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16. Abstract

- I-- . ,, c AdlrcF leucon System lABti l:in. 1 en desivned to be an evolutionary, replacement of the present

third generation. Air "I raffic C.'ontrol Radar Beacon System (ATCRBS). Although the ATCRBS returns processed by
DABS will be identical to those currently being employed, the DABS processing system will not merely mimic the
present system. Instead, it has been designed to surpass current performance levels even while reducing the num-
oer of interrogations transmitted per scan. This will be made possible by utilizing Lte aveilability of several new
ieatuzes introduced by the DABS sensor. In particular, the employment of a monopulse antenna will permit both more
accuxate azimutli estimation wvth fewer replies per scan and improved decoding performancre when garble is present.

The ATCI1S portion of the DAB3S sesor has been designed to be a complete, self-contained package that performs
all ATICRBS functions required for aircraft surveillance. 1he major tasks it implements at_:

I. Determining the range, azimuth, and code of each received AICRBS reply

2. Grouping replies from the same aircraft into target reports and discarding fruit replies

3. Identifying all false alarm target reports due to reflections, coincident fruit, splittitng,
or ringaround

4, lntiating and maintaLrnng a track on all aircraft in Lhe k-uVUred airspace

The first function has been implemented in hardware while the remaining ones are performed In software. T1his re-
port will discuss in detail only the software subsystems.

The ATCRBS system described in this report las been implemented in the ATCRBS Monopulse Processing System
(AMPS) built at Lincoln Laboratory. Although the AMPS des:-gn is based upon the specilcations contained in the DABS
Engineering Requirements (ER), there are two major differences between AMPS tod the ER system. liret, the
design described here is for a standalone ATCRBS system; no capabilities are ballt in to sep'd, receive, or employ
information from other sensors, arni no fornul interfaces to other ATC functions are defintd. Second, dtis system
was not intended to be a production prototype, so no reliability features hatro been includec.
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Abs -act

The Discrete Address Beacon System (DABS) has been designed to be an
evolutionary replacement of the present third generation Air Traffic Control
Radar Beacon System (ATCRBS). Although the ATCRBS returns processed by DABS
will be identical to those currently being employed, thc DABS processing
system will not merely mimic the present system. Insce~d, it has been designed
to surpass current performance levels even while reducig the number of
interrogations transmitted per scan. This will be made possible by utilizing
the availability of several new features introduced by •he DABS sensor. In
particular, the employment of a monopulse antenna will permit both more
accurate azimuth estimation with fewer replies per scar-s and improved decoding
performance when garble is present.

The ATCRBS portion of the DABS sor has been dts.sIngned to be a complete,
self-contained package that performs a 11 ATCRI3S funict>.'ns required for aircraft
surveillance. The major tasks it implements are;

1. DeterlxLiniag the range, azimuth, and code of each received ATCRBS
reply

2. Grou~lng replies from the same aircreft J.t:o target reports and
discarding fruit replies

3. TA...-.-t,.4..., al.1 falsealaIrm q-aronet rnnerri- duei to reflpct~ions.

coiscident fruit, splitting, or ringnround

4. Initiating and maintaining a track on all aircraft in the covered
airspace

The first function has been implemented in hardware while the remaining ones
are performed in software. This report will discuss in detail only the
software subsystems.

The ATCRBS system described in this report has been implemented in the
ATCRBS Monopulse Processing System (AMPS) built at Lincoln Laboratory.
Although the AMPS des.ign is based upon the specifications contained in the
DABS Engineering Requirements (ER), there are two major differences between
AMPS ard the ER system, First, the design described here is for a standalone
ATCRBS system; no capabilities are built in to send, receive, or employ
information from other sensors, and no formal interfaces to other ANC functions
are defined. Second, this system was not intended to be a production prototype,
so no reliability features have been included.
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THE ATCRBS MODE OF DABS

1.0 INTRODUCTION

The Discrete Address Beacon System (DABS) has been designed to be an

evolutionary replacement of the present third generation Air Traffic Control
Radar Beacon System (ATCRBS). The introduction of DABS sensors will proceed
gradually over a number of years. The required changeover from ATCRBS to
DABS transponders will occur long after the first DAPS sensors are operational.

Rather than incur the expense of requiring dual ATCRBS and DABS sensors at
every DABS site, the DABS sensor has been designed to perform all necessary

surveillance functions on both DABS and ATCRBS equipped aircroft.

Although the ATCRBS returns processed by DABS will be identical to those

currently being employed, the DABS processing system will not merely mimic
the present system. Instead, it has been designed to surpass current per-
formance levels even while reducing the number of interrogations transmitted
per scan. This will be made possible by utilizing several new features

introduced by the DABS sensor. In particular, the employment of a monopulse
antenna will permit both more accurate azimuth estimation with fewer replies

per scan and improved decoding performance when garble is present.

The ATCRBS portion of the DABS sensor has been designed to be a complete,

self-contained package that performs all ATCRBS functions required for air-

craft surveillance. The major tasks it implements are:

1. Determining the range, azimuth, and code of each received ATCRBS

reply

2. Grouping replies from the same aircraft into target reports and
discarding fruit replies

3. Tdentifvlno falseanlarm target reonrtsc which ocrfromrefectons

coincident fruit, splitting, or ringaround

4. Initiating and maintaining a track on all aircraft in the covered

airspace

The first function has been implemented in hardware while the remaining ones

are performed in software. This report will discuss in detail only the
software subsystems.

The output of the ATCRBS portion of the DABS sensor is target reports on

ATCRBS equipped aircraft. Thus, the tracking function may appear to be

unnecessary. However, the presence of internal track files is vital to the
generation of accurate and complete target reports. Comparison of current
scan reports with the previous scan information contained in the sensor track

file permits the following types of report quality improvement to occur:



1. Incomplete aircraft codes can be completed

2. Suspected decoding errors can be identified

3. Reply correlation errors that produce incorrect mode associations
can be identified and corrected

4. Coincident fruit, split, and ringarour.d reports can be suppressed

5. False target reports due to reflection can be identified and marked

The correlating track number for every targct report is contained within the

report.

An overview of all the functions perforaed by the ATCRBS system is pre-
sented in Figure 1-1. The remainder of this report will describe In detail
the algorithms designed to perform these functions and the particular imple-
mentations of them developed by Lincoln Laboratory. For each algorithm, the
rationale as well as the purpose will be presented in the hope that reader
understanding will thereby be increased. The implementation presented here
is felt to be efficient in terms of time and space and is intended to serve
as a guide for other software designers. Clearly, alternate approaches
exist.

The ATCRBS system described in this report has been implemented in the
ATCRBS Monopulse Processing System (AMPS) built at Lincoln Laboratory.
Although the AMPS design is based upon the specifications contained in the
DABS Engineering Requirements (ER), there are several differences between
AMPS and the ER system. First, the design described here is for a standalone
ATCRBS system; no capabilities are built in to send, receive, or employ
information from other sensors, and no formal interfaces to other ATC functions
are defined. Second, this system was not intended to be a production proto-
type, so no reliability features have been included. Third, the confidence
bit designations employed here are the exact opposites of tne EA definitions.

is~O* anI *.istcL4 cal prolemJY Lthat wold4 bet d.ff i to retf nenly

but which is trivial to overcome at the interf.,ces by simple bit inversion.
Finally, many of the surveillance processing algorithms differ in minor
respects from the ER rules. These reflect the increased knowledge that has
been obtained through analysis of real-world data since the ER was written.
These improvements will be included in future DABS ER revisions.

The AMPS system has fully implemented mode A and mode C processing
capabilities, as algorithms for these modes are currently well defined. AMPS
will also accept mode 2 replies if present and include them with each target

report. Except that AMPS will attempt to associate the proper mode 2 codc
with each report, however, the presence of mode 2 is transparent to surveil-
lance processing. In particular, no mode 2 code is maintained in the track
file, mode 2 is not employed in any correlation decision, and no target
report data editing decision is affected by the presence or absence of a mode
2 code,

2
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Figure 1-1:- ATCRBS Portion of DABS Sensor
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All the data structures in this report are drawn under the assumption
the computer being used has 32 bit memory words. However, all fields have
been designed to satisfy 16 bit boundaries, and thus a 16 bit computer could
use the same structures directly (just by storing each 32 bit word in two 16
bit words). In fact, the ATCRBS implementation presented in this report has
been programmed on both a 32-bit and a 16-bit computer.

The remainder of this report is structured as follows. Chapter 2 describes
in overview the functions performed by the reply processor hardware and liscs
the inputs provided to the software. Chapter 3 presents a high level descrip-
tion of the software functions that are describcd in detail in the remainder
of the paper, both to set them in perspective and to serve as a summary for
readers not interested in the implementation aspects of the algorithms.
Chapter 4 discusses the reply correlation and raw target formation procedures.
The correlation of discrete code target reports and tracks is covered by
Chapter 5. Chapters 6 and 7 present the more complex algorithms required for
non-discrete correlation; the former chapter presents the preliminary target-
to-track association function while the latter chapter presents the resolution
of multiple association situations into the proper correlation pairs. The
automatic filitiation of tracks on new aircraft is described in Chapter 8,
while the updating of these tracks from scan to scan is covered by Chapter 9.
Chapter IC thcn describes how various classes of false alarm target reports
(reflections, coincident fruit, splits, or ringaround) are identified and
processed. Finally. Chaptcr 1: discusses the use of primary radar reports in
the ATCRBS sysLem, both for reinforcing Leacon reports and for providing
surveillance for non-eqiippel aircraft.

4



2.0 REPLY PROCESSING

An ATCRBS reply, as illustrated in Figure 2-1, consists of between two
and fifteen pulses. The function of tht: hardware reply processor is to
identify all ATCRBS replies by searching the received pulse train for framing
pulse lairs and then to decide which (if any) of the code pulses exist for
each reply. The hardware also determines the range of each reply, from the
time of arrival of the Fl pulse, and the azimuth of each reply, from the
monopulse samples of all pulses received. The remainder of this chapter will
highlight the key ideas of the reply processor design.

2.1 Reply Detection

A candidate ATCRBS reply is declared whenever two pulses separated by
approximately 20.3 wicroseconds ("framing" pulses) are located in the input
pulse stream. The candidate reply is accepted as a valid reply provided it
meets both of the following criteria:

1. At least one of the framing pulses is declared to be received in
the antenna mainbeam

2. The reply is not thought to be a phantom

The first condition alludes to the fact that the ATCRBS processing hardware
contains receive sidelobe suppression (RSLS) circuitry that identifies each
pulse received in a sidelobe of the antenna. Thus sidelobe replies, whicjl
are not valid aircraft responses, can be eliminated.

A phantom reply is defined to be one created by pulses from two valid
replies. As illustrated in Figure 2-2, when two replies overlap properly, a
pulse of the first reply can be separated from one of the second by the 20.3
microsecond interval that characterizes framing pulses, thereby creating an
intermeiate candidate reply. The reply processor eliminates the middle
reply whenever three candidate mainbeam replies are found whose relative
times satisfy the phantom conditions.

Two other special types of replies, depicted in Figure 2-3, are identi-
fied by the reply processing hardware. The first, called a C -SPI phantom,
occurs whenever a reply contains pulses in both the C2 and SPI positions;
since these positions are exactly 20.3 microseconds apart, they produce a
phantom bracket. The other is the military identification reply, whose
second half consists of a bracket whose FL pulse is located in the SPI position
of the real aircraft reply.

Clearly, two real replies from two different aircraft could produce
either situation, so automatic elimination of either type of special reply is
not permitted. Rather, azimuth correlation of the pulse in the SPI position

5



SATC-65(2- I)

I - r i r- r i r i r I r -i rI rn r -

F1 CI ' C2 C4 A4  X B1 Dl B2  D2 B4 D4 F 2 SPI

FI, F 2 are framing pulses (always present), 20.3 usec apart.

Each pulse is nominally 0.5 psec wide.

Interpulse spacing is 1.45 lsec.

X position is normally unused.

SPI pulse, used for signalling, is 3 positions beyond F 2 .

Figure 2-1: An ATCRBS Reply
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HATC-65(2-2)

Fiji Reply 1

H n Reply 2

20.3 psec

Pulse from Reply 1. and pulse from Reply 2 form a phantom bracket

pair.

F .e 2-2: Creation of a Phant•im Reply
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-F AT C-6523

F] C2 F2 SPI

20.3 Psec-

C2 and SPI pulses form a phantom bracket pair.

Real Reply Military Echo

O p•,,,i~litary rl m•,-1. second bracket in SP1 pnSt'lnfn

of real reply.

Figure 2-3: Special Phantom Conditions
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with the other pulse (C 2 for C 2-SI phantom, F1 of first reply for military
ID) is required. If correlation fails, the candidate reply is accepted, while

if correlation succeeds, the reply will be discarded. The logic of these
situations interacts with that of the normal phantom situation in such a
manner that C 2-SPI phantoms must be eliminated immediately by the hardware,

Dut military echos mast only be marked by the hardware and later eliminated in
software. That is, keaping C -SPI replies could result in the elimination of
real replies as phantoms, whiie eliminating military echoes could result in
phantoms being called real replies. Figure 2-4 clarifies this issue.

2.2 Reply Decoding and Confidence Bits

Once a reply has been detected, the reply processing hardware must

determine, for each of the twelve code positions, whether or not a pulse
exists in that position, and if so, whether or not it belongs to that reply
(as opposed to another overlapping reply). This process is quite straight-
forward for a reply in the clear, but is difficult for a reply that is garbled

by one or more other replies.

Since ambiguity is fairly common in garble situations, the reply processor

may not be able to decide whether or not a specific code pulse for a given
reply is present. Rather than force a possibly wrong guess to be made, the
idea of confidence flaus wna developned, Fr each cod b h decision a corrcý

sponding confidence decision, high or low, is made. When the decision is
straightforward, the confidence flag is turned off ('0'); when the decision is
ambiguous, the best'guess is made, but the confidence flag is set ('I'). The

important point that will be seen later is that only high confidence code bits
will be employed in any of the code comparison tests.

The rules for determining what values of code and confidence to assign to

a given pulse position of a given reply are the following:

HO: a high confidence 0 is declared whenever no pulse is detected in the
code ptsition

Ill: a high confidence 1 is declared whenever a mainbean pulse is detected
in the code position that correlates in azimuth with the reply

reference azimuth and fails to correlate with the reference of every

other garbling reply (if any)

LO: a low confidence 0 is declared whenever either (a) a sidelobe pulse

is detected in the code position, or (b) a mainbeam pulse is

detected th; t fails to correlate in azimuth with the reply reference

but succeeds in correlating with the reply reference of a garbling
reply

9



F1 C2 F2  SPI ATC-65(2-4)]

.ELI[. nFa] Reply 1
FI F2

I I I

St C - SPI Phantom

(F1) (F2)

If C2 - SPI phantom is kept, reply 2 is eliminated as the "reply in

the middle".

l I i LtL I 1 1 Military echo
l, i '

I II I
I IPhantom

I i

Phantom can be eliminated as "reply in the middle" only if wilitary
echo reply is maintained.

Figure 2,-4 Phantom Logic Interactions
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Li: a low confidence 1 is declared whenever a mainbeam pulse exists in
the code position that either (a) fails to correlate in azimuth withl
the reply referenrze and with the references of all other garbling
nrplies (it any), or (b) coriltlates successfully with both the reply
rc'erence and the reference of one or more garbling replies

An example of the application of these rules in a garbling situation is pre-
sented in Figure 2-5.

The reference azimuth for a reply is initially set to the azimuth of the
Fl framing pulse of the reply. However, if this*pulse is located in a garble
region, the -zlmuth of the F2 pulse is utilized. The reply reference azimuth
is updated each time a high confidence 1 is declared for the reply (code pulse
or framing pulse) through simple averaging of the old reference with the new
sample. If the initial reference azimuth is not confirmed by a succeeding
pulse, the azimuth of the reply is defaulted to the antenna boresilht and a
special marking is set.

2.3 Reply Processor OutpuLs

For each interrogation sweep, the reply processor transmits to the
ATCRBS software the following two items of information:

1. Mode of the sweep (A, C, or 2)

2. Antenna boresight azimuth

In addition, for each reply declared by !th reply processor, the following set
of information is provided:

1. Re-ly range

2. Reply boresight azimuth

3. Final reply monopulse reference

4. Re.Iy code

5. Reply code confidence

6. Special implementation dependent reply at'Tibutes

m*

It should be noted that these reference azimuth selection rules permit a
sidelobe pulse to be chosen. A modification being made to the DABS reply
processor implementation corrects this oversight by discarding any reply each
of whose framing pulses is either garbled or sidelobe. In the AMPS implemen-
tation, this rule change is being handled in the reply correlation software,
as described in Chapter 4.

11



ATC-65(2-5)1

H I] LEI
Reply 1 - Reference A

YB n A is •

H Rply2 -RefreneHILF1VL2Overlap Region
S I II

Reply 1: Lb HO Hi LO Li HO HI

Reply 2: Hi HO LO Hi Li 110 LO

(assumes 'C different from OA or OB

Figure 2-5: Confidence Bit Decisions

12



The range is given in time counts from sweep interrogation until reception of
the F1 pulse, and hence it mug& be converted to miles at some later time. The
reply boresight azimuth is the antenna azimuth at the time the reply was
received. After the reply correlation software determines the off-boresight
azimuth of the reply, by a table lookup whose index is the final monopulse
reference value, the two azimuth values are summed to produce the actual reply
azimuth. The code and code confidence bits are ordered as follows:

A4 A2 AIB 4 B2 B1 C4 C2 CID 4 D2 DIF 1 F 2 XSPI

where the F1 and F2 bits are optional. The format of the reply block trans-
mitted by the AMPS reply processor, and the list and definitions of all the
special reply attributes it provides, are provided in Figure 2-6.

13



15 16 31

Range Code

Bores iglit
Azimuth L00 Conf idence

0 3 4 10 11 12 15 16 19 20 23 24 31

Not Not Fin

Mode Use d (1) Decode- Used (2) M0nopuise" )
Reference

0 5 6 7 8 15 16 19 20 31

Special Number Total

Not Used (3) Monopulse of Monopulse
Check Pulses Accumulation

Notes:

Range: least significant bit = 60.4 nsec
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3.0 THE ATCRBS SOFTWARE SUBSYSTEM

The ATCRBS software subsystem consists of two separable components:
reply correlation and surveillance processing. The first program, which is
executed once per sweep, attempts to group replies from the same aircraft
into raw target reports and to reject fruit replies. These target reports
are then processed o-ice per sector (nominally 11.25 ) by the second program,

which corrects, completes, and labels the reports through reference to track
history information. Since these two programs interact solely through a one-
way transfer of target reports, they can easily be implemented in separate
computers if so desired. This chapter will discuss the algorithms for both
components in summary fashion, while later chapters of this report will give
the implementation details. Thus, a reader may refer to the corresponding
chapter for any topic on which he desires more information. Figures 3-la and
3-lb present a flowchart of the overall ATCRBS software subsystem that is
described herein.

Although the basic functions to be performed by this system are identi-
cal to those of the current ARTS and NAS systems, it will become apparent
that the algorithms required to implement them often differ considerably in
method and complexity from existing ones. The main reason for these changes
is that significant differences exist between the target reports of the
currenL ATCRBS system and the one proposed as part of DABS. This fact becomes

clcar when one considers the following table:

Attribute ARTS DABS

typical runlength 16 4
garble bits 1 12

azimuth beamsplit monopulse

The long runlength in ARTS heips to prevent extraneous reports (fruit
correlation, code splits, azimuth splits) from being declared. DABS raw
reports, on the other hand, are often extraneous or contain code errors due
to the very short runlength. Thus, data editing, and the compilation of the
LLaCk fileU to support it, are necessary features of surveillance processing
for DABS data.

Since ARTS reports contain only one garble bit (indicating clear or
garbled code) and have an azimuth declared through beamsplitting, it is not
surprising that the report quality is often low in crossing situations.

Thus, to prevent track swaps, correlation i; often not attempted in ambiguous
situations. DABS reports, on the other hand, contain a garble bit for every
code bit. Even in severe synchronous garble, some part of the report code
will be known with certainty. This fact, combined with the accuracy of a
monopulse azimuth, justifies attempting correlation in all situations. As a
result, the correlation algorithms presented in this paper are far more
complex than those currently employed. The resulting system performance,

based on tests with live data, strongly indicates the added features are
worth their cost.

15



ATC-65 (3-a)
Start. Swe'ep Processfil

Extrancotis Reply

Reject ionl

Range and Azimuth
Computt ion

Non-Correlating Reply/Reply Correlating Replies

STFarget

Buffer

Figure 3-1(a): Reply Correlation Flowchart

lb



ATCr-6s(-3-1)

s t t c I'! 1 tI

Ta rgets .;!

a rgcts (for ei atiO k

Ta rk!vt(,d o(3(

ppi n ,

S i p k) e IIntc rtw ined

Association
Ca•cs A+ .,jtjn(a~c

r elatin E em entary Many On Many

a• ret�gn�~~e~j (or rei i•ee

Non-Cor re lating /

Targe t- . Correlating . .• k Targets /Nna-Cor relatin~g

S I/ n rgu•ts

Corrating rack rrc cd
TaigetS Initia tion

Track Trark

Target Code IMproVernent
ARTS and

False Target
Flagging

Fi ure 3-1(b): Surveillance Processing Flowchart.

17



I
3. 1 )ýttu Reports

The primary output of any ATCRBS sensor is a stream of target reports,
hopeiully one per scan for each aircraft in the coverage region. In a DABS
sensor (and in the AIPS implementation of it), two types of reports exist:
raw and polished. Raw reports are those declared through reply correlation.
They are often incomplete in their information fields, and on occasion are
due to false alarms rather than to real aircraft. Polished reports, on the
other hand, have been processed through several software improvement algorithms
that make use of track history information. Those reports felt to be valid
are completed and labelled with a track file number, while those thought to
be false alarms are discarded. In normal circumstances, only reports of the
former type are output to the ATC users.

DAbS reports are output to other DABS sensors, to the Intermittent
Positive Control (IPC) function, and to various ATC users. WMiS reports,
however, are only output to one ATC function at any time. The format of
these reports is dependent upon which user (ARTS, NAS, etc.) is active. To
indicate the ensemble of information available to any user, Figure 3-2 presents
the final internal format for a report ready to be output. The special
purpose bits, as indicated, are used for output screening, special report
flagging, and analysis aids.

In the normal case, a target report is output in the same azimuth sector
in which it is received. However, when target to track correlation requires
future information to make its decision, the report may be delayed in the
system. The maximum number of sectors that a report may be so held before
being output is a system parameter. When the limit is reached, correlation
is performed whether or not additional information is possible.

