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Aircraft tracking, intent inference, and trajectory predictions are important tools for enhanced capacity in air
traffic control operations. In this paper, we propose an algorithm that performs these three tasks accurately. The
algorithm uses a hybrid estimation algorithm to estimate the aircraft’s state and flight mode. These estimates are
combined with knowledge about air traffic control regulations, the aircraft’s flight plan, and the environment to infer
the pilot’s intent. Trajectory predictions are computed as a function of the aircraft’s motion (state and mode
estimates) and the inferred intent. The result is an algorithm that provides, in real-time, accurate intent and
trajectory predictions for aircraft. We analyze and test the performance of the proposed algorithm with various
scenarios representative of current and future aircraft operations within the National Airspace System.

Nomenclature

A, C = mode-matched state transition matrix and the

R mode-independent output matrix

1 = aircraft’s estimated intent

k = discrete time index

LS, = prediction look-ahead time and the
propagation time of the estimated states

m, m = the flight mode and its estimate

QR = mode-dependent process noise covariance
matrix and mode-independent measurement
noise covariance matrix

T = sampling time

TTG(w)), = time to go to w;

Vi, Vies Ve = intent model ground speed, that of the aircraft,
and its estimate

wy, € = waypoint and unit vector associated with intent
model /

w;, v = mode-dependent process noise and mode-
independent measurement noise

X, X, X, 9, ¥, ¥ position, velocity, and acceleration in the east
and north directions

2,2 = altitude and altitude rate

Sk, = rate of change of the intent model likelihood
for intent model /

ARMIMM = jth mode-matched Kalman filter likelihood
function as computed by residual-mean
interacting multiple model

A A = intent model likelihood and the time-averaged
likelihood of intent model /

Mij» 1 = mixing probability and the mode probability

R vector
8¢ = aircraft state vector, its estimate, and the

measured position and velocity
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& P = state estimate and the state estimation error
covariance matrix computed by mode-matched
Kalman filter j

by = mode transition probability from mode j to
mode i

v, v, Y. vy = heading and flight path angles for the aircraft

and the intent model unit vector

I. Introduction

HE goal of air traffic control (ATC) is to safely and efficiently

manage the flow of aircraft operating within the National
Airspace System (NAS). Currently, a centralized system is being
used in which pilots and ground controllers interact to decide upon
the future trajectory of the aircraft. Once an intent is decided, the
aircraft must comply with this intent [1].

To sustain safe and efficient aircraft flow management, decision
support tools that aid controllers have been developed [2-9]. These
decision support tools are based on trajectory prediction algorithms
because traffic advisories are dependent on the aircraft’s future
trajectory. Trajectory prediction algorithms are also important to
develop recent concepts for future air traffic management, such as
free flight [1,10-17]. In this type of system, aircraft will be able to
make decisions independently, except near the terminal area. To do
so without sacrificing safety, there is a need for accurate information
about the future behavior of the aircraft.

The research scope of this paper is the development of tracking
and prediction algorithms to accurately track maneuvering aircraft,
infer the pilot’s intent, and compute trajectory predictions.

Tracking of maneuvering aircraft is a challenging problem.
Difficulties arise when the aircraft changes flight modes in an
unanticipated manner (such as from straight flight to coordinated
turns). For aircraft tracking, algorithms such as the ¢ — § and o —
B — y algorithms have been used in ATC [18,19]. To improve the
tracking performance of maneuvering aircraft, adaptive state
estimation algorithms have been proposed [18,20-24].

Trajectory prediction methodologies can be divided into nominal,
worst case, and probabilistic techniques [10,25,26]. Nominal
trajectory prediction gives the aircraft position by propagating
estimated states into the future along a single trajectory [2,4,8]. This
methodology does not account for uncertainties in the aircraft’s
future behavior and therefore, its accuracy could degrade as the look-
ahead time, or the time for which a prediction is made, increases.
Worst-case techniques assume that an aircraft will perform any of a
set of maneuvers and the worst case, defined by the application, is
considered for aircraft trajectory prediction. Probabilistic methods
can also be used by modeling uncertainties to describe potential
changes in the future trajectory of an aircraft [27,28]. This has been
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done in at least two ways: by adding a position error to a nominal
trajectory [29,30], or by developing a complete set of possible future
trajectories weighted by their probability of occurrence. Uncertainty
about the future behavior of an aircraft can be reduced by using intent
information which determines the goal a pilot is pursuing and using
this in trajectory prediction. The problem of extracting such
information is referred to as intent inference and has received a great
deal of attention [10-17].

An intent inference algorithm (ITA) [11,12,31] models the
aircraft’s intent as a discrete set of intent models and uses path
correlation measures to identify which intent model best describes
the actual aircraft’s intent. The IIA is a sophisticated algorithm whose
functionality is briefly explained as follows. The finite set of intent
models are ranked based on their correlation with measured aircraft
motion, in the horizontal, vertical, and speed dimensions,
independently. The intent model with the highest correlation is
declared as the inferred intent of the aircraft at a specific pointin time.
The algorithm computes nominal trajectory predictions as a function
of the aircraft’s inferred intent in each dimension (i.e., horizontal,
vertical, and speed) by joining the current position of the aircraft with
the waypoint associated with the inferred intent.

The IIA has successfully increased the amount of intent
information that can be obtained from a pilot’s actions, flight plan,
and environment information. The IIA is a remarkable algorithm,
which has motivated our work. Through extensive testing, we have
noticed that this algorithm may present inference delays. Also,
because the ITA does not track the current mode of the aircraft, its
trajectory prediction methodology may result in degraded accuracy,
especially on the short term (7 min or less of look-ahead time).

We propose the intent-based trajectory prediction (IBTP)
algorithm to address the limitations encountered in the trajectory
predictions of the IIA and the propagation of the current estimated
states. We are motivated by the possibility of creating an algorithm
that exhibits the strengths of each technique. For state estimation, the
IBTP algorithm uses the residual-mean interacting multiple model
(RMIMM) algorithm [23,24] which provides accurate state
estimates and flight-mode estimates that are used to infer the pilot’s
intent. Intent information is obtained by using an intent inference
algorithm which ranks the intent models according to their likelihood
of representing the actual pilot’s intent. This likelihood is a function
of the estimated states and the time to go to the waypoints associated
with each of the intent models. The intent inference algorithm uses
flight-mode change information provided by the RMIMM algorithm
to reduce inference delays. The IBTP algorithm exploits accurate
state and mode estimates, and intent information to compute nominal
trajectory predictions.

We demonstrate through simulations for various test scenarios and
analysis that the IBTP algorithm increases the accuracy of the intent
inference and reduces inference delays observed when using the IIA.
We also show that the IBTP improves on the IIA and the RMIMM
algorithms in trajectory prediction over a wide range of look-ahead
times.

This paper is organized as follows: Sec. II explains in detail the
IBTP algorithm, Sec. III presents simulations results, and finally,
Sec. IV states our conclusions.

