: ) "
AUTOMATING RADARS FOR AIR TRAFFIC CONTROL

. C. E, Muehe and R. M. 0'Dennell
M.I.T. Lincoln Laboratory
Lexington, MA 02173

ABSTRACT

Developments in digital signal preocessing
over the past few years have improved the de-
tection and false alarm properties of air sur-
veillance radars to such an extent that auto-
matic radar tracking of all aircraft within the
radar's coverage volume has become a reality.
This paper derives the radar requirements to
support tracking in a fully automated air traf-
fic control .system.

INTRODUCTION

Over the past ten years there has been a
concerted effort on. the part of the Federal Avi-
ation Administration to automate the Air Traffic

' Control system in the United States, The
objectives of this automation effort are:

(1) To relieve the air traffic controller
of some. of his burden in the face of rising
numbers of aircraft,

(2) To produce a more orderly flow of
aircraft inte and out of terminal areas so as
to increase the efficiency of these terminals,
and :

(3) To improve alrspace safety by further
reducing the chances of mid-air collisions and
the chances of encountering hazards such as
hail and turbulence.

The first sensor system to be automated
was the Air Traffic Control Radar Beacon System
{ATCRBS). Automation of the primary radar
function has been more elusive.  This paper
discusses the problems associated with the
automation of primary vadar in an ailr traffic
control system and the means which have been
developed to solve these problems.

Automation requires the automatic tracking
of all aircraft within a sensor's coverage
volume, Tracking of aircraft is required for

#The work reported was prepared for the Federal
Aviation Administration under Interagency Agree-~
ments DOT-FA72-WATI-242 and DOT-FA-TQ-WAI-679

by Lincoln Laboratory, a center for research op-
erated by Massachusetts Institute of Technology
under Air Force Contract F19628-78-C-0002.

positive contrel. Positions of all alrcraft
must be known and preojected ahead if conflicts
are to be dvoided, and if airspace is to be
used in an optimal manner.

Tracking is performed in a computer so
that automation implies the digitization of
sensor data and its introduction into a computer.
ATCRBS was easily digictized, but primary radar
signals were greatly contaminated by signals
reflected from other clutter objects in the
radar's field of view (e.g., ground objects,
precipitation, birds, automobiles, etc.).
Before describing the means used to overcome
clutter, we will describe the requirements im-
posed on the sensor output data to allow its
use in an automatic tracker,

TRACKING REQUIREMENTS

To acquire a geod appreciation for tracking
problems we will describe tracking in thrée -
stages: (1) optimum tracking of a single,
isolated aircraft; (2) tracking in a dense ‘air-
craft environment; and (3) the effect of false
alarms on tracking.

Single Tsolated Aircraft Tracking

The objective when tracking a single air-
craft is to optimally use the available data to

.provide the best estimate of the aircraft's

position and velocity. A two-dimensional radar
provides periodic aireraft position estimates of
range and azimuth., In estimating its present and
projected aircraft positions, two kinds of

errors are invelved: radar measurement errors

and unknown aircraft accelerations.

To obtain accurate position estimates the
tracker should average over many scans covering
a long period of time. However, when unknown
aircraft accelerations are likely to occur a
very short time estimate should be emploved to
correspond approximately to the correlation time.
of the acceleration. Thus, for best accuracy
there is actually an optimum averaging time
which, when measured in scan times of the radar,
is a function of (A) the ratio of the accelera-
tion motion of the aircraft to the rms measure-
ment error of the radar. It is also parametri-
cally a funetion of the correlation time of the.
random accelerations,

Starting with the time at which the aircraft
is out of track because it has just entered the
radar's coverage volume or because Lt was
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dropped from track for some reason, an initial
detection is followed on the succeeding scan by
search of a track assoclation area whose radlus
ist

R=V T + ke

max

where: V is the maximum ground speed of
aircraft 8% be tracked, T is the scan time, ¢ is
the rms radar measurement error and k is 3
constant to take into account the statistical
nature of the measurement error. We take k =
2.5 and calculate the initial assocciation areas
for a typical Airport Surveillance Radar {ASR).

