA195].

Code | Radar Leve Intensity (dBZ)
0 Level O dBZ <5, No data
1 Level 1 5<dBZ <18

2 Level 2 18<dBZ <30

3 Level 3 30<dBZ <41

4 Level 4 41 <dBZ < 46

5 Level 5 46 < dBZ < 50

6 Level 6 50 < dBZ < 57

7 Level 7 57<dBZ




Table 3.16. The 8-Level NEXRAD Type 2 encoding for the FIS message [RTCA195].

Code | Radar Leve Intensity (dBZ)
0 Level O dBZ < 20, No data
1 Level 1 20<dBZ <25
2 Level 2 25< dBZ < 30
3 Level 3 30<dBZ <35
4 Level 4 35< dBZ <40
5 Level 5 40 < dBZ < 50
6 Level 6 50 < dBZ < 60
7 Level 7 60< dBZ
Table 3.17. The 16-Level NEXRAD Type 3 encoding for the FIS message [RTCA195].
Code | Radar Level Intensity (dBZ)
0 Level O dBZ < 5, No data
1 Leve 1 5<dBZ <10
2 Level 2 10<dBZ < 15
3 |Leve3 15< dBZ <20
4 | Leve 4 20<dBZ <25
5 |Leve5 25<dBZ <30
6 |Level 6 30<dBZ <35
7 |lLevd 7 35< dBZ < 40
8 Level 8 40<dBZ <45
9 |Leve9 45 < dBZ < 50
10 | Level 10 50 < dBZ < 55
11 | Level 11 55 < dBZ < 60
12 | Level 12 60 < dBZ < 65
13 | Leve 13 65 < dBZ < 70
14 | Leve 14 70<dBZ <75
15 | Level 15 75<dBZ

The FIS message also allows for avector format. The vector format allows for a series of
connected line segments or a polygon region to be identified using connected line segments
described with a series of vertices. Thisdatafield alows the transmission of weather fronts (as a
series of connected line segments), icing regions (lines segments connected to form a polygon),
turbulence regions (lines segments connected to form a polygon), etc. For the AOP, it is assumed
that polygon data transmitted in graphical format can aso be transmitted through this vector
format. Thus, instead of having to deduce polygon regions from graphical format, the FIS vector
format will be used to define polygon regionsin FIS data.

The AIRMET/SIGMET vector encoding scheme is an example of a message that exploits
the vector format. Table 3.18 illustrates the datain an AIRMET/SIGMET field. Note that the type
of 3D region that is encoded is a special type of polyhedron; that is, a single list of vertices
describes the same polygon for the top as well as the bottom of the polyhedron. All sides of the
polyhedron are vertical, connecting the top vertices to the bottom vertices.

All FIS data are time stamped. Time stamps include day of month (optional), time in
hours, time in minutes, and time in seconds (optional).

Table 3.18. The AIRMET/SIGMET vector encoding definition for FIS [RTCA195].
| Data Item | Resolution | Definition |
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Hazard Type For AIRMET
e S (Serd) IFR & Mt. Obscuration
e T (Tango) Turb & Strong Sfc Wind
e Z(Zulu) Icing & Freezing LvI

For SIGMET
 lcing
e Turbulence
e Thunderstorms

Likelihood (optional) Low; Moderate; High

Severity Trace; Light ; Moderate; Severe

Altitude 1 9 hits Top of hazard layer in hundreds of feet

Altitude 2 9 hits Bottom of hazard layer in hundreds of feet

Movement Direction 6 bits Direction in tens of degrees

Movement Speed 8 hits Speed in kts

Number of vertices 5 bits Number of vertices

1% Latitude 14 bits Latitude coordinate for 1% vertex of watch box polygon in
hundredths of adegree; MSB = 1 for South Latitude;0 — 9,000

1% Longitude 15 bits Longitude coordinate for 1% vertex of watch box polygon in
hundredths of a degree; MSB = 1 for East L ongitude;0 — 18,000

Next Latitude 14 bits L atitude coordinate for next vertex of watch box polygon

Next Longitude 15 hits L ongitude coordinate for next vertex of watch box polygon

etc “ “

Last Latitude 14 bits Latitude coordinate for last vertex of watch box polygon; user's

software to connect last vertex to 1% vertex (no need to transmit
the last with this assumption)

Last Longitude 15 bits Longitude coordinate for last vertex of watch box polygon; user’s
software to connect last vertex to 1% vertex (no need to transmit
the last with this assumption)

3.2 Theory

The confidence assessment approach that has been selected is centered on using a Kalman Filtering
with ADS-B data. With the TIS-B data, a Low Pass Filter (LPF) is used. The ADS-B message
provides both current measurement of the other aircraft state and the nominal uncertainty.

The motivation for using aKaman filter is to get an estimate of the current state of nearby
aircraft with higher accuracy. Better predictions of the future position of nearby aircraft are
produced by integrating the current velocity and acceleration, if available. While this is aso the
motivation for using the LPF with the TIS-B data, the TIS-B data does not provide any higher
derivatives of the current relative position of the two aircraft nor does it provide any accuracy for
the TIS-B position data. Without the higher derivatives, the predicted relative position of the two
arcraft will have very low accuracy. Hence, the LPF provides an estimate of the relative velocity
of the other aircraft as well asthe uncertainty in both the position and velocity.

Thefollowing sections present the equations for the LPF. This filter estimates the relative
ground speed and heading two aircraft using sequential relative North and East position
measurements obtained from the TIS-B message. The principa source of the TIS-B data is the
ground-based Secondary Surveillance Radar (SSR). The god is to obtain a best estimate of the
relative ground speed and heading such that when these estimates are integrated, the estimated
relative position history is obtained with minimum error.
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Also presented is a Kalman filter based on ADS-B data. This filter takes aircraft position
and velocity data for nearby aircraft and estimates the position, velocity, and acceleration of these
nearby aircraft. Since this filter also provides dynamic estimates of the uncertainty in these,
estimates, more accurate estimates of the accuracy of the filter data are obtained. Since the LPF is a
suboptimal version of the Kalman filter, the Kalman filter is presented first.

3.2.1 General Kalman Filter Theory

The Kalman filter is based on combining the predicted (modeled) and measured values of a date
vector of interest in an optimal (minimum variance) way. Hence, the first step is to define the state
equation that describes how the actua state vector changes with time. Next, a measurement
equation must be defined that establishes the relationship between the measurement vector and the
state vector. Since the Kalman filter isbased on linear state and measurement equations, non-linear
state and measurement equations must first be linearized.

If the actual state and measurement equations are given by:
x=f{x)+n (3.1
z=h{x)+m (32)

where, X, z are the state and measurement vectors, f, h are the nonlinear state and measurement

function, and n, m are state and measurement Gaussian white noise vectors. Since the actua state
and measurement vectors are unknown, the state estimate and measurement equations are given by:
x=1(@) (33)
2_ =h(X) (3.4

where X2 are the state and measurement vector estimates.

Assume that the relationship between the estimate and the actual state can be expressed as
follows:

X=X+ (3.5)
Differentiating (3.5) resultsin: _
X=X+ (3.6)
Substituting equations (3.5) and (3.6) into equation (3.3) gives:
X+ox =f(x+dx) (3.7)
and taking afirst order Taylor series expansion of the term on the right-hand side of (3.7):
_ Of
(s ag=rlo b 9
Substituting (3.1) and (3.8) into (3.7): X UIFX)jox —n. (3.9)
Of
[F (x] | (x)%
where, " T'X_'— 4 (3.10)

While equation (3.9) provides alinear state equation for the estimation error, it requires that
the unknown actual state and process noise vectors. A further approximation that is made to
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equation (3.9) is to use the estimated State to evaluate the state matrix and to ignore the process
noise vector:

& .. JF @) . (3.12)

With the estimated state obtained as a solution to equation (3.3) and the estimation error which is a
solution to equation (3.11), the actual state is obtained using equation (3.5):

XOX=0X | (3.12)

Now the non-linear measurement equation (3.4) can be linearized in a smilar fashion. Substitute
equation (3.5) into (3.4):
Z=h(x+&) (3.13)

and expanding the right-hand side in afirst-order Taylor series expansion resultsin:

e 3) =G+ LG (3.14)

Substituting equation (3.2) and (3.14) into equation (3.13) gives
8z ..{2-2)= [HE)ox -m (315)
where, [H(x) ---D;TQ({)% . (3.16)

Since the actual state and the measurement noise is unknown, the following approximations
can be made to equation (3.15):

0z . JHXJox . (3.17)
A discrete form of equation (3.11) is obtained as follows:
51? = [q)]k,k—lczy_i (3.18)
X t _t _ n
where, [®)n = B (k_n!k_l)[F]k—l ,
(3.19)
Also, from equation (3.3), the disgrete estimated state prediction equation is:
)Et ! D)?_tl) + (tk - tk—l)?_()z_)k-l (3,20)
and,
R =R (321)
Then the Kalman filter update is obtained as follows [Ge74].
& =50 + K|z, ~IHJ ) 622)
where, K. -[PIOH] {HIA PHT +[RE (3.23)
PL7 = 1@}l PIAIPL, | H D s (3.2)
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PI =1 1=K HPID -1 [HY +KLIRIK (3.25)

or, PI ={1]-[<][H}HPIY

(3.26) n

and, Rl.= w] (3.27)
bl, =[FId..+[(3 LD ..)  with P =[N] (3.28)

where, [K] is the Kalman gain matrix, [P] is the estimation error covariance matrix, [N] and [Q]

are continuous and discrete process noise matrices, and [R] is the measurement noise matrix.
Equation (3.25) is the general version of (3.26). While the latter can be used for any filter gain
matrix, whether Kalman or not, the former is only valid for the Kalman filter gain matrix.

The key to confidence assessment is the estimation error covariance matrix. This matrix
provides the Kalman filter a confidence estimate of how good the current state has been estimated.
Hence, the key confidence assessment equations (3.23), (3.24) and (3.26) require the Kalman
filter to be used.

The measurement matrix for the ADS-B takes on a smple diagonal form while a more
complicated form isrequired for the TIS radar data:

02,0, 0, 0
0, 02,0, 0
0, 0, 62,0
0, 0,0, o2

and, I.RTISJk =|.TJ J.':I.-!I I (3.30)
020, 0, 0
0,0, 0,0 0O
(oo’

with, [l= o o 0

[Ruos-s]= (3.29)

(3.31)
cos6,-rsing, 0, 0O
sin@, rcosf, 0, 0O
i), = re? o roor’é
re e rr

and,

G,k

(3.32)
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where, r istherange and € the azimuth of the aircraft from the radar, ¥ and € are the range and
azimuth rates, and V; isthe speed of the aircraft.

Since the TIS-B measurement noise matrix requires knowledge of the radar location as well
as higher derivatives of the range and azimuth measurements, a default solution is to use diagonal
matrix such as used for the ADS-B measurements with the statistics that are typical for aradar.

3.2.2 ADS-B Kalman Filter

The number of possible state and measurement combinations that can be used for a Kalman filter
based on ADS-B message data is summarized in Table 3.14. The one selected as the basdline
design for the ADS-B message data is Option 4.

Table 3.14. ADS-B Kalman filter state and measurement options.

M easur ement Option
1

North position, X, v
East position, yn v
Ground speed, Vo m
Ground track, Wsm

Ground acceleration agn
(derived from Vg )
Ground track rate, ¥Yc m

(derived from (s m)
States

North position, x

East position, y
Ground speed, Ve
Ground track, s
Ground acceleration ag
Ground track rate, ¥s

[EEN
O

ANASNASAN S
DY RNASAN N

AN N N N N

~

AN I N N
AN N N N

YRR

AN N N N N N

v

Instead of North and East position, the ADS-B message provides the latitude and longitude
of the other aircraft. Since working in a loca level coordinate system is advantageous, the
following calculations are performed:

Xw =10 =0g Rp COSEqr ) (3.33)
and, L
Yu = & ~&r Ru (3.34)
with, )
an—¢&
Ry = ) 3 (3.35)

T
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P

(3.36)

a
\A_ez (Sin((\G,Ry
where, xv, yu are the measured North and East locd level position, a, € are Earth equatorial

radius and eccentricity, Ry, Rr are the meridian and prime radius of earth curvature, As, Acr ae

the geodetic latitude of other and own (reference) aircraft, and @, @ are the longitude of other and
own (reference) aircraft.

With ADS-B data, the aircraft velocity is provided in orthogona coordinates rather than
polar coordinates. The conversion (pre-processing) required to obtain the polar coordinate velocity
components are;

Vemk = .Wcz-.rle,k +V(23My,k (3.37)
and,
v
Yo =arctan 2y (3.39)
VGMx,k

where ven 1S the measured ground speed and (ev IS the measured ground track.

In the design of Kaman filters, there is a preference to select coordinate frames that
uncoupl e the dynamics between different axes. Hence, the ground speed of an aircraft is less likely
to be coupled to the track angle of the aircraft, compared to the coupling between the North and
East velocity components.

Sincethe ADS-B ground speed and heading are based on relatively precise GPS data, the
ground speed-derived ground acceleration and the track-derived track rate, that are considered for
Option 4, are computed as follows:

Vemk ~ Vemka

0 e, .
CH =) (3.39)

and,
wGM’k 0 wena,k _(»Uel\(l,k-l

G — i)
where asv 1S the measured ground acceleration and Yem isthe measured ground track rate.

(3.40)

The specific form of the Kalman filter for Option 4 consists of the following equations. The
predicted state error is:

(DX \/\_} (DX \/w

A A

54’;(;% _[ ]k k-1 5LﬁGG§ (3.41)
% %A v

5. 8.