II. Intent-Based Trajectory Prediction Algorithm

In this section, we describe the IBTP algorithm. The algorithm
assumes that an aircraft trajectory can be described by flight
segments or modes, such as straight lines and arcs. The aircraft
position and velocity change continuously (continuous dynamics),
whereas the flight segment changes discretely (discrete dynamics).
This can be modeled as a hybrid dynamical system. To track the
trajectory of the hybrid system, a hybrid estimation algorithm is used
which can estimate aircraft states and modes simultaneously. These
estimates are combined with information on the aircraft’s
environment, such as ATC regulations and flight plan to estimate
the aircraft’s intent. The IBTP algorithm assumes a set of intent
models which describes the behaviors of aircraft operating within the
NAS. To estimate the aircraft intent, the IBTP algorithm identifies a
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Fig. 1 Block diagram of the intent-based trajectory prediction
algorithm.

single intent model which is most likely to represent the actual intent
of the aircraft. The IBTP algorithm combines the state and mode
estimates of the aircraft and the inferred intent to accurately compute
trajectory predictions.

The information required to execute the IBTP algorithm is
assumed to be provided by the flight information services-broadcast
(FIS-B) message, static databases, and the automatic surveillance-
broadcast (ADS-B) message. FIS-B is a ground based data-link
technology which broadcasts weather and other flight information.
The static databases contain information such as special use airspace,
airport locations, navigational aids, and fix locations. ADS-B is a
data-link technology being deployed to communicate among aircraft
their measured states (i.e., position and velocity), and flight plan
information [i.e., trajectory change points (TCPs)] [11,32].

Figure 1 shows a block diagram of the IBTP algorithm. The inputs
and outputs of the algorithm are displayed with arrows going into and
out of the thick-lined box, respectively. The hybrid estimation block
uses the ADS-B measurements to compute the state and mode
estimates, i.e., the aircraft’s current position, velocity, and flight
mode. These are used in the intent inference block, together with
environment information (FIS-B message and static database) and
the flight plan information (ADS-B message) to identify an intent
model. The trajectory prediction block uses the state and mode
estimates together with the inferred intent to perform trajectory
predictions. Note that the IBTP algorithm can be also used for the
current ATC system which uses radar information instead of ADS-B
because the IBTP algorithm needs only aircraft position and/or
velocity measurements for intent inference and trajectory prediction.

In the remainder of this section, we describe in detail each of the
blocks that compose the IBTP algorithm following the sequence
displayed in Fig. 1.

A. Aircraft Dynamic Model

The dynamic models described in this section are used by the
hybrid estimation block to compute the current state and mode
estimates of the aircraft. The dynamic models are matched to the
different flight modes of an aircraft. The modes chosen in this paper
describe the flight segments commonly performed by aircraft
operating in the NAS. They are as follows.

1) CV: constant velocity mode; straight flight for cruising.

2) CT: coordinated turn mode; maneuvers for heading changes
with constant speed, yaw rate, and altitude.

3) CA: constant acceleration/deceleration mode without heading
change; maneuvers for speed changes with constant heading and
altitude.
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4) CH: ascending/descending mode with constant altitude change
rate and constant ground speed; maneuvers for altitude changes.

5) CHCA: ascending/descending mode with constant altitude
change rate, and with constant acceleration/deceleration in the
horizontal dimension; maneuvers for takeoff and landing.

The dynamics of the aircraft are characterized by the following
state vector

E=[x vy z &y z & §] M

In each mode, the aircraft dynamics are represented by a discrete-
time linear dynamic system of the form

E(k+1)=A&(k) + Bjw;(k) (2a)

§ (k) = C&(k) + v (k) (2b)

where j € {CV,CT, CA, CH, CHCA} denotes the mode. The mode-
dependent process noise is assumed to be a Gaussian random process
with the following statistics:

Elw;(k)] =0, E[w;(kyw;(k)"] = Q, (3)
The mode-independent measurement noise term is also assumed to
be a Gaussian random process with the following statistics:

Ep(h]=0.  EPp(Hvk)']=R 4)

Now we define the mode-dependent system parameters for each of
the modes previously mentioned. Let the sampling interval be set to
1 s to match the ADS-B message update rate. Let us define the
following matrices useful for notational simplicity:

T 0 O 1 00
Ai=10 T 0], A=10 1 0
0 0 O 00 0
) (5a)
Z oo T 0
.A3— 0 %2 B .A4: 0 T
0 0 0 0
T 0 0 Z 0 0
.A5= o T 0|, A(,z 0 %2 0
0O 0 T 0o 0 T
T 0 O ob)
A7:[(1) 0 8] A=|0 T 0
0 0 1

Also, let Z, denote the identity matrix with r rows and O, denote a
zero matrix with » rows and ¢ columns. Then, for the CV mode, the
system matrices are given by

I A, Osyz As
Acy = 83x3 (;42 gsxz > Bey = (,341
2x3 2x3 2x2 2x3 (6)
0.002 0 0
Ocv=| 0 0002 0
0 0 0.002

For the CT mode, we use the Wiener-sequence acceleration model
[18,19,33], that is

Iy A A Ay
Acr = g3x3 (542 Ay s Ber = jl
X X I
2x3 2x3 2 7 7
07 0 0
Ocr=| 0 07 0
0 0 0.002

The dynamic model for the CA mode also corresponds to the
Wiener-sequence acceleration model. The difference between the
models for CT and CA comes from the magnitude of the process
noise covariance in the components of the horizontal dimension.

007 O 0
Aca = Acr, Bca = Ber, Oca = 0 0.07 0
0 0 0.002
)

Note that the covariance in Eq. (8) is one order of magnitude smaller
than the one in Eq. (7), except for the vertical velocity component.
This is because both modes are representative of motion in the
horizontal plane, without altitude changes.

For the CH mode, the model matrices are given by

I As O,z As
Acu = O3><3 7, O3><2 , Bey = Ax
Oy Ona Oy Osy
2x3 2x3 2x2 2x3 )
0.002 0 0
O=| 0 0002 0
0 0 0.5

Finally, for the CHCA mode, the model matrices are as follows:

Zs As A Ay
Acnea = | O3 s Ay |, Benea = As
Ora Ons T A
2x3 2x3 2 7 (10)
0.1 0 0
QCHCA == 0 01 O
0 0 05

The ADS-B message contains measurements for position and speed
in the horizontal and vertical dimensions. Therefore, the mode-
independent output matrix in Eq. (2) is given by

an

SO O OO~
[e=NeBoNe N "
[=NeBeN ==
SO = OO O
=N N eNeNeNe]
—_ o O O oo
[=NeBoNoloNe)
[=NeloNeNeNe)

The measurement noise covariance matrix in Eq. (4) is obtained from
the ADS-B system performance parameters [32]. This matrix is
defined as

225 0 0 0 0 0
0 425f> 0 0 0 0
0 0 900f 0 0 0
R=1 o 0 0 067% 0 0
0 0 0 0 067% 0
0 0 0 0 0o 1%
(12)