3.2 Reply Correlation and Target Formation

At the end of each sweep, after all replies have been received from the
reply processing hardware, each is checked to see whether it was caused by a
characteristic ATCRBS system problem rather than by a legitimate aircraft
response. Examples of such effects that generate extraneous replies are
sidelobe/mainbeam garble, military echoes, and out-of-specification (wide
pulses) transponders. All such replies are eliminated. Remaining replies
have their range and azimuth estimates computed by the software from the time
and monopulse information provided by the hardware.

The reply correlation function then processes each acceptable reply in
an attempt to correlate it with replies received on previous sweeps. This
search is aided by a reply sort table, which permits identification by range
of all existing reply groups (either uncorrelated replies or unions of two or
more correlated replies). The ne4 reply is correlated with the first group
found for which the following four conditions are satisfied:
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1. The range difference between the reply and the group is no greater
than APmlax

2. The difference between the monopulse azimuth estimates is no
greater than AO (if either the reply or the group contains only
an uncorrected oSesight estimite, due to a default condition, this
test is waived)

3. The group has not already correlated with another reply from the
current sweep

4. The code of the reply agrees with that of the group (waived for
mode 2)

If a successful match is obtained, the new reply attributes are combined with
those of the existing reply group to produce an updated group specification.
Otherwise, the reply is sorted into the range sort table and becomes available
for correlation with future sweep replies.

After all replies from the current sweep have been processed, reply
groups that are known to be complete, based on the number of sweeps that have
occurred since the oldest reply contained within them, are converted into raw
target reports As part of this conversion, the mode C codc is tranolated
into altitude flight level. These reports are collected in a buffer, and
once per sector are passed as input to the surveillance processing algorithms.

Ordinarily, only groups that contain two or more replies of modes A and
C are made into raw target reports. However, any uncorrelated mode A or C
reply located spatially near any other reply group will be turned into a
special 1-hit raw report. Such reports, as explained below, are i-nended for
use in code swapping to correct reply correlation errors.

3.3 Discrete Code Corr-lation

The ATCRBS system employs two types of identity codes, discrete and non-
discrete. Discrete codes are assigned uniquely to aircraft with'n a single
control area, while non-discrete codes can be used by all aircraft in the
same flight class (such as descending IFR). Thus, agreement in mode A code
between a discrete target report and a track is generally sufficient for
target to track correlation, while more complex criteria are required to
correlate non-discrete targets and tracks.

All ATCRBS track data, for both discrete and non-discrete tracts, are
physically located in the same track file. However, a sop.,rate hash coded
table permits all discrete code tracks to be accessed through their code.
Thus, whenever a discrete code target report is to be correlated, it is
possible to determine whether or not a track possessing the same code currently
exists.
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A target report and a track having the same discrete code are correlated
whenever both of the following conditions are met:

1. Only one track exists with that code (assignment failuies or tracking
errors could produce duplication)

2. The target and tzack associate in range, azimuth, and altitude

Only target reports that possess no low confidence code bits are considered
discrete; reports with discrete codes that have some uncertainty must be
treated as non-discrete reports.

3.4 Target to Track Association

The first step in correlating non-discrete target reports, or discrete
reports not successfully correlating as above, is co determine all possible
pairs of target and track associations. From tlt•se pairs, the best correla-
tions will be selected in the manner described in the next subsection. As

part of the association process, many reply correlation and reply processor
errors will be corrected through a process called code swapping.

As a minimum condition for association, a target report and a track must
lie close together in range and azimuth. Three association zones are defined
around each track for this test. These zones, denoted by 1, 2 and 3, correspond
to expected prediction errors for aircraft flying straight, turning, and
maneuvering in an unusual manner respectively.

In addition, code and altitude compatibility are checked for each
potential association pair. If both modes agree, the association is accepted,
while if neither mode agrees, the association is rejected. Zone 1 or 2

swapping algorithm, which identifies and corrects cases of improper mode
pairing by the reply processor.

Two target reports swap their mode A codes ;"aenever a situation satisfying
all of the following criteria is identified:

1. The reports are within the reply correlatin range and azimuth
windows of each other

2. No nearby track possesses the mode A and C pairings resident in
either report

3. There exists a track that possesses the mode A code of one report

and the mode C code uf the other report
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The reply correlation error that produced these improper mode pairings could
have been caused by two aircraft crossing, by a high confidence bit error in
the reply processor, or by the existence of a nearby fruit reply, in the
first instance, code swapping will produce two proper reports, while in
either of the latter two cases code swapping will replace the erroneous code
with the correct code. 'The correct code has been maintained, since even if
the reply containing it were uncorrelated, the reply correlation rules would
have created a 1-hit report. Figure 3-3 illustrates the formation and resolu-
tion of two typical code swap situations.

If a report/track association pair with agreement in only one mode
resulted in code swapping, the new pair, with Uoth modes in agreement, is
accepted. If no code swapping was possible, the pair is accepted if altitude
agreement exists and rejected otherwise. This rule reflects the fact that
identity codes can change from scan to scan, while large altitude changes are
impossible.

Finally, if any accepted association pair is suspect, either by being in
zone 3 or in zone 2 with a mode disagreement, a velocity reasonableness test
is made. This test rejects all associations in which it is physically impos-
sible for the aircraft under track to be located at the target report position.

3.5 Target to Track Correlation

Once all the target/track association pairs have been identified for a
sector, a determination of the "correct" target report for each existing
track must be made. Two types of scoring mechanisms are employed in this
procedure to rank the various pairings: the Quality Score and the Deviation
Score.

Th.: Quality Score for a target-to-track association measures the degree
to which the characteristics of the target report match those of the track,
as well as the degree of certainty as to the validity of the report and track
(that is, that they correspond to real aircraft and not s..ystem . rrnrs.'. . The
decision items that constitute this score, in order of decreasing importance,
are the following:

1. Association zone (1, 2, or 3)

2. Mode A code agreement

3. Number of replies in the report

4. Mode A confidence of the report

5. Mode C altitude agreement

6ý Track validity
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The Quality Score is computed by evaluating where the target and track attri-
butes fall on the scale of values defined for each item, and then weighting
and summing these individual scores. The lower the resulting score, the
better the association.

The Deviation Score for an association measures the detailed geometrical
relationship between the target and track positions. Both the magnitude and
direction of their difference is considered. Due to the complexity of these
calculations, the Deviation Score is employed only when the Quality Score
utilization results in a tie between two association pairs.

The correlaticti procedure for a track has two interrelated components:
determining the best target report for the track, and deciding whether or not
to postpone the correlation decision. The decision could be delayed whenever
the track's association box extends beyond the current sector, giving it a
reasonable expectation of finding a superior target report in a subsequent
sector. When the decision to pestpone is made, the track and all of its
associating reports are carried over into the next sector for reprocessing.

If the associatiob box of the track includes sectors prior to the one in
which its predicrlnn 110.2 assciation,' ,w411 k-sn prior to that sect~o. Tile
track will nct be 2erinitted to correlate, though, before targets from its
predicted sector have lbeen received, as that is where the correct target is
most likely to ocu:ur. Once the targets from the predicted sector have been
received, coi.:e.PLion for the track will be attempted. If a correlating
target is ide-tcified, tht. correlation will be accepted provided at least one
of the following three conditions is met:

1. The Quality Scoce is lower (i.e. better) than a specified value

2. The target is nct permitted to be delayed any longer in the system

3. The track has already received all possible associating targets

If none of these conditions is satisfied, correlation for the track is post-
poned for another sector. Figure 3-4 demonstrates the application of these
rules in a typical situation.

The algorithm for determining the best associating target report for a
track depends upon the complexity of the associative system linkages. If oAe
track and one report associate only with each other, that report is selected.
If several reports assoclate only with one track, the report with the lowest
Quality Score is selected. In case of a tie, the Deviation Scores are employe(
as tiebreakers. An analogous dual rule is used when several tracks associate
only with one report. Finally, when a many-track-imany-report associative
system exists, the pairings that minimize the sum of the selected Quality
Scores are chosen. The algorithm that performs these selections is a best
first approximation to the optimum solution of the assignment problem.
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3.6 Track Initiation

A new ATCRBS track is initiated whenever uncorrelated target reports are
found on two successiue scans that appear to have been generated by the same
aircraft. The criteria that are employed in making this judgment are that
the two reports:

1. Be sufficiently near each other that a real aircraft could craverse
the distance in one scan

2. Agree in identity code

3. Be close together in altitude

Whenever two reports are found that satisfy these conaitions, a new trackI
file entry is created and placed on the list for the current sector. In
addition, if the identity code of the track is discrete, the track is entoted
into the discrete track hash code table to permit future discrete code
correlations.

Two distance zone sizes are used for the first test, corresponding to
norwal aiiud excptiona aircraft respectively. If the search based ou an
uncorrelated target on the present scan locates one or more satisfactory
reports from the previous scan that fall within the first zone, new tracks
are initiated for all such cases but no tracks are begun for pairs that
require the larger zone. If no first zone situations are found, however,
tracks are started for reports located in the second zone.

Although a single uncorrelated target report can initiate more than one
new track by the above procedure, it is clear that only one of these tracks
can correspond to a real aircraft. The valid track in this group should be
the only one to correlate on the subsequent scan. To permit the immediate
dropping of the other phantom tracks, all tracks initiated by the same report
are linked together. Then, when one of the set coriLvates and the others
fail, these latter tracks can be identified and eliminated from the system.

3.7 Track Update

After the target to track correlation process has been completed for a
sector, all tracks which have had their coi elation resolved, either successfully
or unsuccessfully, are predicted forward to the next scan. Those tracks
whose correlation decision was postponed, and hence have not completed the
correlation process, are not updated at this time. All tracks initiated
during the current sector are automatically predicted ahead.

Tracks that possess correlating target reports, including newly initiated
tracks (whose correlating report is the one that led to its formation), go
through a two-step range and azimuth updating procedure. First, the current
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predicted position and velocity are adjusted to reflect the location of the
correlating target report. For a general a, 6 tracker, this smoothing would
be a compromise between the prediction and the data point positions. At
present, however, the ATCRBS system employs a 2-point tracker. This means
that the smoothed position becomes that of the correlating report and the
smoothed velocity is determined totally by the last two such reports. After
the track is smoothed, the new velocity estimate is used to predict the track
position ahead one scan.

In general, ATCRBS tracking is done in p, e coordinates. However, if
the track comes near the sensor, improved prediction equations are required
in order to minimize curvature errors. For moderately close tracks, second
order p, 0 prediction is employed; for very close tracks, exact X-Y prediction
is used. The rationale for not using X-Y prediction at all ranges is that
the coordinate conversion required for target reports is very time consuming,
while the system gain at other than close ranges is negligible.

The identity code and altitude fields of a correlated track file are
also updated each scan. In general, the target code will agree with that of
the track, so no code modification action is required. However, if the track
is initiated in garble, several scans may be required to construct the entire
code. Also, the code of an aircraft could change from time to time due to
con troller direction. AIe altitude update simply keeps the 1ost ceUL.t
altitude of the aircraft in the track file.

After a track has been updated, the sector in which it should first
appear on the next scan must be computed. This is done by centering a standard
zone 3 sized correlation box at the new predicted position. The sector that
contains the smallest azimuth value included in this box is the one sought.
The track is then placed on the linked list of tracks for that sector and
will be available to begin its next correlation process when that sector is
next encountered.

Tracks that fail to correlate must also be updated. although the procedure9
is somewhat different. First, if the track has failed to correlate for a
specified number of consecutive scans, it is dropped. An exception to this
rule is made whenever the track is passing through the cone of silence of the
sensor. In addition, since no report is present, no smoothing of the track
position, nor identity code or altitude update of the track, can be made.
The mechanism used to predict ahead a coasted track is identical to that for
a correlated track, as is the method for determining the sector in which to
place the track. However, the size of the correlation box employed in this
latter calculation is larger, as its size grows with each coast to reflect
the increasing uncertainty in the actual aircraft position.
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3.8 False Alarm Target Reports

Not every raw target report created by the reply correlation process
corresponds to a real aircraft position. Several inherent properties of the
ATCRBS system will produce various types of false alarm targit reports. To
the extent possible, the surveillance processing subsystem attempts to identify
and eliminate these reports.

The four types of false alarm reports specifically handled by the soft-
ware are:

1. False targets - produced by replies bouncing off reflecting surfaces

2. Fruit targets - produced when fruit replies coincidentally correlate

3. Split targets - produced by the failure of reply correlation to
group together all replies emanating from an aircraft

4. Ringaround targets - produced by sidelobe replies which were not
suppressed

When any of these reports are identified, the system will take the action
specified by the user. The alternatives he can choose are : (1) immediate
ellintnat'-n.- of th epr (2) m-arking, the reports and nent allo-wing1- them fn

be used in correlation or track initiation, or (3) marking the reports but
otherwise processing them in the normal manner. If the third alternative is
selected, any tracks initiated by false alarm reports will also be marked as
false.

False targets are generally caused by the reflection of aircraft responses
off buildings, hangars, or other structures near the sensor, thereby causing
an apparent aircraft position behind the reflector. Depending upon the 5ize
of the reflector, such false targets may persist for several scans and initiate
false tracks. Since the reflection mechanism is deterministic, it is possible
to compute the position of the aircraft whose signal was responsible for the
target provided the reflecting surface parameters are known.

The geometrical situation that exists when a false target is produced is
depicted in Figure 3-5. The distance d to the reflector, azimuth extent PS
to E of the surface, and orientation angle * are assumed to be specified
parameters. Any target report not correlated to a real track whose azimLth
falls within the extent of the reflector is checked to determine whether it
is false. First the range p' and azimuth e' of the postulated real aircraft
are computed. Then the system tracks are searched to see whether any are
near that location. If one is found that agrees on code and altitude with
the suspect report, the report is labelled false.
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If a target report is formed by fruit replies that coincidentally correlate
with each other, the report will virtually always consist of I mode A reply
and 1 mode C reply. This is because replies of opposite modes need not agree
on code to correlate while two replies of the same mode require total code
agreement. Thus, when such a 2-hit report fails to correlate with a track,
it is suspected of being a fruit report. The confirmation is the absence of
a reinforcing radar report, as a fruit target report will not correspond to
any real aircraft.

Split reports occur when the reply sequence from an aircraft is separated
by the reply correlation process into two or more taxget reports. This can
result from code or azimuth declaration errors in the reply processor, from
intermode delay variations in aircraft transponders (which result in range
splits), or from various environmental effects. Many of the mote common
types of splits have easily recognizable characteristics that permit them to
be identified. The less valid of the two repcrts can then be discarded.

Ringaround target reports occur when sidelobe interrogations are received
successfully by an aircraft, and its replies are not rejected as sidelobe by
the sensor antenna. This will generally occur when an aircraft with a faulty
transponder is flying overhead. In addition, monopulse system failures at
high elevation angles can also lead to ringaround. The algorithm for identi-
fying ringaround targets is very similar to that for identifying reflection
false targets. In this case, the "reflector" is the sensor itself, and all
azimuths are inspected. Any high elevation angle target report not correlating
with a real track is subjected to the ringaround test.

The above false alarm tests apply to discrete and non-discrete targets
alike. An additional test is applied only to discrete reports to identify
other forms of false alarm targets, especially those caused by ground reflections.
The test is that if two reports have the same discrete code, and are close
together in range and azimuth, the longer range report is flagged as false.
This test is legitimate since discrete codes are almost always uniquely
assigned to aircraft. Non-discrete codes, being assigned to many aircraft,
could conceivably pass this test when two real aircraft existed. Thus, the
test cannot be applied Lo Lhem.

3.9 Primary Radar Utilization

Primary radar reports can aid the ATCRBS surveillance system in two
major ways. First, such reports can improve tracking on ATCRBS equipped
aircraft by reinforcing beacon reports and by filling in for missing beacon
reports. Second, the radar reports will permit surveillance to be maintained
on non-ATCRBS equiped aircraft. The first function will always be employed
in the system, while the second is an option.

The various manmers in which radar reports interact with the surveillance
processing functions described in this chapter are summarized by the following
sequence of events:
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I. First attempt to correlate radar reports with beacon reports; those
radar reports which achieve successful correlation are not processed
further.

2. Then attempt to correlate remaining radar reports with coasting
beacon tracks; those su,'ccessfully correlating are used to update
the beacon tracks and are not processed further.

3. Then attempt to correlate radar reports not used above with radar
tracks; those successfully correlating are used to update these
tracks.

4. Finally, use remaining radar reports to initiate new radar tracks.

Association of radar and beacon reports is based soiely on geometry, as
no code or altitude information exists in a radar report. All radar reports
that fall within a specified range and azimuth box centered at the beacon
report position associate with that report. The closest such radar report
(if any exist) will then be chosen to reinforce the heacou report.

The selection of the radar report to use to update an uncorrelated
beacon track is performed by exactly the same procedure as that described
previously for the selection of the best beacon report, except that no code
nr nltit-idp ifnrmntinn Sy!•ts. Should a radar report be chosen, it is used

to update the beacon track position in exactly the same manner as if it were
a beacon report.

Finally, leftover radar reports are used to update existing radar-only

tracks or to initiate new ones. The radar report to radar track correlation
algorithm, the radar track initiation procedure, and the radar track update
mechanism are all identical to the correspond iog beacon procedures. The
rationale for employing parallel rules for all the radar and beacon processes
is that the same program subroutines can be employed for both, thereby saving
substantial memory and programming costs.
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4.0 REPLY CORRELATION AND TARGET FORMATION

Each time the reply processing hardware completes a reply declaration

operation, it passes to the ATCRBS software subsystem the nata block showM in
Figure 2-6 for the reply identified. After a sweep is completed, it is the
function of the reply correlation program to correlate these replies with ones
received on previous sweeps, and to declare as raw target reports those
groupings which are completed. In the normal mode of operation, all groupings
of two or more replies are declared as raw target reports, as well as a
special subset of the uncorrelated replies (as defined below); other uncorre-

lated replies are rejected as fruit. All reply correlation operations should
be finiished before the information for the next sweep arrives if unbounded
system delay is to be avoided.

As stated in Chapter 1, mode 2 replies are not treated with the same
importance as mode A or C replies in this ATCRBS implementation. Whenever
mode 2 replies are available to the sensor, the function of reply correlation
is to associate the proper mode 2 code with each declared target report. How-
ever, these renlies are not used to create a Larget report; the two reply

minimum refered to above must be met by mode A and C replies only.

4.1 Software Reply Declaration

The first function performed by the reply correlation subsystem is the
completion of the reply declaration procedure begun by the hardware reply
processor. This function first searches for potentially extraneous replies

that might have arisen from

1. Sidelobe interference,

2. A military identification response, or

3. An out-of-spec (wide pulse) transponder.

Any such reply that satisfies the confirmation test corresponding to its
category (described below) is rejected. All remaining iepli LheLl have..LVU LHL

actual range ard azimuth computed from the time and monopulse count values
supplied by the reply processor. Figure 4-1 presents a flowchart of this
initial function.

By design, the transmitted signal mainbeam is wider than the received
sidelobe suppression (RSLS) region. Thus, it is not unusual for sidelobe
replies from an aircraft to exist on either side of the accepted mainbeam
replies. Should two aircraft, somewhat offset in azimuth, be synchronoualy
garbling each other, the set of successive sweep replies depicted in Figure 4-
2 would result.

Depending upon the detailed code pulse structure and amplitudes of the
two garbling replies, six different sit,'ations could exist in which the
sidelobe and mainbeam replies on the end sweeps produce hybrid brackets,
defined as-ones in which one framing pulse is mainbeam and the other sidelobe.
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These cases, and the replies that would bi declared by the reply processor,
are showi in Figure 4-3. The reply processor logic accepts all hybrid brackets•,
but discards purely sidelobe ones. Thus, the pl-antoms of cases I and 2 could
not be identified as such.

In cases 3 and 5, the hybrid bracket repres'ents a valid reply; these
situations account for the acceptance of hybrid replies. Unfortunately, the
hybrid replies in all other cases are extraneous, replies that should be discarded.
The method that can be used to distinguish the Lwo valid cases from all the
others is really quite simple. A study of the six cases proves the validity

of the following rule:

a reply, each of whose framing pulses is either sidelobe or
garbled, should be discarded.

In other words, all valid replies must contain at least one ungarbled mainbeam
framing pulse. The reply processor output for a reply, as noted in Figure 2-
6, specifies which framing pulse (Fl or F2) was used as the monopulse reference,
and whether this pulse was mainbeam or sidelobe. These pieces of information
suffice to allow implementation of the rule.

The following facts can all be gleaned frcm Chapter 2:

1 The F2 pulse is used as the reference if and only it Vi was garbled.

2. If the F2 pulse is the reference, it must be ungarbled (otherwise,
by fact 1, the reply would have been eliminated as a phantom).

3. If the Fl pulse is the reference, and it is labelled sidelobe, the
V2 pulse must be mainbeam (since replies with both brackets sidelobe
are not declared).

Thus, the resolution procedure for the four possible cases becomes:

1. Fl reference, mainbeam; accept the reply, as El is ungarbled and
mainbeam

2. Fl reference, sidelobe: accept if F2 is ungarbied, reject other
wise (see below)

3. F2 reference, mainbeam: accept the reply, as F2 is ungarbled and
ma inbe ai

4. F2 reference, sidelobe: reject the reply, as Fl is garbled and F2
is sidelobe

The only method that can be employed in case 2 to determine whether F2 is
garbled is to check each subsequent reply j to see whether any satisify the
garble condition relative to the suspect reply i:

timej - time1 - 24N ± 2 N - 1, 14 (16.552 MHz clock)

Since replies are range ordered, once a reply j is reached that exceeds reply
i by 339 counts, the test is concluded.
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As explained in the previous chapter, no reply thought to be the second

half of a military identification response carn be discarded by the reply

processor. Instead, the military bit is set in the information block for such
a reply. The rcply correlation software must then examine every such reply to
determine whether it should be rejected. First, thb earlier reply of the pair
must be loCated. Since the suspect reply's Fl pulse falls in the SPI position
of the reply bought, the relationship between them is:

time 2 - time1 . ' 408 ± 2 (16.552 M]fz clock)

Replies forming a military identification pair should agree or. azimuth, while

two unrelated replies coincidentally satisfying this range condition would
usually fail to correlate. Thus, if

;az 2 - azIl < lC mor.opluse counts (about 0.250)

the suspect second reply is discarded.