The discrete predicted estimated stateis:
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I
-
o)

+
X

X J X J [V cosyf J
BZ j ? j Ve sings v
VG\/ 0 VG\/ +At 0 j (342)
’-ﬁev lpev 0 j . .
& y as y 0 vy
s | 18 U, 0 ﬁ—l
The Kalman filter update of the estimated State is:
y j y j Yu & y 5
PR SIS E A 649
LpGj LpG & “ L;UGM j lpG& .
i vt Bt B
Lpe | lﬁe | L//G,M we U 2
The measurement matrix is: H]=[1] . (3.44)
The derived measurements are:
Vomk = Fwxk TVuyk (3.45)
Lv
We i = arctan Ry (3.46)
VM,x,k
v -V
|:| GMl,k GM\,k—l
o G ~ti) (340
and,
Yomk ~Wempa
D I' \'
1/ =) (3.48)
The Kalman filter updated estimate of state isthen:
D(A \/\*) D(A \/\‘) E5A \/\*)
y j y j oy 5
\70 v - \7@ v + 5\76 v
oy eV ey (3.49)
ag 3 ag j & 5
l-ﬁe ! lﬁe D! 5Lﬁe L
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The Kalman filter gain matrix is obtained as follows:

(<1, [AOHT{HIACEHT +IMIRIN 3 (350)
The predicted (propagated) estimation error covariance matrix is.
[P]()_[q)]kk 1[P](+) [q)]Tkkl [dkl- (3.51)
The Kaman filter updated estimation error covariance matrix is.
PLE ={01]-IKLIH}HPL . (352)
The discrete process noise matrix is.
Rl = W[J]n (3.53)
n=l -
bl. =[FlLd.. (& LD .Y with bl =[N (354)
The continuous process noise covariance matrix is.
62,0, 0,0 0, 0
0, 64,0, 0, 0,0
0, 0, 62,0, 0, O
Nl = ’ Nv: M )
NI= 0, 0, 0, 6,,,0, 0 (3.55)
0, 0, 0, 0, 62,0
0, 0, 0, 0, 0,062

A convenient way to select the o variablesin equation (3.55) isto compute them using the initid o
and the corresponding reciproca time constants [G74]. This assures that each first-order Gauss
Markov processisbounded. Here are the appropriate equations:

O =0x2 ? PPy (3.56)

Ty =0ya? PPy (3.57)

Ony =01 ? PP, (3.58)

Ty =0y ? PPy (3.59)

Ona = 0oy ? FPa (3.60)

and, Tnp =043 ? PPy (3.61)

Thetransition matrix is:
[a’]k,k—l - —,k—l)[FGPs:t (3.62)

The state matrix is:
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-a, 0, cosy,,-V;sing,, 0, O
0, -4, sing;, Vs cosyfs, 0, O
0 e (363)
170, 0, O, -a,, 0, 1 '
0, 0 O, 0, -4, 0
0, 0, O 0, 0, -8

The measurement noise covariance matrix is expressed in North-East coordinate position, velocity,
and acceleration coordinatesis:

62,0, 0,0 0 0
0, 62,0, 0, 0, 0

K= 0, 0, 6,,,0 0 0 a6
0, 0, 0, 6y,,0 0 '
0, 0,0 0, 0 62,0
0, 0, 0, O, 0 6]

The acceleration o variablesin equation (3.64) are derived from the velocity o variables asfollows:
2

(o
O-Zax 02 Mvx \/
M &Y (3.65)
2
[y,
Oy 2 ﬁMty v% . (3.66)

Since the velocity and acceleration measurements that are used are expressed in terms of ground
speed, ground track, ground accel eration, and ground track rate, a conversion matrix is required:

1, 0, 0O, 0, O, 0
0 1 O, 0, O, 0

Vv V
0, 0, * Y 0 o0
Vek Vek
Vv Vv
M|]=0 0-_2% X, 0 0
g Ve T (367
Vv V
0, 0, 0, 0, Xk, ¥
VGk VGk
Vv Vv
0, 0, O, 0, — Uk xk
\ R

Theinitial conditions are:




—~
+
~
|
~

Xy B By
y v y v Yu
Vs v
Ve v - Ve v - Vem v (3 68)
0oy "oy T v |
oy Aoy Ay
Ys 3 Us 3 L[’G,M[i
. @) . O
DSA J D§A J [o\/
% j % j 0y
5\76\/ _ &G\/ a Oj
o & B P j Y (3.69)
dag dag Oj
sl apt,  of
62,0, 0, 0, 0, O
0, 62,0, 0, 0,0
" y 0, 0, 62,0, 0,0
PIV=[P]" = o o o 6 o 0 (3.70)
0, 0, 0, 0, 62 0
000 0 0 O 6°

Q.

where [K] isthe Kalman gain matrix, [P] isthe estimation error covariance matrix, [N] and [Q] are
the continuous and discrete process noise matrices, and [R] is the measurement noise matrix.

3.2.3 FIS-B Filter

The number of possible state and measurement combinations that can be sdlected for a Kalman
filter TISB message data is summarized in Table 3.15. In addition, a Low-Pass Filter (LPF)
approach is considered for TIS data. The baseline TIS-B filter selected is the LPF based in part on
the poor accuracy of the TIS-B data and on the variable, but unknown, measurement noise
statistics. The measurement noise statistics cannot be modeled accurately, since the location of the
radar that produced these measurements is unknown. Hence, a Kaman filter cannot be optimized
to work well under all TIS-B measurement conditions. Therefore, a simpler more stable LPF is the
preferred choice.

Table 3.15. TIS-B Kalman filter and Low Pass Filter (LPF) state and measurement options.

M easur ement Kalman Filter Options LE
1 2 3 4 5 6a | 6b | 7 8
Relative north position, Xu v oV v v v
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Relative east position, yu v |V v 2
Relative raw ground speed, Veu v v |V v v v |V
Relative raw ground track angle (e 2 v oV |V
Relative raw ground acceleration, acw v
Relative raw ground track angle, Yow v
States
Relative north position, x v |V v 2
Relative east position, y VoV v 2
Relative ground speed, ve v |V v |V |V |V v oV
Relative ground track angle VoV v |V Y v |V |V
Relative ground acceleration, as v v v %
Relative ground track angle, ¥ v v v |V

The T1S-B message provides relative range and bearing to the other aircraft, as presented in
Table 3.6. For convenience, these two variables can be converted into local level orthogonal
coordinates asfollows:

Xuk =k COS By (3.72)
Yk = Tuk SiN6Gy, (3.72)
where xux and y wx are the relative North and East position of other aircraft from own aircraft &

timet, and ryx and B are the relative range and bearing of other aircraft from own arcraft at time
ty.

In Table 3.15, raw ground speed and heading (or track angle) measurements are considered

for Options 2 through 8, and raw ground accelerations and heading rate for Option 7. Raw
measurements are based on numerical derivatives of the position measurements:

. — N — . — N
VGM’k N ‘l(XM,k XM,k;lf (y\M,k yM,k-l;

€=t (3.73)
Yoy Clarctan 220 ek @79
B o DQG“(”I': :iij“ (3.76)

Instead of a Kalman filter, another filter that is commonly used is the LPF. The LPF is
popular due to its smplicity and stability. One of the drawbacks to using a Kalman filter is that the
process noise, measurement noise, and any time constants must be selected correctly; if not, the
Kaman filter will be sub-optimal and it may exhibit undesirable (unstable or biased) behavior.

The basic LPF for an estimate of a variable u based on measurements z is:
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, = (I'_a)jk—l +az,

(3.77)

where U, istheestimate of u, Z, isthe measurement, anda isthefilter gain 0 <a <1), If this

equation is rewritten asfollows:
U, =u.,+ a(zk _uk—l)

(3.78)

then equation (3.78) is very smilar to the Kaman filter state update equation (3.22) with a
transition and measurement matrix of unity. The updated LPF state error estimate is obtained as

follows:
) ) s )
PR AR AR I
= v el My -H T
G v G v GM Vo y
sty sty Vel WY,
The LPF updated estimate of state isthen:
s (+) s () s ()
ey ey ey
Yy v _ Y ¥ N
~ Vv T s vt 5 Vv
Ve v Ve v G +
R TR
The predicted state estimateis:
[X \/H X \/W [V cos,
Y VoYY +AtVGS'”‘pGj
Ve y Ve y 0 v
ooty Wt o W,
The predicted state error estimateis:
s ) sw)
Oy oy
y v _[A y
VAR 2 T
Ng y Ng y
s ) a1
The dtate transition matrix is.
-~ ot -t ~
.= G b

The state matrix is:
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(3.80)

(3.81)

(3.82)

(3.83)




-4a,, 0, cosf,, -V, sing,

[fl 0, —&, sing,, Vgcosys
70, 0, -a, 0

0, O, 0, -a

(3.84)

The updated estimation error covariance matrix is:

PI = {01 I-[cl H}PL {1 ]- (el H} + [6IRIG ™ . (385)

The predicted estimation error covariance matrix is:

[P]&_) = [q)]k,k—l[P] S—)l [q)]Tkvk_1 +[q k-1 . (3.86)
The discrete process noise matrix is obtained as follows:

Rl = n; %‘J]n (3.87)
bl =[Fl L3+ LD ) with ] =[N] (3.88)

The continuous process noise covariance matrix is.
gi,0, 0, 0
0,02,0, 0
N] = ’
[N] 0 000 - (3.89)

0, 0,0, 02,

A convenient way to select the o variablesin equation (3.89) isto compute them using the initid o
variables and the corresponding reciprocal time constants [G74].

Opx =01 ? B (3.90)

Oy =0y1? PPy (3.91)

Ony =01 ? PP (3.92)
and Ong =0ya ?\Fﬁw_.

(3.93)
The LPF gain matrix is:

a,,0,0,0
0,a,0, 0
_ 1 y’ 1
[c] = 0, 0.a,0 - (3.94)
0, 0, 0,a,
The measurement matrix is: [HI=L1 (3.95)

The measurement noise matrix is:
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where,

and,

My

Theinitial conditions are:

where,

and,

02,0, 0,0

0,0y, 0, 0
Rl= 0
0, 0,0y,0
0, 0,0, o4,
y: =20+ 0h)
Mv _(TAt

o2 = ZI_(yr\_/l,k - yM,k—lyo-l\zllx + 6(M,k - XM,k—lyo-I\Z/IyJ

KyM,k _yM,k—l)z + (XM,k - XM,k—lF]Z

¢ O ox 9
Df v Df V] Ky J
y j _ Yy v _ Yu z
\7(3 _\/ \76 \/ VG,M \/
’-ﬁeﬁ Lﬁeﬁ wG,Mﬁ
V, 0 \I(XMQ - XM,lf + (}/M2 _ yM,1)4
GM,1 (tz _tl)
Wems Dt’:er'[anEy'\"'2 “Ywma Y
vz T Xma
[OX \/W K \/k—) @\/
oy & _ oy & _ 0y
5\76 Vv 5‘7G Y Oj
5"0(3& &ﬁeﬁ OE
72,0, 0, 0
0. 0%.0. 0
¢) _e16) - Y00,
P =|P]’ =
PI) =[P N
0, 0, O,Jj

(3.96)

(3.97)

(3.98)

(3.99)

(3.100)

(3.101)

(3.102)

(3.103)

Hence, equations (3.85) and (3.86) provide the confidence estimates for the states estimated with

the LPF.

3.3 Connection with Intent Inference and Confidence Level

In Figure 3.1 was shown that the Kalman filter would provide a near-term estimate of the flight
path of the other aircraft trgjectory. It would also provide an estimate of the confidence of that
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estimate using its continuoudly updated estimation error covariance matrix. In this figure was aso
shown an input from the near-term intent logic into this filter. This rea-time adjustment of the
Kaman filter will be explored in this section.

In that same figure, the output from the Kaman filter is fed into the long-term inference
logic. Thislogic then predicts the long-term threat tragjectory. While the terms near-term and long-
term are subjective, they can be quantified by determining how far the TIS data can be used to
predict the threat trgjectory with an acceptable level of confidence. This can smilarly be quantified
for the ADS-B data predicted threat trgjectories. Where the limit of the near-term prediction is
reached for each type of threat trgjectory, the long-term prediction hasto take over. The confidence
level to which the long-term threat tragjectories can be predicted will aso be explored in this section.

3.3.1 Near-Term Intent Confidence

Under Near-Term Intent (NTI), the Kalman filter determines the predicted trgjectory of the other
aircraft by propagating the current other aircraft state vector forward in time. The basic assumption
used is that the current state vector, based on measurements performed over the recent past, is a
good indicator of the future state vector of the other aircraft. If NTI information is available, such
asthat the aircraft has started aturn or is accelerating or decelerating, then thisNTI information can
be used to modify the performance of the Kalman filter.

Returning back to the general Kalman filter equations of Section 3.2.1, if the state and
measurement equations for the threat trgjectory are given by:

x=1(x) (3.104)
2=h) (3.105)
then, the current estimated state of the threat trgjectory is given by:
%) =%+ %I (3.106)
& =89 + K] i -[HIR (3.107)
_ — -1
where, K], [Pl OHT{HIAOHT +[MIRIM '} (3.108)
and P =t [-IKILHHPE
(3.109)
The corresponding L PF current estimated state of the other trgjectory is given by:
) =X+ ok (3.110)
and,
& =% +|GRe. - [HIR} (3.111)
with, . . | |
[P =41 I-IGL HEPEAL Y I-1GLHE +[GIRLG (3.112)

Between measurements, the current estimated state is propagated forward to the next
measurement time for use by ether filter. If the current measurement time and the current time are
not the same as illustrated in Figure 3.2, the last estimated state is propagated forward to the
current time. Finally, if the trgectory is needed a a future time, the last estimated state is
propagated forward to that future time.

For all three scenarios, the same equations are used, differing only in the propagation time
interval:
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20 028 + A% (%), (3.113)
&9 o], & (3.114)

1

[P]ﬁ_) = ﬁ)]k,k—l [P] S—)l E)]:k_l + b]k -1 (3.115)

Increment |
Time

Propagate State and
Covariance Matrix
Forward to Current Time

A

Measurement?

‘,/'. . ‘\,’
.\I\nmahz_ci/—b

Find Measurement
Time Interval

l

Find State & Covariance Matrix ‘

Valid at Time prior to
Measurement Time

\

Propagate State & Covariance Matrix
from Time prior to Measurement
to Measurement Time

'

Perform Kalman Filter
Measurement Update
of State and Covariance Matrix

Current Current
Measurement .
Time

‘ | | * P Time Axis

Figure 3.2. Kalman filter with latent measurement.