Let m(k) denote the flight mode at time k. The mode dynamics are
modeled as a finite Markov chain with known mode-transitions
probabilities [18,23]

7, & Prob{m(k + 1) = ilm(k) = j} (13)

from mode j at time k to mode i at time k + 1. This Markov chain
description of the aircraft’s modes is used to model an unknown
pilot’s inputs. The Markov transition matrix IT is chosen as
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0.9 0.025 0.025 0.025 0.025

0.1 09 0 0 0

m={0.1 0 0.9 0 0 (14)
0.1 0 0 0.9 0
0.1 0 0 0 0.9

The values for the entries of IT are chosen following concepts
developed in [18,31]. The first row represents the mode-transition
probabilities from the modes j € {CV,CT, CA, CH, CHCA} to the
mode i =CV. The second row represents the mode-transition
probabilities from the modes j € {CV,CT, CA, CH, CHCA} to the
mode i = CT, and so on. The elements in the diagonal represent the
probability of the aircraft remaining in the same mode from time & to
time k + 1. The off-diagonal entries equal to zero represent mode
transitions that are not allowed in our model. For example, because
the element in the second row and third column is zero (;r,; = 0), the
mode transition from the CA mode to the CT mode is not allowed. In
this way, we only allow mode transitions from any mode to CV, and
from CV to any mode, because this is representative of mode
transitions commonly performed by aircraft. The system described
by Eqgs. (2) and (13) is called a stochastic linear hybrid system [34].

B. Hybrid Estimation Algorithm

The hybrid system in Eqgs. (2) and (13) contains the continuous
state dynamics and mode transitions. To track the trajectories of such
a system, a hybrid estimation algorithm is required. This type of
algorithm can estimate both the continuous state and the aircraft
mode. For hybrid estimation we use the residual-mean interacting
multiple model algorithm [23,24]. This algorithm is chosen among
other hybrid estimation algorithms because it uses the mean of the
residual of each Kalman filter to improve the differentiation of the
likelihood of each filter being the correct one. As a result, false mode
estimation is reduced. This is done by exploiting the fact that if the
dynamic model in a given Kalman filter is not representative of the
actual flight mode of the aircraft, the residual produced by this filter is
not zero. A brief explanation is given subsequently.

The outputs of RMIMM are the continuous state estimate, its
covariance, and the mode estimate, which are computed as
[18.23.24]

E(k+1) = & (k+ Du(k+ 1) (152)

P(k+1) =Y {P;(k+ 1)+ [£;(k+ 1) — £k + D]E;(k+ 1)

—E(k + D"k + 1)
(15b)

m(k 4+ 1) = argmaxyu; (k 4 1) (15¢)
J

where &;(k+ 1) and P;(k+ 1) are the state estimate, and its
covariance, computed by the Kalman filter matched to mode j and
1, (k + 1) is the probability of mode j being the correct one at time
k + 1. Thus, the state estimate is a weighted sum of the mode-
matched state estimates, and the mode estimate is the mode that has
the maximum mode probability.

RMIMM has a bank of Kalman filters matched to each mode. The
Kalman filter j, matched to mode j, computes its own state estimate
and its covariance as

£ (k+ 1) = Ao (k) + K;(k + D[E(k + 1) — CA£q; (k)] (16a)

Pi(k+1) = A;Py; (AT + Q; — K;(k + D[C(A,Py; (k) AT
+0,)C" + RIK;(k +1)" (16b)

where §(k + 1) is the measurement, K ;(k + 1) is the gain of Kalman

filter j, and éO ;(k) and Py (k) are inputs to the Kalman filter j at time
k + 1. These inputs are computed as

Eoi(k) = ) &,k (kK (17a)

Poi(k) = 3 PR + [E:(K) — Eo, (RE: () — &, (K]} (K1)
(17b)

where j1;;(k|k) is the probability that mode i was in effect at time &
given that mode j is in effect at time k+ 1, and given the
measurement up to time k. This probability is called the mixing
probability and is calculated as

1
pij(klk) = :ﬂjiﬂi(k)s where ¢; = Z”,/ilh(k) (18)

J

where p;(k) is the mode probability at time &k, and
i,j € {CV,CT,CA,CH,CHCA}. The mode probability at time
k+ 1, pu;(k + 1), is computed as

uik+1) =%A}2MIMM(k+ 1), where ¢ = ZA}(MIMMCj
J

19)

where AXMMM(k 4 1) and can be computed using Eqs. (26)~(29) in
Hwang et al. [23]. The initial condition u;(0) can be obtained from
the properties of the system.

C. Intent Inference

As seen in Fig. 1, the intent inference algorithm uses the state and
mode estimates, &(k) and m(k), respectively, together with
environment information (FIS-B message and static database) and
flight plan information (ADS-B message) to estimate the aircraft’s
intent at time &, denoted as (k).

The set of possible intents of an aircraft at any time could have
infinitely many elements. However, in ATC these intents are
constrained by ATC procedures and regulations. Thus, in this paper,
we create a finite set of intent models based on the idea in [11,12].
These intent models are chosen to represent most of the possible
pilot’s actions in the current and future NAS. For simplicity, Tables 1
and 2 present a subset of intent models developed in [12,35]
corresponding to the ones used in the test scenarios in Sec. III.

The intent models are grouped into regulation related intents and
flight plan related intents, denoted as ©,,, and ©y,, respectively.
Furthermore, they are subdivided into the different dimensions:
horizontal, vertical, and speed, denoted as M,, M,, and M,,
respectively.

Each intent model / € M, U M, has an associated waypoint
similar to the spatial location of the TCPs and an associated unit
vector in the direction of the waypoint. For example, for intent model
go-to-TCP in Fig. 2, the associated waypoint iS Wy, _o—1cp = TCP
and the corresponding unit vector e,,_,_tcp = ercp- In the speed
dimension, each intent model 7 € M, has an associated ground
speed that the aircraft should follow to achieve the intent model’s
goal.

Table 1 Intent models related to ATC regulations (RNP: required
navigation performance)

Regulation related intents, ©,.,

Horizontal intents, M, Vertical intents, M, Speed intents M

Avoid aircraft avoid aircraft avoid aircraft
Hold course outside RNP  hold course outside RNP

Blundering aircraft blundering aircraft

blundering aircraft
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Table 2 Intent models related to flight plan actions (MIT: miles in trail)

Flight plan related intents, ®y,

Horizontal intents, M,

Vertical intents, M,

Speed intents, M

Go-to-TCP
Go-to-TCP + 1
Return to flight plan
Blundering aircraft

hold TCP pressure altitude
hold TCP pressure altitude + 1
climb/descend to TCP altitude
blundering aircraft

speed to meet TTG TCP
speed to meet TTG TCP + 1
speed to meet MIT restriction
blundering aircraft

The intent inference problem is posed as a maximum likelihood
inference problem in which the inferred intent is the one that
maximizes a likelihood-like function €2. The likelihood-like function
is composed of two factors, k; and k,. The inferred intent is computed
as

I=are max Q=arge max ki -k 20
gle@,cgu(-)fp gle(-)ng@rp e o

Note that O, U Oy = M, UM, U M,. In the following two
subsections, we will discuss how to construct the factors k; and .
These factors are referred to as intent model likelihoods; «; is based
on aircraft state only whereas «, is based on the time required to reach
the waypoint associated with a particular intent model.