The final source of extraneous replies is an aircraft with a transponder

that generates wide, out-of-spec, pulses. The reply processor will decide

that such wide pulses are caused by overlapping pulses from two different
replies. The result of such an error is the creation of two replies very
close in range, one using the first pulse of each supposed overlapped pair and
the other the second one. Sin-.e both replies are due to the same aircraft,

the azimuth and code should be the same for both. Thus, any reply i is
eliminated that agrees as follows with the previously received repl);

1. time - time i1 < 10 counts

2. laz - azi-l1 < 10 monopulse counts

3. code. code

Replies that survive the above tests have their true range and azimuth

values computed. The range oi a rzply is determined as:

range = (time -k ) A klff set. convert

The constant k , which may bh different for each sweep mode, is the time
that would be reporieý! for a zero range reply. Transponder and reply processor
delays enter into this number. The factoi k is the conversion constant.convert
between time counts a-d range units, and depen s upon the hardwar& clock

frequency and the valu,! of the least sLgnificant range bit.

The azimuth of a reply is given by the bo'esight value of the antenna at

reply reception plus the off-boresight monopulse correction. The
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former value is provided directly in each reply data block, while the latter
can he calculated via a table lookup from the final monopulse reference value
of the reply. There are four instances in which no valid monopulse azimuth
will exist:

1. No monopulse reference could be generated

2. The monopulse reference was never confirmed by a correlating pulse

3. The monopulse reference is outside the usable region

4. The monopulse reference pulse was labelled as sidelobe

The first case can occur due to a variety of wide pulse phenomenon, and is
signalled by a zero monopulse reference value. The second situation could be
caused by heavy garble, or by an incorrect initial reference value; it is
flagged by the "N > 2" bit of the reply data block being set to zero. The
third case arises whenever the reply was received sufficiently far off-
boresite to be outside tile calibration region of the monopulse antenna.
Finally, if the monopulse reference was initialized by a sidelobe pul-e, as
indicated by the corresponding reply bit, it is highly suspect and thus not
used.

Whenever none of these special cases are present, the reply azimuth is
given by:

8 = bs + T(ýref)

where T is the monopulse calibration table. If this monopulse correction is • 0,
the reply is labelled as a side 1 reply, else it is called a side 2 reply.
Should one of the special cases apply to the reply under consideration,
however, the reply azimuth can only be defaulted to boresight:

S= .1bs

and the reply specially flagged as side 0. In addition, any codt bit of such
a reply labelled as a high confidence '1' must be changed to a low confidence
"1', as the azimuth correlation decision required for high confidence cannot
be trusted.

The data structure created for each valid reply as a result of the reply
declaration function is presented in Figure 4-4.

4.2 Repl• Correlation Data Structures

The two key data structures employed in the reply correlation process
are the reply buffer and the reply sort table. The reply buffer is a cyclic
file that contains entries for all replies received on at least the last S

38



ATC-65(4-4)1

0 7 8 15 16 23 24 31

Range Az imu t r.

Code Conf idence

S Azimuth •..

-0- I Side -0-- Mode

-0- -0-

Figure 4-4: Initial Reply Data Block

39



sweeps, where S is a parameter (usually set at twice the expected aircraft
runlength). Entries in this buffer progress from raw reply entries to comi-

pleted targat report entries as the reply correlation procedure advances.
This multiple utilization approach minimizes data transfers as well as storage.
The reply sort table permits access to replies by range quanta, and thus
greatly accelerates the reply correlation operation.

The reply sort table consists of a number of bins, one for each range
quantum in the sensor coverage field. The size in range units of the quantum
represented by each bin is an integer power of two, which permits the bin for
each reply to be computed simply by a shift and add one procedure. The
memory implementation chosen for this sort table is illustrated by Figure 4-5.
The primary table has one word for each bin, this word used to reference the
first reply grouping in the corresponding range quantum. Additional entries
in the bin are then placed in the first available slot of the overflow area.
These entries are located by traversing the pointer path that begins in the
primary word for the bin.

The only required-fields in a sort table entry are a pointer to the reply
group being represented and a pointer to the next bin entry (if any exists).
However, considerable time is saved in the reply correlation process by including
the most important reply attributes in the bin word, so that most noncorrelation
conditions between a candidate reply and the represented group can be determined
without having to access the information in the reply buffer. The two nttrihiites
chosen, as shown in Figure 4-5, are the low order range bits of the first
reply in the group and the number of the interrogation sweep for the last
reply in the group. The former item provides a finer test of range compatibility
than just residence in the same bin, while the latter item will exclude from
consideration all groups that have already experienced correlations on the
current sweep (two replies on one sweep from one aircraft being impossible).
The sweep number is stored on a modulo S basis, as only S sweeps are active at
any instant of time.

The initial format of a reply entry in the reply buffer was shown by
Figure 4-4. After a reply is processed, this format is altered in a manner
depenideLn upon the result of the reply correlation process. The set of possible
new formats is presented in Figure 4-6. If a candidate reply fails to correlate
with any existing reply group, or correlates only with mode 2 replies, the
minor format change shown in Figure 4-6a is affected. If a candidate mode A
or C reply successfully correlates with a previously uncortelated mode A or C
reply, the entries for both of these replies are altered considerably. The
entry for the old reply (Figure 4-6b) now includes all the attributes required
for the reply correlation tests (range, azimuth, and codes and confidence
words for both modes A and C), whlle that for the new reply (Figure 4-6c) is
used to store the additional items of information required during target
formation. The former entry is accessed via the sort table pointer, the
latter by a pointer in the first entryy Finally, if a candidate reply
of any mode successfully correlates with a reply group having two or more
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mode A or C replies, its entry is not changed at all; instead, the information
it supplies is used to modify the first and second reply entries for the
group.

4.3 Reply Correlation Concepts

The basic objectives of the reply correlation process are to associate
successive sweep replies from the same aircraft and to eliminate all fruit
replies. In addition, however, sLnce the program developed for this purpose
must run in real time in a real computer, the algorithms that implement these
functions should execute in minimum time while requiring minimum storage.
Clearly, a performance tradeoff must exist.

The major features of this reply correlation implementation can be
summarized as follows:

1. Sweep-to-sweep correlation is performed during the time the replies
for a new sweep are sorted, thereby eliminating both a two pass
operation and the need for any association tables.

2. All replies received from an aircraft are used in target declaration;
neither the first nor the one received after a miss are eliminated
by the software defruiLing mechanism.

3. Fruit replies are automatically eliminated from the system without
need for special defruiting logic; that is, no fruit declaration
mechanism is required.

4. The first, rather than the best, possible correlation is accepted

for a candidate reply; at the cost of making an occasional correct-
able error, this rule shortens the search time and eliminates the
need for complex decision logic.

5 t..p1lfes w-ith uncertnin codes (due to synchronous garble or inter-
ference) are considered for association after those with high
confidence codes, thus minimizing ambiguous situations and cross
correlations.

6. A new reply is correlated with an existing reply group only it it

(a) falls within a specified range and azimuth box centered at the
last reply in the group, and (b) agrees in all high confidence bits
with the code of the same mode for the group (one bit difference is
permitted for mode C replies to account for altitude level changes).
Part (b) is waived for mode 2 replies.

7. Uncorrelated mode A or C replies that satisfy the range and azimuth
conditions of item 6 with any reply group, but fail on the code
test, are declared as 1-hit targets to permit later correction of

high confidence bit errors.
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Detailed descriptions of the algorithms accomplishing these features will be
described below, but first a few general comments clarifying these statements
will be made.

The reply entries in the reply buffer are processed in two separate
passes: the first for reply correlation and the second for target declara-
tion. All replies that fail to correlate on the correlation pass are sorted.
They will then be available for correlation with future replies from the same
aircraft when those replies are found. Thus, no replies are lost, and holes
in the reply sequence are unimportant. Except in low fruit environments when
1-hit reports are permitted, the target declaration pass searches for reply
entries that have a non-zero correlation pointer field (see Figure 4-6) and
creates a target report for each such reply found; other replies are ignored.
Thus fruit replies, which have never correlated, are automatically passed over
by the program and become discarded without any formal declaration.

An ambiguity will arise in the reply correlation process whenever two
mode A or C replies in the same sweep could correlate with the same existing
reply grouping, or one mode A or C reply could correlate with two such groupings,
or both. The selected resolution method, choosing the first possible correlation,
will occasionally produce errors when these ambiguities arise. However, the .
approach chosen has two major advantages over any other that could be devised.
First, the overwhelming majority of all replies could only correlate with one
existing grouping and vice versa. The first choice method ends when this
match is identified, whereas any other approach would have to look for all
other possible matches. Second, although the first choice logic is far simpler
to execute than any other, it has been found to most often make the correct
decision.

The categories of errors that could occur in an ambiguity resolution are
the following:

1. Two replies (or groupings) exist with the same code, and the wrong
one is s-lected.

grouping that has not yet established a code for their mode, and the
wrong code is selected; this situation could occur as a result of:

(a) two aircraft crossing

(b) a fruit reply at the same location as the real reply

3. Due to the existence of low confidence code bits, two replies with
different codes ale both able to match the code of one of the
existing reply groupings, and the incorrect choice is made.
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The first type of error will at worst produce a target report with a small
range and azimuth error. Since the reply correlation window is much smaller
than the target-to-track correlation one, the error will n Žver be critical.
The second type of error will produce one or more targt-t reports with. th,
wrong code/altitude pairing. This mistaken mode pairing will become obvious
during target to track correlation, as the track file will contain th,, proper
pairing. Then, si.,ce all the replies involved in the ambiguity situation were
maintained, eveaL if some failed to correlate (refer to rule 7 above), the"f'code swipping" mechanism built into target to track correlation (described in
Section 6.4) will be able to undo this error and construct the proper pairings.
Finally, the third type of error is really a comnon subset of the second. Toie
reduce the possibility of such errors, replies, with all high confidence code
bits are processed first by rulb 5.

The correlation requirement of exact code agreement (or one bi.t differ-
ence for mode C) between a new reply and an existing reply group was chosen to
maximize the code information maintained in the system. If a number of code
bit differences were permitted in correlation, the corresponding positions
would have to be set to low confidence. Should, in fact, a high confidence
code error occur in a relly, rule 7. guarantees that the alternate code
(i.e.: the one not contained in the target report) is available. Then the
code swapping mechanism mentioned above will be able to place the proper code
in the target report.

On the other hand, no mode 2 code as maintained in a crack file; thu.,
no mode 2 swapping is possible. For this reason, and to prevent many-way tar-
get splits, mode 2 code agreement is not required for reply correlation.
Similarly, all uncorrelated mode 2 replies are discarded as fruit.

4.4 Reljy Correlation Rules

The reply correlation algorithm outlined above is a correlate-while-sort
process. Each reply, in turn, is examined to determine its proper sort table
range bin. It is then compared sequentially with each reply group (single
reply or correlated group) represented by that bin. The first such group is
represented by the entry in the primary word for that bin, while the oLhers
are located by to lowing the pointer chain emanating from tht word (see
Figure 4-5). The reply will be correlated with the first group that satisfies
all the matching criteria and be added to it- in the manner described below.
If no match is located, but the range of the reply is sufficiently close to a
bin boundary to permit correlation with a group in the adjacent bin, that
second bin is searched. If still no matching group is found, a new sort table
entry is created for the reply in the original range bin.

A new reply will correlate with an existing group of replies only if all
four of the following conditions are met:

1. The range difference between the reply and the group is no greater
than Apmax*

2. The monopulse azimuth difference between the reply and the group is
no greater than AO , If one of the a -IiuLths is defaulted to
boresite, this teslTas bypassed.

4' 5



3. The group has not already been corrclated with another reply from
the current sweep.

4. The code of the reply (identity code or altitude) is compatible with
tile corresponding code of the group. If the group doesn't yet
possess a code of the corresponding mode, this test is automatically
satisfied. This test is waived for mode 2 replies.

Tile range test is simplified by the presence of the low erder bits of the
reply group range in the reply sort table entry. The test thus becomes:

k(rreply - [bin # - 1] *2B) - low order rangej < APmax

2 = sort bin quantum

and no reference to the reply buffer is required for this primary test. The
azimuth comparison cannot be trusted if either the candidate reply or reply
group azimuth is boresite, as the possible error in such an estimate is equal
to the beamwidth. Hence, in either case the test is bypassed. A reply (or
uncorrelated reply group) azimuth is boresite if the boresite indicator (see
Figure 4-6a) is set, while a correlated reply group azimuth is boresite if the
weight field of the second entry (see Figure 4-6c) is less than 32. If both
azimuths arc monopulse, the test is:

16 '.-O 0 < AG
reply -group - AUax

If a candidate reply passes both the range and azimuth tests with respect
to any existing group, the code swap Boolean variables associated with both
that reply and the first reply of the existing group will be set to IRUE if
the correlation is blocked by failure of either remaining test. This action
will insure that both replies, if mode A or C, are declared as target r.eports
whether or not either becomes correlated, and that both will be available for
possible code swapping later.

The third test, prior correlation of the group, is performed by comparing
the number ot the current sweep (modulo the runlength) with the sweep ILumU-ber
field in the o-ýply sort table entry of the group. If these values are equal,
the group has already correlated with another reply on the current sweep, and
further correil.- - is forbidden.

A mode A (identity) reply and a reply group with Las mode A code estab-
lished are defined as being compatible when all of their common high confidence
bits agree. Mathematically, this condition can be expressed as follows:

6(AO@ C) V B V D[ - 12 (i.e.: all bits of result are 'V')

where A, B are reply crnde and code confidence words
C, D are group mode A code and code confidence words

46



Figure 4-7 demonstrates saniple agreement and disagreement situitions. Implicit
in this test is that the probabilitý of an aircraft changing its identity code
during the runlength of a scan (nominally .03 seconds) is nearly zero.

On the other hand, an aircraft is reasonably likely tr' change its altitude
level during this period of time, although a change of two levels is impossible.
Thus, utilizing the fact that altitude encoding employs a Gray code, a mode C
reply and a group with anr estab]ished altitude are defined as compatible when
they disagree on at most one mutually high confident bit, or;

I(A i@E) V B V FI > 11.

where E,F are group mode C code and code confidence words

This test is clearly necessary, given the properties of a Gray code, but not
sufficient, as the bit that differs may not be the one that re-presents a
single level change. However, the test has been deemed adequate as it will
reject most incorrect reply correlations, and as determining the bit that
should change is very time consuming. Examples of how t'his test is utilized,
including an incocreec acceptance situation, are given by Figure 4--3. It
might be noted that on most computers, the magnitude test can be implemented

considerably more efficiently chan the twelve shifts and twelve comparisons it
would appear to require.

An alternative way to have determined altitude compatibility wouiid hanvn

been to convert both altitude codes into flight levels and then to have made
a simple subtraction. The two would then be compatible provided that:

I(reply flight level) - (group flight level) < I

This test, although more accurate as well as simpler than the one presented
above, assumes that the flight levels are known with certainty. Unfortunately,
the possibility of having low confidence encoded bits cannot easily be included
into this test, as one uncertain Gray code bit can translate into many uncer-
tain binary bits. Thus, such a test can degenerate to automatic acceptance
when interference is present. Furthermore, the requirement of decoding every
mode C reply, incluOing fruit, rather than just decoding target reports, would
place a large processing burden on the system.

if at any time during the search through the linked list of bin entries
a null entry is found, that is, one which no longer represents a group of
replies, the list is patched around that entry. Thus, subsequent searches
through the bin will be shorter and quicker. A null entry will arise whenever
an old group of replies is expunged from the system. Since no backward
pointers are contained in the bin entries, it is impossible at that time to
remove the entry.
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The result of this reply correlation procedure is that the candidate
reply could fail to correlate with any group, correlate with a previously
uncorrelated reply, or correlate with an existing group of replies. If the
first case applies, the only action taken is the creation of a reply sort
table entry for the reply. Thus, fruit reply processing is neglibible. The
actions performed for the correlation cases are covered in the next sections.

A flow chart of the reply correlation algorithm described here is pre-
sented in Figure 4-9.

4.5 Reply Group Updatirg for Mode A and C Replies

When a previously uncorrelated mode A or C reply is joined by a new mode
A or C reply, the two reply entries in the reply buffer must be altered to
conform to the format previously defined in Figures 4-6b and 4-6c. The first
step in this transformation is to use the parameters of the old reply (whose
format is given by Figure 4-6a) to construct the initial information blocks
shown in Figure 4-10. This figure assumes the earlier reply was of mode C; a
mode A reply would have been handled in the analogous dual manner. Note that
the undefined mode (in this case mode A) is set to the default condition, all
bits low confidence l's. If the earlier reply had previously correlated with
one or move mode 2 replies, as indicated by a non-zero mode 2 pointer, the
mode 2 information for the second block is taken from the referenced mode 2
reply (refer to the next section for a discussion of mode 2). Otherwise, the
mode 2 code is also defaulted.

The weight field in the second data block indicates on which side of
boresite the reply was received. This is important because the target range
and azimuth estiiates are defined to be the average of the two replies nearest
to boresite, one on either side. If replies are received on only one side of
boresite, the range and azimuth of the single reply nearest to boresite will
be used. The weight encoding that has been adopted for this first reply is:

weight 1 : boresite reply (no monopulse estimate)

weight a 32: side 1 reply (monopulse correction > 0)

weight 64: side 2 reply (monopulse correction < 0)

The range and azimuth of boresite replies will not be employed in target
declaration if any monopulse samples exist. If all replies are defaulted to
boresitiý, however, a simple beamsplitting averaging method will be employed.

Once the transformed data blocks exist, either by having been just
constructed or by having bean created during a previous sweep's processing,
the attributes of the correlating reply (from the current sweep) are added
into the structure. First, the number of hits for the mode of the new reply
is incremented by one. Then the code and confidence word estimates for that
mode are improved by incorporating the information from the new reply. The
Boolein update equations for mode A are:
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Ci A C ÷A B+C D

D B D

where A, B are the code and code confidence words of the new reply

C, D are the existing mode A code and code confidence words

These equations imp~erient the rules shown graphically by the Karnaugh map of
Figure 4-11a. Basically, the resulting bit is high confidence if either
estimate of it is high confidence, and a low confidence '0' takes precedence
over a low confidence 'I'. Note that high confidence bit disagreement is not
permitted by the reply correlation rules. The Boolean update equations for
mode C, which implement the rules of Figure 4-1lb, are given by:

E A E + A B E F

F B 'F + A B E-F + A B E F

where E, F are the existing mode C code and code confidence words.

The added complication arises because high confidence bit disagreement is
permitted for mode C replies. When it occurs for a given bit position, that
bit is setl to low confidence 7i'.

The estimates for both the X and SPI bits are updated when a mode A
reply is received (these bits not being meaningful on mode C). The initial
setting for each is low confidence '0'. The update equations for either bit
are then identical to those for mode C presented above. Again, the equations
set either estimate to low confidence '1' whenever a high confidence disagree-
ment is found.

The updates required for the weighting factor and the weighted sum of
range and azimuth words of the second data block depend upon the present
state of the weighting factor. an e r.a .ign of rhe monopulse azimuth correction
possessed by the new reply. First this correction is used to determine the
weight associated .ith the new reply as described earlier. Then the rules
presented in Figure 4-12 for updating the entries in the data structure are
applied. These rules implement the following ideas, all based on the assumption
that successive reply monopulse corrections for an aircraft are monotonically
decreasing as shown in the figure.

1. If the weighting factor already equals 64, the replies to be
averaged have already been received.

2 If the weighting factor is 32 and a side 2 reply is received, the
new reply is the second of the two replies to be averaged.
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Figure 4-11; Code Update Rules
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Old Reply New New Weighted
Weight Weight Weight Sum of Ranges Word

< 32 1 old + 1 old + reply range

* 32 32 32 32 * reply range

< 32 64 64 64 * reply range

32 1 old old

32 32 32 32 * reply range

32 64 64 old + 32 * reply range

64 1 old old

64 32 old old

64 64 old old

Old means previous value

Weighted sum of azimuths word follows samre rules as weighted sum of
ranges word.

Figure 4-12; Weight Update Rules
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3. If a side 1 reply is received, it must be closer to boresite than
any previous reply, and thus any previous reply's contribution
should be deleted.

4. A boresite reply is not needed if any monopulse reply has already
been received (that is, weighting factor is 32 or 64).

5. A new boresite reply is averaged with previous replies if they were
all boresite (that is, weighting factor is less than 32).

One final change must be made in these data blocks if the new reply has
a monopulse azimuth: the placing of this azimuth value in the azimuth entry
in the first data block. This insures that the azimuth test for the nexc
reply correlation attempt will employ as a reference the most recent monopulse
estimate. Clearly, if the monopulse antenna were perfect, any reply's azimuth
would serve this purpose. However, various effects, such as frequency offset
and elevation angle, often lead to a slope in the monopulse correction function.
In such cases, the most recent azimuth estimate will be the best prediction
of the next reply's value.

In addition to these updates in the reply buffer, an update to the reply
sort table entry is required whenever a reply correlation is attained. The
required action is the setting of the sweep number field to the number of the
current sweep. This action prevents the group from correlating with another
reply on the current sweep.

A flow chart of the reply group updating functions is presented in
Figure 4-13.

4.6 Reply Group Updating for Mode 2 Replies

When a mode 2 reply correlates with another reply, the update procedure
is considerably simpler than that described in the previous section. This is
because the only effect a mode 2 reply can have is to improve the mode 2 code
estimate coected ...with. a target repocL. ILt a.i;unL bu used Lu LUjI uLi ufLoUf--
related reply into a multiple hit reply group, nor can it be used to improve
the range or azimuth estimates of an existing group.

Should a new mode 2 reply correlate with a previously LCL:uived mode 2
reply, the number of replies field of the previous reply (see Figure 4-6a) is
incremented by one, while the code and confidence fields of that reply are
updated according to the following rules:

G - A.G + A.B + G.H

H - B.H + A.B.G-H + A.B.G-1

where A,B are the new reply code and confidence
G,H are the existing mode 2 code and confidence

These equations, which are identical to those for mode C, set a bit position
to low confidence '1' whenever a high confidence disagreement is encountered.
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When a previous mode A or C reply is correlated for the first time by a
current mode 2 reply, the earlier reply is made to point to the current reply,
and its mode 2 hits field is initialized at one. Should a subsequent mode 2
reply be added to this set, this number of hits field is incremented by one
and tle code and confidence fields of the pointed to reply are updated by the
new reply information according to tile above equations,

The third possible case is that of a current mode 2 reply correlating
with an existing reply grouping. In this event, the mode 2 code and conifidence
fields of the second reply entry (shown in Figure 4-4c) are updated by the
above rules, and the number of mode 2 replies is incremented by one.