The measurement noise covariance matrix, [R], represents the uncertainty in the
measurements. The process noise covariance matrix, [Q], in turn, describes the uncertainty in the
future state and covariance matrix. Hence, if there is NTI information available that the other
aircraft is decelerating or has started a turn, the process noise covariance matrix can be scaed to
reflect this information. This will modify the estimation error covariance matrix and the Kalman

filter gain matrix asfollows:
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bintent] :[Kinten;[d Kinter] ! (3116)

k,0,0 0, 0,0
0, k,,0, 0, 0, 0
K. ]= 0, 0,k,0, 0,0 3117)
metd 0, 0, 0,k,,0, O '
0, 0, 0,0 k,,0
0, 0,00 O, k

with Kk, .k, k, >1 if the nearby aircraft trajectory is decelerating (accelerating),
Ky Ky Ky Ky >1if it is turning, and Ky Ky K, K, K K, =1 if it is maintaining its course.

Equation (3.117) assumes that a 6-state Kalman filter isimplemented, however, if a 4-state LPF is
implemented, then the intent scaling matrix is a 4x4 matrix with the last two scae factors
eliminated.

Since the estimation error covariance matrix is assumed to have a Gaussian probability
density function, the diagonal elements that are the error variances can be used to derive the
confidence limits of the estimated or predicted threat trajectory:

(X-nd )< x<(k+nd) (3.118)

with, o= P (3.119)

where I isthe estimation error standard deviation, and n=1 is the 68.3% confidence level, n=2 is
the 95.4% confidence level, and n=3 is the 99.7% confidence level. Hence, equation (3.119)
states that when n = 2, for example, the actua (but unknown) state of the other aircraft is located
within the limits shown with a 95% confidence level (probability).

3.3.2 Long-Term Intent Confidence

Under the Long-Term Intent (LTI), the focus is more on whether the current estimated other
aircraft state vector is close to an LTI trgjectory for this aircraft or whether it will be close to this
trgjectory in the future. To quantify this approach, let us focus on the LTI of the other aircraft, as
indicated by its last and current waypoint. Alternately, if the current course bearing of the other
aircraft and the next waypoint is known, these can used instead. Note that the use of these two
waypoints can be generalized to handle cases where a weather front with storm cells or a hazardous
(no fly) region is identified in front of the other aircraft. In that case, the current position of the
aircraft or its last waypoint can be taken as one of the waypoints and a second waypoint can be
selected such that the other aircraft will avoid the undesirable flight region as specified by the AOP
intent inference module and/or the hazard detection and resolution module.

Two indicators locate an aircraft on a nomina LTI trajectory, as illustrated in Figure 3.3.
First, the current position of the aircraft is expected to be close to the nomina LTI tragectory.
Second, the ground track angle of the other aircraft is expected to be pointed toward the current
waypoint of the nominal LTI trgectory. Figure 3.3 illustrates a Situation where the last, current,
and next waypoint are known. Hence there are at least two possible nominal LTI trgectories. The
first LTI trgjectory is defined by the last waypoint (n-1) and current waypoint (n). The second LTI
trgjectory isdefined by the last (n-1) and next waypoint (n+1). The latter LTI trgjectory reflects a
situation where the other aircraft may have chosen or been directed to bypass the next waypoint.
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Figure 3.3. Alternate LTI trajectories.

Shown in Figure 3.3 is a band about the nomina LTI trgectory caled the Primary
Clearance Region (PCA). Current jetways and air routes have primary and secondary clearance
regions where it is safe to fly without encountering any terrain or other hazard. For Free Flight,
other criteria may be used to define these regions, such as the Required Navigation Performance
(RNP) which describes the minimum lateral wander that an aircraft can make from its route.

Figure 3.4 illustrates the key parameters used to determine the probability that the other
arcraft is following the nominal LTI trgectory. Figure 3.4 shows the position of the nearby
aircraft in an intrack-crosstrack coordinate system, as defined by the last and current waypoint and

the current position of the aircraft. The current ground speed vector has a track angle, ¥, that can

vary between ¥, and W, and ill dlow the nearby aircraft to pass within *r.c, of the current
waypoint.
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Figure 3.4. Nearby aircraft ground speed geometry relative to LTI trgjectory.

To derive the probability that the nearby aircraft is on its nomina LTI trgjectory, we start
with the observed LTI trgectory. This trgectory is defined by the current position of the other
arcraft and its current waypoint. The observed LTI trgectory in intrack-crosstrack coordinate
positionis

EFIT V= WP T )A(\/
f\(:Tﬁ ﬁ-BC ]3y<WP _y% (3120
cosB., sinB.
where, [rB°] " —sinB,cosB,
(3.121)

The relationship between the North-East and intrack-crosstrack coordinate system is
illustrated in Figure 3.5. Thisfigureillustrates the course bearing angle B, the true bearing angle

B, the true track angle ¥, and the ground speed V.. This figure also illustrates the nominal LTI
trajectory, represented by 'im , and the observed LTI trgjectory, represented by R_m .
To determine the confidence level that the other aircraft is moving toward the current

waypoint, it is convenient to focus on the track angle of the other aircraft. The first step is to rotate
the 4x4 estimation error covariance matrix into lateral coordinates:

Prer] =Tl A T (3.122)




‘ Intrack
/

/
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~
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Figure 3.5. The local coordinate systems.

where,

hirfet CflT,FCT Ve Ye,
[Prcr]= kP bl ol (3.123)
it fer Vo Wo

Ve Yo

ny P XY,V
Pl g T 3124

[rLAT] Ilt;ij’ IiCIiJ (3.125)

where [P] isthe Kaman filter or LPF estimation error covariance matrix and [Pircr] is the Kaman
filter estimation error covariance matrix for the intrack-crosstrack position and for the ground speed
and track angle.

The cross-track position standard deviation, track angle standard deviation, and cross-track
position-track angle correlation coefficient can be obtained from equations (3.123), as follows:

Oy = F (3.126)
\F_

Oye = Pucws (3.127)
and,
- et We \/
prCT'wG O.rCT o (3128)
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Then with equations (3.126) — (3.128), the total probability that the other aircraft is following the
nomina LTI trgjectory is obtained asfollows:

01y Heier Py PPerue e W 06), Hy—do ¥y
vV

Y, - £
1 I‘PCA max 5 _Pr O'r 7 o —
pLTI,TotaI = > dr dwe Eoicrwe 1 cT O c1 % 5 ve 0 "
27Tarcr Jl,l/(; \/" - prCT,(pG “Teca Ymin R
(3.129)

The integration limit, reca, is the crosstrack radius of the primary clearance area around the LTI
trgjectory, as illustrated in Figure 3.4. The crosstrack position integral of equation (3.129) is
illustrated in Figure 3.5.

The ground track integration limits, are computed as follows:

Wrnin (rCT’rIT ): B —arctan DPCAr+ ey (3.130)
0

and,

Lo, —
Wna (cr .77 )= B +arctan P4 Ty 3.131
ctoliT c ﬂ ( )

Figure 3.6. Probability that nearby aircraft ison LTI trajectory based on crosstrack position.

Equation (3.129) is difficult equation to solve since it is a coupled double integral but also
because the track angle integration limits involve the crosstrack position, which is one of the
integration variables. A reasonable simplification isto set the track angle integration limits equal to
the estimated crosstrack position. This assumes that the standard deviation of the crosstrack

position is small relative to the primary clearance arearadius, reca:
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Wrnin (fIT Ser ) =B - arCtanD‘PCAA&% (3.132)
rIT
S F )= DPCA B FCT
and, Wrnax (rIT Ter )_ BC +arctan r . (3.133)
IT
Then equation (3.129) is evaluated using the limits defined by equations (3.132) and (3.133). A
further simplification in the equation (3.129) is achieved since the correlation coefficient in
equation (3.129) is negligible (close to zero). With equations (3.132) — (3.133), the double integra
in equation (3.129) takes the form:

DQ’ _FCT)Z v . D(‘-U ‘pG)z \/

1 For T e = T
Pirizoa U T e T dr e ° Edllf? (3.1349)
T[O-"CT 0-4’ “Toca Wimin 5

With equation (3.134), only the product of two separate integrals need to be evaluated. Expressed
in terms of the error function erf(), equation (3.134) can be rewritten as follows:

Prirom =0.25 erfDr oV, erfDr ! \/ Q,Umax ey erf Yo 0 \/

. Y o, FYy o, Fh
2

where, erf(z) ...__ Cedu (3.136)

ﬁ
or, erf(z) = (— 1)y "'(TIT (3.137)

3.3.3 Confidence Assessment for other Data
The confidence assessment modul e assesses the confidence level of weather and other data. These
data may be of the type of point data, region data (e.g, polygon regions), or grid data. Confidence
assessment of these data assigns a number in the interval [0,1] to the data to indicate low (0) to
high (1) level of confidence. Confidence assessment is performed independent of the data type and
data format. Two methods of confidence assessment are designed for this purpose, discrete and
fading memory. A discussion of these two confidence assessment methods follows.

(3.135)

3.3.3.1 Discrete Confidence Assessment

With discrete confidence assessment, the data confidence is assessed to be one of a limited number
of discrete values. The smplest form of discrete confidence assessment is binary, where the
confidence is either 0% (0) or 100% (1). A particular data type X is assigned a confidence
assessment C within the set:

C(X)-{0,1} (3.138)
where the assignment may depend on any heuristic or domain knowledge. Yet another discrete
confidence assessment may assign 100% (1) , 90% (0.9), 50% (0.5), 10% (0.1), or 0% (0)

confidence. Thus, in general, discrete confidence assessment assigns a discrete set of certainty
values:

Cx) HCo:Ci G Gy b (3.139)

based on a set of heuristic factors associated with the data. Discrete confidence assessment
methods are used in AOP as the simplest form of confidence assessment or as a default condition

57




when more detailed or more accurate methods of confidence assessment are not available.

Consider an example of assigning confidence assessment for a turbulence SIGMET from
the FIS message. Based on the FIS data item for likelihood (Low, Moderate, High), a direct
correspondence can be established to form the confidence assessment:

Cc(X) 0{C, =0 (no SIGMET),
C, =0.5 (Low Likelihood),
C, =0.7 (Moderate Likelihood),
C, =0.9 (High Likelihood)}. (3.140)

The confidence assessment level for discrete confidence assessment can remain fixed over
the duration of valid time of the data (until a new data replaces old data, or the data expires as
indicated by the data lifespan) or it may change with time, as with the fading memory confidence
assessment method described next.

3.3.3.2 Fading Memory Confidence Assessment

With fading memory confidence assessment, each data type has a time constant 7 associated with
data collection, and as the time t passes, the confidence of the information decays accordingly with
the associated time constant. The initial confidence assessment level can start a 1 or some other
value dependent on aheuristic (as described above in Section 3.3.3.1). In generd, if a particular
data type X(x,y) is collected at time T,, then we denote the data and time stamp by X(x,y,T,) and
assign the confidence assessment C for the data X at the time t by a exponentially decaying
function, as shown in Figure 3.7.

The time-decay confidence assessment model can apply to any datatype or any data format.
Thus, this time-decay confidence assessment modd is useful as a default, provided a time decay
constant Tisavailable.

3.3.3.3 Combining Confidence Assessment Levelsin Data Fusion
There are several methods available to combine confidence assessment levels in data fusion.
Among the methods are.  Bayesian Theory, membership for Fuzzy Set Theory, possibility
distributions, certainty factorsin MY CIN-like systems, and mass, belief, and plausibility functions
from Dempster-Shafer Evidence Theory. A review and comparison of these methods is performed
by Bloch [BI96].
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C(Xt) = C(X, T)exp(-dt/T) wheret= T +dt
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The MY CIN-like method for assigning certainty factors is implemented in RTO 30 to
combine confidence assessment levelsin the data fusion process. Fusion based on certainty factors
[BI96] is motivated by the early expert systemsresearch. Here, certainty factors are defined on the
interval [-1,1] where positive indicates that the fused information supports the Assertion A and
negative indicates that the fused information denies the Assertion A,. [Note a smple
transformation converts the interva [0,1] to [-1,1] between the confidence assessment levels and
the MY CIN certainty factor levels.] When information x and y are combined:

a) x+y-xy ifx?0andy? 0(xandy confirm A) (3.141)
b) x+y+xy if xS0andy= 0 (xandydeny A) (3.142)
C) X+YVy if xS0andy? 0, orx? 0andy= 0 (3.143)

(x and y show mixed support for A)

This classica method of combining certainty factors for data may be necessary for confidence
assessment of combined data sources such as weather, multiple hazards, or airspace conflicts.
With weather datain particular, the FIS message allows for individua pixels within a precipitation
map graphic to indicate no data or lost data, for which the confidence level is assigned to be 0.
Another weather map, for instance, the onboard weather map from the onboard weather radar, may
have a reading for that pixel location, and the certainty factor method of equation (3.180) is
applicable.

The MYCIN like operator for confidence assessment is a context independent variable
behavior type operator [BI96]. The operator does not depend on the data type: point, region, or
grid. The operator is variable behavior because the outcome depends on the input conditions for x
and y (confirm, deny, or mixed support). This confidence assessment has the properties:

 whenx and y are positive, the operator confirms the event more than either of
the individual confidence levels (asin Figure 3.8),

» when x andy are negative, the operator rejects the event more than either of the
individua confidence levels, and

* inamixed compromise when x and y are mixed signs, the sign of the result
depends on the stronger confidence level.
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C(x+y)
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Figure 3.8. The MY CIN confidence assessment operator confirms an event more
than either individual confidence levels that combine in data fusion.

3.4 Scenarios

The two filters presented in Section 3.2 are investigated further in this section using two
simulations with severa aircraft trgectories. For the ADS-B trgjectory, aMonte Carlo smulation is
used which includes aircraft laterd FTE and GPS navigation errors. Initially, the nearby aircraft
trgjectory isonly being investigated, not the relative trajectory. Since the aircraft trajectory is based
on a simulation, the true (GPS error-free) trgectory is also available. Actua radar track data for
two aircraft are used to represent the TIS-B data. The radar error-free trgjectory is obtained by
using amoving window least squaresfilter on the radar position data to determine the true ground
speed, heading, ground acceleration, and heading rate.