1. Intent Model Likelihood Based on Aircraft State

The intent model likelihood k is a measure of how likely an intent
model is of representing the actual pilot’s intent based on the current
estimated states. Consider Figs. 2 and 3, which contain a simple yet
illustrative problem in the horizontal dimension. The algorithm
computes the intent model likelihood in the horizontal dimension by
comparing the estimate of the aircraft’s current heading angle, and
the estimate of the heading angle of the intent models’ unit vector,
denoted in this case as &tcp and 1/}tcp 11, respectively. These angles can

e).
TCP+1%
\
- e
\ ¥
1
A /XI'CP
A !
1 :
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1
‘\ ; €rcp
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Fig. 2 Waypoints and unit vectors associated with intent models go-to-
TCP and go — to — TCP + 1.
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Fig. 3 Intent model likelihoods for the heading angles shown in Fig. 2.

be computed from a unit vector pointing in the direction of the
aircraft’s heading, denoted as ey, and from the intent model unit
vectors, ey, and e, ;.

The intent model likelihood is a function of the difference between
@, and I/A/, and the maximum intent model likelihood corresponds to
the case when the aircraft’s heading is perfectly aligned with
waypoint w;. As seen in Fig. 3, this can be achieved by using a
normal distribution whose mean is the aircraft’s heading angle, and
calculating the likelihood for a given value of I/A/,. In the horizontal
dimension, the intent model likelihood for intent model 7 at time & is
defined as

(k) & NP (K); ¥ (K), 02,

In Eq. (21), 0;, is a design parameter which is set to 0, =5 deg,
guaranteeing that only those intent models whose heading angles are
within £15 deg from the aircraft’s heading will have a significant
intent model likelihood. Note that 15 deg corresponds to the 3o
bound of the distribution, which contains 99% of the heading angle
values with significant likelihood.

Similarly, in the vertical dimension, the algorithm compares the
differences between the flight path angles of the intent models and the
flight path angle of the aircraft. Thus, in the vertical dimension, the
intent model likelihood is defined as

VIieM, Q1)

A(k) B NP, (k); (k). 02, ¥V 1eM, (22)

where 0, =5 deg.

In the speed dimension, the intent model likelihood is computed
by comparing the differences between the estimate of the aircraft’s
ground speed and the ground speed associated with each of the intent
models in this dimension. Then, in the speed dimension, the intent
model likelihood is defined as

A (k) é/\f(v%(k); 1,03), v IeM, (23)

1

where o, = 0.033. This value guarantees the aircraft speed is at least
90% of the intent model speed, and at most 110% of it. This
corresponds to the 30 bound of the distribution, which contains 99%
of the speed ratios with significant likelihood.

Because the intent model likelihoods in Eqs. (21-23) are functions
of the current estimated states, they are likely to be subject to
measurement noise. In the horizontal case, if the aircraft is in a
nonmaneuvering mode, such as CV, its intent is fixed. However, the
noisy characteristics of the intent model likelihoods may produce
false intent estimates. Thus, we propose to filter the noise by
computing a time-averaged likelihood:

1 k k
A, (k) éG—Z fornm), with Ge= Y G =1

k n=k, n=k,

(24)

where f is the fading memory factor (0 < f < 1, f = 1 for no fading)
used to exponentially reduce weighting on past data points, &, is the
initiation time of the current flight mode, and A,(k) is defined in
Eq. (21). If the whole time history of the intent model likelihood is
considered, i.e., k, = 0 s is the time of initiation of the whole flight,
this could cause intent inference delays because A;(k) in Eq. (24)
includes old intent model likelihood information. These delays could
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Fig. 4 Regulations and flight plan intent models, a) «,(I), and b) zoom-in version of 4a.

arise particularly when the aircraft has maneuvered, and thus
changed its intent. To reduce these delays, we divide the time history
in segments corresponding to the duration of flight in a specific
mode, and reinitialize the filter in Eq. (24) when a new flight segment
is initiated. For example, if at time k = 500 s the aircraft changes
modes from CV to CT, then k, = 500 s.

We have observed through simulations that when the aircraft
initiates a maneuver (e.g., CT flight) the time-averaged likelihood in
Eq. (24) is not a good measure to infer the aircraft’s intent in an agile
fashion. Maneuvers in the horizontal dimension are detected by the
RMIMM algorithm through the detection of mode transitions from
CV to CT mode. That is, if m(k) # m(k — 1) and m(k) = CT, a
mode transition has occurred and the aircraft is in the maneuvering
mode in the horizontal dimension. To rapidly identify the correct
intent model when a maneuver is detected, we investigate the rate of
change of the intent model likelihood, defined as

S E X)) —r(k—1), VIeM, (25)

which is a measure of how fast each intent model is increasing its
likelihood of being correct. If the rate of change of the intent model
likelihood is negative for all intent models, the aircraft is not
changing its heading toward any of the waypoints associated with the
intent models in Tables 1 and 2. Then, the aircraft is declared as
blundering. This intent model allows us to identify an aircraft that
does not follow its flight plan and thus could be used for aircraft
conformance monitoring.

Depending on whether the aircraft is maneuvering or not, we
create a function « (/) for all intent models which is directly related
to either their time-averaged likelihood for the nonmaneuvering
cases, or the rate of change of the intent model likelihood for the
maneuvering cases. This function is defined as

Ky (1)

A fSh(k) VIeM, UM, UM, if mk)#mk—1)
T\ Ak) YIeEM,UM,UM, otherwise

(26)

and is a function of the estimated states of the aircraft only.

An intent inference algorithm that considers only the quantity «;
may fail if two intent models have their corresponding waypoints w,,
and w, closely collinear with the aircraft’s position. This scenario
can happen fairly often, especially when the aircraft is closely
following its flight plan, and the next two TCPs are closely aligned
with the aircraft heading. To prevent the algorithm from failing, we
introduce another likelihood measure which is a function of temporal
information.

2. Intent Model Likelihood Based on Temporal Information

The IBTP algorithm could discern between intent models whose
time-averaged likelihoods or the rate of change of their intent model
likelihoods are very similar in value. To do so, it ranks the intent
models in the time dimension according to their value of a second
weight, «,(/), which contains information about how far into the
future the goal related to each intent model resides, i.e., the time-to-
g0 to w;.