The final mode 2 correlation situation occurs when a current mode A or C
reply correlates with a previous mode 2 reply. In this case, the new mode A
or C reply assumes the sort table entry established for the mode 2 reply. That
is, the new reply's sort field is set Lo that of the previous reply, the
previous reply's entry is nulled, and the sort table entry itself is made to
point to tile new reply. Then the new reply is set to point to the. zvious
mode 2 reply, and the nuwber of mode 2 replies is copied from the previous

reply to the current one.

The final action in any mode 2 update situation is the placing of the
current sweep number into the proper field of the sort table entry (see Figure
4-5). This prevents correlation by another reply on the current sweep. Figure

4-14 summarizes iii flowchart form the actions taken in each update caso.

4.7 Raw Target Report Formation

After all the replies for the current sweep have been processed through
reply correlation, all reply groupings begun on the oldest active sweep are
declared as raw target reports. These groupings are known to be complete
because the number of active sweeps was chosen to be equal to the longest
possible reply runlength.

If this oldest sweep is mode 2, no target reports can be created. This
is because, as stated earliet, only mode A and- C-- - -pli count in determining
target declarations. If a mode 2 reply correlated with such a reply, the
target was assigned to the sweep of the first mode A or C reply. Thus, the
target declaration process for a mode 2 sweep consists simply of removing sort

entries in the manner described below.

The target declaration process for a mode A or C sweep consists of a
single pass through all the reply entries. The sort table entry and correla-
tion pointer fields of the reply (see Figure 4-6) are examined to determine
the type of reply encountered. If both of these fields are null, the reply is
part of a prevouisly declared target report, and hence the reply is simply
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passed over. If the reply has a non-zero sort table entry but a null cor-
relation pointer, it is an uncorrelated reply. Such a reply will usually be

skipped over as a fruit, but on occasion it will be needed as part of a
potential code swapping situation (see gections 4.3 aTid 4.4). A code swap
Boolean variable associated with this reply indicates which situation applies.
If the variable is FALSE, the reply is riot required, while if the variable has
been set to TRUE (by the rules given in 4.4), a 1-hit target report is declared
for this reply. However, if the fruit environment is so benign that 1-hit
reports are desired, all uncorrelated replies encountered on the sweep are
turned into i-hit reports. Finally, if the reply entry has both fields non-
zero, the reply is the first reply of a group, and a regular target report is
created for this group.

The format employed for any target report is presented in Figure 4-15.
For a 1-hit report, the values placed in the various fields are determined as
follows. The range and azimuth are copied directly from the reply entry. If
the reply is of mode A, the mode A code and confidence and the X and SPI bits
and confidences are ell obtained from the reply entry, and the number of mode
A replies is set to one. The undefined mode C code and confidence are set to
indicate the default condition, all bits low confidenct 'U', and the number of
mode C replies is set to zero. On the other hand, a 1-hit mode C report will
contain default mode A quantities and the mode C code and confidence as specified
in the reply entry. Next, if the reply has correlated with one or more mode 2
replies, as indicated by a non-zero mode 2 pointer field (refer to Figure 4-
6a), the mode 2 code and confidence are copied trom the reterenced reply and
the number of mode 2 replies is set to the value specified in the reply.
Otherwise, the mode 2 code and confidence are defaulted to all hits low con-
fidence '0'. lhe correlating track number is set to zero for all, raw reports,
as no track correlation has yet been attempted. Finally, two of the special
purpose bits apply to raw target reports. The first, the boresite target bit,
is set when no monopulse azimuth exists for the reply. This condition is
signalled by an azimuth side setting of zero. The other relevent special bit,
potential code swap, is set if the code swap Boolean variable for the reply is
TRUE.

For a multiple hit target report, all target values . ar frm

the information in the first two group reply entries (show-n in Figures 4-6b
and 4- 6 c). The range and azimuth of the target are calculated by dividing the
respecitive weighted sum by the weighting factor. The modes A,C, and 2 code
and respective confidence estimates, the X and SPI bits and confidences, arid
the number of replies of each mode, are all copied directly from the reply
entrias. The only change is that if any mode has no replies, its code is set
to all bits '0'. The two applicable special purpose bits are determined as
follows: the target is flagged as boresite if the weighting factor is less
than 32, and as a potential code swap candidate if the Boolean variable
associated with the first reply of the group if TRUE.
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Figure4-15: Target Report Format
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At this point in time, the mode C code of a target report is still in its

encoded Gray code format. If all the code bits are labelled as high confidence,
this word can be converted to an integer flight level form, which is the form

desired for display and other "human" uses. The conversion algorithm which

has been desigued for this purpose is developed in. Appendix A. If some low

confidence bits exist, however, the conversion is not attempted, as nonsense

results could be obtained if any bit were set incorrectly.

The target declaration process for a reply entry is completed by per-

forming t o bookkeeping actions. The first is the elimination of the sort

table entry for the reply so that future replies will not attempt correlatiun
with it. This is accomplished by nulling all the fields of the entry except

the linkage pointer (see Figure 4-5), which is still required for bin searches.
Future replies accessing the bin, upon finding this inactive entiy, will
remove it from the chain. The second action, required whenever a multiple hit
report has been declared, is the nulling of the last two fields of the second

reply data block. This action will insure that when that reply is later
checked for target declaration, it will be passed over.

A flowchart of the target declaration process for a mode A or C sweep is

presented in Figure 4-16.
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5.0 DISCRETE CODE CORRELATION

The ATCRBS system employs two types of mode A identity codes: discrete
codes, which are uniquely assigned to aircraft, and non-discrete codes, which
are used by all aircraft in the same flight situation (such as descending
IFR). If we represent a 12-bit identity code by the four octal digits ABCD,
as described in Chapter 2, then a code is non-discrete if C=0 and D=O and is
discrete if any of the C or D bits is a 1. Thus, non-discrete and discrete
codes are often referred to as 64 and 4096 codes respectively to indicate the
number of available codes of each type. Since discrete codes are assumed to
be unique, the presence of the same one in both a target report and a track
should be a sufficient criterion for correlation. To permit the rapid identi-
fication of the matching track, a hash coded index table is maintained that
allows the accession of a track through its discrete code.

Unfortunately, the assumption that discrete codes are unique is not
always true. Code assignment errors or reflection false tracks could result
in the existence of more than one track for a given code; reflections, corre-
lating fruit, or ringaround could lead to multiple target reports with the
same code on the same scan. Thus, ambiguous correlation situations could
arise that require the full-fledged processing used for non-discrete codes.
Even in the normal case, dealing with only one target report and one track at
a time, no assurance can bv given that the report is valid. Thus, satisfaction
of a set of position and altitude reasonableness tests is required before a
discrete correlation is accepted. If these conditions are net met, the
procedures for non-discrete tracks, described in the next two chapters, are
again required.

5.1 Discrete Code Hash Table

All ATCRBS track information, for both discrete and non-discrete tracks,
is physically located in the same track file. To permit the accession of
discrete tracks through their identity codes, a separate hash coded index
table is maintained in the system. In addition, a back pointer array is
defined which both acts as an cxteinsion of this table and provides the infor-
matiun necessary for its dynamic manipulation. Figure 5-1 ..llu.trateL. the
use and interaction of these two entities.

The first track initiated for any discrete code has an entry created for
it in the index table at the location determined by the hashing scheme
described below. This entry references the track aumber, while the back
pointer element for the track contains the value 100C + the table entcy
number, Each time an additional track is created with this same discrete
code, the hash table entry is changed to reference the new track number, and
the back pointer element for the new track is made to point to the previously
referenced track (refer to Figure 5-2). Thus, starting from either the hash
table entry or any track in the loop, it is possible to determine all tracks
possessing the same discrete code. The pointer to the table index can be
distinguished from a pointer to another track since it will be the only one
whose value exceeds 1000.
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Figure 5-1: Discrete Code Data Structures
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Whenever a discrete track is dropped from the system or changes its
code, it must be removed from this hash index system, although in the latter
case it may be immediately re-entered in a different slot. The deletion
algorithm, also shown in Figure 5-2, is simply the inverse of the insertion
01fe. If the track's back pointer references a table element, and this element
references the track, the crack is the unique one with its code and so the
table element is merely inactivated. However, if either of these premises is
false, other tracks with the same discreta code romain in the system. By
following the chain of pointers beginning with the track's back p.ointer, the
loop consisting of the other tracks and the table entry can be traversed.
When the entity preceeding the subject track is discovered, its pointer is
set to the value of the dropped track's back pointer.

The hashing scheme chosen for the index table is open addressing. With
this discipline, the index value of the element to be used for a track's
entry is computed from its discrete code as described below. If that element
is occupied, however, the first available higher numbered location is employed
instead (with the first location considered to follow the last one). Con-
versely, a search for the existence of a track with a given discrete code
begins at the computed hash address and proceeds linearly until either the
desired track is located or an empty location is encountered; in the latter
event, the search has failed and no such track exists.

process. If a freed element and a never used element were indistinguishable,
it is possible for a track entry to become detached from its hashed location,
and thuf; be uniocatable during a search. Thus, as illustrated by Figure 5-3,
two types of available elements are required: freed and never used. An
insertion can be made in either type of element, but a search is over only
when an element of the latter type is encountered. Since the existence of
freed elements tends to lengthen searches, they should be coverted to the
never used category whenever possible. The rule that applies is that any
freed element that preceeds an unused one can be c.nverted to unused. An
occasional backwardL. stepping through the entire t.;ble, implementing this
rule wherever possible, serves to produce the desired effect.

The other potential problem for open addressing is long searches when-
ever the table nears capacity or several tracks hash into the same area of
the table. To prevent the first effect, the size of the table is set to
twice the number of allowable ATCRBS tracks, That is, if N is the track
upper bound:

table size - 2m, 2m-2 < N < 2m

The table is sized as a power of two because the hash address rule selected
uses the bits of the discrete code. The rule is:

hash address = 2 * [ 1D C 4D4 D2 D1 ]

vt-l lowest code bits
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The low order bits were chosen because discrete codes are often chosen in
sequence; the factor of two greatly helps to spread out the table entries and
prevent the bunching problem mentioned above.

5.2 Initial Target Processing

Before any target report enters into correlation, it must pass through
three preliminary processing functions:

1. Target report reconstruction

2. Range sorting

3. Determination of correlation method to be employed (discrete or
general)

The internal delay time for an aircraft transponder, between the receipt
of the last pulse of an interrogation and the transmission of the first pulse
of the reply, is specified to be identical for both modes A and C. Should the
inter-mode delay variation exceed a critical value, the perceived range
difference between mode A and mode C replies will prevent successful reply
correlation. Thus two reports, one with only mode A replies and the other
with only mode C replies, will be created for the aircraft. Since the symptom
of such an out-of-spec transponder is so unmistakable, it is simple to correct
the resulting error. It is clear tbat 1-hit reports, if permitted in the
system, Will always . . .... t of only one mode. To prevent the formation of
many correlating fruit reports, such reports are not permitted to enter into
this reconstruction process.

The multiple hit target reports for the current sector are examined in
order. If one is encountered whose number of replies for mode A field (mode C
field) is zero, its number is placed on list 1 (list 2). At the end of this
process, if both lists have one or more entries, each report on list 1 is
compared in position with each report on list 2. Pairs are sought that satisfy:

API < 10 * APmax

AIol < ADmax

where Ap and AO are the reply correlation parameters. Whenever such ax max
pair is Tocated, a single report is created from the individual reports as
follows-:

Pi + P 2

2

01 +0
1 2

0= 2



mode A code and confidence: use report 2
altitude, confidence, and type: use report I
special bits: AND the two reports
# mode A hits: use report 2
# mode C hits: use report 1
mode 2 code and confidence: combine reports 1 and 2 (update

equations of 4.6)
# mode 2 hits add reports I and 2

The two reports are then removed from the lists and the attempted pairing
continues. After all pairs have been checked, the remaining reports in the
target buffer are moved up to fill the holes left by the discarded reports.

After the reconstruction process is completed, all target reports for
the sector, newly declared ones as well as those carried over from the pre-
vious sector, are entered into a range sort table. This table will be used
by both the target to track correlation and radar reinforcement algorithms to
permit rapid accession of targets in a given geometric area. The sort table,
as shown in Figure 5-4, consists of a primary area and an overflow area. The
entry for the first report in each range quantum is ;laced in the primary
word assigned to the quantum. The entries for succeeding reports in a range
quantum are placed in the overflow area, and are located by following the
pointer chain emanating from the primary word. The sort bin to use is given
by:

B 1 integer division

where Q, the quantum size in miles, will be a function of the traffic load.

Each sort table entry contains the number of the target represented, a
pointer to the next entry in the same range quantum (if any exists), and the
target azimuth. The first two items are required, while the azimuth field
permits a rapid check on whether the target is one of the ones sought. Thus,
both a coarse range check (residence within the proper quantum) and a fine
azimuth test can be performed on a report without the need to access its data
block.

Once all reports are sorted, each in turn is checked to determine whether
it can undergo discrete correlation. The following conditions must all be
met for this process to be employed:

1. The target has a discrete 4096 code.

2. All code bits of the target have been declared with high confidence.

3. At least one track exists with the same discrete code.

4. At most one real track exists with the same discrete code.

The first condition is obvious. The second eliminates from consideration
reports whose code is not known with certainty. As low confidence bits are
often wrong, the proper code on which to correlate cannot be determnined.
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The third and fourth conditions are checked through reference to the
discrete code hash table described above. A search is initiated on the
report's discrete code, and the number of tracks found is noted. If none,
discrete correlation is impossible; if one, everything is proper; if two or
more, something suspicious has occurred. The only system feature that should
lead to two tracks with the same discrete code is reflection false targets
(refer to Chapter 10). Thus, if all but one of the tracks are labelled
false, discrete corralation is permitted to continue. However, if two or
more are real, the more powerful non-discrete correlation algorithms are
used, as they are more capable of dealing with unusual system behavior.

5.3 Discrete Correlation Procedure

In the normal case, discrete correlation will deal with only one target
report and track at a time. If their positions are reasonably near each
other and they agree on altitude, the report and track will be correlated.
However, as noted in the chapter introduction, numerous special cases must be
identified and treated within the overall discrete correlation process.

The main components of this correlation algorithm are the following:

I. For each discrete coded report, determine how many tracks with
matching code agree in position and altitude

0 - revert to general correlation
1 - proceed
>2- revert to general correlation

2. Determine whether ringaround may be present; if possible, revert to
general correlation

3. If 2 or more reports associate with the same track, choose the
proper report for correlation

4. Determine whether to correlate in the current sector or to delay
correlation to the subsequent sector

The remainder of this section will elaborate on these ideas. A flowchart of
the actions to be presented is provided by Figure 5-5.

As discussed in the previous section, a report is occasionally allowed
to enter discrete correlation even if more than one track matches its code.
Thus, the proper track to chooee must be determined. In addition, as shown
in the introduction, even if only one track exists, the correlation may be
improper, as the report itself could be invalid. Thus, all matching tracks
must be checked to determine whether any is reasonably close in position and
altitude to the report to create an acceptable correlation. The tests
performed for each track relative to the report are:
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1. azimuth

(a) for reports with range > pdisc

JAt1 < AOdisc

(b) for reports with range < pdisc

no test required: jAOj < 300 is acceptable this close to
the sensor and A0j > 390 is covered by 2(b)

2. range

(a) for target/track pairs with AG < 300

API <_ APdisc

(b) for target/track pairs with AO > 300

2 *+ 2p_ cos (AO) <

A2
disc

where gnd means ground range

3. altitude

(a) if report is not a code swap candidate (see Chapter 4)

Ah < Ah

(b) if report is a code swap candidate

Alh < 112Ah-- max

The calzulation of Ah between a report and a track is described in the Appendix.
The tighter bound on altitude for potential code swap reports permits the
report to enter general correlation and undergo the code swap when a suspect
altitude: match exists.

If alJ three reasonatlenesu checks are satisfi,td with one, and only one,
track, an association is waue as shown in Figure 5-6. Should no track be
succtssful, the report enters genera] correlation to seek its proper track;
should two or more tracks pass the tests, general correlation is needed to
apply a more complex set of criteria to the situation. After all reports
have been processed, a full association table as depicted it Figure 5-6 will
exist. Tracks with only one associating report are matched wich that report,
but tracks with two or more associations must still undergo a selection
process.
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Ringaround occasionally occurs when the elevation angle of an aircraft
exceeds 300. Its symptom is several targets with the same code at the same
range but at different azimuths. Thus, if morn than one target in a sector
associates with the same discrete track, and the track has an elevation augle
above 300, the determination of the "real" target must be left to the more
complex general correlation procc-dure. In addition, if any track with such
an elevation angle has only one association, but the track has just recently
correlated (within half a scan), a wider azimuth ringaround is probably
occurring. Thus, again correlation is not performed by the discrete algorithm.

Any other situation in which two or more discrete reports associate with
the same track is probably caused either by ground reflection producing
shadow reports, or by the coincident correlation of a fruit reply from the
same aircraft. In the former case, the shortest range report will be the
real one, while in the latter case the fruit report will almost always consist
of one reply of each mode (see Chapter 10). Thus, the correlation rule
chosen in multiple discrete association cases is that the shortest range,
non-2-hit A/C report, is to be correlated with the track. The c:emaining
reports are then labelled false and not allowed to enter into general corre-
lation.

The final issue in discrete correlation, after a target/track pair has
been selected, is whether to perform the correlation in the current sector or
postpone this action to a future sector. The latter choice is preferable
whenever the track has a reasonable expectation of locating a more valid
report in a subsequent sector; this hope would occur when the predicted
sector for the track is subsequent to the current sector. The rules which
implement this idea are the following:

1. If the track's predicted sector is the current sector or a previous
sector, correlate immediately.

2. If the track's predicted sector is a subsequent sector, nut the
target report has been held as long as possible in the system and
must be output this sector, correlate immnediately rather than lose
the chance (another report with the same dincrete code is always
doubtful).

3. If the track's predicted sector is a subsequent sector, and the
target report car. be delayed another sector, postpone the correla-
tion decision and hold the report for the next sector (in the
manner described in Chapter 7).

If the correlation is accepted in the current sector, the track number
is placed in the proper field of the target report and the target number
entered into the track file. The only other action required arises if the
track is not resident on the linked list for the current sector (refer to
Chapter 9). Track update cannot process any such track; thus the track must
be removed from its present list and pilced at the end of the list for the
current sector.
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6.0 TARGET TO TRACK ASSOCIATION

All target reports in the current sector that were not discretely corre-

lated, either because their identity codes were not discrete or because they

failed to meet one of the criteria of the dis, crete algorithm, undergo a more

complex general correlation procedure. This ,.-rocess has two components:

association, which identifies all possible pairings of targets; and tracks,

and correlation, which chooses from among these the proper track tor each

report. This chapter will discuss the former of these actions.

In order fer a target report and track to successfully associate, they

must lie reasonably close to each other in three dimenisional space. That is,
their differences in range, azimuth, and altitude must be smaller than the

largest expected track prediction error. In addition, agreement in identiLy

code is desirable, although the possibility of code reassignment during

flight precludes this being a strict requiremeTnt.

During the association process, reply correlation errors may come to

light. When such an erroneous target report is identified, "code swapping"

is employed to reconstruct the prol.er pairings of mode A and mode C cods.
This process requires the presence of certain 1-hit target reports, namely
.h.sQ Ca i i......... - Ur A,,ro th, t1Areet declaration process of Section

4.6.

The next four sectiont of this ..hapter di.s use all of the key concepts
of the association process. The last section then tie:s all of these ideas

together and presents the overall association algorithm.

6.1 Association Cross Reference Table

The most important association data structure is the track/target cross
reference table. This table has ýýn entry for each association pair identi-

fied during the acsaciation process that specifies. the track number, target

report number, and score of the pairing. In additieon, the tabie petuiuitws tl

- easy identification of all reports astociating with a given track and of all

tracks associaLing with a given target.

Conceptually, rh s table can be represented as shown in Figure 6-1.
Each entry contains four fields: track number, tar*get ntumber, score, and next

entry pointer. All pairings for any given tracKi are located contiguously,

while all pairings for a target are linked together through the pointer
field. In addition, each track and each target has a separate poiuter to its
first entry.

The actual storage implementation chosen for these table entries is pre-

sented in Figure 6-2. Three two-dime,.nsional arrays are employed, which
contain, fur any given index (i, j), the target numbe•r, score, and next entry
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pointer respectively of the entry corresponding to chat index. The first
--sub rýcript f i--o- each array-ranges -from -on-e to--the -maximum number-4--tracks ...................
that can exist in a sector, and indicates the entry is for the i track in
the sector (the cracks, as shown in the figure, are ordered by a linked list
structure). The second subscript j ranges from one to the maximum number fa
associations permitted for a track, and indicates that the entry is the j
for the track.

The mapping from track numbers to sector order numbers for the first
subscript permits a sign•ificant reduction in the size of these arrays, as
only a small fraction of all tracks can reside in one sector. The restriction
of a limited number of associations for any track, which is a feature of this
implementation but not of some alternative ones, was felt to be desirable as
it provides the system designer with some control over the performance of the
overall correlation algorithm. For example, by reducing tnis limit, many
fewer interlocking association situations wtll arise that correlation must
resolve. This may decrease execution time noticeably with slight system
performance degredation. Thus, an optimum limit can be sought-. Also, by
placing a limit on the number of associations allowed for a track, a track is
permitted to be coasted when all of its best reports are correlated with
other tracks, even when other lower quality reports exist. This could well
Frevent some serious correlation errors.

The target number and score arrays for an index directly contain these
items for the corresponding entry. The next entry pointer array, howcver,
requires some decoding of the ylue stored. In grticular, if the next entry
for the target report is the r entry for the k track, then:

stored value = M x k + r

M = maximum number of associations per track

Thus, integer division by M of one less than this value provides the first
subscript for the next entry, while a simple subtraction provides the second
•ubseript. -In addition, each report, has similarly encuoded pointers to t;
first and last entries.

To create an association entry for track k and report j, the sequence
number i of the track is first determined from its position in the sector
linked List. The entry itself is then placed into the (i j) elements of the
three arrays that constitute the table. The value of the next entry array
element is set to zero, as the new entry is always made the last one for the
report. To accomplish this, the previously last entry for the report,
specified by the report's last entry pointer, is set to point to the new
entry, and then the last entry pointer itself is set to this same value:.
Figure 6-3 illustrates t.his sequence of events.
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When an association entry must be discarded, for one of the reasons
specified in section 6.5, the three actions depicted in Figure •must
occur. Assume the entry to be deleted is for target j and the i track ii,
the sector. The first action is to link the report j pointers around this
entry. Starting with the report's first entry pointer, the pointer chain is
traversed until the entry in row i of the table is encountered. The pointer
of the previous entry is then set equal to that entry's pointer. Also, if
the deleted entry was the last for the target, its last entry pointe- is
adjusted. The second action is to move the last association for row i into
the vacated slot, as holes would cause problems later. Finally, the pointer
chain for the target contained in this moved entry is updated to reflect its
new position. As before, this is done by finding the prior entry and altering
its pointer field.

th
To find all reports associated to track i, all entries in the i row of

the target array are examined. To identify all tracks associating with a
report, the report's pointer chain is traversed and decoded.