Assuming a second detection within this
initial association area, the approximate vel-
ocity can be determined, the track can be pro-
jected, and a new association area can be de-
termined. Studies have been made using Kalman
filtering to optimally project the track so as
to minimize the error in the projected position.
Assuming randem accelerations uncorrelated from
scan to scan, one arrives at a so called o ~ B
tracker where a and B measure the degree of
smoothing of positiom and veloclty respectively.
The results of one such study{(l} of track in-
itiation are shown in Figure 1, Here the ex-
pected deviation of the succeeding position
reports from the projected track positioms
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Figure I ~ Deviation Variance Behavior in
Start-up Sequence
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normalized to the radar measurement error are
shown as the aircraft is detected on succeeding
scans. The deviations approach certaln steady
state values depending on A. The radius of the
correspounding assocliation area, assuming an
isotropic error distribution, are taken as four
times the deviation for high probability of
including the aireraft return. The resulting

. steady state assaciation areas, assuming random

accelerations with a 0.5G standard deviation,
are shown in Table I.

TABLE I
SURVEILLANCE RADAR PARAMETERS

ASR

60 nmi
0.003 radian

Instrumented Range

Azimuth Accuracy

Scan Time (T) 4 sec
RMS Accuracy (C)} at 1/2 Range 0.09 nmi

= (aTZ/C)2 for a = 16 ftlsec2 0.25
Initial Assoclation Area (A ) 2,2 8q nmi

(V = 5350 knots)
max .

Steady-state Association Area (AS) 1.1 sq ami
f with 50 False Alarms per Scan 0.0l
Number of Association Areas (N ) 5100

on PPI using A

0.015

Number of False Tracks (N_.}) on"
PPI FL

A continuation of the same study for the
case of several missed detections is shown in
Figure 2., The optimum association area grows
quite rapidly with succeeding misses. Thus,
with each missing scan the probability increases
that the track will be continued on a falge
report or will interfere with another track so
that at some point the track should be dropped.

The above type of analysis leads to the
state diaggrams for a tracker as shown In Figure
3. Starting with the aircraft out of track, P _,
successive detections cause the track to progrgss
through Pl, P2’ etc. to the steady state, P
When a miss occurs it drops back to a state
which most nearly matches the optimum values of
« and £, WNote that when a detection occurs
after several misses, the track drops clear bhack
to the steady state, This is in agreement with
the action shown in Figure 2.

With the state diagram, Figure 3, we can
now study the probabilities of the tracker being
in each state. The coanecting arrows are marked
p or q, where p is the single scan probability
of detecrion and ¢ = 1 - p is the probabllitry of-
a miss. Both p and q are assumed uncorrelated
from scan to scan. ‘
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Figure 2 ~ Deviation Variance Behavior in Miss-
ing Data Sequence

In the steady state, a set of equations can
be written connecting all the states noting that
the probability of entering each stare exactly
equals the probability of leaving. Alsoc employ-
ing the fact that the sum of the probabilities
of all the states equals one, the state diagram
can be analyzed to yield the probability of each
track state.

Figure 4 shoews the steady state tracker
performance for the trackers shown in Figure 3.
Here we describe the tracker by twp numbers, n,
the number of successive detections to put the
aircraft into track and, m, the number of suc=
cessive misses required to drep the track. 1In
Figure 4 the probability that a track is.in
either the firm track state P_ or one of the
coasting track states {directiy below P in
Figure 3) is plotted as a function of the proba-
bility of detection on each scan, p.