3.2.1 ADS-B Scenario with Kalman Filter

A Monte Carlo smulated GPS/INS aircraft trgjectory is used as the basis for the ADS-B analysis,
asillustrated in Figure 3.9. The statistics and constants that were used in the smulation equations
are summarized in Table 3.16. Note that al the units in Table 3.16 were standardized within the
simulation to distance in feet, speed in feet/sec, acceleration in feet/sec?, angles in radians, angular
rates in radians/sec, and time in seconds.
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Figure 3.9. Plan view of aircraft path, ADS-B intent TCP and TCP+1, and alternate intent.

The trgectory variables are illustrated in Figure 3.9. The Kaman filter state estimates are
presented in Figures 3.10 through 3.16. The NTI predicted position estimates are presented in
Figure 3.17. The LTI estimated position and track angle dtatistics are presented in Figure 3.18.
Finally, Figure 3.19 presents the probability that the other aircraft is on the nominal LTI trgjectory.

In Figures 3.10 - 3.16, the relative error between the Kalman filter estimate and truth is
presented. This error is the actua estimation error of the Kalman filter. The uncertainty bound
around this estimation error is the 95% confidence limit that the unknown actua history is found
within ££0 of the estimate. Hence, if this confidence estimate is computed correctly, one would
expect most (19 out 20) of the actual estimation error values to lie within this confidence interval .

Figure 3.17 illustrates the NTI aircraft position prediction capability of the Kalman filter.
These predicted positions were obtained by propagating the current Kalman filter estimate and
estimation error covariance matrix, without further measurements, 60 seconds in the future. The
predicted positions were then compared to the actua positions to obtain the prediction error. The
error bound surrounding the prediction error is the 95% confidence interval about the prediction
estimate. This confidence interval is based on the standard deviation of the prediction as obtained
from the predicted estimation error covariance matrix. As can be seen, the 95% confidence levels
are reasonable, particularly for the East position prediction.

The discrete increases in the confidence limits shown in these Figures reflects the use of
NTI data by the Kalman filter that the aircraft is turning or accelerating. Since no NTI data was
available from the ADS-B message or the NTI inference agorithm, the use of NTI data was
simulated. Specifically whenever the other aircraft absolute track rate or acceleration exceeded a
specified value, the scaling on the process noise matrix of the Kaman filter was changed. In
Figure 3.18, the bands shown around the mean cross-track position and mean track angle represent
the respective integration limits. A primary clearance area radius of 1 nmi was used instead of the
current jetway radius of 4 nmi.
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Table 3.16. The parameters used in the ADS-B Kalman filter simulation.

Parameter Units | Symbol Value
Initial North Position Sigma nmi Ox 0.2
Initial East Position Sigma nmi Oy 0.2
Initial Ground Speed Sigma kts Ovg 0.1
Initial Track Sigma [05] Oyg 5
Initial Ground Acceleration Sigma kts/sec Ong 0.1
Initial Track Rate Sigma deg/sec o 0.2
GPS North Position Measurement Noise Sigma m Omx 0.05
GPS East Position Measurement Noise Sigma m Omy 0.05
GPS North Ve ocity Measurement Noise Sigma m/s Owmvx 0.5
GPS East Position Measurement Noise Sigma m/s Owmvy 0.5
North Position Reciprocal Time Constant 1/sec Bx 0.33
East Position Reciprocal Time Constant Usec By 0.33
Ground Speed Reciprocal Time Constant 1lsec Byg 0.56
Ground Track Reciprocal Time Constant 1l/sec By 1
Ground Acceleration Reciprocal Time Constant 1/sec Bug 0.56
Ground Track Rate Reciprocal Time Constant 1/sec ng 0.56
Primary Clearance Area Radius nmi Moca 1
Computation and Measurement Time Interval SEeC At 1
NTI North Position Process Noise Scale Factor Kx lor25
NTI East Position Process Noise Scale Factor Ky lor25
NTI Ground Speed Process Noise Scale Factor kv lor25
NTI Ground Track Process Noise Scale Factor Ky lorb
NTI Ground Acceleration Process Noise Scale Factor Ka lor25
NTI Ground Track Rate Process Noise Scale Factor Ky lor25
NTI Prediction Time Interval SEC Atprep 60
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Figure 3.10. The ADS-B aircraft trgjectory truth data.
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Figure 3.11. The Kalman filter ground acceleration estimate.

63




402

400 i
0 1 2 3 4 5 6 7 8 9 10
rms = .025 kts
Figure 3.12. The Kalman filter ground speed estimate.
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Figure 3.13. The Kalman filter track rate estimate.
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Figure 3.14. The Kaman filter track angle estimate.
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Figure 3.15. The Kalman filter North position estimate.
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Figure 3.16. The Kalman filter East position estimate.
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Figure 3.17. The Kalman filter 60 second NTI position prediction errors.
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Figure 3.18. The Kalman filter crosstrack position and track angle LTI statistics.

Figure 3.19. The Kalman filter LTI probabilities.
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3.2.2 TIS-B Scenario with LPF

The radar track data for the two aircraft that were used to evaluate the LPF with TIS-B data is
illustrated in Figure 3.20. The own aircraft is moving from the upper left to the South while the
other aircraft ismoving from the left to the East. Figure 3.21 shows the relative trgjectory for the
same two trgectories of Figure 3.20. The raw and truth variables for the relative trgectory are
presented in Figures 3.22 and 3.23. As can be seen in Figure 3.22, the two aircraft will nominaly
pass within about 10 nmi of each other.

The smulation was based on the LPF with TIS-B data and the parameters shown in
Table 3.17. All units were standardized to distance in feet, speed in feet/sec, acceleration in
feet/sec?, anglesin radians, angular ratesin radians/sec, and time in seconds.

230

- own /

210 K///
200 /

Nearby Aircraft /

190

NORTH DISTANCE(nmi)

180 I~

170

250 260 270 280 290 300 310 320 330
EAST DISTANCE (nmi)

Figure 3.20. Flight paths for two aircraft in close proximity.

Figures 3.23 through 3.27 illustrate how accurately the LPF estimates the relative current
ground speed, track angle, North position, and East position of the two aircraft. In Figures 3.24
through 3.27, are presented the actual L PF estimation errors, shown in the panels labeled relative.
These errors are bounded by 95% confidence limits that are obtained by using the +/- 2 sigma
limits. Figure 3.28 then shows the prediction error when the current Kalman filter and LPF
position state estimate is propagated forward into the future by 1 minute, without any additional
measurements, and this estimate is compared to the true position. Finally, Figure 3.29 presents the
fixed LPF gain vaues and compares these to the dynamically set Kalman filter gain values.

The discrete increases in the sigma values reflect the use of NTI information, indicating that
the aircraft is turning or accelerating. Since no NTI inference data was available, the smulation
triggered the use of NTI data in the LPF whenever the absolute value of the heading rate or the
acceleration exceeded a specified value. The excessive triggering of the NTI data reflects the
noisiness of the data used to implement thissimple NTI logic.
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Table 3.17. The parameters used for the TIS-B Low Pass Filter (LPF) simulation.

Parameter Units Symbol Value
Initial North Position Sigma nmi Ox 0.16
Initial East Position Sigma nmi Oy 0.16
Initial Ground Speed Sigma kts Ovg 20
Initial Track Sigma ey Oyg 7.5
Radar North Position Measurement Noise Sigma nmi Owix 0.2
Radar East Position Measurement Noise Sigma nmi Owmy 0.2
North Position Reciprocal Time Constant 1/sec Bx 0.083
East Position Reciprocal Time Constant 1/sec By 0.083
Ground Speed Reciprocal Time Constant 1/sec By 0.083
Ground Track Reciprocal Time Constant 1/sec By 0.083
North Position LPF Gain ax 0.25
East Position LPF Gain Ay 0.25
Ground Speed LPF Gain Qvg 0.10
Ground Track LPF Gain A yg 0.10
Computation and Measurement Time Interval SEC At 12
NTI North Position Process Noise Scale Factor Kx lor4
NTI East Position Process Noise Scale Factor Ky lor4d
NTI Ground Speed Process Noise Scale Factor Ky lor4
NTI Ground Track Process Noise Scale Factor Ky lor4
NTI Prediction Time Interval SEC Aterep 60
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Figure 3.21. The relative path for the two aircraft.
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Figure 3.23. The relative trgjectory variables.
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Figure 3.25. The LPF ground track statistics.

71




-40

200

rms = 0.25 nmi

Figure 3.26. The LPF North position statistics.
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Figure 3.27. The LPF East position statistics.
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3.4.4 Lessons Learned from Scenario Investigations

In these scenarios, a number of lessons were learned. A number of different Kalman filters were
explored to estimate the state of the other aircraft based on ADS-B data, and the 6-state Kalman
filter with 6-measurement states provided the best performance. The focus was initidly on the
horizontal dynamics of the other aircraft. The 6 states and measurements consisted of North and
East position, ground speed and track angle, and ground acceleration and track angle rate. Since
the ADS-B data does not include measurements of the ground acceleration and track angle rate,
these were obtained by numerically differentiating the ground speed and track angle measurements.

For the TISB data, a number of Kaman filters and a LPF were investigated for
determining the estimated relative state of both aircraft. A 4-state LPF with 4-measurement states
provided the best performance for estimating the horizontal relative states of both aircraft. The
performance of the LPF was found to be better overall than the Kalman filter since the LPF is less
sengitive to inaccuracies in the knowledge of the measurement and process noise statistics than the
Kaman filter. The four states and measurements are the North and East relative position and the
relative ground speed and track angle. Since the TIS-B does not provide measurements of the
relative ground speed and track angle, these were computed by numerically differentiating the
position measurement data.

NTI confidence was based on propagating the current best state estimate, and the
corresponding estimation error covariance matrix, forward into the near future (e.g.. 30-60 sec).
This assumes that the current state estimate, based primarily on measurements of the recent past
trgjectory, isagood indicator of the near-term future.

The current state estimate has a confidence level that is defined by the standard deviation of
the estimation error. This estimation error is obtained from the dynamicaly computed estimation
error covariance matrix. When the current state is propagated forward under NTI without any
additional measurements, the estimation error covariance matrix increases through the addition of
the process noise matrix. In other words, the process noise matrix provides an estimate of the
future uncertainty of the state estimate.

When NTI information is available such as that the other aircraft is turning or accelerating,
this information can be used to scale the process noise matrix to reflect the increased uncertainty of
the future state of the aircraft. Such NTI information would come directly from the ADSB
message, while NTI acceleration information is not broadcast.

The LTI confidence estimate of the other aircraft can be derived by focusing on the nominal
and current LTI trgjectory of the other aircraft. By comparing the nominal to the current observed
LTI of the other aircraft, the probability (confidence level) that the other aircraft is following its
nomina LTI trgectory can be derived. This process is computed in the Information Ambiguity
Resolution module, which verifies the LTI. If the LTI cannot be verified or does not exist, then
the Intent Inference module will estimate the LTI, as discussed in Chapter 2. The nominal LTI
trgjectory is defined by the last and current waypoint of the other aircraft as provided by the AOP
Intent Inference module, ADS-B, or CPDL C message.

To derive the LTI confidence estimate and verify intent, the focus was on whether the other
aircraft position currently iswithin the airway or jet way of the nomina LTI trgectory. This route
isgeneraly defined by a primary and secondary clearance regions centered about piecewise linear
segments between waypoints. Under Free Flight, the RNP is used to define the boundaries of the
route. In addition to requiring the other aircraft to have its position within the nomina LTI
trgjectory route, another requirement incorporates the current ground speed velocity vector. Hence,
for the alrcraft to be following its nominal LTI trgjectory, its track angle must also be directed near
the current waypoint.

To evauate the performance of the Kaman filter and LPF, as well as the NTI and LTI
confidence assessment algorithm, ADS-B and TIS-B scenarios were selected. The ADS-B scenario
consisted of an aircraft using GPS navigation and with FTE flying between two waypoints. The
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TIS-B scenario was obtained from two aircraft radar track histories as measured by a TRACON
radar. The two aircraft trgectories were artificially arranged to introduce a near-conflict.
Performance of the Kalman filter with the ADS-B scenario resulted in a current North and East
position root-mean-square (rms) error of 0.002 and 0.012 nmi, respectively. Hence, the North and
East position estimate has a 95% confidence level of +/- 0.004 and 0.024 nmi, respectively. When
these estimates are propagated 60 seconds into the future under NTI conditions, the rms position
errorsincreased to 0.11 and 0.30 nmi, respectively. LTI confidence estimates were also computed
for each point along the trgjectory. The performance of the LPF with the TIS-B scenario resulted
in aNorth and East position rms error of 0.25 and 0.19 nmi, respectively. When this state estimate

was propagated 60 seconds into the future, the North and East position rms errors increased to
0.91 and 0.56 nmi, respectively.
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4.0 HAZARD PRIORITIZATION

Initsflight through the NAS, an aircraft may encounter many possible hazards to its safe passage
from the flight's origin to its destination. A hazard prioritization function in AOP is needed to
determine the order hazards should be dealt with by the aircraft’ sflight crew (see Figure 4.1). This
function is used to enhance flight crew situational awareness and maximize the safety and

efficiency of hazard avoidance maneuvers.
SUA A l‘HF

_ﬂ_ lcing

Turbulence T
Other
Aircraft
.l
Obstacle

Figure 4.1. In what order should the flight crew deal with the known hazards?

In the AOP design, the architecture of the Hazard Prioritization model is directly supported
by the Hazard Detection model and directly supports the Hazard Notification model, as shown in
Figure 4.2.

HAZARD HAZARD HAZARD

—| DETECTION PRIORITIZATION NOTIFICATION
MODEL MODEL MODEL
(NASA) (RTO#30) (RTO#31)

Figure 4.2. Hazard Prioritization model connectivity within the AOP.