Because pilots should follow ATC regulations, it is reasonable to
give more weight to intent models related to ATC regulations than to
those related to the flight plan. To do so, for all I; € ©,, and for all
I; € Oy, we have i,(I;) > Kk,(I;) (i # j) for a significant time
interval. This is achieved by defining «, (/) as

A [NITTG(w));0, (0rp)*] if 1 € O
D = {N[TTG(w,);O, (052 iflce, &7
where o, > afp.§ We set 0,,, = 900 s, which corresponds to the
maximum time for which a potential conflict is investigated [11,12].
The time it would take an aircraft flying at a ground speed of 673 ft/s
(e.g., the Boeing 747-200) to travel 5 n mile is 48 s, approximately.
This distance corresponds to the minimum en route separation
requirement for safety. Outside the 5 n mile range to a hazard, more
weight is given to intent models related to ATC regulations than to
those related to the flight plan. To achieve this, it is necessary that for
alll; € O, andforall /; € O, k,(I;) = K,(I;) for all times between
47.9 s <TTG(w;,) <900 s. Tosatisfy this condition oy, = 17 s. As
seen in Fig. 4, the intersection between «,(/;) and «,(/;) occurs at
479s.

3. Intent Inference Cost Function and Optimization Problem
Given k(1) in Eq. (26) and k, (I) in Eq. (27), the intent models are
ranked according to their value of the cost function

Q) =x,(I) - k2 (1) (28)

Note that €2(/) incorporates spatial information about the likelihood
of an intent as a function of the aircraft’s states and the environment
information, through «, (I). It also includes temporal information and
the type of the intent, through «,(/). The intent model with the
maximum $2 (/) will be declared as the inferred intent at time k. That
is,

) =g, max,,, 20 @)

We now analyze the performance of the intent inference algorithm
for the nonmaneuvering case in the horizontal dimension, i.e., CV

SBecause TTG cannot be negative, the Gaussian distribution in Eq. (27)

can be considered as a truncated Gaussian, i.e., N'(x;0,0%) = 0if x <0.
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flight. This analysis presents results on the performance of the intent
inference algorithm as a function of the estimation errors.

4. Performance Analysis of the Intent Inference Algorithm in the
Horizontal Dimension

Let k., denote the time instant at which the aircraft initiated the
current CV flight segment, then k, = k., in Eq. (24). Suppose that
intent model i correctly describes the aircraft’s current intent, that is
I(k) = I,. Then, the intent inference algorithm using the likelihood
function in Eq. (26) (i.e., spatial information only) can correctly
identify the actual aircraft’s intent at time k if

A (k) > Alf(k)v VI eM,—{l} (30)

For simplicity in the analysis, we use the log-likelihood function
because it contains the same properties and information as the
likelihood function itself [35]. Thus, we define the log-likelihood for
the intent model at time k and a new time-averaged likelihood
measure as

b () 2 LI (—[W;(k) - W(k)]z) Gla)

o2 207}

1 k
L) 2= D0 S5 k() (31b)
n=key

An equivalent expression to Eq. (30) using I';(k) is
Iy (k) > Flj(k)» VIieM,—{l;} (32)
A sufficient condition for Eq. (32) to be satisfied is that

W/I,(n) - I»[/(n)| < |1/flj(n) - 1//'(I’l)|, Vne {kcv’ kcv + 1’ cees k}
(33)
Note that condition (33) is a function of the estimated quantities,
which are dependent on the estimated position and velocity and are
subject to estimation errors.
Let Ayr(k), Ay, (k), and Ay, (k) denote the estimation errors for
the angles ¥/, ¥, and ¥, respectively. Then,

AY(k) 2 k) —Y(k),  Ayyk) 2y, (k) — P, (k) (34)

Let the aircraft’s actual position and velocity vectors and their
estimates be denoted as

vk)=[xk) YO ]  pk)=[x(k) y®)]" G5

k) =[xk k)]  pl)=[xk) $Kk)]"  (35b)

ey

a) Ay

Figure 5a shows a geometrical description for the relationship
between Ay and the estimation error vector for velocity denoted as
€,(k). Figure 5b shows a relationship between the estimation error
vector for position, denoted as €, (k), and Ay, . Expressions for Ay
and Ay, can be found as a function of €, (k) and €, (k) using the
laws of sines and cosines:

_anquaw)

A““‘““( o) | )
z.qﬂqWHm%)

Av®) ““( 160 |

Using the estimated heading angles and their estimation errors in
Eq. (36), condition (33) can be written as

[V, (n) = ¥, (n)| > Ay (n) + Ay (n) + 2A%(n),
Vonelky ky+1,...,k}
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Let us consider the worst case in which the right-hand side of
Eq. (37) attains the maximum value. To this end, we seek expressions
for the maximum values of Ay, Aw,j, and A, and examine the
properties of the estimation errors in position and velocity. If the
estimated mode is correct, then the mean of the estimation error
converges exponentially to zero [23]. Let & (k) denote the estimated
state vector at time k and €(k) denote the estimation error vector.
Then the error ellipsoid, defined by

€ (k)" P (k)e(k) = 1 (38)

will be centered at the actual aircraft’s position [36-38], where P (k)
is the estimation error covariance matrix, defined in Eq. (15).
Assuming that the estimation error for position is uncorrelated with
the estimation error for velocity, P(k) becomes a block diagonal
matrix of the form

P(k) _ |:Pp0(s)(k) Pv:l)(k)] (39)

where P (k) and P,y (k) denote the estimation error covariance
matrices for position and velocity, respectively. If we assume that the
position estimation error in the vertical dimension is uncorrelated
with those of the horizontal dimension, the major and middle axes of
the error ellipsoid will be located in the horizontal plane. This follows
because in CV flight, the standard deviation for the estimation error
in the vertical dimension is smaller than those for the errors in the
horizontal dimension. Paielli and Erzberger [36] have assumed that
this ellipsoid has its major and middle axes aligned with the along-
track and cross-track directions, respectively. We do not make this
assumption, and therefore allow a more general description of the
error ellipsoid.

€y

(x(k), y(k))

N

‘l
k) N T G k), 5 (k)

b) Ay

Fig. 5 Heading estimation error for a) the aircraft, and b) the intent model.
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Consider the error ellipsoid
€ ,(K)" (3Pp,) " (k)€ (k) = 1 (40)

which corresponds to the 30 bound and thus contains 99% of the
estimation realizations at time k [35]. The length of its semimajor
axis, denoted as ||€, (k) || .x» can be defined as [37,38]

€9 ()l £ /T3Ppos (K] @)
where 7[3 P, (k)] denotes the maximum eigenvalue of the estimation
error covariance matrix 3P (k). The maximum estimation error for
position in the horizontal dimension is defined to be ||€, (k) || max-
Therefore, the maximum estimation errors for the heading angles of
the aircraft and of the intent unit vector corresponding to the intent

model, denoted as Ay and Ay, respectively, are computed using
Eq. (36) as

o ||e,,<k)||maxsinﬁ)
b = (K “
_ e ) e sin g, @
A — gip—!1 [ V€21 lImax SN Oy
Vi) =sin ( ] )