6.2 Association Parameters and Types Matrix

Each potentially associating target and track pair, identified as
described in Section 6.5, is examined to determine the level of agreement on
the three key attributes: geometric position (range and azimuth), identity
code, and altitude. Depending upuon the Lesultsun-L Of t...t. teL5t, the- pair will
form one of the following types of association:

1. Sure association - the pair is accepted

2. FotenLial association - further tests are required on the pair

3. Potential code swap - a possible reply correlation error has been
found

4. No association - the pair is rejected

The entire issue of code swapping is examined in Section 6.4.

The first test made on the target/track pair is range and azimuth agree-
ment. Three boxes are constructed around the predicted track position, as
shown in Figure 6-4. The sizes of these boxes meet the following conditions:

1. If the tracked aircraft is flying in a straight line, the target
report will fall in the smallest box, thereby cceating a zone I
association.

2. If the tracked aircraft i . turning normally, the target report will

fall at worsc in the middle sized box, thereby creating a zone 2
association.
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3. If the tracked aircraft is maneuvering abnormally, or if the track
has been detoured by an erroneous correlation, the target report
will fall at worst in the largest box, thereby creating a zone 3
association.

If the report falls outside the largest box, the association is rejected.
Otherwise, the association is labelled with the proper zone value and testing
continues.

The method for deriving the formulas f or the zone 1 box, presented in
Figure 6-5, is to determine the largest possible straight flight-. error in
range or azimuth by assuming the worst case errors for the previous two data
points (since tracking is done by two point interpolation, earlier points are
irrelevant). The track firmness f and history firmnes-- g, which give the
number of scans since the last correlation and between the last two correla-

tions respectively, are maintained in the track file (refer to Figure 8-6).
Then, if the assumption is made that at close range the azimuth accuracy in
feet cannot exceed the range accuracy (to prevent the box from shrinking to

zero), the resulting formulas are:

dn x d 1 + 2f1 (n. miles)
SL

M1 a May.d, x + (radians)

where d report range accuracy (n. miles)

do = report azimuth accuracy (radians)

P - predicted track range (n. miles)

The zone 2 box dimensions are calculated by assuming the aircraft being

tracked is -in a circular turn. _Figure 6-6 depicts the assumed configuiation,

and presents the derivation of the required formulas for the worst error
case. As seen, each formula has two terms: one depending upon report accuracy
which is identical to the box I reltti~n, and the other depending upon the

turning acceleration rate. Since the latter error component is always in

miles, rather than in degrees, the resulting formulas become:

1<-2 - 6pI + 0.05 x If2 + fg x a (n. mij es)t. j g

Ao 2 
- AO + X If + fgj x a (radians)

where a - turning acceleration (g units) and second sean is assumed.
g
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Since zone 3 is intended to account for unexpected maneuvers or for
tracking crrors due to previous incorrect correlations, no formulas can be
derivcd to represent its size. Instead, it is simply defined as follows:

3 9

A%3 =,n x Ap

AO3 = n x AO2

The value to use for n, and the largest size to permit this box to become,
can only be determined empirically.

Except when the track is very near the sensor, the ass;ociation zone for
a target/track Fair is found by comparing.their range and azituth dif6erences-1 1
against the box size var;ables Ap and AO . If the values ,p and AG are
set to G, and Ap and AL are defined to be infinite, the component zones are
determined as follows:

i-1

= i if Ap < Ap < Ap

zo = j if 0 j-l < AG < AG1

The association zone then becomes:

z = Max {z, Z0)

The on.e exception to this rule occurs when the target: is a ge-neral (not
potential code swap) 1-hit report, which is possible for ATCRBS systems in
very low fruit environments that permit such entities. In order to penalize
the highly suspect report, the zone of its association is set to one higher
than the calculated value.

1if -a trnrl', _c venry nne,- -, sc-'sor th vau- ~-4F All CA).,

thus the zone 1 azimuth comparison would always be. satisfied. 'T7his would
lead to the declaration of zone 1 for a target/track association in which Ap
was "ery small, even if the two entities were on opposite sides of the sensor
and hence very far apart. To correct this problem, the zone test for tracks
within a parametric range is replaced by:

z = i if

Api] < P 2 + n 2 3 2

J nd,trk gnd,tgt gnd,trk Pgnd,tgt cost _

where gnd means ground range. Again, this value is incremented for general
i-Lit reports.
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If the zone value calculated for an association is 1, 2 or 3, the testing
can continue. However, any association whose zone is 4 or greator is immediately

rejected.

The next association parameter checked for the target/traAk pair is mode
A identity code agreement, for which the symbol AC will be used. First, the
number of high confidence bit disagreements between the target and track
codes is computed. Such a disagreement occurs whenever the two codes both
have a high confidence declaratioTI for a given bit position, but the values
are opposite (a "0" versus a "I"). The uumber of such instances is given by
the weight of the following syndrome sequence:

S= ( CAg) U ACk U AC

where A is mode A code sequence
AC is mode A confidence sequence
k refers to track
g refers to target

Total code agreement, denoted by AC = 0, occurs when IIS I= 0, that is
when all bits of S are zeroc,. Should this situation occur, however, because
the target report had no high confidence code bits, it will be called default

4 I agreemin-t inst.,L- -,, the .... e ... AC will be st n I /?AO. ThF

value of AC is irrelevant; the symbol is used only for parall.]Pism with
the attitude situation discussed below. The next possible case, potential
code agreement, exists when fewer than a parametric number of bit disagree-
merits are found. This number, typically set at one, is related to the reply
processor erro" rate. Potential agreement, represented by AC = AC , thus
occur-, when I jS1 j N e Finally, code disagreement between the association- err"
pair exists whenever more than the allowable number of bit disagreements are
found. That is, this case, represented by AC = 2AC , occurs when I >I I
N err. Examples of all of these situations are presented in Figure 6-7.

The final association condition between a target report and a track file
that must be checked is the relative level of agreement of their respective
mode C altitudes. If both altitude estimates were in flight level, this
check would be trivia).. In such a case, the level of agreement, denoted by
the symbol Ah, would be computed as follows:

Ah Ihkhgi

where h is altitude ini flight levels (hundreds of feet).

However, either or both altitudes could be non-existent, brackets only (indi-
eating no altimeter), or still in Gray code due to the presence of one or
more low confidenac bits. Thus, there are a large number of possible compar-
ison situations. Appendix A details how the value of Ah is determined in all
of these cases. The nomenclature for the type of agreement that exists for
the pair is as follows:
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Track Code and Confidence:

Ak: 010 001 100 011 ATC-65(6-7)1_

ACk: 000 000 000 000 (All High Confidence)

Tartet Code and Confidence:

Case 1:

A : OLO 000 100 001
g * *=*Disagreement with Track

AC : 000 01 010 010g

AC = 0, As All Differences Are Low Confidence

Case 2:

A 000 000 000 000g

AC : Ill Ill ill Ill
g

A7 = 1/2 AC: , No High Confidence Bits Disagree Because All Bits Are Low
max

Confidence

Case 3:

A 010 001 000 001
g

AC : 001 000 000 011g

AC LC , One High Confidence Disagreement

Case 4:

A : 000 lil 100 011
g

AC : 000 010 010 000
g 1

AC 2AC ma, More Than One Hfigh Confidence Disagreement

Figure 6-7: Code Matchtitg ExnpF.les
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0 < Al Al : a] tjtude agreement
- - max

1
"Al < AIt < Ali potential altitude agreement

2 max - max

A>l : alt itude d isagreentent-• Al > Amax

The value of the parameter Ali ha' t,"pi ally been Set at 10, which repre-
.ncts a difference of 1000 feme#between report and track.

As stated in Chapter 1, the track -ile does not maintain a mode 2 code.
Thus, no mode 2 agreement calculationL a-, possible, and mode 2 plays no role
in association or correlation.

Onca the geometric zone and values of AC and Ah have been determirned for
an association pair, the type of assCJ.ation that exists can be identified.
Figure 6-8 presents the two matrices that supply this type information, The
first matrix, shown in Figure 6-8(e), Applies to all associations in which

the target report is not a swap ca,.ditchte, This status has been determined
in reply correlaLion (see Section 4.6? and is indicated by the corresponding
bit of the target report (refer mo vigire 4-14). The second matrix, in
Figure 6-8(b), is used by associat.ioi.s in which the target report is a swap
candidate. The entries in which a dash appears are those for which the swap
status 15 irrelevant; the correspo.sding entry in Figure 6-8(a) is applicable
in both cases. Also , if the poLen:ial code swap in fact does not occur, the
association type reverts to that indicated in Figure 6-8(a). The use of
these matrices is discussed more fully in sections 6.4 and 6.5.

Six categories of association are defined in these matrices. The meaning
of each type is as follows:

1, Perfect association - all attributes (position, code, and altitude)
match fully

2. Acceptable associat-in - the code. or alt.itude atLribute (or both)
is suspect, but no further testing is deemed necessary due to the
excellent positional agreement

3. Potential association - the combination of suspect code or altitude
(or both) with suspect position requires the performance of the
Velocity Reasonableness Test given in the next section

4, Potential code swap (alt code) association -- the report altitude,
but not code, matches that of the track; since the report is paired
with another, code swapping could improve this condition

5. Potential code swap (alt code) association .- dual of 4

6. No association - attribute differences warrant rcjection
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Ali Aim1 nias

A 1) Ali Aim AAh AiAhII I, X Ahf hAnAlx

Perfect Accept ;)h I(, No

AC 2 AC Perfect Pote ltial No

Potentiial No No

Accept able Accept able No

AC > 'C Potential Pot at Ija1 No

MIX

No No No

Acceptable Acceptable No

AC>AC Potential Potential No

No No No

Zone 2 result

Zone 3 result
ATC-65 (6-8a])_

Figure 6-8(a): Association Matrix for Non-code

Swap Reports.
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] Ah

<h h < Ah Ali :,]
2 max T1. max

(alt code) (alt codu)
I AC2 A max (a -t c do) (aI ctod_)

I AC < AC (alt code)

< AC (ait code)
max

(alt code)

max (lt code)

(alt code) = Potential Code Swap (ait code)

(alt code) = Potential Code Swap (alt code)

- = Us(7 Figure 6-8(a) -EAET-65 (6-8b)-b

Figure 6-8(b): Association Matrix for
Code Swap Reports.
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Siincc only a I imit ed number of associn Lt toil are pe rmi t ted for each
track, it it; .important that whenever more than this number are possible the
best ones; are retaiied. This imolies that some method of scoring association

pairs is required. As thie gctrw zone and level of code arid altitude
agreement are known for each ass•ociation, these quantities will be used to
construct tiet' score.

No ussociattion can ultimately be retained unless some level of altitude
agreement exists between the target and the track. Thus, the extent of this
agreement is tire least valuable scoring discriminant. Experience has shown
that neither zone tnor identity code agreement is more important than the
other; rather, their combination is the key element. These ideas hlave led to
tne following scor ing formula for an association:

score = (zone-code factor) x (All + 1) + Ah
max

where the zone-code factor is determined as follows:

factor zone code

1 1 agree (AC < ACmax)

2 2 agree

3 1 disagree (AC > ACMaxC

4 2 disagree

5 3 agree

Any zone 3 association that failed to agree on code was rejected. Since Ah <
Al for an acceptable association, 'the scoring formula gives a different
score for each unique association situation.

U-, VeluciLy Reasotiabieness Test

The intent of the Velocity Reasonableness Test is to determiLe the
likelihood of a current target report being part of the same report sequance
as that represented by a given track. In order to keep the association
process reasonably simple, the association zone boxes have been defined as p,
0 rectangles centered about the predicted track po:sition. In reality, the
locus of possible target positions, as shown in Figure 6-9, is des,,,ribed by a
curved surface aligned with the track's velocity vector. Thus, there are
some areas of the association box in which target reports should not reasonably
appear. The Velocity Reasonableness Test is used to determine when the
simplistic box shape has led to unlikely associations being created, so that
such associations may be rejected.
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ATC-65 (6-9)__

As,,oc iaL ion

box

Ix Locus of

PC RSS j b Ie
target posit ionsO

"Turniiug
Path 11

Velocity vector
of track

Fiure 6-9: Locus of Target Positions
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Tlhc basic geometry of the test Is illustrated in Figure 6-10. T7o
velocity vectors are mpiloyed in the test. The first, which extends from the
last known aircraft position to the predicted present position, is the last
known velocity for the aircraft under track. The second vector, which cxtends

from tile last known aircraft position to the position of thle target report ii
question, would be the actual current velocity of the aircraft if the report
in fact corresponds to it. The test basically judges the reasonableness of

the required aircraft velocity change.

_,The coordinate system used for the new and previous velocity vectors, v
and w respectively, depends upon the distance of the track from the sensor.

In the normal case, when tracking is being performed in p,O terms, the vector
components are slant range and angular distance ([0, not 0, as velocities are
being compared) . If i and j denote report and predicted track quantities
respectively, the two vectors are:

v v ) • (i + • [0 -0 + 9 ] x )
p0 - j jP i .j j 3j

w (w w ) -- (P., 0pP.)

where p is ini miles, 0 in radians, and velocities in per scan units. However,
it the track is suiticiently near the sensor that ground x, y tracking is
being performed on the track (see section 9.4), these same coordinates are
used for the vectors:

= ( V x , V y ) = - s i2 J s i - x .3 + X , L -1 1 2

cos 0i - + y

= x. y -x J., .. N

The vector comparison that constitutes the velocity reasonableness test:

is accomplished il two parts: angle and magnitude. The direction cosine
between the two velocity vectors is given by:

w.9
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ATC-65 (6-10)

Target report
in question Error ellipse (0 by L

0 1

track pos;it ionI

S= cos 4 (e�ev discussion)

Last known

track position

Velocity Reasonableness Test:

expecting vector w, is vector v
a likely situation?

Figure 6-10: Velocity Reasonableness T,st
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The first part of the test is succe.;ssfully pase;ed i f tile angle dilference isq
suffic ioltly sm1 all, that is, if,

a - (f-i) *l

where f is tile track firmness and PF is a paranetcr. This formula permits tipO " 1
to a 90" angle between vectors for a consistent track (f=l reduces the equation
to a > 0) and a larger difference if the track is coasting. Thus, a doubling
back motion !s forbidden for a steady track.

This angle test is not attempted, though, if the measurement unce2rtainty
in either report coordinate is greater than that coordinate's velocity. In
,such a case, the heading could be in error by mere than 90 , thereby invali-
dating the test. Consequently, the angle test is autoniatically considered to
be passed whenever:

C K c or 6 < c

for p, 0 tracks or

x.< L or y. < C
i-P

for x, y tracks, where c and c are the system velocity uncertainties.

The magnitude test cheeks for situations in which the velocity increase
exceeds a reasonable limit. The association passes this part of the test
whenever:

"-" < f x P2

22where P 2 is another parameter. _•Agai~n, the test becomes less rigid when the

track is coasting. The vector E is the velocity error vector, given by:

c( ' 0 c0) or (c , C )

for p, 0 or x, y systems respectively. .-Thus, the largest possible w iS used
to be conservative. The dual test, on v being too small, is not made; tile
angle test partially covers this case, and the error term would lead to
automatic success in. most situations.
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It both component tests are passed successfully, the potential associa-
Lion is acceptable. One possil1e exception to the tzio of this test occurs
when a close-in x, y track has an unknown altitude. Since such a lack of
knowledge severely affects the accuracy of the track ground position and
velocity, it may be better to skip the test and accept the situation. This;
option is a program parameter.

6.4 Code Swa2jig

Whenever the paths of two aircraft cross each other, it is possible for
the situation shown in Figure 6-11 te occur. On the first sweep on which
these aircraft respond, say of -ode A, the reply from aircraft I is received
before that from aircraft 2. ., ýever, due to differences in transponder
delay or other causes, on the subsequent mode C sweep the reply of aircraft 2
is received first. The reply correlation logic, not knowing what the proper
pairings should have f-een, will create the two incorrect target reports shown
in this figure. However, since the two reports are very close together, both
will be marked as code swap candidates (refer to section 4.6).

Whenl the association process is undertaken for the track corresponding
to aircraft 1, both reports I and 2 will be identified as candidates for
pairings-_. Report 1, by the rules of the previous section, will agree in code
but not in altitude with the track, while report 2 will agree in altitude but
not in code. The code swapping procedure described below will then physically
1LLnt.L.A1[gC tLhe mode A codes of the two reports, creating two reports with
the proper mode pairings. The association for report 2 will then be accepted
(and highly scored), while the association for report 1 will be rejected.

A target report with an incorrect ILode pairing can be created by two
other mechanisms in reply correlation. The first siualu on arises when a
fruit reply is received just prior to the real aircraft reply on the first
sweep of either mode. Then, as illustrated in Figure 6-12, an incorrect
target report and an incomplete target report will result. As before, the
track corresponding to the aircraft .:ill find potential code swap associa-
tions, one of each type, and initiate a code swapping procedure. Note that
the incomplete report may hlave only o .reply; h,, sin e it fails very
close in range and azimuth to the other report, a 1-lit report will be cieated
(refer to section 4.6). Had this special i-hit report rule not have estab-
lished, the reply would have been rejected as fruit, and the proper code
would not have been available for code swapping to use.

Whenever the reply processor makes a high confidence bit error on a
reply code, the potential exists for an incorrect target report to result
during reply correlaLion. Figure 6-13 presents a number of example reply
sequences for an aircraft that include bit errors, and the target reports
that would be created from them. Note that all of the 1-hit reports listed
there would be declared by the above-mentioned rule. The last column of the
figure indicates how the code swapping mechanism, instigated by the aircraft
c-rauk, creates a proper target report in all required cases. The general
rule for the error correction properties of code swapping can be expressed
as foilows:
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-AA ATC-75 (6-11
A ircratt 1: • ua l ,

.I" Swt'cps

-" drur u ng

Cros1sover

cOd e A,,
Aircraft 2:

ait ituuc> C9

_e. • li e. received (range ordered)

I A A,

2 C(.' C.
2 ^2' A1

1' I

4 c2 C

R Siort) l ornmed:

I. A, with C,

2. A 2with C neither agree wfth either track

After Swap p)g:

1. A2 With C2 - cretlates with track 2

2. A, ¶Ith C - correlates with track 1

Fij.wc 6-11: Code Swapping Due to Crossing Aircraft.
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ATC-65 (6-12)
Sw"e- %2-ries received (ra1ge;__ ordered)

I A

2 
Cf, C (Cf means fruit)

3 A

4 C (if this reply is not
received, report 2 wi~l
contain only 1 reply)

Reports Formed:

i: A with C, neither otgree with the track

2: - with C

After Swapping:

I: - with C - eventually discarded

2: A with C - correlates with track

Figure 6-12: Code Swapping Due to Fruit.
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4.ure 6-13; Code Swapping Due tV lit F.rrors
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Whenever at least one reply of each mode (A and C) is decoded properly
by the hardware reply processor, a correct target report will exist by
the end of track to target association,

The code swapping process is undertaken whenever a track and two of its
associating reports satisfy all of t'e following conditions:

1. The track has no perfect association, which is one in zone 1 or 2
with both codo and altttude agreement

2. The two associatingnr _eports are both of type potential code swap,
one of type (alt code) and the other of type (alt code)

3. Neither of these reports has a perfect association with any other
track

4. These reports are spacially close enough together to satisfy the

reply correlation range and azimuth conditions

The second condition is necessary and sufficient to insure that code swapping
will produce the desired perfect report. The first and third conditions
attempt to prevent code swapping when the target reports are due to an aircraft
(or aircrafts) different from the one corresponding to the track. The first
forbids code swapping when the track already has a perfect report, while the

third Enrhlcdl It when scmme ther trra-k 1 o f r the reports just the tT....

it is. Note that these two conditions imply that all associations, for all
tracks, must be i ýoitified before any code swapping can be attempted. This
requirement is discussed further in Section 6.6. Finally, the last condition
insures that the two reports belong to the same reply correlation ambiguity
situation.

When an acceptable code swapping situation is identified, the mode A
code and code confidence words of the two target reports arc interchanged.
The reason for swapping mode A information instead of mode C information,
which would appear to be equivalent, is that the former action does not
affect the status of any other associations existing for the two reports
while the latter action could create new associations or invalidate existing
ones. This is because altitude agreement is required for an association
while code agreement is not. In addition, if the newly created perfect
report shows only 1 reply, the "number of replies" fields for modes A and C
are also interchanged between the two reports. This action insures that the
good report will be kept in the system while the erroneous reply (due to
fruit or bit error) will be eliminated by data editing. Finally, both swapped
reports have their mode 2 codes set to the value that results by combining
the two individual codes according to the update rules of Section 4.6. This
action insures that neither report has an erroneous code (altbough many low
confidence bits will exist), and is the best that can be done due to the
absence of mode 2 code in a track file.
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6.5 Overall Association Algorithm

The target to track association process commences with two sets of

inputs: an ordered list of all tracks currently resident in the sector,

prepared by Track Update, and a range sorted list of all target reports to be

processed in the sector, prepared by Discrete Correlation. The association

procedure processes one by one all tracks not correlated during Discrete

Correlation, locating all targets that can be paired with them. A flowchart

of all the actions described in this section is provided by Figure 6-14.

The association process for each track begins with the computation of

the sizes Ar', AO1 of its three association zone boxtrs. These boxes grý'ow

whenever a track coasts, as indicated by the formulas derived in Section 6.2.

Then, the range interval in which associatinig reports must lie for track j is

given by:

p. - Ap3 <p o < p + Aý-,3

J - -3

The set of targets to be considered for association are all those residing in

any range sort bin contained wholly or partially within this interval.

Targets already correlated during Discre-•te Correlation are ignored, while all

others encountered in these bins are processed through the set of tests

described below. The single exception to this rule is that should 1-hit

reports be generally permitted, due to a very low fruit environment, they may

not associate with non-established tracks (i.e.: those with 5 or fewer

reports). As explained in Section 10.3, this prevents the continuation of

extraneous tracks. 1-hit reports created for code swapping, however, are

exempt from this restriction.