The nomina data flow supporting the hazard prioritization function is shown in
Figure 4.3. Daafrom ADSB, TIS, FIS, and CPDLC messages, aong with onboard database
information are converted by the Hazard Detection moddl into a hazard list that is fed into the
Hazard Prioritization model. The Hazard Prioritization model incorporates a series of user
preferencesinto a series of filter and sorting algorithms that produce the eventual prioritized threat
list as output that is passed onto the Hazard Notification model.
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Figure 4.3. Hazard prioritization data flow diagram.
4.1 Theory

The hazard prioritization method is based on an approach centered around a series of filter and
sorting algorithms based on key hazard priority factors shown in Table 4.1. In the next sections,
the hazard prioritization inputs and outputs and method are described.

Table 4.1. The key hazard priority factors used in the Hazard Prioritization model.

Factor Description

Hazard Type

Typesinclude aircraft, convective weather, turbulence, Special
Use Airspace, congested airspace, terrain

Approach (CPA)

Time-to-Closest Point of

of approach for the given hazard

The predicted time before the aircraft will be at its closest point

Range-at-CPA

the aircraft and agiven hazard

The predicted minimum horizontal and vertical ranges between

Current Range

agiven hazard

The current horizontal and vertical range between the aircraft and

Hazard Certainty

will occur between the aircraft and the gi

The probability that the given conflict (or a more severe one)

ven hazard

User Preferences

certainty filter criteria.

A set of hazard prioritization preferences that includes the
relative priority of hazard types, alert level thresholds, and hazard
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4.1.1 Hazard Prioritization Inputs and Outputs

The necessary inputs for the Hazard Prioritization model consists of a hazard list provided by the
Hazard Detection model, or otherwise obtained from other AOP models, and a set of hazard
prioritization user preferences. The output from the hazard prioritization process is a prioritized
hazard list that is sent to the Hazard Notification model. These inputs and outputs are now
described in more detail.

4.1.1.1 Hazard List Inputs

The hazard list is comprised of key information about al flight hazards known to the AOP. For
each flight hazard, the hazard list includes:

aunique hazard identification name,

the hazard type,

the time-to-CPA,

the horizontal and vertical ranges at CPA,

the current horizontal and vertical ranges from the hazard, and
aprobabilistic hazard certainty.

Possible hazard types to be handled by the Hazard Prioritization mode include those shown in
Table 4.2.

Table 4.2. Possible hazard types considered for the Hazard Prioritization model.

Hazard Type Data Source Description
Air Traffic ADSB, TIS Aircraft (fixed-wing, rotary-wing), balloons, etc.
SIGMETS (incl. FIS Predicted areas of hazardous weather phenomenaincluding
Convective SIGMETYS) severe/extreme turbulence, severe icing, duststorms, sandstorms,
volcanic ash, tornadoes, severe thunderstorms
Turbulence FIS/PIREP Pilot Report of air turbulence; such turbulence ranges in severity
from impacting ride quality to safety.
Special Use Airspace FIS Volumes of airspace that are off-limits to commercia air traffic for
given periods of time; typically used by military aircraft
Heavy Precipitation FIS Areas of current or forecasted heavy precipitation that have
associated dangerous convective activity
Congested Airspace FIS Volumes of airspace and associated time periods for which the
forecasted or current air traffic demand is greater than capacity
Icing FIS/PIREP Pilot Report of icing
Wind Shear FIS/PIREP Pilot Report of wind shear
Terrain Onboard Terrain | Static natural contour of the Earth’s surface
Database
Obstacles Onboard Obstacle | Static man-made structures close to the ground
Database

For RTO 30, hazard prioritization algorithms are designed to handle the prioritization of al
such hazard types, assuming the hazard list is available to the Hazard Prioritization model. If this
assumption does not hold true, the Hazard Prioritization model will have to generate the hazard list
itself. In this case, agorithms to generate the required hazard information for the hazard types in
Table 4.2 will be generated in the order shown, while adhering to contract budget and time
constraints.
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41.1.2 User Preference Inputs

In addition to the hazard list, the Hazard Prioritization model uses a set of user-defined inputs in
order to tailor the hazard prioritization method to support specific AOP research objectives. The
user preferencesinclude:

different certainty thresholds per hazard type,

the number of desired threat levels,

the threat level per hazard type,

the number of desired aert levels, and

alert level criteria based on combinations of time-to-CPA, range-at-CPA, and current range.

More detailed specification of these user preference inputs for each hazard prioritization algorithm
are found in Section 4.1.2.

4.1.1.3 Prioritized Hazard List Outputs

Output by the Hazard Prioritization model, the prioritized hazard list is comprised of an ordered list
of flight hazards that are relevant for flight crew consideration. This ordered list is in decreasing
order of consideration priority and includes:

e aunique hazard identification name,
e thehazard type, and
* thehazard dert level.

For RTO 30, it is assumed that this prioritized hazard list is what is needed by the Hazard
Notification model. If this assumption does not hold true, the Hazard Prioritization model will be
modified to provide the additional necessary information, while adhering to contract budget and
time constraints.

4.1.2 Hazard Prioritization Method

The hazard prioritization methodology implemented in the Hazard Prioritization model is based on
modules that filter the hazards based on hazard certainty, sort the hazards based on user-assigned
hazard threat levels, and then sort the hazards based on assigned aert levels based on user-
specified separation time and distance criteria. Each of these hazard prioritization algorithms is now
discussed.

4.1.2.1 Hazard Certainty Filter

Thefirst component of the hazard prioritization process is the filtering of hazards based on threat
certainty. For any potential hazard, there will be some level of uncertainty that a conflict between
the hazard and ownship will occur. This uncertainty arises due to alarge number of factors:

* age of the data (e.g., old versus new PIREP),

» information source (e.g., TISvs ADS-B),

e uncetainties in the current positions, velocities (as expressed for aircraft in ADSB
Navigational Uncertainty Categories (see [RTCA242, SK99a]), and future intent of both the
hazard (e.g., SUA schedule) and ownship (e.g., flight plan),

* dynamics of the atmosphere (e.g., wind speed uncertainty), and

» dynamic nature of the type of hazard (e.g., convective activity may grow or shrink).

In the hazard prioritization method, a schemeis incorporated that takes conflict uncertainties
into account. Previous researchers have developed various methods for aircraft-to-aircraft conflict
analysis [KMH96, PE97, YK97]. For dl hazards identified by the AOP, we assume that the
Hazard Prioritization model will receive aprobabilistic value in the range [0,1] of conflict certainty
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for each hazard from the Hazard Detection model. Note that this certainty level is not equivaent to
that being generated by the Information Confidence Assessment model. The certainty level being
generated by the Information Confidence Assessment model is the certainty that a given aircraft is
at aparticular position at the current time. Thisis not equal to what the Hazard Prioritization model
needs, which isthe certainty that a given hazard will conflict with ownship at a future time. If the
assumption of the availability of probabilistic conflict certainties for each hazard from the Hazard
Detection modd is not valid, then the implementation of the hazard certainty filter will need to be
revised.

The hazard certainty filter works as follows. If the incoming hazard certainty for a given
hazard is below the user-defined threshold for a corresponding hazard type, the hazard is removed
from the hazard list. Otherwise, the hazard information isretained. A set of incoming hazards, H,
exists with unique hazards, Hti , which arethe! th instance of unique hazard typet , that have the
respective hazard certainties of Ci . Also, the st H hasn unique hazards and M unique hazard
types. The hazard certainties are within the range:

0<cysl, (4.1)

whereCti represents the probabilistic certainty of a future conflict with Hi . The extreme cases
exist whenCii =0 | signifying that a future conflict with Hi - has no support, and Ci =1 | signifying
that conflict with Hi currently exists or is certain. For example, if three hazards exist such that

three aircraft with cadl signs AAL100, AAL200, and AAL300 with corresponding hazard
certainties of 0.5, 0.6, and 0.7, then:

« Histheset{Hu, Hi2, His }= {AAL100, AAL 200, AAL300}
« N=3 uniquehazards, M =1 unique hazard type, and t =1 for aircraft hazard type, and
e Cu11=0.5; C12 =0.6; and C13s =0.7.

For every hazard type !, the user defines a user-preferred hazard certainty threshold, Tt ,
which represents a lower limit on the acceptable hazard certainty. Therefore, al Tt represent a
probabilistic certainty of afuture conflict with the hazard Hi  such that:

0<T1:<1 (4.2)

where Tt represents a lower certainty threshold for conflicts with hazards Hi . Specid cases
occur when Tt =0 | signifying that the user wants to be aware of al hazards with finite conflict
probabilities, and Tt =1 | signifying that the user does not want to know any hazard information.

In absence of user input, the default value of Tt is 0.5, or whatever RTCA or other
recommendation is standard in the industry.

The filtering agorithm works by comparing the input hazard certainty, St , with the
corresponding hazard certainty threshold, Tt . Then, al hazards Hi for which Ci=Tt  are
removed from ™ (see Figure 4.4) and the resulting ™ is passed on to the hazard threat level
sorting algorithm. For example, in the three aircraft example above, if the user defines 1 =0.0
then AAL 100 (with C11 =0.5) and AAL 200 (with C12 =0.6) are removed from the set of hazards.
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Figure 4.4. Hazards with low certainty are filtered from the set of hazards.

4.1.2.2 Hazard Sorting by Threat Level

The second component of the hazard prioritization processis the sorting of hazards based on user-
assigned threat levels. Previous investigations into airborne hazard prioritizations such as [H98]
and [FHK98] suggest that safety is the pre-eminate factor in prioritizing hazards. Such a safety
criterialeads one to prioritize certain hazard types for which a conflict could be catastrophic (e.qg.,
terrain or other aircraft) above those for which safety would not be impacted (e.g., minor
turbulence or SUA). However, [H98] and [FHK98] have also shown that other factors and the
relative importance to individua users come into play in the hazard prioritization process. For
example, the factors of maintaining ride quality or following individual company policies have
user-dependent levels of importance. Therefore, in order to provide NASA researchers the
capability to investigate different hazard prioritization schemes, a scheme to sort hazards based on
user-defined threat levels per hazard type isimplemented.

This scheme involves the specification of a user-defined threat level for each hazard type
and a total number of distinct threat levels. Associated with the set of incoming hazards 1" isa
user-defined threat level Lt defined for each hazard type ' . The user aso defines the total number
of distinct threat levels P which are ordered in decreasing levels of threat from1to P .

The hazard sorting procedure is accomplished using an insertion sort algorithm [Kn98].
As a simple, stable, and in-place sorting algorithm, this algorithm achieves an ordered sort in
O(P?)  operations and works quickly when P is relaivdy smal (e, PS12)
[http://members.xoom.com/thomasn/s_man.htm]. If VP becomes very large, other sorting
algorithms such as a quicksort should be considered.
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The insertion sort algorithm works as follows:

1. DesignateH' asthesetof N hazards,H' ={H'; } with j =1, 2, ...,n .

Choose j =2andlet H" =H' | the eventual output set of hazards.

If j = n+1, then go to step 8. Otherwise, takeH'; out of H” .

Starting a the K th hazard in H" | identified as H'x , where the threat leve is

greater than the threat level of the chosen hazard, move al hazards inclusively

between H'x and H'"ja1 one position down (i.e., H"1+1=H'| forl =k, k+1, ...

to j-1andH" =13 ).

5 Setl =k+1.

6. If the threat level for H'j is less than the threat level for H"|, then set
HM11=H'j,set ] =] +1andgotostep3.

7. Set! =1 +1and gotostep 6.

8. Stop. H" isthe output, sorted hazard list.

AW

A smple example of ahazard insertion sort with = 3 hazards is shown in Figure 4.5.

Input
Hazard List
-— —— > - -
Chosen |suAas2s 4 SUA525 4 siomeTer |27
L I
|—;aia2rg> SIGMET87 2 SUA525 4 SUA525 4
AAL100 1 AAL100 1 AAL100 1 AAL100 1 I
I
S e o e
- S e o - -
SIGMET87 2 SIGMET8? | 2 AAL100 1
Chosen |SUA525 4 SUA525 4 SIGMET87 | 2 SIGMET87 | 2
F;aiagr-ch AAL100 1 SUA525 4 SUA525 4
. Threat Output, S_orted
HazardID AAL100 1A Level Hazard List

Figure 4.5. Hazards are sorted based on threat level with an insertion sort.

Default values for the user-specified threat levels are as shown in Table 4.3. Note that the
default threat levels are designated as four levels in decreasing level of severity from 1 to 4.
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Table 4.3. Default Hazard Threat Levels.

Hazard Type Threat Level* ‘ Reasoning
Air Traffic 1 Encountering other air traffic would be catastrophic.
SIGMETs 2 Encountering SIGMETs would be very hazardous to the
(incl. Convective SIGMETS) safety of flight.
Turbulence 3 Encountering turbulence would affect ride quality which
is assumed to be important.
Special Use Airspace 4 Encountering SUA would not be hazardous to the safety
of flight, but would impact the legality of the flight.
Heavy Precipitation 2 Encountering areas of heavy precipitation that have

associated dangerous convective activity would be very
hazardous to the safety of flight

Congested Airspace 4 Encountering congested airspace would not be hazardous
to the safety of flight, but could impact the flight's
schedule adherence.

Wind Shear 2 Encountering wind shear would be very hazardous to the
safety of flight.
Icing 2 Encountering icing conditions would be very hazardous
to the safety of flight
Terran 1 Encountering terrain would be catastrophic.
Obstacles 1 Encountering obstacles would be catastrophic

*Note: 1= most threatening, 4= least threatening.