At the upper end of the curves in Figure 4
when the probability of detection is near 1, the
curves can be expressed by

P.=1-n(l-p"

T (1 - pe<l)
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Figure 3 - Tracker State Diagrams

Thus requiring more misses to drop a track
(increasing m) causes the high end of the curves
to move to the right resulting in a lowered blip-
scan ratio, p, for a given steady state track
probability. The use of more coasting track
states, however, enlarges the assoclarion area
{see Figure 2) and thus causes a higher proba-
bility that a coasting track will pick up a false
report. More will be said abour this below.

False Track Injtiation from False Reports

If we define f as the single scan false
report probability per association area, then
Flgure 4 alsc depicts the probability that a
false track exists in each assoclatibn area. 1If
f 1s very small

Ppp =M £ (£<<1)

and the number of false tracks L showing on the
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Figure '4 - Steady-State Tracker

PPI on any one scan will be

sho
where N

t ber
the sur%ace of the PPI.

As an example, if 50 false reports per scan-

are experienced on a full range PRI the result-
ing value of f, assuming association areas cqual
to the initial association areas, is abcut 0.01
(see Table I). Using the above equation the
number of false tracks per scan was calculated
{see Table I). For typical ASR radars with 50
false reports per scan and an = 3, m = 3 track-
er, approximately one false track is experienced
per 200 scans and the false track life 1s shore,
usually only three scans.

It is clear from the above discussion that,
n, the number of scans to initiate a track is
chosen as a compromise between the desire to
reduce false track gemeration (high n) and the
deslre to rapidly put an aircraft into track
(low n). 1If the false repert rate is too high
in a given area, say due to a high false alarm
rate in rain, the false track rate will increas
VETY
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varies as the nth power of the false alarm rate
so that 'a doubling or tripling of the false
alarm rate will cause a noticeable increase in
the false track rate.

Dense Aircraft Environment

In this section we discuss the use of the
tracker described In the above section in a
dense aircraft environment.

One hundred aircraft within the coverage
volume of an ASR out to 60 nmi represents a
fairly dense environment. Assuming twice the
density in part of the coverage we arrive at one
aircraft for every 56 square miles. We see that
approximately two percent of the association
areas on any one scan in the dense tarpet area
will contain more than one target report. This
is called the "crossing track" problem.

Several tactics may be used to resolve the
crossing track problem and assign the proper
reports to the correct tracks. (1) The re~
ports may be ignored and the tracks continued as
if no report were received. On the succeeding
scan the sfituation should correct itself pro-
viding the aircraft are crossing at a steep
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enough angle. (2) Each track could form twe
tracks based on the two reports within the
association volume. . One of these would die out
on succeeding scans for lack of further support.
(3) 1f available, a radilal velocity measurement
could be used both to project tracks more ac-
curately and to associate reports with the
correct tracks., {4) If available, beacon identi-~
ty or altitude reports which correlate cleanly.
with the separate reports could be used to
resolve the track association problem. (5)
Report amplitude or spectral distribution might
help resolve crossing tracks. (6) If the radar
1s a three-dimensional radar, height could be
used teo associate reports correctly,

To date there has not been enough analysis
or experience with automatic radar tracking
systems to Judge the efficiency of the above
suggestions in a dense aircraft environment, If
all the available solutions in combination
result in too much track swapping it may be
necessary to provide a higher update rate or to
lower measurement errors,

All of our examples have assumed a circular
error pattern and we have used the worst errors
to determine the error circle's radius, If the
tracker takes into account the elliptical shape
of the error pattern, 1lts area can often be
reduced by a significant amount., In the case of
crossing tracks it may be useful to recompute
the elliptical ervor pattern to help resolve the
association problem. This would only be required
on two percent of the tracks in a demse aircraft
environment.

Another approach is to calculate the separa-
tion between the predicted and measured report
positions. An association measure can be de-
fined equal to the square of the deviation of
the measured position from the predicted air-

craft position.