The entire set of tests can be bypassed if the target report under

consideration was carried over from the previous sector, as the result can be

obtained by consulting information left in the association cross reference

table from that sector. If the track was processed in the previous sector,

its new linked list sequence number is guaranteed to be no larger than its

sequence number in the previous sector. This is because carried over tracks

41 ~kLU L U tIn u ai dL v 'Ltea oe f c.mhu net2L sector's C-.; &L c cc4L

9.6). Thus, the track's current nember equals the old one if all tracks

before it were also carried over ana is smaller otherwise. This condition

insures that the previous sector association information for the track cannot

yet have been overwritten.

If the current target appears on the track's last sector list, the score

is simply copied; if the target fails to appear, it is known that the associa-

tion was rejected. Finally, if the track did not exist in the previous

sector, the association with the target can be rejected. This follows from
the fact that if the track had wished to associate with reports from the

previous sector, it would have been in that sector looking for them.
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Figure 6-14: Association Flowchart (1 of 3)
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Figure 6-14: Association Flowchart (3 of 3).
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When the report is a new one, the association process comfl(c2CeS with the
determination of the association zone by the procedurc presenlted in section
6.2i If the report falls outside of the track's zone 3 box, it is rejected
ilmmediately. Otherw'ise, the zone of the associatica is recorded and code and
altitude checking proceed as described in sectiun 6.2. When these tests are
completed, the association type is uetcrmined from the appropriate matrix of
Figure 6-8.

If the type is no association, the report is rejected and the next one
is processed. If the type is potential association, the Velocity Reasonable:-
ness Test is performed. Should the target/track pair fail the test, the
association is rejected; otherwise, the association is converted to acceptable.
A perfect or acceptable association is scored according to the rules described
in section 6.2, and a temporary association entry containing the report
number and the score is created for it.

Potential code swap associations cannot bp fully resolved at the time
they are created. Instead. any (alt code) association is placed on one swap
list, and any (alt code) association on a second list. Each such entry
contains the target number and the score the association would receive if no
code swap using it were to occur. This value is obtained by referencing the
association type corresponding to its attributes as given in Figure 6-8(a).
If the result of this check is a rejection, a score of zero is used.

After all possible associations for a track have been created, the two
swap lists are processed (if non-empty). Although actual code swapping
cannot occur until all tracks have been processed, much of the preliminary
work can be accomplished at this time. First, if the track has any perfect
associations, no code swapping initiated by it is possible. Thus, in such a
case, all associations on tha code swap lists can be entered onto the tempo-
rary association list using the scores already determined for them, except
that those whose scores are zero are rejected. In addition, the same action
can be taken if either swap list is empty.

locate pairs of swappable reports. That is, all (alt code) list reports are
compared with all (all code) list ones to find pairs that satisfy the range
and azimuth correlation conditions. Each such pair is processed in the
manner specified below. All associations that remain on either list after
the swap pairs are identified are entered onto the temporary association list
(or rejected) as described above,

Although the large majority of all potential code swaps will in fact be
consummated, no guarantee can be given during individual track processing.
Thus, both eventualities must be covered. The method that accomplishes this
aim is the following. First, the (alt code) association of each swap pair,
which is the one that would become perfect after swapping, is rescov'ed under

108



the assumption AC = 0, the after swap value. Using this score, the associa-
tion is placed on the temporary association list. Next, the (alt code)
association is placed on this list with the score previously calculated for
it, which assumed no swap would occur. Finally, a swap entry is created for
the pair on the sector swap list. Such an entry, as depicted in Figure 6-15,
contains four fields: the track initiating the swap, the (alt code) report
of the swap pair, the (alt code) report, and the originally computed score
for the (ait code) association.

This procedure guarantees that the (alt code) association, which probably
will become perfect, is scored very highly and thus will be one of the ones
retained. On the other hand, the (alt code) association is maintained just
in case the swap should be prevented by another track. Should the code swap
later occur as expected, the former association will have the proper score,
while the latter one can be deleted at that time. However, should the swap
be blocked, the (alt code) association will be prcperly scored, while the
proper score to substitute for the (alt code) cne iJs contained within the
swap list entry. If this value is zero, of course, the association must be
deleted. A pictorial summary of the actions that occur when a code swap is
and is not permitted is presented in Figure 6-lb.

After the partial code swap resolution is completed for a track, the
number of temporary associations created is compared with the mnximum ner-
missable number. if acceptable, all of them are converted to permanent form
through creation of an entry in the cross reference table (refer to section
6.1). If too many associations exist, however, those with the lowest (best)
scores are chosen, while all others are discarded. In addition, should both
associations of any swap pair be eliminated by this pruning action, the swap
list entry corresponding to it must be deleted.

Finally, after all tracks in the sector have progressed through the
association process, the actual code swapping actions are performed. The
swap list, if non-empty, is processed one entry at a time. If neither report
in an entry has created a perfect association with any track, the code swap
itself is carried out as described in section 6.4; otherwise, the code swap
must be ignored. In either event, the association status of the two relevant
associations for the Initiating track are adjusted in the manner described
above. Should the same pair of reports exist in two different swap entries,
such as would occur when the reply correlation error being corrected was
caused by two crossing aircraft, the codes are swapped only once.

In addition, since 1-hit swap candidate reports were created solely for
use in this code swapping process, they must be removed from the system at
this point (if one was made into a perfect match through a code swap, the
other report of the pair becomes the 1-hit report as was stated in section
6.4). Any associations they may have formed must also be dropped. This set
of actions is not taken, however, if the 1-hit report option is to be employed
for the sensor due to very low fruit rates.
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Figure 6-15: Swap List Entry
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Figure 6-16: Swap Resolution Actions.
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7.0 TARGET 'to TRACK COKRI(IIA'V ION

Once all associations tor (-ach track have been determined, it becomes
possible to decide which target report, if any, should be used to update each
track file. In virtually all cases, only one report will associate with a

given track, and that report will associate with no other track. In such
situations the selection is obvious. In most other cases, two or more reports

will associate with one track, or two or more tracks with one report. in
these situations the "best" association is chosen. The ranking of the
associations is accomplished through use of either the Quality Score or
De.viati.on Score of the corresponding track/target pair. The Quality Score
measures differences between the track and target attributes, while the

Deviation Score, employed only when Quality Score ties exist, measures and
weights the geometric difference between the track prediction and report

positions. Occasionally several tracks and several reports will associate
with each other. ThesL situations are resolved by selecting the set of

target/track pairs that minimizes the total system Quality Score.

. In all cases, a target to track correlation is accepted only if the
track is ready to correlate. If, on the other hand, the track can reasonably

expect to find a superior report in a subsequent sector, the correlation is
postponed. Both the track and target report are then carried over into the

next sector, where the association process is again performed.

7.1 Oial itv Score

The Quality Score of a track/target association pair is a measure of the

relative differences between their attributes and of the degree of certainty
that each entity represents a real aircraft. The following components are
incorporated into the Quality Score. Since most were already determined dur-
ing the association process, little extra computational cost is attached to
the scoring mechanism.

1. Mode A code agreement

2. Association zone

3. Number of replies in report

4. Altitude agreement

5. Track confidence

Figure 7-1 presents in detail the manner in which each of these items is

evaluated as well as the individual scores for each possible result. The
final Quality Score for the association, as indicated in the figure, is the

octal concatenation of the component test scores.

112



-ATG7-6ý5 (7-1 )]

Octal Digit and Factor Condition Score

7 zone - 1, code agree 0
(most significant) zone - 2, code agree 1

zone-code zone - 1, code disagree 2
zone - 2, code disagree 3
zone - 3, code agree 4

6 3 or more 0
number of replies 2 of same mode 0
(modes A and C only) 1 of each mode 1

1 reply 2

5 AC - 0, all bits high confidence 0
code agreement AC - 0, some bits low 1

AC - 1/2 AC 2
ma:C

AC - AC 3
max

AC - 2AC tnd:
max

some bits low, track code in transition 4
all bits high, track in transition 5
some bits low, track steady 6
all bits high, track steady 7

4
altlude agreement Ah 509 feet 0

6h 600 feet 1
bh - 700 feet 2
6h -800 feet 3
Ah -900 feet 4
Ah -1000 feet 5
Ah > I)00 feet 6

3
track validity track established, p > o 0

track established, p < o I
new Hrn,

new track, p < c 3

2, 1, 0
deviation score

Quality Score - (d7 d6 d d d d 2d1d)8

Figure 7-1: Quality Score Determination
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Since it is impossible for the score of one component test to "spill

over" into the digit of tile next one, this Quality Score is actual l an
implem"nrtat ion of a multi-stage decision algorithm. That is, if two associa-
tions exist for a track, tihe one chosen will be the one with the lower code-
zone (digit 7) score, even if that association lost on all other criteria.

If the associations tie on this criterion, howevez-, the decision will be
based on the next item, etc. Because all the decision item scores are combined
into a single number, however, a single comparison will automatically impLe-
ment tile entire test hierarchy, selecting the winning association on the

basi.. oi- the first non-tied decision stage.

The value of the first test, association zone and gross mode A code

agreement, can be determined directly from the score of the association. By
referencing Section 6.2, it is seen that

association score
value of digit 7 = -ca + 1

max

where integer division (no remainder) is employed.

Toe second component, number of replies of modes A and C constituting the
target: report, can be obtained directly from the corresponding fields of the

target report. The reason for penalizing a target with one reply of each
mode is that such a reply groupino is ,hnroeteristic of a report fort -d by
coincident fruit. Fruit of the same mode would require code agreemei to

cocrelate, arid tnhus most reports with two replies of the same mode are real.
Although 1-hit reports are generally not permitted in the system, they may be
employed by sensors in very low fruit environments.

The third component test is a finer measure of code agreement between

target and track than that employed in the first test. As expected, the best
scoce (lowest number) is given when all code bits agree and are declared with

high confidence, while the worst is obtained when the codes disagree in
several high confidence bit positions, the target code is all high confidence,
and the track code is not in transition, meaning that its last correlating
report has confirmed its code. Code disagreement is not penalized as severely
when uncertainty exists in the target code as bit decisions are often made

incorrectly when garble is present. Similarly, if the track code is in
transition, less weight is given to code disagreement. The case of code
agreement with tC=AC exists when the track and report codes differ by no
more than a parametric number of bits (typically one), and thus this situa-

tion falls between agreement and disagreement. The elements required for
this test are obtained as follows: code agreement or disagreement is defined

as for the first test, AC is computed as defined in Section 6.2, the degree
of target code uncertainty is determined by examining the report code'confidence
field (all O's = high confidence, all l's = unknown, mixed l's and O's =
some uncertainty), and the track transition count Its part of the track informa-

tion ensemble.
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The next test measures the amount of difference between the track and
target altitudes. Note that altitude differences of greater than Ah , nor-
mally 1000 feet, would have prevented association from occuring in tHe first
place. Thus "disagreement" is not possible, which explains why this seemingly
important test ranks so low in the hierarchy. The value of Ah in hundreds of
feet has already been computed during association and resides in the associa-
tion score Thus, it can be obtained as:

ýh - 100 x [association score - (Ah + 1) x (value of digit 7)]max

which follows from the definitioa of association score given in 6.2 and the
digit 7 discussion above.

The final component of the Quality Score gives an edge to tracks that
are likely to correspond accurately to real aircraft positions. Thus, tracks
which have succassfully correlated a number of times are rated better than
newly initiated ones, while tracks passing over the sensor, where positional
prediction accuracy is often hurt by missing data or uncertainoaltitudes, are
rated below more distant tracks. The former rule also has the advantage of
reducing track drops during splits. Fnr example, assume reply correlation
generates two reports for an aircraft on two successive scans. These reports
will initiate a new track which will compete with the original one. By
giving priority to the established track, assurance is provided that this
track will bt tihe one to continue correlation atter the split cause has
disappeared.

The final three octal digits of the Quality Score are reserved for the
Deviation Score when its calculation is required. This permits the total
score to be represented as one entity.

It should be noted That the component tests of the Quality Score could
be reordered in any manner. The present level of experience with real data,
however, seems to indicate that the hierarchy described here is proper.

7.2 Deviation Srnrp

It is quite possible that the Quality Scorer of two associations will be
identical. For example, reports from two general aviation aircraft, both
reporting a code of 1200 and having no encoding altimeters, would often
produce the same score relative to any track. The intent of the Deviation
Score is to break such ties by taking into account the geometric difference
between the t':ack and target positions.

The Deviation Score doesn't merely reflect the distance between the
positions; rather it indicates the likelihood of the aircraft under track
being at the position represented by the target report. In particular, the
scoring xules employ the fact that changes in aircraft speed from scan to
scan are unlikely, most changes in aircraft velocity being caused by turns.
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When an aircraft executes a turn of unknown magnitude, the set of
possible locations it can reach, as shown in Figure 7-2, is defined by a
region which is fairly wide in the crosatrack direction and narrow in the
along-track direction. Since the association box constructed about the track
position, also illustrated in the figure, must be square and in p, G rather
than track oriented coordinates to prevent excessive computation time, it
includes much area quite distant from this region. By using the crack-
oiiented deviation zone, otherwise unresolvable multiple association cases
can be solved easily. For example, although the two tracks of Figure 7-3 are
predicted to the same spot, the report that belongs to each track is decided
easily through the deviation boxes.

The Deviation Score represents an approximation to these ideas. A:
depicted in Figure 7-4, the accessible region for the aircraft is represented
as a rectangle and the turning locus as two line segments, The score assigned
to each point in this region is then computed as the product of two factors:
one that penalizes absolute distance from the predicted position and the
second that penalizes deviations from the turning locus. The two vectors
needed for this computation, as shown in Figure 7-5, are:

d - (A, ptO)

t =.L (, L6

The former represents the deviation of the report relative to the predicted
track positicn, while the latter is a unit vector in the.direction of the
turning locus. Yhe actual computation formulas for the t components are
supplied by the figure.

The penalty factor for absolute distance between target and track is
defined to be:

,An. nAR.
tl = II-I +

where c and c are the 3o report measurement errors. The factor that rates
the dir ction of this deviation does so by comparing its components in the
directions parallel and perpendicular to the turning locus. That is:

C =d - t
par

C -uui -C2

perp par

C
f 2 oe_ 0.5 < f <z

par
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Figure 7-2: Reachable Aircraft Locations.
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Figure 7-3: Resolving Ambiguities through Deviation
Zones.
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[ ATC-65 (7-5)
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i for p

Y for p8

Y for p;

Figure 7-5: Deviation Score Vectors
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Thus, deviations due to turns (C Z 0) are penalized very little compared
to those requiring along-track a cerations. 'The bounds on f 2 prevent its
effect from overshadowing that of f The final deviation score is given by:

D = fI x f2

This score is quantized to 25h--s and added to the Quality Score in the manner
indicated above.

For tracks near the sensor, x,y coordinates are employjed inqtead of p,
0 ones (refer to Chapter 9). For this situation, both the d and t vectors
are computed with x, y components:

d- (Ax, Ay)

t (t x , t )

where Figure 7-5 gives the latter component equations. Also, the first
deviation factor is expressed as:

f£1 _ I,1I + I~yi
o n

7.3 Correlation Timing

If the association boxes for all tracks were contained within a single
sector, the association and correlation processes could both be performed
during that sector and timing would never be a problem. However, whenever a
predicted track position occurs near a sector boundary azimuth, it is possible
that the association box for the track will encompass two or more sectors.
In fact, if the track is very near the sensor, its box could include parts of
every sector. Clearly, if every possible associating target is required
before correlation can occur, the correlation decision might he dplayed
several seconds. In the worst case, when many tracks and many targets associate
with each other, no closed system might ever occur, and hence no correlation
decision could be made. Sifice target reports are required to be processed as
soon as possible, and no delay exceeding a parametric number of sectors is
permitted, a compromise correlation procedure is required.

The design implemented to handle this issue is the following. Define MS
to be the maximum number of sectors for which correlation of a target may be
delayed. Also define BS and LS to be the number of sectors prior to and
following tht center sector respectively over which the track's correlation
box extends. Then the track begins to seek associating targets ER - Min{MS, BS)
sectors before its predicted sector. The track will not be permitted to
correlate, though, before targets from its predicted sector have been received,
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as that is where the correct target is most likely to occur. This rule
explains why a track will never be permitted to associate with targets
earlier than MS sectors before its predicted one; by the time the track was
allowed to correlate, these targets would have already been output.

Once the targets from the predicted sector have been received, correla-
tion for the track will be attempted. If a correlating target is identified,
the correlation will be accepted provided at least one of the following three
conditions is met:

i. The first octal digit of the Quality Score of the association is
lower than a specified value (and thus the association is good
enough to justify ending the search).

2. The target has already been delayed for MS sectors and thus cannot
be held any longer in the system.

3. The track has already received targets from the sector LR = Min(Ms,
LS) later than its predicted one (and thus has completed its search).

If none of these conditions is satisfied, correlation is postponed for another
sector. Thus, in a many-track-many-target association system, correlation
will be performed as specified in Section 7.5 if any of the tracks or targets
requests it. Some of the resulting correlation pairs may be accepted due to
satisfaction of one of these rules, others may be rejected because no rule
was satisfied, and still others may be rejected because the system had not
yet received targets from the predicted sector of the track. Figure 7-6
illustrates the resolution process for a typical situation.

The method used to provide the data required for these decisions is the
assignment of an integer flag to each target report and each track. Figure
7-7 presents the interpretations assigned to the various values the track
flag TF can assume. When a track is updated, the first sector in which it
will seek associations is determined as described above and its initial flag

long as the track's flag is non-zero at the end of the correlation process
for a sector, track update will merely recompute the flag value (if necessary)
and move the track to the list for the next sector. When the flag has been
set to zero by correlation, indicating a successful correlation or a coast
condition, the track is updated co the next scan and the process starts anew.

The target flag rules, also shown in Figure 7-7, are considerably simpler.
A target is assigned a flag of zero when it is created. If it must be delayed
in the system due to its becoming associated with a track that is moving to
the next sector, its flag is set to indicate the last sector in which it can
be processed. The report can then by delayed further, if required, but not
beyond this final sector. Note that even close-in reports are not delayed at
all unless a track associating with them requests it. Any track in the
system that wished to associate with this target would be included in the
list for its sector, and thus delaying the report cannot lead to later asso-

ciations.
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TAT-C -65-(7T-6) {

Current Sector S

S-2 S-1i~

extent of track
0 association box

Let MS - 2

< •- Let Quality Score
< 20000000 be

0 acceptable

4

Association
Quality Scores: V e' \V

Q11: 10000000

Q22 10000000

Q33: 40000000

944: 30000000

Correlation ..... L Ac~cepteu'Raso

X- 01 Yes Score acceptable

X- 02 No Track centered in
subsequent sector

X - 0 Yes Report cannot be
3 3delayed further

X- 0 Yes Track has reached end
4 '4 of search

Fure 7-6: Correlation Timing Exaple
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ATC -67 5 77)

Track Flag (TF) Interpretation

TF = 0 Update track this sector.

10 < TF < 74 Track's association box is

centered in subsequent
sector TF - 10.

74 < TIF < 138 Center of track's association

box has already been reached;
box ends at subsequent sec-

tor TF - 74.

T End of track's association

box has already been reached;
correlate as soon as possible.

Target Fla(GF) Interpretation

GF = 0 Process target this sector.
GF > 0 Target delayed, but no

ftirther than sector GF is

permitted.

Figure 7-7: Timing Flag Values
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When a correlation has been selected, and the timing considerations
permit it to bt consummated, the actuel actions performed are the following:

1. The target number is placed into the proper field of the track file
entry.

2. The track number is placed into the proper field of the target

report.

3. The track flag is set to zero.

4. The target flag is set to zero.

7.4 Elementary Correlation Cases

There are three association situations in which the selection of the
proper target/track pair to correlate is straightforward. These cases are

the following:

1. One target and one track associate only with each other (I on 1)

2. One target associates with many tracks, but each track associates

only w'ih that t'arget (m n 1)n

3. One track associates with many targets, but each target associates

only with that track (l on n)

Once the proper pair is chosen, the correlation is actually performed only if
the timing criteria of the previous section are satisfied. Figure 7-8 presents
a flowchart of the algorithm for these cases.

For the 1 on I case, which is by far the most common, no Quality Score
is required if the track is in its last correlation sector or if the report
cannot he delayed any longer. In other situations, only the first digit of

the Quality Score is required to determine whether correlation can bc consum-
mated. Since this digit is contained wiithin the association score (refer to
Section 7.1), again no processing is required. Thus, the usual correlation

case introduces little execution overhead.

When either of the many to one (m on I or 1 on n) association situations
arises, correlation is attempted if any of the tracks or reports are ready.
First, the Quality Scores for all associations are computed in full. Then
the lowest score is identified. If there is a tie for the best score, the
Deviation Scores for the tied associations are evaluated and added to the
Quality Scores. Should a tie still exist, which is rare, random selection is
employed.
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Once tile target/track pair to correlate is identified, the timing criteria
of Section 7.3 are checked to determine whether or not the correlation is ac-
ceptable. If it is, correlation is performed; if not, both the track and
target are carried over to the next sector through the flagging mechanisms
described in the last section. Leftover tracks in n on I situations that
have reached their last correlation sector, that is those whose flags equal
139, have their flags set to 0 to indicate they should be coasted; other
leftover tracks have their flags left unchanged so that they can attempt
correlation in the next sector. All leftover reports in 1 on m situations
have their flags set to 0, which will result in their being treated as uncorre-
lated reports. There is no reason to bring any of them into the next sector
since any track whose association box included their positions would have
been present in the current sector.

7.5 Intertwined Correlation Cases

Selecting the proper correlation pairs becomes considerably more diffi-
cult when the association situation consists of m tracks and n reports associ-
ating with each other. Although frequently each track can be assigned its
first choice report, there is no guarantee that conflicts will not result.
Thus, some objective function must be defined in order to be able to decide
when one set of correlation pairs in superior to another. The function that
has been selected is the minimization of the sum of the Quality Scores for
the pairing.s chotu, where each uncorreiated track or report is assigned a
penalty Quality Score.

Mathematically, this function can be expressed as follows. Define

Ix-ij if track i associated with report jX ij =0 otherwise

X. i, ~ for all i

Xm+l, j - 1 fur all i

where correlation with track m + 1 (or report n + 1) will be used to indicate
an uncorrelated report (or track). The Quality Score for each real association
(X 1, 1 < m, j < n) is given by the rules of Section 7.1, while that for
eack auxiliary association (i - m+l or j - n41) is assigned the default
value, currently set at octal 50000000. Next define

I if track i paired with report j
ii 0 otherwise

as the correlation pair assignment variables. Then the optimum correlation
resolution is described as follows:
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Minimize Y ij Qij

j =l

Subject to Y I= 1 , m

SYij=1 
j=l,n

Yij < Xij i=l, m+l; j=l, n+!