4.1.2.3 Hazard Sorting by Alert Level

The third and finad component of the hazard prioritization process is the sorting of the hazards
based on an assigned dert level. Alert levels being considered by ATM researchers typicaly
consist of some combination of geometric and temporal criteria such as the time-to-CPA, horizontal
and verticad ranges-at-CPA, and current horizontal and vertical separation distances [KP97,
KY97], and, in some instances, number of conflict-free aircraft maneuvering options [YK97]. The
work of Kuchar [KH95, Ku96] presents a unified methodology to airborne alerting logic. Figure
4.6 illustrates the logic for a single-stage and two-stage alerting logic. For conflict detection
between aircraft, the conflict can occur at the Alert Zone in a single-stage aert, or a caution can be
established before the Alert Zone conflict. Multi-stage alerts, as designed by the RTCA SC186
Working Group 1 ADSB based conflict detection and resolution operational concept
[RTCASC186 Ops Concept], alows warnings to dert as the severity of the Situation gets worse,
as shown in Figure 4.7. In Figure 4.7, low, medium, high, and critical alerts trigger at closer
ranges.

1. Criticd Alert —triggered by a prediction of anear-mid air collision (i.e., CPA
distance within 500 feet horizontally and 100 feet vertically) in one minute,

2. HighLeve Alert —triggered by the violation of the Protected Airspace Zone
(PAZ) (i.e., for theterminal area, current separation distance is within 3 nmi
horizontally and 1000 feet vertically),

3. Medium Level Alert —triggered by aprediction of a PAZ conflict within 2
minutes, and

4. Low Leve Alert —triggered by a prediction of a PAZ conflict within 5 minutes.

Single-Stage Threshold

Alerting | Hazad I No Hazard

> Range




Two-Stage

. Threshold ~ Threshold
Alerting |

Hazard Caution | No Hazard
I |

> Range

Figure 4.6. Single-stage aerting logic and two-stage alerting logic.
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Figure 4.7. Multi-stage Protected Airspace Zone alerting logic allowing for low,
medium, high, and critical aerts.

Key factors for determining dert levels include the time-to-CPA and hazard ranges. These
two key factors are now discussed.

Time-to-CPA influences hazard prioritization by how long the flight crew has to respond to
ahazard. The alerting logic based in the Traffic Alert and Collision Avoidance System (TCAS) was

developed on atime-to-CPA criteria known as “1”. The classical 1 is defined by the aircraft-to-
aircraft range divided by range rate, assuming that both aircraft are modeled as point hazards. A
more precise determination of time-to-CPA which requires the broadcast of aircraft velocity
information is:
._ I«
= (4.2)

where ' is the vector locating a target aircraft with respect to the ownship, and © is the relative
motion vector. Thistime-to-CPA equation was developed in [KP97] and is compatible with hazard
prioritization of ADS-B equipped aircraft threats such as those that can be currently configured in
the NASA FFSim architecture. Other time-to-CPASs can be generated for line, region, or volumetric
hazards based on the ownship velocity vector, hazard motion data, and hazard point, line, region,
or volume data as shown in Appendix C. For longer-term time-to-CPA calculations, aircraft intent
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information may need to be incorporated into velocity-based schemes. This intent information may
take the form of flight plan waypoints or Trajectory Change Points (TCPs) as defined in the ADS
B message [RTCA242], and different time-to-CPA agorithms will need to be developed in either
case.

Hazard ranges are important in the prioritization of hazards due to their impact on the
hazard threat level. In the case of traffic hazards, hazard ranges are often classified as being within
either a “critica” Near Mid-Air Collison (NMAC) zone, a Protected Airspace Zone (PAZ), or an
Alert Zone (AZ) (see Figure 4.7). Prepared for the RTCA SC-186 committee Working Group 1,
[K99] provides the basis for establishing different hazard threat levels that affect hazard
prioritization for conflict detection and resolution. An example calculation of aircraft-to-aircraft
miss distance, the norm of r, , based on velocity vector information would be:

F, =€ AF €). (4.2)
Developed in our previous AATT research [KP97], this miss distance equation, uses the same

vector assumptions as equation (4.1), but also assumes that € is the unit vector in the direction of
the relative motion vector C .

Calculation of miss distance for area (e.g., SSIGMET) or volumetric hazards (e.g., SUA) is
based on the miss distance from the area or volume vertices. Figure 4.8 illustrates the CPA for a
aircraft flying near SUA. Miss distance from a point hazard such as a PIREP may need to factor in
the uncertainty in the hazard region based on typical Size and characteristics of the weather
phenomena and the age of the reported data.

Hazard dert levels are typically based in part upon either the current or forecasted minimum
range (or “miss distance”) between ownship and a given hazard. Also, the det level can be a
function of ownship location (e.g., the PAZ horizontal limit may be defined as being 5 nmi in en
route airspace and 3 nmi in terminal airspace) as well as phase of flight (e.g., the PAZ vertica limit
may be defined as being greater during climbs and descents).
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Figure 4.8. Modeling of aircraft miss distance to a SUA region North of Las Vegas.
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In the current hazard prioritization implementation, the necessary time-to-CPA and hazard
range information are assumed to be supplied by the Hazard Detection model. If this is not the
case, then additional appropriate algorithms will have to be designed and coded. Because of the
high risk of this assumption that is being made, a preliminary investigation into useful time-to-CPA
and range determination agorithms was performed and is included at the end of this report as
Appendix C.

Given the budget and time constraints inherent in the development of the hazard
prioritization method and the desire for maximum NASA researcher flexibility, a hazard
prioritization aert sorting algorithm was chosen based on maximum user flexibility and spatial-
temporal adert level criteria. Thisfina sorting algorithm is based on a combination of an dert level
assignment algorithm and afina aert level sort algorithm.

The adert level assignment algorithm is based on a series of user-specified dert leve criteria
(see Table 4.4). Firgt, the user must specify the number of desired aert levels. Then, for each adert
level, the user must specify a desired combination of aert thresholds based on desired dert level
criteria.

These dert thresholds can be of two types. forecast or nowcast. The forecast derts are
based on the expected future relative states of ownship and the hazard a the CPA. Forecast alerts
involve some user-specified combination of time-to-CPA, horizontal range-at-CPA, and vertica
range-at-CPA threshold values. Nowcast aerts are based on the current relative state of ownship
and the hazard. Since a temporal threshold has no meaning in this context, the nowcast dert is
based only on current horizontal and vertical ranges.

Table 4.4. User-specifiable alert level criteria in the Hazard Prioritization model

Criteria Symbol ‘ Units‘ Comments
Number of Alert Levels Na - The number of dert levels

Alert Level A' The! th alert level; between 1 andNa ;
most critical = 1, least critical =Na .

Alert Type a, - 8 = 0 = nowcast aert; &i = 1 = forecast dert; Nowcast derts
are based on current horizontal and vertical ranges; Forecast
alerts are based on a combination of time-to-CPA, and
horizontal and vertical range-at-CPA.

Current Horizontal Range X nmi | Horizontal range-based threshold for the! th alert level based

Threshold on current state; Typically used in high-level, nowcast alerts
and in combination with a current vertical range threshold

Current Vertical Range T ft | Vertical range-based threshold for the! th alert level based on

Threshold current state; Typically used in high-level, nowcast alerts and

in combination with a current horizontal range threshold
Horizontal Range-at-CPA &r nmi | Horizonta range-based threshold for the! th alert level at

Threshold predicted CPA; Typically used in lower-level, forecast alerts

and in combination with a time-to-CPA threshold
Vertical Range-at-CPA 4 ft | Vertical range-based threshold for the th alert level at

Threshold predicted CPA; Typically used in lower-level, forecast alerts

and in combination with a time-to-CPA threshold

Time-to-CPA Threshold T min | Time-based threshold for the! th alert level; Typically used in
lower-level, forecast alerts and in combination with range-at-
CPA thresholds
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In all dert threshold cases, an adert of the appropriate level is triggered when the value of
the hazard list data is below the appropriate threshold, and a hazard is assigned the most critical,

det leve of dl vaid aerts. For each hazard H"; , such that H" is the set of N hazards;
H"={H";}, i=1, 2,..., ", with existing values of current horizontal range, x’ , current vertical

range, z', horizontal range-at-CPA, & b vertica range-at-CPA, ¢ ! time-to-CPA, 1 , and 1a
number of user-defined alert levels, its corresponding alert level, A; is determined by:
A, =min{alvaidA'}, (4.3)
fori=1, 2, ..., na. Inthe case of nowcast aerts, @ =0,avaid A" isdefined if and only if:
X'<Sxroorz'<zr . (4.4)
In the case of forecast dlerts, @i = 1, avalid A" isdefined if and only if:
g<& o< andr!<th (4.5)

Default values for the user-specified aert level threshold information are shown in Table 4.5. Note
that the default number of dert levelsna is designated as 3 (analogous to the traffic alerting levels

from [RTCA SC-186 CD& R Ops Concept]) in decreasing levels of severity from 1 to 3.
Table 4.5. Default Alert Level Thresholds.

Alert | Alert [ o |zt % [ & x [ 2« | 1F

T _ . Comments
Lovel | 12P% 1 (ami) | () | (i) | (r) | (min)
1 0 5 1000 - - - High Level Alert—will exist when the

Separation distance between the hazard and
flight is less than the designated miss
distance

2 1 - - 5 1000 | 2 min | Medium Level Alert—will exist when the
flight is predicted to miss the hazard by less
than the designated miss distance in less
than 2 minutes

3 1 - - 5 1000 | 5 min | Low Level Alert —will exist when the
flight is predicted to miss the hazard by less
than the designated miss distance in less
than 5 minutes.

*Note: Range-based thresholds may in the future be dependent on airspace and/or hazard type.

Once the dert levels are designated, the hazard list, previoudy sorted on threat types, is
sorted based on aert level. Thisfina algorithm in the alert level sorting module isasorting of all of
the hazards based on the assigned alert levels. Note that this scheme is different than the hazard
prioritization performed by TCAS. With TCAS, threat prioritization occurs for the highest RA dert
levels, but in the case of the lower TA dlert levels, dl TA threats are of equal priority [RTCA/DO-
185].

The final sorting algorithm is based on a double insertion sort that works in the same
manner as the one in the threat sort module (Figure 4.5), but sorting on alert level as opposed to
threat level. The first insertion sorts based on the discrete alert level assigned to the hazard.
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After the first insertion sort, sorting is performed for each set of hazards at a specified alert level.
This second insertion sort is based on slant distance to the hazard, in the case of a;=0 alerts, or
time-to-CPA, in the case of a;=1 alerts. This sorting algorithm works on the H" output list from

the threat sort module and generates a new, prioritized hazard output lissH” . The liss H" consists
of aprioritized list of hazard IDs, hazard types, and aert levels for use by the Hazard Notification
model and any other AOP model that needs the information.

4.1.3 Hazard Prioritization Updates

In order to perform its function, the hazard prioritization methodology needs to communicate
inputs and outputs with the AOP Hazard Detection and Hazard Prioritization models. Once every
second, the hazard prioritization methodology implemented in the Hazard Prioritization modd will
look for an updated input hazard list from the AOP Hazard Detection model. The identification of a
new input hazard list then drives the hazard prioritization process to generate a new, prioritized
hazard list, which, upon completion, is then output to the Hazard Notification model.

4.2 Scenarios

The engineering approach for testing the hazard prioritization algorithm includes the use of several
simulation-based test scenarios; these scenarios are reviewed next. These scenarios are designed to
test the vaidity of the coded hazard prioritization algorithms. Synthetic data are planned for use in
the test scenarios, but real data can be integrated in the test scenarios, based on the availability of
data.

42.1 Test Scenarios

The following scenarios are designed to test the hazard prioritization algorithm. In Scenarios 1-3,
the hazards al have a certainty level of 1; in Scenario 4-5, hazard certainty levels range between O
and 1.

Scenario 1

Key Feature:

* A series of aircraft in head-on conflicts at different look-ahead times.
Expected Outcome:

o Aircraft with less time-to-CPA will have higher aert levels.

Scenario 2

Key Feature:

» A series of aircraft with the same heading and distance from ownship, but at different radial
positions from ownship.

Expected Outcome:

» Aircraft with lower distance-at-CPA and time-to-CPA will have lower aert levels.

Scenario 3

Key Feature:

» A dtatic set of co-located aircraft, SIGMET, turbulence, SUA, heavy precipitation, congested
airspace, wind shear, and icing at a fixed distance from ownship

Expected Outcome:

» All hazards should have the same alert level, but be in order of the user preferred threat level.

Scenario 4

Key Feature:

» A dtatic set of co-located aircraft, SIGMET, turbulence, SUA, heavy precipitation, congested
airspace, wind shear, and icing at a fixed distance from ownship with varying certainty levels
between 0 and 1.

Expected Outcome:

» All hazards with certainty levels below the user-preferred certainty threshold should not show up
in the prioritized hazard list.

89




Scenario 5

Key Features:

A dynamic set of aircraft, SIGMET, turbulence, SUA, heavy precipitation, congested airspace,
wind shear, and icing hazards at varying distances from ownship with varying certainty levels
between 0 and 1.

» Different user preference criteria (incl. one where turbulence is considered a high threat level
hazard and one where it has a low threat level)
Expected Outcome:

e The prioritized hazard list will vary based on the different user preference criteria (esp.,
turbulence will vary in hazard priority).

90




5.0 CONCLUSIONS AND RECOMMENDATIONS

In this document, we specify the status of the engineering work towards the intent inference,
confidence assessment, and hazard prioritization modules for AOP.

5.1 Conclusions

The intent inference approach is to derive severa (twenty or more) intent models that describe
intelligent behaviors of a pilot. With these models, the motion of an aircraft being tracked by the
ownship can be andlyzed to infer intent. In the case that the aircraft is broadcasting intent, the
Information Ambiguity Resolution module will verify that the aircraft is actualy following the
broadcast intent. In the event that the intent is missing from the broadcast or if there is no
broadcast of intent, then the Intent Inference module infers the intent and predicts the future flight
path. When prediction is requested within tens of seconds, the prediction is based on a tracking
filter (aKaman filter if ADS-B data are used, or alow pass filter for TIS-B data), and when the
prediction spans larger time horizons, then the prediction is performed based on the tracking filter
that is biased by the path predicted by intent inference models (Long Term Intent).