Track Branching to False Alarms

If the number of false reports per scan is
maintained at a small fraction of the maximum
. number of aircraft for which the system is
designed, the target branching problem to false
alarms will be measured as a small fraction of
the number experiencing the crossing track
preblem., For instance, with 50 false reports.
per scan an ASR will experience a false report
in the same association area on only 0.5 percent
af tracks in the heavy track area of an ASR. If
the same technique is used to handle track
branching te false alarms as is used to handle
crossing tracks, there should be little dif-
ficulty from this sourcer

TRACKING REOUIREMENTS AND
-RELATED RADAR REQUIREMENTS

In an automated ATC system aircraft tracks
rust be automatically initiated and as continuous
as possible. In this section we define desirable

deunxug SpeLlllcaElODS and how tnev lead to
certain radar requirements.

The tracking requirements can be expressed
in terms of the following specifications.

Steady-State Probability of Track

The steady-state probability that any air-
craft within the radar's coverage volume be in
track should be high, perhaps 99.5 percent. This
lmnlies a certain track life.

False Tracks

The average number of false tracks generated
dirvectly from false reports or by continuing true
tracks with false reports should be very small,
perhaps one in 30 minutes. The average duration
of false tracks should be short, perhaps two to
three scans.

Track Swapping

"

N,

. : \ :
The frequency of false tracks due to track

swapping in a specified dense aircraft environ-

ment should be very low, perhaps one per hour.

The decigsions to be made are:

1. the order of the tracker (n and m)

2. the requiréd
detection, and

minimum probability of

3. the requ

Kotice that the requirements for minimizing
track swapping or continuation of a track using a
false alarm both call for a high probabilicy of
detection. We may make the observation that if
the probability of detection is high enough to
reduce: track swapping to a reasonable level and
if the allowable false reports per scan {assumed
perfectly random) are a small fraction of the
track volume for which the system is designed,
then very little trouble should be experienced
from tracks being continued on false alarms. In
terminal area trackers designed for 200 tracks ,
25 to 50 false alarms per scan should be
allowable,

It is clear that from an ASR the order of
the tracker should be n = 3 or higher unless the
false alarm rate can be lowered to 4 per scan or
lower. Above order m = 3, the allowable false
alarm rate increases at the slower rate.
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Next, examining Figure 4 we see that the
order m = 2 tracker is quite poor in producing a
high probability of track. For 99 percent track
probabilicy. a 0.93 detection probability is
required with order m = 2, whereas the same
detection probability causes a 99.9 percent
track probability for the order m = 3 tracker.
The only remaining consideration is transient

response.

An n =3, m= 3 tracker will, with high
probabilicy, put a new aircraft into track in
three scans and eliminate a false track in the
same time. A 250-knot aircraft travels 0.82 nmi
in the time it takes for three scans (12 seconds)
compared to a 3-nmi ATC separation rule so that
this tracker should be quite acceptable in the
terminal area.

RECENT RADAR IMPROVEMENTS

Over the last few years, significant devel-
opments have occurred which now allow completely
automatic tracking. A good example is the
Moving Target Detector{2,3) (MTD) vhich over-
comes all forms of clutter encountered by an
ASR. The reader should consult the references
for specific details.

In the MTD the false alarm rate can be
adjusted to a reasonable value of about 40 per
scan from noise alone. Experience shows only a
slight increase in false alarm rate over this
value from all forms of clutter. In the MID
everything possible is done to avoid blind
speeds so that the probability of detection per
scan is 90 percent or more, even for tangen-
tially flying aircraft., All migsed detections
and false alarms in the MTD are decorrelated(4)
either spatially or temporally from scan to scan,
thus satisfying assumptions in the above track-
ing analysis.
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CONCLUSIONS

We have presented a detailed analysis of
the detection and false alarm requirements for
automatlc radar tracking. The radar performance
requirements are casily met with the Moving
Target Detector developed by the FAA over re- )
cent years. These developments make possible __
the automation of primary radar into the air
traffic control system.
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