Y..=O or 1 inl, m+l; j=l. n+l

which expresses the following concepts:

1. The objectt', is to minimize the sum of the chosen Quality Scores,
including all non-correlation penalties.

2. Each track (target) must correlate with one and only one report
(track) or be uncorrelated.

3. A track/target pair can correlate only if it has associated.

This optimization problem is a common type of cransportation problem
known as the assignment problem. The method of solution is well known, but
unfortunately it involves an iterative procedure. In order to keep execution
time within bounds, the exact solution will not be sought. Instead, the best
first approximation to the solution will be used to select the correlation
pairingL. Simulations have shown that in virtually all cases the best first
approximation and the final solution are identical. In fact, no case based
on real data has yet been seen for which this hasn't been true.

The first step in the resolution process is the formation of the lists

of tracks and targets involved in the association system. This step is begun
by placing any track on the first list and all of its associating targets on
the second. Then all associating tracks of these targets are added to the
first list, and all associating targets of the new tracks on the second list,
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etc., until a closed set of tracks and targets has been found. Then, if any

of these tracks or targets is ready to correlate, the resolution process
begins; otherwise, alL tracks and targets are flagged for carry over to the
next sector (see Section 7.3). if correlation is to continue, a matrix of
Quality Scores is constructed, with each track corresponding to a row and
each report to a column. If a track and report do not associate with each
other, the default score is entered into that element of the matrix. Figure
7-9 depicts such a matrix for a sample intertwined association case.

The heart of the resolution method is the order in which the tracks (or
targets) are selected for correlation. Once a particular track (or target)
is chosen, it correlates with its best remaining associa4ion partner. Then
these two entities are eliminated from the group, and the next track (or
target) is picked. The selection process utilizes targets if there are fawer
reports than tracks, and tracks otherwise. By working on the minority entity,
the possibility of correlating a fruit report or track is greatly reduced.
This results because all minority entities are likely to be real, while the
larger number of opposite entities is generally due to extraneous items.
Thus, it is hoped that no fruit item will be correlated, as each selected
minority member will choose a real partner, If the majority members were the
selected entities, it is possible that a fruit entity would be selected
before a real one, and thus it would form an incorrect correlating pair.
This issue will be illustrated below in the example.

Assume for ease of discussion that tracks are the minority members.
Then the track that is chosen next to correlate is the one that has the most
to lose by not getting its first choice. To perform the selection, the
difference in score between the lowest two luality Scores in each remaining
row is computed. The row with the largest such diffetence is the one selected.
If a tie exists between two rows, the Deviation Scores for the entries in
each row are employed. The track corresponding to the winning row is then
correlated with the target corresponding to the lowest Quality Score in the
row (Deviation Scores break ties). Finally, all the scores in the row and
column of the selected pair are set to default, and the next selection is

II~dU * 110 p. 0C 55 eltltne....L
matde-. The 1 ) L u(,;u .s-- . i aLt: wlI L •--.. ..... LO WS ILLUVC b . CtLI C..LLU EL1. 0UL WLE1 tle

winning correlation score is default. In the former case, all tracks have
been correlated, while in the latter case, all remaining tracks must be left
uncorrelated as all their associating reports have already been taken.

The resolution of a sample situation is illustrated by Figure 7-10. The
track to target associations, the corresponding Quality Score matrix, and the
initial row differences are all shown in part (a) of the figure., Since row 2
has the largest difference, track 2 is selected, and it correlates with
target 3. The revised matrix for the next step is shown in part (b) of the
figure. Row3 1 and 3 have equal differences, so Deviation Scores are required.
When they are employed, row I is selected, and track 1 correlates with target
1. Finally, track 3 is last to be selected, and it correlates with target 4.
It should be clear that this resolution in fact i•as the optimum one.
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STC-65 (7-9)1

1 track
0 = report

X - = association102 -- • 02

x 3

Report 1 Report 2 Report 3

Track 1 30000000 10200000 50000000

Track 2 50000000 00420000 12300000

Track 3 50000000 20122000 50000000

Each entry is the octal Quality Score for the corresponding
association.

Non-associating pairs, such as track 1 and report 3, are assigned
the default score, 50000000.

Figure 7-9: Intertwined Association Matrix
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-ATC-65(7-10a)

02

3X = track

0 = report
- = Association

0

Initial Quality Score Matrix:
01 0? 01 0o

X 00 50 10 20 A, = 10 - 00 =l 0

S50 21 00 20 2200020

X3 20 50 10 00 A3 = 10 - 00 ý 10

& -....... - . I •_

(for simplicity, only 1st 2 octal digits of each quality score are
shown; others are zero)

A, is largest, thus track 2 chooses first.

X2 - 03 score is smallest, thus track 2 correlates with report 3.

Figure 7-10a: Intertwined Example
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Matrix after X2 - 03 correlation:

01 02 03 04

X 0 00 50 50 20 A1 =20 -0 = 20

X2 50 50 50 50 A2 = 50 -50 = 0

X3 20 50 50 00 A3 = 20 -0 = 20

A1 and A3 are tied, need Deviation Scores to decide who chooses first.

Assume A1 is larger than A3 after Deviation Scores are added to each matrix
element.

Then track I chooses first, and selects report 1.

Matrix after X - 0 correlation:

01 02 03 04

X1 50 50 50 50 A1 = 50 - 50 = 00

X2 50 50 50 50 6A2 = 50 - 50 = 00

X3 50 50 50 00 A3 = 50 -0 = 50

Track 3 chooses report 4

Figure 7-1Ob: Conclusion of Intertwined Example
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For comparison, this example is redone in Figure 7-11 by allowing targets
(columns) to be the selected entity. As is seen, in this case target 2, the
extraneous report, correlates incorrectly with track 2. This happened because
target 2 had only one associating track, and thus had the most to lose. In
fact, fruit reports (or tracks) will often have only one association. By
selecting minority entities, the problem of improper correlations due to
fruit shouid be minimized.

After the set of correlations has been identified, each pairing is
checked to determine whether or not it is ready to correlate according to the
timing criteria of Section 7.3. If it is, the correlation is performed;
otherwise, both the track and report are carried over to the next sector.
Leftover tracks and reports are handled as above for the m on 1 and 1 on n
cases (see Section 7.4).

The most common intertwined association situation involves two tracks
and two reports. For this special case, the entire resolution algorithm
reduýzes to the following comparison:

QII + Q2 2 vs. Q1 2 + Q21

If the first Quality Score sum is smaller, track 1 is correlated to target 1
and track 2 to target 1. If the second sum is smaller, the alternate pairing
is chosen. Ties, as usual, are broken through Deviation Scores. If either
selected Quality Score is the default value, that pairing is forbidden, and
only one correlation will result.

Numerous other special intertwined situations could be resolved through
short cuts. For example, a check could be made to see whether each track
could be assigned its first choice report. If so, the correlations could be
made directly. However, non-2 or 2 cases are so rare that the additicnal
code to handle any other special case wouldn't be justified.
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Initial Quality Score Matrix (refer to Figure 7-10 (a)):

01 02 03 04

X 00 50 10 20

X2 50 21 00 20

X3 20 50 10 00

A, = 20 A2 = 27 13 0 4 4 - 20

A2 is largest, thus report 2 chooses fitst and
Selects .... '-

error! -jTC-65(7-LO)

Fiue 7-11: Redone Intertwined Example
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8.0 TRACK INITIATION

ATCRBS tracks are automatically initiated wheLn a pair of uncorrelated
reports are found on successive scans that appear to have come from the same
aircraft. These reports, to satisfy this criterion, must agree or potentially
agree on both identity code and altitude. In addition, their physical separa-
tion must be sufficiently small that a real aircraft could have traversed the
distance in one scan.

Not all uncorrelated reports enter into the track initiation process.
Under user control, various categories of reports that are judged not likely
to be due to real aircraft can be eliminated. The remaining uncorrelated
reports are compared with those from the previous scan. If one or more
matches are found, the report is used to start new tracks; otherwise, the
report is added to the uncorrelated report buffer for comparison with s~ib-
sequent scan reports.

If a current report is matched with more than one previous report, each
potential new track is rated into one of four categories. Only those tracks
in the highest category found will be initiated. If )ore than one track is
created with t1,¼ same current report, or more than one track created with the
same previous scan report, this set of tracks will be linked together. Then,
when the track correspodiLug Lu the real aircratt is identified (one report
can only correspond to one aircraft), the other tracks are immediately drupped
without having been declared in the system output.

8.1 Uncorrelated Target Buffer

Entries for all active uncorrelatcd reports are stored in the uncorrelated
target baffer. Each entry contains the range, azimuth, identity code and
code confidence, and altitude, altitude confidence, and altitude type fields
of the original target report. The entries are linked according to the

sector in which the report was created in order to provide an azimuth sorting
capability. In addition, as exnlained below, thi ... nking provids an easy
method of determining which entries are no longer required. Figure 8-1
depicts the form of this buffer and its linking mechanism.

By the time a target is declared to be uncorrelated, it may have been in
the system for several sectors. This occurs, as described in the previous

chapter, when the correlation decision must be delayed. The worst case
delay, controlled by a system parameter, can be as much as half a scan. Each
new uncorrelated report attempts to locate uncorrelated reports from the
previous scan that lie near its position. This search window will be centered

at its position, and could have an azimuth extent as large as half a scan in
each direction if it were very close to the sensor. Thus, the oldest required

uncorrelated target will be two scans old, computed as follows:

"135



Current Sector Pointer

Sector Roots

Center of
Search

Unused Slot Pointer tincorrelated Pointer
Target. Buffer Array

(links entries
in same sector)

_ 14

-RangeAzimuth

Code Code Confidence

Alt~itude Altitude Alt.1

I Confidence ye

Buffer EntryofTC-6

8-1: Uncorrelated Target Buffer
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0.5 scan - delay period for current report

1.0 scan - search window center relative to current report position

0.5 scan
2.0 scan.- earliest edge of search window relative to the center2.0 scans

This fact accounts for the number of linked lists requirud ini the uncorrelated
target buffer: two per sector.

The linked list pointers are thus used in a circular mariner. After the
track initiation process is completed for the current sector, reports from
this sector received two scans ago are no longer required. The pointer root
for those reports is then free to be used for the current ones. Thus, each
entry in the pointer root array always references reports in the same sector,
making it very simple to determine the identity of the root for any given
suctor.

A separate linked list ties together all available slots in the buffer.
When new reports are added to the buffer, the slots at the head of this list
are utilized. T1he list is updated after every sector by adding to it the
siots of ail entries no longer required, namely those thac are two scans cld.
This mechanism is needed because, unlike for the reply buffer of Chapter 4,
entries in the same sector are not co-located in the buffer; correlation
delays cause the set of uncorrelated targets for a sector to arrive piecemeal
over a span of several sectors.

The final pointer associated with the buffer references the root linkage
pointer for the current sector. This variable is required to indicate which
of the two pointers for the sector is the current one. The other root pointer
for the sector then serves as the center of the search region for non-delayed
reports. The search center for delayed reports is offset back from this
pointer by the num••r of scet-rc of Acl~y This searrh nrnoepdtre is discinsed
further in Section 8.3.

8,2 Track Initiation Criteria

The track initiation procesr attempts to locate pairs of qualified
uncorrelated reports with which to start new tracks, Uncorrelated reports
that are judged to be due to fruit or system errors rather than to real
aircraft are suppressed. This action not only prevents the formation of
extraneous tracks but also significantly reduces the execution time of the
process.

The types of reports that can be prevented from forming tracks, eachunder parameter control, are the following:
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1. 1-hit reports (mode A or C)

2. 2-hit A/C reports

3. Leftover code swapping reports

4. Boresite reports

Even in fruit environments so low that 1-hit reports can profitably be used
for tracking continuity during fades without overloading the system, an
uncorrelated 1-hit report is more likely to be due to fruit than a real
aircraft entering the system. Thus, such reports should probably be sup-
pressed for best performance. On the other hand, in heavier fruit environ-
ments, where 1-hit reports are not created, reports formed by fruit replies
will generallv consist of two replies, one mode A and one mode C. This is

because only coincidental position agreement is required for two such replies
to correlate, while code agreement as well is required for replies of the
same mode. in either case, if real reports are suppressed, the only system
effect will be to delay slightly the formation of the track, as normal reports
should be created on subsequent scans.

A report that was a candidate for code swapping, that is, one that lies
very near another report in range and azimuth (see Section 4.4), is often
caused by code declaration errors or fruit (see Section 6.4). Whpthpr or not
code swapping actually occurred, if such a report failed to correlate while
its partner succeeded, the evidence is strong that the report is in fact
extraneov;. Thus, such reports should be suppressed.

Finally, boresite reports are often symptomatic of system errors, heavy
garble, or sidelobe interference. Even if such reports corresponded to real
aircraft, they could profitably be suppressed, as the tracks they initiated
could have serious heading errors due to their uncertain azimuths. Unfortu-
nately, one other cause of boresite reports exists in this implementation:
an aircraft transponder that produces slightly wide pulses. If the pulses
are just the right width, no monopulse samples will be taken on them by the
reply processor.

Since this latter effect will persist for the life of the aircraft, its
track would never be initiated if uncorrelated boresite reports were discarded.
Thus, the modified rule to be employed is:

permit two uncorrelated boresite reports to initiate a track, but
reject any potential tracks consisting of one boresite and one
monopulse report.
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Current scan boresite reports that fail to form a track with previous scan
ones are placed in the uncerrelated report buffer, but are rot included in
the output stream. Thus, most such reports are discarded eventually. Those
boresite reports successfully initiating a track are of course reported out
at once.

The first check made on a potential pair of track initiating reports is

that their positional difference is sufficiently small to correspond to the
motion of a real aircraft. Two box sizes as shown in Figure 8-2 are defined
for this purpose, one corresponding to "normal" aircraft and one for unusual
aircraft (military jets, SST'V, etc.). A pair of reports is said to be in
zone 1 if their differences satisfy the smaller limit and zone 3 if they
satisfy the larger limit:

Zone 1: Ap < 6Psmall
- small

and pA8 < 6p small

Zone 3: AP < 6 Plarge

and pA0 < 6 plarge

and not in zone 1

where p is the range of the current report. A potential pair satisfying
neither test is rejected. Note that these tests are approximations to the
circular test required and do not use ground range. Thus, they can fail for
a high flying aircraft over the sensor. However, few if any tracks will be
initiated in that region and at worst the track will be started one or two
scans late.

Each successful pair is then checked for identity code and altitude
agreement. This is done by computing AC and bh for the pair by the same

methods used for comparing targets against tracks for association in Section
6.2. Once these entities are known, the final zone of the pair is found from
the geometric zone defined above as follows:

Zone stays the same if:

AC < ½ACmax

Ah < ½Ah- ma x

Zone increases by I if:

AC < AC- max
Ah < Ah a- max

and above conditions failed
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ATC-65 (8-2)

Figure 8-2: Track Initiation Boxes
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If AC > AC or Ali > ih , or if the final zone is 4, thc pai r is rejected
as a candiaT2 e for track minlitiatlon.

Thus, there are three categories of candidate track initiatiou pairs
that are acceptable. Those target pairs in zone I fall within the normal
geometric box relative to each other 'nd agree on both identity code and
altitude, those in zone 2 also fall within the small box but only potentially
agree on either code or altitude, and those in zone 3 fall within the large
geometric box and agree on both code and altitude. All other pairs of uncor-

related reports, one from the current scan and one from the previous scan,
are rejected for track initiation.

8.3 Overall Track InititaticuQAlgorithm

After target to track correlation is completed, each target report in
the sector list is examined in order. if the report was correlated, it is
passed over at this point and will be processed further during track update.
If it is flagged to indicate that it is required for correlation in the
subsequent sector (see Section 7.3', it is placed in the target list for the
next sector and its output delayed accordingly. All other uncorrelated
reports are examined to determine whether or not they are qualified to partake
in track initiation. Those found unqualified are discarded as due to fruit
or system error and are not output, while those passing the test are entered
into the track initiation process. Whether or not these latter reports start
a new track, they are output as uncurrelated. This is to prevent tracks from
being declared to the outside world until a third, confirming, report is
encountered.

When a qualified uncorrelated report is identified, the track initiation
process, outlined in Figure 8-3, begins by determining which sectors of the
previous scan must be examined in order to locate potential pairing reports.

Denote the cU'Lent sector by S , and let e and p be the azimuth andcu-rr
range respectively of the current teport. Then the sector in which this
report was created is given by

0
S c + I

C 0
sect

where 0e is the size of a sector and integer division is assumed. S will
equal S if the report was not delayed by the correlation process. ihus,Scurr
if there are NS sectors in a scan, the center of the search region~occurs NS+
(S urr-S c) sectors prior to the present one. Since a pointer in the uncorrela-
tefi report buffer references the current sector linked list, the linked list
for the search center is obtained by decrementing this value (in a circular
fashion) the required amount. Finally, the numbeT of linked lists on either
side of the search center that must be processed is given by:
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Figureý 8-3: Track TIntiatior, Process
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AS {ŽMin (tan -1 ,6Playrg) / + 1Tc- 1alrga//0ec

as shown in Figure 8-4. Except when p is very small, the arctangent function
can be approximated by its argument.

Each previous scan uncorrelated report existing on the linked lists of
the sectors included within this search area is compared with the candidate
current report. Using the procedure described in the last section, each such
report is either discarded or entered into a list of pairing reports along
with its zone value (1, 2, or 3). After all potential reports have been
examined, the minimum zone value on the list is determined. All pairing
reports that possess this value will be used to initiate tracks with the
candidate report, while all pairing reports with nigher values will be rejected.

If no pairing report was located during the search, The current report
is entered into the unzorrelatec report buffer and linked onto the proper
sector list. It will then be available for pairing with uncorrelated reports
received during the next scan. If the new report started one or more new
tracks, but all these tracks were in zone 3 and therefore suspect, the report
will also be entered into the buffer. This will permit the formation next
scan of thu correct crack for the report if in fact the report were the first
emanating from a new aircraft. If, however, the report is used to start one
or more good tracks (zone 1 or 2), it is not entered into the buffer as it is
very probable that one of these tracks corresponds to its aircraft.

The algorithm described above permits one current report to initiate
nore than one new track. Also, one uncorrelated report from the previous
scan can be used by more than one current report to form tracks. Since any
one report can only correspond to one aircraft, it is clear that in such
cases extraneous tracks have been formed. Although the proper track of the
set is not known at initiation time, it will become evident on a subsequent
scan- Thiis secipauise only the real nne wil I be cnrrelated nn futu, rensc
(except for cases of coincident correlation of extraneous tracks and fruit
reports). Thus, when one track of the set is correlated and the others
coasted, these latter ones should be dropped at once to prevent erroneous
future correlations.

In order to be able to identify all tracks in such a set, they must be
linked together. The mechanism for creating these linkages is composed of
the following rules:

1. If a current uncorrelated report initiates more than one track, by
pairing with more than one previous scan report, all of these
tracks are linked together. The current report is notified of this
chain of tracks, but none of the previous reports are made aware of
the track they helped to form.
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2. If a current uncorrelated report initiates only one track, and it
is zone 1 or 2, the previous scan report is made aware of this
track. If that report is already aware of other reports it has
formed, t~he new track and those previous tracks are linked together.

3. If a current uncorrelated report initiates only one track, and it
is in zone 3 (thereby implying that the current report will. ba
available for additional track initiation next scan), only the
current report is made aware of this track.

This set of rules guarantees that all tracks in a linked set have one report
in common, and thus that only one can be real. Figure 8-5 illustrates several
examples of the applications of these rules. Note that alternative groupings
of tracks were possible in some of these cases. The only reasons for selecting
the above rules over other possible sets were designer preference and imple-
mentation simplicity.

The fi[ld format for a track file entry is provided by Figure 8-6. The
next chapter will discuss the use of the less obvious parameters. The figure

also indicates how the parameters of the two target reports are used to
initiate this file. The predicted position and velocity values for next scan
will be developed during this scan's track update procedure, into which all
newly initiated tracks a-e entered.

F1 l~y, i4f t-he ne-z trc hsý c a ciscrete 1096 identity cod.., the track
must be entered into the discrete code array. Chapter 5 presented the method
to be followed in such a case.
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-[ATC-65(86]

Track File Entry-; 
-

0) 3,4 7 8 11 12 15 16 19 20 23 24 27 28 31

Range Azimuth

Official Code Official Confidcnce

Altitude
Altitude Miss Altitude Confidence Altitude

Count Typ

Special Purpose Bits Firmness History Correlating
Firmness Report #

Range Rate Azimuth Rate

Ground Range Ground Range Altitude

Code
Last Code Miss Last Confidence Turning

Count State

Track Life Cone Count Track Number

Initial Sett ing!-:

(R 1 " previous sedn report, R2 = current scan report)

Range and Azimuth: those of RI
Official Code and Confidence: those of R
Altitude, Confidence,and Type: those of
Altitude Miss Count: 0
Special Purpose Bits: according to track type (see page 2)
Firmnhss: 3

History Firmness: 1
Correlating Report #: number of R2

Range and Azimuth Rates: 0
Ground Range Altitude: computed from Altitude
Ground Range: computed from Range and Ground Range Altitude
Last Code and Confidence: those of R
Code Miss Count: 0
Turning State: 0
Track Life: 1
Cone of Silence Count: 0

FiLure 8-6: Track File Entry Format (I of 2)
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Special Bils

No. of Bits Bit 1 1 if Reference Section

I Test Track
1 Radar-only track 11.3

00 - track not dropped
2 ~ 01 - track dropped due to misses

10 - track dropped in cone of silence
i11 - track cdropped due to linkage
00 - track real

2 01 - track possibly false type I 10.210 = track possibly false type II
il track false

1 Track processed through cotrelation 7.3
1 Track coasted 9,5
1 Tra-k --- f-ca. osociaton 6.2
1 Track updated by radar 11.2

00 = p,6 tracking used
2 <01 -,g tracking used 9.3-4

(10 - X,Y tracking used

1 Track has discrete code 5.1
1 Track not yet mature 7.1
1 Linked track 8.3
1 Not active track 9.3-4

Figure 8-6: Track File Entry Format (2 of 2)
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9.0 TRACK UPDATE

Each ATCRBS track has the information in its track file updated once per

scan. If the track was correlated with a target report, the position and
velocity predictions and the identity code and altitude values will all be

modified according to the new data provided by that report. This report, in
turn, will then be improved by using the many scan composite information

available in the track file. Uncorrelated tracks, on the other hand, are
merely coasted ahead one scan by using the velocity estimate contained in the

track file.

In the normal situation, the track position and velocity predictions are

made by interpolating ahead the last two target data points in p, 0 coordinates.
This type of tracker, known as a 2-point interpolator or an a=l, B=I aý

tracker, is sufficiently accurate for the short range predictions required
for target to track correlations. Conflict detection or other long range

estimation would of course require a more sophisticated tracking algorithm.