The confidence assessment approach is based on using a tracking filter to prepare the best
estimate of state data and to address the issue of missing or delayed data. The key to confidence
assessment is in the estimation error covariance matrix, which provides a confidence estimate of
how good the current state has been estimated. From our analysisusing TIS-B data, we found that
the TIS-B data has such low accuracy that it should only be used when the ADS-B data is not
available. Also, due the low accuracy of TIS-B data aswell as no time tags for these data, the TIS-
B data should not be fused with the ADS-B data when both are available.

The hazard prioritization approach is based on a set of flexible agorithmic filters and
sorting that maximizes the ability for NASA researchers to test different aerting schemes. Hazard
types, times to point of closest approach, miss distances from hazards, hazard certainties, and user
preferences for threat levels and alert levels are considered in the prioritization. Our approach
handles various hazards types: points, line segments, polygons, and polyhedron volumes.

5.2 Recommendations: Process to Complete Development of RTO 30
Modules

The process to complete the development of the RTO 30 modules includes the following high
level objectives. Here we assume that the AOP receives further development and refinement
while the RTO 30 algorithms and module designs await a restart.

» Update Proposed Engineering Approach. The intent inference algorithm will need to have the
Proposed Engineering Approach re-evaluated to account for changes that take place to the AOP
architecture in the time period when the RTO 30 task is dormant. Input systems, database
content, new modules, scenarios, or modifications to existing AOP modules may occur and
these changes are likely to change our Proposed Engineering Approach.

» Update Software Design. Requirements will be revisited with respect to any changes in the
AOP architecture. Then the analysis step and devel opment of use caseswill be performed again
if there were any changes in requirements. The object models will be updated to reflect any
changes in the design and or engineering approach. A new Software Design Document will be
created to describe the design of the RTO 30 modules that are compatible with the current state
of the AOP-FFSIm system.

*  Year 2000 Problem Changes. The Y ear 2000 Compliance for the software will not be an issue
since the restart will occur after January, 2000 (or after dl Year 2000 effects are over). The
Functional Design Requirement for Y ear 2000 Compliant code will be dropped.
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Update RTCA SC-195 Committee Specifications for FIS. The FIS specifications are soon to
be released and all FIS data requirements have been based on the latest available draft copies of
RTCA MASPS. The Proposed Engineering Approach and Software Design Document will
have to be modified to correspond with the final release from the RTCA.

Procure Standardized Airport and Navigation DAFIF Database. The RTO 30 intent inference
and hazard prioritization systems needs a standardized set of data that is kept onboard in a
database management system. More specifically, airport, runway, navigation aids, SIDs,
STARs, SUA, and other data are needed as specified in our intent inference onboard database
requirements. These data are provided in an industry standard database provided by the
government (NIMA) in their Digita Aeronautica Flight Information File (DAFIF) database
product. This data can be acquired (free of charge to NASA or a arate of roughly $130 per
month for commercia industry customers) with the proper paper work provided by NASA. It
will accelerate our progressif NASA were to procure these data (free of charge) and have them
available when RTO 30 restarts.

Intent Inference Module Iterative Design. The intent inference module development is planned
to proceed with its iterative software design cycle. At first, the software will be designed to
Verify Intent; this agorithm will either verify the intent or it will indicate that the intent cannot
be verified. Next, the software for Fly to Waypoint will be designed and tested with the TCP
waypoint. Thisagorithm will then be modified to perform Fly to Waypoint using TCP+1 or
any waypoint in the flight plan. Last, the Fly to Waypoint intent model will be modified to
search for any valid waypoint within 50 nmi of the ownship. Iterations are used to
incrementally add intent models to the intent inference algorithm. After Fly to Waypoint
capabilities are added, other software will be developed, for instance, the dtitude hold intent
model, heading hold, and maintain speed models. The final intent models and most complex
intent models are those that include calls (communications or message passing) with other AOP
modules, for instance, hazard avoidance, CD&R, or FMS. At first, the hazard avoidance
intent models will be developed for turbulence, SUA, and weather avoidance intent
considerations. Then, the CD&R module in AOP will be caled to formulate the options for
intent models that verify that a conflict resolution is being performed by a nearby aircraft in
conflict with the ownship or by two nearby aircraft in conflict with each other. Finaly, the
FMS module will be called to identify intent models that include wind optimized routes or
RTAs. The approach is iterative; the intent inference agorithm capabilities are incrementally
built up through iterations in engineering specifications, software design, software coding, and
verification and validation using test scenarios.

Intent Inference Module Ability to Access Information from AOP CD&R Module. The intent
inference module uses other AOP modules, for instance the CD&R Module, to compute
solutions to problems that are posed in terms of data from nearby aircraft. For instance, the
solutions to frontside, backside, topside, and bottomside maneuvers for CD&R are computed
inthe CD&R Module. However, these CD& R solutions are usually computed for determining
only the best conflict resolution path for the ownship and perhaps for the nearby aircraft as well
for coordination purposes. Not only the optimal solution, but al feasible solutions are useful
to the intent inference algorithm when considering plausible CD&R solution waypoints to
predict the intent of the other nearby aircraft. In CD&R cases, the intent inference agorithm
considers severd intents for the nearby aircraft:

(1) the nearby aircraft either receives the CD& R waypoints or computes its own CD&R
waypoints that match the ownship solution and proceeds to use the CD&R solution and
broadcasts the TCP and TCP+1 that correctly implement the CD&R solution, (this is the
nominal and expected case).

92




(2) the nearby aircraft flies its current TCP and TCP+1 and does not update these with
the CD&R solution because it did not receive the new CD&R solution waypoints from
the ownship, (this is the unequipped or non-cooperative case for CD&R).

(3) the nearby aircraft computes its own CD&R waypoints that differ from the ownship
solution and the nearby aircraft proceeds to use the CD&R solution (e.g., a vertical
solution) that does not match the ownship solution (e.g., a horizontal solution), that is
they fail to coordinate actions, (this is the case of mixed or mis-communicated CD&R).

These cases indicate that there is a need for the intent inference module to use the CD&R
module, perhaps with function calls, to ask questions like: what are the frontside, backside,
topside, and bottomside solutions to the cooperative and non-cooperative CD&R problem
between ownship and this nearby aircraft? Not only the optima solution is needed, but
multiple solutions are needed so that all plausible actions of the nearby aircraft can be explained
from the CD&R options available.  Furthermore, the intent inference agorithm may be
tracking two aircraft that are in conflict with each other but are not in conflict with the ownship.
In such cases, one could not expect the CD&R agorithms onboard ownship to necessarily
produce the CD&R results that these two aircraft might implement. At best, the ownship can
determine through its own CD&R module that there is indeed a conflict between these two
nearby aircraft and infer that conflict resolution is taking place or soon to take place; the ADS
B broadcast may or may not confirm this intent, however, this will only effect the level of
confidence and not the intent inferred.

Intent Inference Module Ability to Access Information from AOP Hazard Resolution Module.
The intent inference module uses other AOP modules, for instance the Hazard Resolution
Module, to compute solutions to problems that are posed in terms of data from nearby aircraft.
For instance, the solutions to hazard resolution maneuvers for avoiding turbulence, SUA,
terrain, and weather are typically computed in the Hazard Resolution Module for the ownship.
Y e, the intent inference algorithm uses the hazard avoidance solution waypoints to predict the
intent of the other nearby aircraft. This type of query to an ownship hazard resolution
algorithmis very non-conventional. The ownship hazard avoidance agorithms typicaly only
compute hazard avoidance solutions for the ownship, but the intent inference algorithm needs
the ability to perform “what if” queries to the ownship hazard avoidance module so that the
intent inference agorithm can get the waypoints that are valid hazard avoidance solutions for
the nearby aircraft (not the ownship) and test them as plausible intents of nearby aircraft.

Intent Inference Module Ability to Access Information from AOP FMS Module. The intent
inference module uses other AOP modules, for instance the FMS Module, to compute
solutions to problems that are posed in terms of data from nearby aircraft. In particular, wind
optimized routes and RTA tragjectories that are normally computed by the FMS Module for the
ownship need to be computed with respect to the parameters and initid conditions of nearby
aircraft. Thisis so the intent inference algorithm can compare the wind optimized routes or
RTA routes with the state data of the nearby aircraft in order to infer the intent of the nearby
aircraft as“following wind optimized route” or “following RTA trgjectory”. This type of query
to an ownship FMS is very non-conventional and perhaps infeasible. The ownship FMS
algorithms typicaly only compute trgjectory solutions for the ownship, but what the intent
inference algorithm needsis the ability to perform “what if” type queriesto the FMS module so
that the intent inference algorithm can get the waypoints that are valid FM S optimized solutions
and test them as plausible intents of these nearby aircraft. If this type of cdl statement to the
FMS is infeasible, then the intent inference module will have to omit the intent model for
“following wind optimized route” or “following RTA trgectory”.

Confidence Assessment Module Development. At this time, the software design for
confidence assessment is finished, however, the design needs to be re-assessed when the RTO
30 project restarts to address changes in the AOP architecture and input modules.
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Confidence Assessment Module Verification and Vaideation. There is a need for a large set of
track data for multiple types of aircraft performing many different types of scenarios. For best
verification results, both GPS and ground radar track data should be obtained, however, ether
types of data are useful to our testing of the algorithms. Data sets procured from NASA flight
tests or sets available from NASA data archives will serve this purpose well. In the interim
period before RTO 30 work is restarted, the gathering of track data for testing and validation
should be performed.

Hazard Prioritization Module Integration with other AOP Modules. The hazard prioritization
module is expected to receive hazard data from the Hazard Detection model and output
prioritized hazard data to the Hazard Notification module, and, perhaps, other AOP modules. A
key next step for technicd risk mitigation is to define the interfaces between the hazard
prioritization software and the rest of the AOP to ensure that the correct data is being passed to
and from the module. Critical information to be specified for the interfaces include the data
input/output from the hazard prioritization module including the time-to-CPA and range-at-CPA
data for each identified hazard, and the dynamics of how the modules communicate with one
another. If the correct data is not available from the other AOP modules, the hazard
prioritization software will have to include the design and implementation of new algorithms.
To mitigate this potential problem, a preliminary investigation into useful CPA and time-to-
CPA agorithmsisincluded in Appendix C.

Hazard Prioritization Module lterative Design. After the hazard prioritization software design
isapproved by NASA, the hazard prioritization module will be implemented in software with
an iterative design, implementation, and verification cycle. This software implementation will
be driven by the specified set of multiple scenarios. Scenarios with increasing levels of
sophistication in numbers of hazards, hazard types, hazard geometries, conflict geometries,
and hazard dynamics will be fleshed out and used to verify and validate software of increasing
complexity.
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7.0 APPENDICES

Appendix A: Functional Design Requirements

The following is a list of the Functional Design Requirements (FDRs) for the intent inference, confidence
assessment, and hazard prioritization modules.

* FDR1.1: Software will be written in C or C++ programming languages.

All software shall be written in the C++ programming language. Existing software written in the
C programming language may be adapted and incorporated. Conformance to the C++ and C
language standards should be closely maintained to ensure portability across platforms. Seagull's
C++ coding standard [ST99a] will be used as guideline for the creation of C++ source code.

Note that software that is used to develop or investigate engineering concepts independent of the
software deliverables of RTO 30 may be written in languages other than C or C++. In particular,
Matlab code that is used to investigate engineering tradeoffs, as with the tradeoff investigations
associated with the Kalman filter being investigated in Task 2, will not be delivered and will not
be written in C or C++.

* FDR1.2: Software will be compliant with the Orbix 3.0 network communication protocol.

The software shall be able to use lona Technologies Orbix 3.0 C++ implementation of the
Common Object Request Broker Architecture (CORBA) specification [OMG99] for distributed
object communication.

 FDRZ1.3: Software will be executable from the FFSim environment.

The software shall be able to operate within the FFSim environment. This requires that the
software shall be able to communicate with the FFSim infrastructure software using the FFSim
specified software protocols and procedures [ST99b].

* FDR1.4: Software will be capable of running native under Windows NT 4.0, IRIX 6.5, and
Solaris 2.6 and 7.0 after compilation.

All source code shall be capable of being compiled and executed on the operating systems and
associated compilers listed in Table A.1. Native operating system calls shall be encapsulated to
simplify switching platforms.

Table A.1. Required Operating Systems and C/C++ Compilers.

Operating System Compiler
Windows NT 4.0 (Service | Visual C++ 6.0 (Service
Pack 5) Pack 3)

Solaris 2.6 and 7.0 EGCS 1.1.2 [EGCS99],
SPARC C++ Compiler 4.2
(if using Orbix)

IRIX 6.5 EGCS1.1.2
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* FDR1.5: Software will be Year 2000 compliant.

All software shall be Year 2000 date compliant. Software shall be able to correctly handle times
and dates before, on, or after January 1, 2000. All software shall be tested for Year 2000
compliance. The following company Year 2000 compliance statement will apply to this RTO
30:

Seagull Technology, Inc. hereby warrants that Seagull's aviation and transportation related
software products that have been developed and released since June 1997 have been tested to
ensure Year 2000 compliance in order to determine that the product(s) will record, store, process,
manage and present calendar dates (and data or functions involving or based on calendar dates)
falling on or after January 01, 2000 in the same manner and with the same functionality,
accuracy, data integrity and performance as the Seagull software records, stores, processes,
manages and presents calendar dates (and data involving or based on calendar dates) falling on or
before December 31, 1999.

* FDRL1.6: The solution will be compatible with the ADS-B message content defined by RTCA
SC-186 (MASPS [RTCA98]), including broadcast intent.

ADS-B is a function on an aircraft or a surface vehicle operating within the surface movement
area that periodically broadcasts its state vector and other information. An ADS-B message is a
packet of formatted data that convey information used in the development of ADS-B reports.
Message contents and formats are specific to the ADS-B data link; the MASPS does not address
message data fidelity and data structures; thus, RTO 21 and RTO 30 will specify definitions as
needed. An ADS-B report is information provided by ADS-B messages received from a
transmitting participant. These information elements are available for use by applications
external to the ADS-B system.