Proposition 1: Suppose the aircraft is flying in CV mode at time k
and that the mode estimate is correct. That is m(k) = m(k) = CV.
Let the true aircraft’s intent be represented by intent model i,
I(k) = I;. Then, with a 99% confidence level, an intent inference
algorithm that considers the value of the time-averaged likelihood
A (k) only, can identify the true intent of the aircraft in the horizontal
dimension if

W, (n) = ¥, ()] > sin! (—”‘”(") I sin “’)

T, (]
.1 ”ép(k)”max singo,i) 2si ,1(||€v(k)”max Sinﬁ)
ein ( O AR To()]
= Ay (1) + ATy (n) + 247 ()
VIeM,—{}; Vnelkyky+1,... .k

(43)

Proposition 1 gives an important insight to the intent inference
problem. Specifically, an intent inference algorithm that considers
only the value of A, will fail if w,;, and w 1, are closely collinear with
the aircraft’s position. In this case, the heading angles associated with
their corresponding intent unit vector will be very close in value,
making the left-hand side of Eq. (43) equal or very close to zero.
Hence, the inequality is hard to be satisfied, thus justifying the use of
ky(I). Until now we have presented analytical results for the
nonmaneuvering case. We now shift our attention to the
maneuvering case which in the horizontal dimension corresponds
to CT mode.

Recall that when the aircraft is maneuvering, the algorithm infers
the aircraft’s intent as a function of the rate of change of the intent
model likelihood, denoted as §A; for all I € M,,. Let us assume that
m(k) = m(k — 1) = CT, i.e., if there is no mode transition at time k.
Suppose that intent model i correctly describes the actual intent of the
aircraft at time k, thatis I (k) = I,. The intent inference algorithm will
correctly identify the actual intent based on the rate of change of the
intent model likelihoods if

811, () > 8hy (k) = g, (k) = Ay (k= 1) > hy (&) = Ay (k= 1),
VI eM,—{l}
(44)

Inequality (44) is a function of the estimated quantities and their
associated estimation errors. To define the worst-case scenario, let
inequality (44) be expressed as

b

N (i (00 (K + A (k)
N (91 (), W) - AR, of

- <

Likelihood

20y, (k)
2y, (o) 4 6

Fig. 6 Maximum and minimum intent model likelihoods.

; i wik)
-6 -4 -2 0
Heading Angle [deg

Ay (k) = hy (k= 1) > Ay (k) — Ay (k—=1). VI € M, —{I;}
5)

where A, (k) and ) (k) are defined using Eq. (42) as
Ay (k) = NI (0] + [AY,(K) + AP KL Y (K] 07} (46a)

h (k) = NI (0| = [AY, (k) + AP [y (k)] 07} (46b)
as shown in Fig. 6. For notational simplicity, let

a =y, (k) — (k)

L b= A0 AR @Ta)

c=[Y (k=1 —yk— 1)

_ ) (47b)
d:= Ay, (k—1) + Ap(k — 1)

ei= Y, () -k,  fi=AY )+ APk  @c)

g =¥, (k=1) = y(k—1)]

- - (47d)
hi= Ay (= 1) + AJ(k— 1)

We perform the small perturbation analysis. Let
APk = 1) = A (k= 1) = Ay (k= 1) =0
AY (k) ~ APy, (k) ~ Ay (k) < 1

which corresponds to estimation errors at time £ — 1 equal to zero,
and those at time k small. This results in d =h =0, b < 1, and
f < 1 according to Eq. (47). Then any quadratic terms that are
functions of Ay(k), Ay, (k), or Ay, (k) will be close to zero. This
yields the following Proposition.

Proposition 2: Suppose that the aircraft is flying in CT mode at
time k, and that the mode estimate is correct, that is
m(k) = m(k) = CT. Assume that there is no mode transition at
time k, and that the mode estimate is correct at time £ — 1. Suppose
that intent model i correctly describes the actual intent of the aircraft
at time k, that is I(k) = I;. Assume small estimation errors, that is

APk —1) = APy (k— 1) = Ay (k—1) =0
AR ~ Ay (R) ~ AT () < 1

Then, the intent inference algorithm can identify the actual intent of
the aircraft in the horizontal dimension based on the rate of change of
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the intent model likelihoods if

exp(g” + 2ef) —exp(e?)
exp(c?) — exp(a® + 2ab)

exp(g” + €?)

> 2ab
xp(@ ) P )[

] (43)

where b and f are functions of the estimation errors, Ay, Ay, , and
Aw,] at time k, and a, c, g, and e are defined in Eq. (47).

Because it is assumed that §A,, (k) > O for nonblundering aircraft,
it follows that |c|>|a| because |y, (k—1)—y(k—1)|>
[;, (k) — ¥ (k)|. This will not hold as the term 2ab increases its
value, which is a linear function of b, i.e., as the estimation error for
the heading angles at time k increases in value. In the asymptotic
case, the right-hand side of Eq. (48) will tend to infinity as
¢? — a* + 2ab. This corresponds to an aircraft with a very small
turn rate. In this case, the algorithm tends to fail. Because it is
assumed that §A 1,(k) > 0 for nonblundering aircraft, it follows that
lg| > le|]. Then, the term exp(g?+ 2ef) —exp(e?) grows
exponentially as a function of f, which represents the estimation
errors for the heading angles at time k. Hence, the algorithm tends to
fail as the estimation errors for the heading angles at time & increase,
which are dependent on the 2-norm of the estimation error
covariance matrices as seen from Eq. (36).

In the horizontal dimension, we assume that the mode estimate at
time k is correct and corresponds to CV or CT, that is
m(k) € {CV,CT}. Then, for the nonmaneuvering case in steady-
state conditions, the mode probability for CV, pcy ~ 1,and p,, ~ 0
for m # CV. The residual for the CV mode-matched Kalman filter is

close to zero, that is &qy(k) — (k) &~ 0. Therefore, according to
Eq. (15), P(k) is approximately equal to the estimation error
covariance of the CV mode-matched Kalman filter, Pcy (k). For a
single Kalman filter in steady-state conditions, the estimation error
converges to a function of the process noise covariance [38]. Thus,
P(k) will converge to a function of the process noise covariance for
CV mode, denoted as Q¢y. The RMIMM algorithm allows the use of
smaller process noise covariance for each mode than the one
necessary for the implementation of a single Kalman filter [38].
Because we reduce the value of this norm, we guarantee smaller
estimation errors in the heading angles, favoring the intent inference
algorithm performance in the nonmaneuvering case. This analysis is
also valid for the maneuvering case. The performance analysis of the
intent inference algorithm in the vertical and speed dimensions can
be done in a similar way [39].

D. Trajectory Prediction

The inputs to the trajectory prediction block in Fig. 1 are the state
and mode estimates, computed in the hybrid estimation block, and
the inferred intent, computed in the intent inference block. The
trajectory prediction block also uses the FIS-B data, the static
database, and the ADS-B message.