In this RTO 21 and RTO 30, ADS-B messages and reports will be modeled following the RTCA
SC-186 (MASPS [RTCA98]) standards.

* FDR1.7: The solution will be compatible with FFSim Flight Information Service (FIS)
specifications.

The FIS message content defined for RTO 21 will be used in RTO 30.

* FDR1.8: The solution will be compatible with FFSim Traffic Information Service (TIS)
specifications,.

The TIS message content defined for RTO 21 will be used in RTO 30.

 FDR1.9: The solution will incorporate intent models that represent reasonable cases of
potential flight crew deviations from the planned or nominal flight path or data linked intent
(next two way points),
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Intent models will be coordinated with NASA as well as with RTO 22: Scenario Generation for
FFSim. The process will be to enumerate the flight crew deviations and insure that it includes
the same flight crew deviations that are being investigated by Matt Jardin at NASA Ames,
researching intent inference for CTAS, and the RTO 22 team. All intent models will be fully
explained and documented in the Final Report.

* FDR1.10: Models of intent will be capable of independent verification of correctness and
completeness,

The plan is to have a pilot, a NASA research engineer, and an aerospace engineer (not currently
working on the RTO 30 project) review the models of intent to have a human verification of the
intent models. At NASA Ames, we plan to have Matt Jardin review the models. Additionally, a
mathematical or experimental verification method will be implemented based on theoretical
analysis or data analysis (from synthetic or real data).

 FDR1.11: The solution will gracefully degrade in situations where nearby aircraft flight
trajectory information cannot be reliably inferred.

For Task 1, the most recent information about nearby aircraft is used for intent inference
whenever this information becomes available. The data does not have to be synchronous nor on
time, rather, it simply has to have the appropriate time stamp on the data. For Task 1 and Task 2,
the solution will gracefully degrade because the tracking filter (both the Kalman filter and the
low pass filter) have the property that they can handle asynchronous or missing data by providing
near-term estimates of missing data.

* FDR1.12: The intent inferencing function shall update trajectory intent inferences within the
time interval to be defined by the AOP architecture,

At this time the algorithms are being designed to update with a one second time interval, subject
to change, based on the update rate and availability of information from ADS-B, FIS, TIS,
CPDLC, and other potential data sources.

* FDR1.13: The information confidence assessment shall be applicable to the size and memory
constraints of a modern avionics system and in line with the trends in the applicable
technologies.

While we really don’t want to limit our system to current avionics cpu’s, since Free Flight won’t
go mainstream for at least 5 years, we do want to keep the size and memory constraints in mind
while designing this system. Essentially, this FDR will be considered a soft constraint, stating
that the cpu requirements will be identified and checked for reasonableness given the current
trends in technology.

A summary of the FDRs will also be included in a Final Report.
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Appendix B: Algorithms to Convert Grid Weather Data to Triangulated Data

This Appendix describes algorithms suitable for triangulating weather data. While RTO 30
modules have been designed to operate on grid-based weather data, other AOP modules may
require either grid-based or triangulated weather data, for example, to define polygon hazard
regions for hazardous weather. This Appendix provides the process for this future work, if it is
required at some future date.

Figure B.1 illustrates weather data in grid form. In a uniform 2D grid form, each grid cell
represents a square region of airspace in a 2D plane. Weather data are typically stored within
computers in a grid form, so the benefit of using a grid form is that there are no additional data
structures to be created; the typical computer data structure to maintain weather data is an array.
As weather moves and weather data are updated, the data structure need not change in size or
shape. Finally, the data fusion process for weather data is greatly simplified, since data fusion for
two grids with the same grid spacing is much easier than fusing two triangulations.

Figure B.1. Grid-based weather data with colors indicating NWS Level.

The triangulation method of Fowler and Little [FL79] is one of the first methods of
automatic generation of triangulation networks. Their application was to convert digital terrain
elevation map data into a triangular irregular network. The method selects feature points such as
ridges or peaks to use in the triangulation. Given these points, they then use a Delaunay
Triangulation [BK97, OBS92] of these points to establish a triangulation. The triangulation is
established by introducing new feature points into the triangulation until the error between the
triangulation surface and the digital elevation surface is below a specified minimum.

The triangulation method of Franklin [F94] uses a top-down construction to approximate
a digital terrain map with a triangulation surface. Initially, the triangulation is approximated
with two triangles. Then, within each triangle, the elevation point that is furthest above or below
the triangle surface is used to create a set of three triangles that better approximates the surface.
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When new triangles are created, a check is made between adjacent triangles forming a
quadrilateral is made to see if a diagonal swap would better fit the terrain surface. The process
repeats until the error between the triangulation surface and the digital terrain surface is below a
specified bound.

Recently, a triangulation method by Silva et al [SMK95] has been developed based on
greedy cuts. The algorithm works by surrounding the terrain region with a polygon and proceeds
to take greedy cuts (or “bites”) out of the polygon. The cuts establish triangular facets which
closely approximate the terrain surface. The cuts progress inward towards the part of the
polygon which has yet to be processed. Three cuts are considered: ear cutting, greedy biting, and
edge splitting. The algorithm may often be faster and require fewer triangles to approximate a
given terrain surface.

For weather processing, a three step process similar to the method of Fowler and Little
[FL79] is useful for creating a triangulation. First, contour lines for the weather data are created
at level curves that correspond to the NWS levels. This is performed using a Laplacian of
Gaussian filter for edge detection, as shown in Figure B.2. From these contour lines, a
subsampling of points are chosen as feature points to be used in a triangulation, as shown in
Figure B.3. These points are then triangulated using a Delaunay Triangulation (which is
available as COTS software), and a unique color (weight or NWS level) is assigned to each
triangle, as shown in Figure B.4.

Edge Detector

g -

Figure B.2. The first step in the triangulation process is to identify the contour lines
that separate each NWS Level.
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Edge Sub-Sampling

Figure B.3. The second step in the triangulation process is to sample the
contour lines to arrive at a set of feature points for a triangulation.
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Figure B.4. The third step in the triangulation process is to create the Delaunay
Triangulation of the set of feature points (Ieft) and to assign the appropriate unique color
(weight or NWS Levd) to the triangle (right).
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Appendix C: Derivations of CPA and Time-To-CPA for Hazard Detection
In Appendix C, we investigate hazard detection derivations that provide CPA and Time-to-CPA.

C.2 CPA and Time-to-CPA for Line Segment Hazards
In this Appendix we investigate the point-to-point hazard detection problem. We consider the
relative motion of a point hazard as it passes by a point model of the ownship. Both stationary
and moving point hazards are considered. We start by defining the mathematical terms for
relative motion information. The ownship is modeled as point A and the hazard is modeled as
point B. The position of the hazard relative to the ownship is located by the vector r, the
velocity of the ownship is v,, and the velocity of the hazard is v,. The motion of the hazard
relative to the ownship is described by the relative velocity ¢ :

C =V, —V,, (C.1)
and it is useful to our analysis to use the unit vector ¢ in the direction of ¢, defined as:
(C.2)

g="C .

]
Given these relative motion variables, the time-to-CPA t and the vector r, pointing to the CPA
derived in [KP97] as:

Time of CPA: =T (C.3)
cle
Location of CPA: F, =Cx(Fx¢) (C.4)

Figure C.1 illustrates the relationships of these vectors. Note that the CPA occurs on the zero
range rate line, and the relative motion of the hazard is perpendicular to the zero range rate line.
As shown, the normal convention for a coordinate system is to have the point model of the
aircraft at the origin of a system with y-axis in the direction of v, and the x-axis in the direction

of the aircraft right wing. This assumes that the aircraft has no sideslip angle and flies in the
horizontal plane.

Vg

_vA
PointB @_ ¢
Hazard

y-axis

Zero Range
Rate Line

CPA

X-axIS

Figure C.1. Geometry of the point hazard relative to the point model of the ownship.
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Note that the Time-to-CPA and CPA equations (C.3) and (C.4) apply to both the case
where the point hazard is stationary (v,=0) and moving with constant velocity. While these

equations constitute the solution to the point-to-point hazard detection problem, they also form
the basis for the solutions to the point-to-segment, point-to-polygon, and point-to-polyhedron
hazard detection problems discussed next.

C.2 CPA and Time-to-CPA for Line Segment Hazards

In this section we investigate the point-to-segment hazard detection problem. We consider the
relative motion of a line segment hazard as it passes by a point model of the ownship. The line
segment hazard is assumed not to rotate and to have all points moving with the same constant
horizontal velocity v, ; thus, all points have the relative velocity ¢ with respect to the point
model of the ownship. The geometry of the problem is described by Figure C.2. Most of the
variables are the same as the point-to-point hazard detection problem, but now the hazard is
described by two endpoints located at r, and r, relative to the ownship position. Because of the

constant velocity assumption with no rotation, there is only one zero range rate line for the entire
hazard segment, as shown in Figure C.2.

Line Segment Hazard
Zero Range
Rate Line

X-axis

Figure C.2. Geometry of the line segment hazard relative to the point model of the ownship.

Equations (C.3) and (C.4) apply to each of the endpoints of the line segment hazard,
providing the following range and time information:

Time to zero range rate line for hazard end point 1: T, =- i (C.5)
cle

Location on zero range rate line for hazard end point 1: r, =Cx(r, xC), (C.6)

Time to zero range rate line for hazard end point 2: T,=- Rk (C.7)
cle
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Location on zero range rate line for hazard end point 2: P, =Cx(F, x€). (C.8)

There are two possible cases that determine the CPA for the line segment. First, the line segment
may pass ahead of or behind the ownship point model. Second the line segment may collide with
the ownship point model. These two cases are mathematically determined by:

Case 1. Segment Passes In Front or Behind Ownship (r, (¥, =1)
CPA: r, direction is the same as r, (or r,,) and magnitude|r, | =min {r, ,r, }
Time-to-CPA: If |r, | = |r, |, then 7 =1,, otherwise 7 =,

Case 2. Segment Collides with Ownship (r, [, =-1)
CPA: r, =0

Time-to-CPA: 7=

(T _Tl)

. +rfz||
The point-to-segment hazard detection problem is valid for both moving hazard segments and
stationary hazard segments.

4.1.2.3 CPA and Time-to-CPA for Polygon Hazards

In this section we investigate the point-to-polygon hazard detection problem. We consider the
relative motion of a polygon hazard as it passes by a point model of the ownship. The polygon
hazard is assumed not to rotate and to have all points moving with the same constant horizontal
velocity v, ; thus, all points have the relative velocity ¢ with respect to the point model of the
ownship. The geometry of the problem is described by Figure C.3. The hazard is described by a
list of n vertices v, located at r, r,, ..., r, relative to the ownship position. Because of the

constant velocity assumption with no rotation, there is only one zero range rate line for the entire
polygon, as shown in Figure C.3.

Equations (C.3) and (C.4) apply to each of the endpoints of the line segments that
compose the polygon hazard, and the CPA and Time-to-CPA equations for the line segment
hazards apply as well. Each of the vertices can be investigated to determine a time and location
when they cross the zero range rate line:

Time to zero range rate line for hazard vertex point i: I = _@, (C.9)
'oocle

Location on zero range rate line for hazard vertex point i: rp, = Ex(F x¢) (C.10)

The polygon hazard detection algorithm for determining the CPA for the polygon computes the
CPA for n polygon edges (line segments) in order to identify the closest CPA:

CPA = min{CPAy, CPA,, CPA;,... , CPA:} (C.11)

and additionally, the corresponding Time-to-CPA is determined. The point-to-polygon hazard
detection equations are valid for both moving polygon hazards as well as stationary polygon
hazards.
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Figure C.3. Geometry of the polygon hazard relative to the point model of the ownship.

4.1.2.4 CPA and Time-to-CPA for Polyhedron Volume Hazards

In this section we investigate the point-to-polyhedron hazard detection problem. We consider the
relative motion of a polyhedron hazard as it passes by a point model of the ownship. The
polyhedron hazard is assumed not to rotate and to have all points moving with the same constant
horizontal velocity v, ; thus, all points have the relative velocity ¢ with respect to the point

model of the ownship. We only consider polyhedron volumes of a particular type, since the
problem of determining the point-to-polyhedron hazard problem for arbitrary polyhedrons is not
needed for the AOP domain. In particular, the type of polyhedron of interest for the AOP domain
has a horizontal top and bottom face with identical shape, and vertical faces that connect the two.
The geometry of such a polyhedron is shown in Figure C.4. The hazard is described by a list of n
vertices v, located at r, r,, ..., r, which identify the location of the top horizontal polygon

relative to the ownship position, and a height (thickness) h. Finally, we consider only cases
where the aircraft is flying at an altitude between the bottom hazard polygon and the top hazard
polygon surface flight levels. When the aircraft is holding an altitude above the top horizontal
polygon hazard surface, the algorithm returns the height above the top horizontal hazard surface.
Likewise, when the aircraft is holding an altitude below the bottom horizontal polygon hazard
surface, the algorithm returns the depth below the bottom horizontal hazard surface. When the
aircraft is climbing or descending towards the polygon hazard, then a cross section (slice) of the
polygon hazard is computed, and the conflict detection problem is processed as a 2D point-to-
polygon type problem; the details of this process are not outlined here.
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Figure C.4. Example polyhedrons modeled for the point-to-
polyhedron hazard detection problem.

The algorithm for the point-to-polyhedron problem implements the point-to-polygon
hazard detection solution and the point-to-segment hazard detection solution. The point-to-
polygon hazard detection solution is applied to the top (or bottom) set of n vertices that describe
the top (or bottom) polygon of the polyhedron:

Closest Top Point: ~ CPAt = min{CPA,, CPA,, CPAs,... , CPA} (C.12)

Next, the n line segments that connect the top polygon face to the bottom polygon face are run
through the point-to-segment hazard detection algorithm:

Closest Side Point:  CPAs = min{CPA;, CPA,, CPA;,..., CPA.} (C.13)
From these two results, the CPA is identified:

CPA = min{CPAr, CPAs} (C.14)

This solution is valid because of the type of polyhedron hazard defined for this problem, and the
constant velocity, no rotation, and horizontal motion assumptions.
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