The state and mode estimates represent the current motion of the
aircraft and the inferred intent represents the goal the aircraft is

Junction Point

Prediction using intent
information only

Prediction using the
estimated states only \

Fig. 7 Aircrafttrajectory prediction as a function of the current motion
and the intent of the aircraft.

pursuing. The combination of these two sets of information could
represent the future trajectory of the aircraft until the goal associated
with the inferred intent is achieved, that is, until the predicted
position of the aircraft reaches w;. This can be seen in Fig. 7. In this
figure, the aircraft is flying in CT mode toward wj. It can be seen that
trajectory predictions calculated using only the current aircraft state
and mode estimates result in degraded prediction accuracy as the
look-ahead time increases. This is the result of ignoring the aircraft’s
intent information, which characterizes the long-term trajectory of
the aircraft. On the other hand, predicting the aircraft trajectory using
intent information only, results in degraded accuracy for small look-
ahead times. This is the result of ignoring the aircraft’s current
motion.

The IBTP algorithm exploits the strengths of each methodology: it
combines the state and mode estimates with the inferred intent
information to compute trajectory predictions, which are composed
of two segments. The first segment is calculated by propagating the
state estimates obtained from the hybrid estimation block until a
junction point, which is located at a position S; s into the future. The
second segment, corresponding to look-ahead times /> S, is
computed by projecting the predicted position of the aircraft at S
with a straight line up to the waypoint associated with the inferred
intent, namely w;. Calculating an appropriate value for S, is not a
trivial problem. This value is a function of the estimated mode of
operation and the location of w; with respect to the aircraft. The
maximum value for S, is a design parameter. In this paper, we set this
value to be

(49)

qguax _ [ 5005 if (k) € {CV,CA, CH, CHCA}
I 7)60s if m(k)=CT

These values correspond to steady-state and transient conditions,
respectively.

If the estimated mode of the aircraft is m(k) € {CV,CA,
CH, CHCA}, then the aircraft’s heading and flight path angle
remains constant. If wj is aligned with the aircraft heading and flight
path angle, then there is no information that indicates that the pilot
will change its flight mode. In this situation, it is appropriate to
propagate the estimated states for a maximum look-ahead time of
8 min (500 s), which corresponds to the first segment of the
prediction. Note that for CT mode, because the aircraft is assumed to

perform coordinated turns in cruise at a yaw rate of 1// ==x15 %,
after S7™ = 60 s the total heading change will be 90 deg. We
assume that heading change maneuvers greater than £90 deg in
cruise are highly unlikely because that would result in a complete
course change for the aircraft, which is only performed in emergency
situations, for airborne holding, or around the terminal area. We now
explain the trajectory prediction methodology.

Let %, (k + S,) denote the predicted position of the aircraft at time
k + S,. The trajectory prediction algorithm propagates the estimated
state vector until one of the following conditions is met:

1) §; is the time at which &, (k + S;) = w;.

Wk + S))
Sk + S|
(3 (k). 5 (k) xptk + S))

(x(k), 9 (k)

a) b)

Fig. 8 CYV flight with w; straight ahead. Comparison of a) condition 1,
and b) condition 2.
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(& (k), 3(k))

(& (k), (3(k)

a) b)
Fig. 9 Comparison of a) condition 3 (modeling the pilot’s reaction
time), and b) condition 4.

2) §; is the time at which the aircraft’s heading at time k + S,
denoted as 1/}(k + §)), is pointing toward wj.

3) If the aircraft is in CV mode, and w; is to the side, §; < 5 s.

4) §; = ST, at this point we join X, (k 4+ S7*) with w; using a
straight line.

Figure 8a represents condition 1 in the horizontal dimension and
CV flight. The solid line represents the propagation of the estimated
states, which is done until &, (k + ;) reaches w;. To extend the look-
ahead time of the prediction, we do the following: if the algorithm has
information about future TCPs which are beyond wj;, denoted in
Fig. 8 as TCP + n, the prediction is extended until these points using
straight lines. This is done unless the aircraft is violating ATC
regulations, and is represented by the dashed line in Fig. 8a.

Figure 8b represents condition 2. The IBTP algorithm propagates
the estimated states until a point S; s into the future where the
predicted aircraft heading aligns with w;. The prediction look-ahead
time is extended by joining %,(k 4+ S;) and w; using a straight
(dashed) line to incorporate the inferred intent information, as
mentioned before.

As soon as pilots notice that the aircraft is off-course, they will
usually correct their heading and proceed toward their next
waypoint. A problem lies on how to model the time it takes a pilot to
notice this course deviation. We propose a solution to this problem
by using the geometric construction shown in Fig. 9a. In this figure,
@ is an angle that defines the location of a point of interest 1, which is
located straight ahead of the aircraft, and W, denotes the angle

difference between I/A/ and ;. The trajectory prediction is computed
by propagating the estimated states until the predicted position of the
aircraft is at 7, and then turning the aircraft so that its heading aligns
with w;. In Fig. 9a, the trajectory prediction is represented by the
dashed line. Thus, the pilot’s reaction time (value of S;) is modeled as
a function of ®. For example, setting ® = W, is equivalent to a pilot
initiating a turn maneuver immediately, because the point n would
coincide with the aircraft’s current estimated position, denoted as
[X(k), §(k)], such that S; = 0. Currently we use ® =W, + 5 deg,
which corresponds to a reaction time of less than 5 s. However, this is
a design parameter that can be adjusted. To find the location of 7,
simple geometric functions are used [39]. There might be a case in
which the aircraft’s heading will not align with wj; if the estimated
yaw rate is maintained throughout the maneuver. In this case, the
algorithm cuts the propagation of the estimated states after S s and
then joins the predicted position at that time with w; using a straight
line. This is represented in Fig. 9b. In this way, we prevent the
prediction from diverging and not passing through w;. With this
case, we conclude the explanation of the trajectory prediction block.

III. Simulation Results

In this section, we test the performance of the RMIMM algorithm,
the ITA, and the IBTP algorithm using two scenarios representative of
current and future air traffic operations within the NAS. In these
scenarios, the measurements and flight plan information (TCPs) for
each aircraft are assumed to come from the ADS-B message. To

Table 3 RMS position and velocity errors for maneuvering aircraft

Average RMS errors Largest RMS errors

Position, ft Velocity, ft/s Velocity, ft/s

A 70.0 1.50 71.0 1.50
IBTP 5.5 0.30 8.6 0.60

Position, ft

generate the accurate ADS-B message and the static database, we use
a 6-DOF simulation of a Boeing 747-200 aircraft, combined with
various levels of atmospheric turbulence.

Figure 10 presents a scenario corresponding to a pairwise
noncooperative aircraft avoidance scenario. In this scenario, the
maneuvering aircraft, identified as id50, performs a series of CT
flights followed by CV flights to avoid aircraft id49. Aircraft id49
maintains its course and speed, following its flight plan exactly.

A. Tracking Performance

We now compare the tracking performance of the ITA [11,12] with
that of the IBTP algorithm. The comparison is made using a 50-trial
Monte Carlo simulation. This is performed for each aircraft;
however, only the results for the maneuvering aircraft are included,
because the estimation errors are higher when maneuvers are
executed along the trajectory.

Table 3 contains the average and largest rms values of the position
and velocity tracking errors for the aircraft avoidance scenario, where
a significant reduction of the average and largest rms errors indicates
increased performance in state estimation. From Table 3, it is clear
that the IBTP algorithm significantly reduces the IIA’s total average
rms and largest rms errors in position and velocity. Similar results
have been obtained for many different scenarios, including ones
discussed in this section.

B. Intent Inference Performance Comparison

Now we compare the intent inference performance of the IIA with
that of the IBTP algorithm. The comparison is made by using a
Monte Carlo simulation: for each scenario, we feed a set of 50
measured trajectories into the IIA and the IBTP algorithm to compute
50 sets of intent model likelihoods. These intent model likelihoods
are averaged for each intent model, and the intent inference algorithm
is executed based on these averaged intent model likelihoods. It is
expected from the tracking performance results and propositions 1
and 2 in Sec. Il that the IBTP algorithm will outperform the ITA in the
accuracy of the intent inference for both the maneuvering and
nonmaneuvering cases.

Figure 11 includes the intent inference results in the horizontal
dimension for the maneuvering aircraft in Fig. 10. Three time traces
are shown to represent the actual intent of the aircraft (true), the

TCP+1 = e RMIMM prediction
-.-.-. 1A prediction
----- IBTP prediction

X
TCP+1

id49 : V=673
94 - Mode: CV
94 — Horiz: GoToTCP

Y-Pos (North) [ft]
©

id50 : V=675
94 - Mode: CT *

94 — Horiz: AvoidAC
94 - Speed: AvoidAC

TCP-=1
TCP-1

0 5 10 15 20

X-Pos (East) [ft] x 104
Fig. 10 Horizontal aircraft (AC) avoidance scenario and trajectory
prediction comparison at time k = 94 s.
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Fig. 11 Intent inference results for aircraft id50 in the aircraft avoidance scenario.

inferred intent by the IIA, and the inferred intent by the IBTP
algorithm. It is important to note that the signal jumps simply
represent changes of intent. The first CT flight is initiated at time
k = 88 s. At this time, the actual intent of the aircraft in the horizontal
dimension changes to avoid-aircraft. It can be seen in Fig. 11b that
by using 6A; the IBTP algorithm is able to identify this intent with a
delay reduction of 15 s over the IIA. However, during this time
interval, the short period transitions seen in IBTP’s intent inference
are due to the sensitivity added by §A;. A delay reduction of 12 s
(220 s < k < 232 s) can also be seen when the aircraft is turning to
return to its flight plan. In this case, the IIA incorrectly infers the
aircraft’s intent by using only the time-averaged likelihood of the
different intent models.

C. Trajectory Prediction Comparison

Now the trajectory prediction results for the two scenarios are
discussed. The comparison is made by feeding a set of 50 measured
trajectories into the ITA, the RMIMM, and the IBTP algorithms to
compute the trajectory predictions. The prediction times correspond
roughly to the initiation time of the maneuver to avoid the aircraft.

In Fig. 10, the IBTP prediction closely follows the actual
trajectory, whereas the RMIMM and IIA predictions diverge quickly
from it. These results demonstrate the benefits of using the IBTP
algorithm for trajectory prediction in the horizontal and vertical
dimensions. Similar results to those presented thus far (tracking,
intent inference, and trajectory prediction performance) have been
obtained in scenarios including maneuvers in the vertical and speed
dimensions.

1.4 - T
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Look-ahead Time [min]

a) Cross—track errors
Fig. 12

D. Prediction Error Comparison

This section presents a scenario in which we test the prediction
performance of the RMIMM algorithm, the IIA, and the IBTP
algorithm. The aircraft follows the flight plan (TCPs), and preforms a
series of CV and CT flight segments. At time k = 1045 s the aircraft
initiates a turning maneuver, and its intent is go-to-TCP. Even though
this scenario is fairly simple, it is useful to test the trajectory
prediction performance of the algorithms.

To test the trajectory prediction performance, we perform
Monte Carlo simulations: 50 sets of trajectory predictions are
computed by each algorithm attime k = 1045 s. The RMS values for
the predicted position errors are computed and transformed into a
reference frame aligned with the along-track direction. This results in
along-track and cross-track errors for look-ahead times between 1
and 900 s (maximum look-ahead time in this case). Figure 12
contains the cross-track and along-track errors. In this figure, there
are three time traces corresponding to the errors for each algorithm.

From Fig. 12a, it is clear that the performance of the RMIMM
algorithm is good for short look-ahead times, specifically for look-
ahead times less than 1 min, after which the performance degrades as
aresult of not using intent information. The performance of the ITA is
poor for small look-ahead times, because it does not consider the
current motion of the aircraft, but the performance improves as the
look-ahead time increases. The peak prediction error for this
algorithm is approximately 0.4 n mile in this case. It can be seen that
the IBTP algorithm outperforms both algorithms for all times by
incorporating both the current estimated motion and the intent
information. Note that the IIA and the IBTP algorithm prediction
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performances converge as the look-ahead time increases. This is
because both predictions use the intent information and predict the
aircraft flying through TCPs.

Figure 12b contains the along-track errors for this scenario. Again,
the RMIMM algorithm displays poor prediction performance as time
increases. This is also the case for the IIA and the IBTP algorithm
because the lengths of the predicted trajectories for both of these
algorithms are shorter than the actual trajectory of the aircraft. Thus,
the predicted trajectories of the IIA and the IBTP algorithm reach the
TCP in less time than the actual trajectory does, creating increasing
along-track errors. It is important to note that after 14 min of look-
ahead time, the IBTP along-track error is 20% less than that of the
ITA, and it corresponds to 2.5 n mile, which is approximately half of
the safety distance between aircraft in ATC.

IV. Conclusions

In this paper, we have proposed the intent-based trajectory
prediction algorithm to track maneuvering aircraft, estimate the
aircraft’s intent, and compute trajectory predictions. The algorithm
uses a hybrid estimation algorithm called the residual-mean
interacting multiple model algorithm to compute state and flight-
mode estimates, and surpasses the state estimation accuracy of the
intent inference algorithm in [11,12]. An intent inference
methodology has been developed that uses the state and mode
estimates, ATC regulations, and environment information to
estimate the aircraft’s intent in the horizontal, vertical, and speed
dimensions. The intent inference problem is posed as a discrete
optimization problem whose cost function uses both spatial and
temporal information. Intent inference delay reductions of up to 30 s
were obtained by using the rate of change of the intent model
likelihoods when the aircraft is maneuvering. The trajectory
predictions are computed by combining the state and mode estimates
and the inferred intent. The contributions of this paper are to develop
an algorithm for accurate trajectory predictions and accurate intent
inference with reduced delays. These contributions have been
demonstrated through analysis and various simulation results, which
test the algorithm in different scenarios representative of current and
future ATC operations.
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