A very rudimentary form of turn detection is added to this tracker to prevent
fatal track deviations when potentially spurious data points are encountered.

When the track is near the sensor, however, the curvature of a p, e
coordinate system is too severe to be ignored. Thus, second order p. 0
tr'acking (using accelerations) is employed at short ranges, and x, y tracking
is used in the region surrounding the sensor. , Siac , the latter tye of

tracking requires time-consuming coordinate conversion, it is only used where

all forms of p, 0 tracking are inadequate.

After a track is predicted ahead to the next scan, the sectors in which
it will attempt to cortelate are computed. The track is then placed on the

linked list for the first such sector so that it will be activated at the
proper tim2. The track will continue to move from sector to sector until it
either correlates or arrives at the end of its search.

Figure 9-1 presents in flowchart form the series of operations that are
perform. d on each track. on th r,irrpnL sector's linked list. The remaining

sections will present the detailed descriptions of eiach operation.

9.1 Track Code Update

An ATCRBS track file (refer to Figure 8-6) contains two identity code
entries along with their corresponding confidence words: one that represents

the official code of the track and the other that consists of the code of the
last correlating target report. In general, these codes will agree with each
other; disagreement occurs when an incorrect correlation is made or when an
aircraft identity code is ordered changed by an air traffic controller. When
these codes differ, a counter in the. track file indicates how many successive
correlations have produced codes that, although different from the official

code, are self-consistent. When this counter reaches a parametriz value, the

new code replaces the previous official code in the file.
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The first action in the code update process is to check whether the code
of the correlating report agrees with the official track code. This deter-
mination has already been made during the association process, and the answer
is contained in the score of the target/track association. As defined in
Section 6.2, the zone-code value of the association is found as:

association scorezone-code -= hAh + 1
max

using integer division. The report and track codes agree, or potentially
agree, if the zone-code result is 1, 2, or 5. If any of these values is
obtained, the official code is3 updated, the target report code and confidence
are placed in the track file as the last correlated code, and the code counter
is set to zero.

The code update formula creates a high confidence bit if either Lhe
track or target code was high confidence irn that position, except that a low
confidence '1' is created if both were high confidence and they disagreed
(potential agreement implies less7 than a parametric number of such instances).
Hopefully, tLe track code will become totally high confidence through this
procedure even if the aircraft is continually garbled. The equations used

C C trk Ctgt + Ctrk Ftrk + Ctgt " tgt

F tF trk Fttgt trk trk tgt tgt + CtrkF trk Ctgt Ftgt

where C and F are the new official code and code confidence values for the

track. These equations are the same as used for mode C update in reply
correlation (see Figure 4-11b). After these code and confidence values are
determined, they are written into the target report so that each report will
contain the best estimate of the true aircraft identity code.

If the report code disagrees with that of the track, as indicated by a
zone-code value of 3 or 4, the report code is compared with the last reported
code entry in the track file. This comparison is identical to the code
comparison calculation for target to track association. To review, the
following syndrome sequence is computed:

S (C last + Ctgt) V Flast V Ftgt

If jiSli < P, that is, if fewer than P 'l's are in the syndrome, agreement is
said to exist. In such a case, the last reported code and confidence fields
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of the track file are updated by the same equations presented just above, and
the code counter is incremented. If the counter value becomes equal to a
parametric value, this code and confidence pair is used to replace the official
track code and confidence fields of the track file, and a code change is said
to have occurred for the track.

Finally, if the target code agrees with neither of the codes contained
in the track file, the target code and code confidence words replace the last
reported cod, and confidence entries in the track file, and the code counLer
is set to one. In this situation, or in the previous one of target agreement
with the last code, the code in transition bit is set in the target report
and its code is left unchanged.

If, through this code update process, the official code of the track
file is altered in any way, either by being modified, improved, or replaced,
it is possible that the discrete track file discussed in Section 5.1 must be
modified. Two types of changes are possible. If the track had a discrete
code prior to the alteration, its entry in the discrete file must be eliminated.
Or, if the new code is discrete, an entry must be created for the track. If
the track's code changed from one discrete code to another, then both of
these actions are required. Section 5.1 explains the mechanism to be followed
in each case.

9.2 Track Altitude UDdate

Each ATCRBS track has two altitude entries associated with it. The first
entry, consisting of an altitude word, a confidence word, and an altitude
type, provides the best guess of the current aircraft altitude value and is
employed by the target to track association process. The altitude word is
kept in flight levels (100's of feet) if all bits are declared with higlh
confidence, but is left in unconverted Gray code form if any uncertainty
exists. The second altitude entry provides the last known altitude level of
the aircraft, in range units, and is used to compute ground range whenever
necessary.

An aircraft, depending upon the sophistication of its tiansponder, can
respond in three different manners to a mode C altitude interrogation:

1. No response of any kind

2. Brackets only, no code bits

3. Encoded Gray code altitude level

In the first case, the current altitude is set to all bits low confidence
and the ground range altitude is set to the default value, which is a para-
meter nominally set at half a mile. However, the ground range altitude is
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never permitted to be greater than half the slant range prediction of the
track. In the second case, when no uncertainty exists, the current altitude
is maintained in a special Gray code form, all high confidence zeros. The
ground range altitude in this case is again set to the larger of the default
value or half the slant range. Finally, when a true altitude response is
provided by the aircraft, the current altitude estimate is set as described
in the next paragraphs, while the ground range altitude is kept at the last
altitudu level known with certainty. If no all high confidence altitude has
yet been received, the default value is utilized instead.

The track file also contains an altitude miss counter that is similar in
function to the code counter. This counter records the number of successive
scans for which no correlating target report has been received that confirmed
the current altitude. Thus, this counter is changed whenever the track
coasts (no correlating report found) as well as when the correlating report
has an unknown or disagreeing altitude value.

The counter starts at zero and is incremented for each non-confirming
scan until it reaches a parametric value. At that time, the altitude confidence
field is set to all bits low confidence, indicating that the track altitude
is no longer sufficiently current to be used with certainty in target to
track association. This confidence field setting will permit any report to
pass the altitude test, although those which agree with the altitude value
will be scored much better. If additional non-confirming scans occur after
this time, the cuunter cdc remen. .. each carn until it reaches
zero again. Should this event occur, the altitude and confidence entries of
the current correlating report are placed into the track file and the entire
cycle begins again.

The details of the v'rious classes of altitude information that a track
file can contain are presented in the Appendix. The update rules discussed
above are also described there in greater detail.

9.3 Normal Position and Velocity Upc1ate

ATCRRS repnrts are expressed in a P. 6 coordinate system. Target to

track correlation is performed using p and 0 values. Thus, the system would
perform much more efficiently if tracking were also performed in p, 0,
eliminating many otherwise useless coordinate conversions to and from x,y.
The problem with this approach, of course, is that a p, 0 coordinate system
is not rectilinear. Thus, an aircraft flying in a straight line will not
maintain constant p and 0 velocities, which precludes making long-term track
projections in terms of simple time-velocity products.

Tracking at the ATCRBS sensor, fortunately, is only used to permit
proper target-to-track correlation. Thus, only short-term tracking accuracy,
generally one scan into the future, is required. For such intervals of time,
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and for aircraft not near the sensor, the assumption of constant p and 0
velocities is quite good. Figure 9-2 indicates the magnitude of the one-scan
p, 0 prediction errors as a function of range for the worst case situation,
namely a very fast aircraft (500 knots) flying tangentially to the sensor.
As can be seen, the errors in p, 0 tracking remain negligible for aircraft as
close as five miles from the sensor for a 4-second scan.

Track update consists of two separate functions: smoothing and projection.
Smoothing attempts to correct the present position and velocity estimates of
the aircraft by blending together the track's predictions with the new target
report data point. The most common method of smoothing, known as a•, utilizes
th2 following equations:

Psmooth 0 pred + X(PtgtP pred

0smooth pred + a(e tgt-0 pred)

smooth pred f tgt pred

+ ap +(p -p )smooth pred f tgt pred

where the velocities are per scan quantities and f is the track firmness
(number of scans since last data point). That is, a fraction a of the posi-
tion error and B of the velocity error are employed for smoothing.

Larger values of a and B permit the track to follow aircraft turns more
accurately and quickly, while smaller values eliminate erratic track behavior
due to random noise for straight flying aircraft. The types of aircraft
trajectories expected, the quality of the data, and the penalties incurred by
tracking errors all contribute to the decision of what values to employ. In
addition, the settings of a and ý are often varied during the life of a
particular track as a function of the coasts and maneuvers of the aircraft
under track.

The present ATCRBS implementation has both a and 6 set to unity, thereby
producing a tracker known as a two-point interpolator. This name is indica-
tive of thaL fact that these values of a and B result in the data point being
used as the smoothed position, and thus the track projection is based solely
on the last two data points. This method of tracking was selected for two
reason3: the monopulse capability of DABS is felt to provide high quality
report position data, and immediate sensitivity to turns is desired. Ongoing
analysis will be used to decide whether or not real world data quality is
sufficiently accurate to justify these assumptions.
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There are two situations in which this simple smoothing rule is modified.
The first occurs when the correlating target report does not contain a mono-

pulse azimuth, that is, when its azimuth has been determined through boresight
beamsplitting. The errors inherent in such an azimuth are too great to

permit putting complete faith in its value. In this case, the azimuth of the
report is modified as follows:

0 + 0

0, = tgt pred
tgt 2

befotre smoothing is performed. This action is equivalent to using a setting
of 1/2 for a and 6, giving equal weight to the data and the prediction.

The second instance in which the data is not totally trusted, illustrated
in Figure 9-3, occurs when a track that has received several successive good
correlations from a straight-flying aircraft suddenly correlates with a
target report far from its predicted position. Such a condition could indicate
an erroneous correlation. In that event, full smoothing could cause the
track to deviate sufficiently far from the true aircraft trajectory to result
in its being subsequently dropped.

To prevent such a catastrophic occurrence, smoothing beyond the track's
zone 1 association box (refer to Section 6.2) is not permitted for well-

behaved tracks. Tracks subject to this rule are defined as follows:

1. The track has correlated on both of th' previous two scans (call
these scans n-2 and n-l).

2. The last correlating target report (on scan n-l) fell. within the
box I association region of the track.

3. rhe current correlating report, on scan n, falls outside of the box
1 region in either p or 0 (or both).

When such a track situation is encountered, the following actions, depicted
in Figure 9-4, are taken:

1. The track is smoothed in the offending coordinate(s) only to the
limit of the box I zone,

2. An entry is made in the turning state field of the track file (see
Figure 8-6) of the direction, positive or negative, of the target
deviation in this coordinate(s).

Then, should the next correlating target report, on scan n+l, again fall
outside of the zone 1 association box in the same direction as that on scan
n, full smoothing is utilized on that scan. Furthermore, ,ull smoothing is
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maintained for the duration of the aircraft turn, that is, as long as the
reports fall outside of the box in that same direction. Once a report again
falls within the track's box 1, the smoothing rule is reinitialized. Should
the report on scan n+]- fall outside of the box in the 2po__psite direction from
the one on scan n, however, actions I and 2 above are again taken, and tlhe
new direction of deviation is recorded. To summarize, smoothing of a con-
tinuously correlating track beyond the boundaries of its zone I association
box is only permitted when the previous scan's report fell outside of the box
in the same direction as the current one.

This process thus implements a very crude turn detection mechanism. The
first report in a turn is treated with suspicion, but once the turn is confirmed,
the data poinLs are followed fully. This mechanism hopefully will prevent
erroneous track deviations at the cost of only a one scan delay in following
aircraft turns. In addition, this algorithm will provide a degree of smoothing
for tracks in diffraction situations. In such cases, data points tend to
oscillate in azimuth. Since successive points thein fall outside the associa-
tion box in opposite directions, no data point is accepted at face value,

The second function of track update is the projection of the track's
smoothed position to the expected location of the next target report. This
operation is quite straightforward once the time until the reception of that
report is known, For aircraft not near the sensor, such as those for which
p, 0 tracking is being utilized, this interval is almost exactly the time of
one antenna revolution independent of the aircraft's tangential velocity.
Thus, the new track predicted position is given simply as:

Ppred Psmooth + Psmooth

0 =0 +0

pred smooth smooth

The final track file fields that require updating are the firmness f,
history firmness g, and the track life. The first Lwo quantities represent
the number of scans since the last correlation and the number of scans
between the last two correlations respectively. Thus, when a correlation has
just occurred, as assumed in this section, the new vilue of f is I. 1T. the
usual case, the new value for g is simply the previou:, value of f. However,
if the track has just completed a coast through the sensor cone of silence,
the new value of g is given by the number of such coasts added to the previous
value of f. Section 9.5 discusses the cone of silence issue in detail. The
track life field, which counts the number of reports in the track history, is
simply incremented.

9.4 Short-range Position and Velocity U date

When an aircrait flies near the sensor, the errors inherent iL simple p,
0 tracking become sufficiently 2arge that target to track correlation could
no longer be supported. Thus, an improved method of tracking is required.
Two alternative methods are possible: second (or higher) order p, 6 tracking
and coordinate converted x, y tracking. Both of these methods are utilized
in the DABS system.
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By introducing the acceleration terms p ,•d 0 into the projectiouL equa-
tions, much of the etror inherent in simple p, 0 tracking can be corrected.
The new equations then become:

.. 2

Ppred = smooth + smooth x T + Psmooth x-2

2

pred smooth smooth smooth 2

where T is the time until the next target report is expected. The calculation
of this interval, which can no loager be assumed to be equal to exactly one
scan, is described below. Figure 9-5 presents the worst case tracking errors
t at occur with these second order p, 0 equations. From this figure it is
seen that this type of tracking, for a 4-second scan, can be employed between
two miles and the five mile cutoff of the simple p, 0 tracking.

The smoothing algorithm for improved p, 0 tracking is identical to that
presented above for simple p, 0 tracking, In particular, both the boresight
and erratic data point special cases are treated in the same manner, and a
and ý are both set equal to unity. Once the smoothed values of p, e, p and
6 are determined, the values of the acceleration terms are computed from them
as follows:

P =Psmoh*•
0 snoo th smooth

0-2p *0ot
0 Smooth smooth /Psmooth

Finally, the projection of the track to the next scan is accomplished by
applying the equations specified above.

When a track is between two and five miles from the sensor in ground
range, its tangential velocity can no longer be ignored. That is, its time
betweer updates can be sufficiently diiferent from the scan period to attect
the prediction accuracy if T-I were assumed. However, it is probably true
that the track's tangential ,clocity will be nearly constant between updates.
Thus, as shown in Figure 9-6, the correct value to employ for r is given
approximately by:

... in radians/scan
1-61/2%a

160



500 knot aircrafL flying tangentially

to the sensor

known poinLts:

0. 5 nm
2.50 P : , 01

P p0

2 Po' 02

p, 0 tracking assumes:

1 2
P 3  P + - (02 - 20 2 1

Ap, AO are the errors made by this
assumpt ion

AO

0.1 nmu - 0.1 nm erroi at 2 nm

, -AIrc-65(9-5) ]_

2 5 10 15 20 25

Figure 9-5: Worst Case p, 0 Prediction Errors

161



--ATC-659-6)T

Movement during update i

_ at r -adians per scan

Antenna motion during time

1 + 2T (T-1) revolutions

Antenna catches aircraft:

2W (T-1) ;T

1 /2r

Figure 9-6: -T for Constant Velocity Aircraft

162



For aircraft very close to the sensor, no form of p, 6 tracking can
produce sufficiently accurate performance. Thus, even though it involves

time-consuming coordinate conversions, x, y tracking must be employed for all

such aircraft. For these tracks, the predicted position is maintained in
both p, 0 and x, y coordinates. Although not required, this extra storage

eliminates the need for coordinate conversion of track data. Also, since x

and y are the critical velocities for this mode of tracking, they are stored

in the track file instead of p arid 0. These latter velocities can be calculated

whenever required as:

P Y

6 2 ;-/ 0  /gnd h2

2 gud

The initial conversions from P, 0 to x, y coordinates are given by:

x - p sinGg

y = p cosOg

2
Pgnd

2 X6
P gnd

The first action of the x, y track update process is the conversion of

the target report coordinates:

x - h
2 

*sin 6
tgt Ptt tgt

'2 _ 2

Ytgt = tgt * Cos 0tgt

where h is the internal track altitude (or the default value if its altitude

is unknown). Track smoothing is then carried out in the same manner as for
p, 0 tracking, namely:
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Xsmooth Xpred + (x tg-x pred)

yy +c01(y -y )Ycoth =pred tgt pred

mooth Xp + (xftgt-Xpred)

+-f(y -
YsMooth Ypred f tgt-Ypred)

Once again, the values of a=1 and 0=1 have been assumed at this point in the
design validation process.

The two special cases of smoothing discussed above also apply for x, y
tracking, although suitable modifications are required. In particular, if
the target report has only a boresight azimuth, this value is smoothed 1irior
to conversion in the following manner:

0t +0
0gt + t pred
tgt 2

Then the regular x, y smoothing formulas are applied. The special smoothing
that occurs when a suspect deviating report is found is treated just like for
p, 0 tracking. That is, the track is smoothed only to the limit of its zoye
1 association box. For x, y tracking, ttis box is assumed to be of size P
in both the x and y coordinates, where p is the p extent of the first p, 0
association zone.

After smoothing is completed, the track is projected ahead to the next
expected update position in the following manner:

- X + s o
Ypred smooth +smooth

Ypred Ysmooth + smooth

where the value of c is computed as described below. Finally, the predicted
values of p and 0 corresponding to this positiou, required for target to
track correlation, are determined by:

p 2p + 2 h2
pred pred pred

0pe = tan (x /v )prd t pred "pred
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]'he values of p and 0 are not required unless tile new ground range of the

track places •t suffici•ntly far from the sensor that (•, 0 tracking will be

employed on the next scan. In that case, they ar• compt•ted as follows:

x * •red + Ypred * YprLhd-
• _ pred
0pred

•pred

S•Ypred * •,red - Xpred * 3'pred

pred 2
Opred

and placed in the track file, replacing the values of x and y,

When an aircraft is so close to the sensor that x, y trackipg must be
utilized, its time between reports can differ substantially from the scan
period. The update interval, in fact, can vary from an arbitrarily small
amount to one and a half times the scan period, as shown by Figure 9-7. To

prevent unresolvable situations from occur•ing in target to track correla-
tion, however, no update interval of less than half a scan will be permitted.

If such a situation would occur, the update is delayed until the next aircraft
report, as shown in part (a) of the figure.

To compute an accurate value for "[, the- update interval, not only can
the aircraft tangential velocity not be ignored, but it cannot even be assumed

to be constant as was done above. Instead, the exact relationship showi• in
Figure 9-8 must be employed:

Si 1
arctan + 2•(•-I) = arctan x° + x°•

+ YoT,/

where Xo, Yo = smoothed position of current update
t

Xo' Yo = track velocities

S= update interval (to be fouud)

Simplifying this result:

tan [2"l,(X-l)] = tan retan - arctan ,yoH

+ YoT/
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Aircraft moves ahtead of antenna, Cvery large

t 0 / Antenna catches aircraft
Starting positiot I
Airc-raft II I /

beam V//No update permitted

Antenna

RotationAntenna next illuminates air,'raft

update permw4L---"

(a) Special case, time between reports < 1 scan
2

< 0

< 0
0 2

T -3

0 7

1 128

(b) Normal cases, < I

2 2 LATC-65(9-7)1

I1&ure__9-7: Possible Track Update Intervals
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ATC-65(9-8) t = 0

(x , Y )
y 0 Aircr nift motioii at

/ rate X, Y
Antena• reaches / (x + kon. Y + Y T)

here at t = 0 0 0

/ /Next update at
t T

XxlX

Antenna motion in
time T .

Antenna rate is 2Tr radians/scan

Thus final angular position is ta.2 ( - 1)

Final aircraft azimuth is given by:

tail

Since antenna is illuminating aircraft at t =T-

tan ) + 2 ( - ) = ta ni 1

Figure 9-8: Exact Formula for Update Interval
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0-u

tan (2ivr)
1 +

where U and p are calculated as indicated earlier from x, y, x, and y.
Since the tangent is a multiple valued function, the general solution must be
written as:

S+ - arctan - R = 0, ,..,
2 2n aretn ()(1+

The correct value of R to use for a specific track can be determined by
approximating T. Once R is chosen, T can be determined through iteration.
Figure 9-9 shows how to determine R, while Figure 9-10 presents the detailed
method for computing T in all cases.

9.5 Updating a Coasted Track

If a track fails to receive a correlating target report on the current
scan, it must either have its predicted position projected ahead to the next
update time or be dropped from the system, The latter action is generally
taken after a parametric number of successive correlation faijuLes, ditLuLiugu

this rule is modified in two special cases.

The first special track drop situation pertains to tracks that were made
part of a track grouping at initiation time (refer to Section 8.3). It
should be recalled that only one track of such a group can correspond to a
real aircraft. Thus, the following special track drop rule has been developed
to eliminate as soon as possible the extraneous tracks:

"If a coasting track that has never correlated is part of a track

grouping, and any other track in the grouping has successfully corre-
lateA, tho rncrltncg trr•k is 1mmcALmneitly drnnned-

If a track in a grouping does correlate, the normal track drop rule will
apply to it in the future.

The second special set of rules for track dropping apply to tracks whose
predicted position lies within the sensor antenna cone of silence. In this
region, defined as:

Ppred < h * tan 0
p -d- cone

where 0 is a parameter
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[ATC-65(9-9)
R +1 o 4 i

-1 + tall - 1  where A ...

r;ange Is -1/4 to +1/4 (time until (1 0)

Thus: R Range of f
i 1/4 3/4
2 3/4 + 5/4
3 5/4 -2 7/4

Caclo 0-) >\ <

3
A'0 2 /,ý,

:. = 2 either sign

Casc, 2

air(raft crosses update here if
X > axis after uIA = -5 5 3- -

S4 
4

0 > 0 4 -= 3

5 5

5

aircraft crosses'
axis first

Case 3 -- aircraft has riot

A > 0 updat' here if ,,-"reached axis if
k=3. 2•• I> 3 1 3

6 < 0 4: +- < 4

aircraft crosses
3 ,> 3 3

first it A < 3- X >
4- 4*4

R- 2

Fgure 9-9: Choosinig R for Update Formula
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T 4-+ tan- -- ~ where X -_ AC6(9-1O)
Tp

Solution Proc-edute:

1. Choose R (see Figure 9-9)

2. Choose T0

3. iterate until T converges

Special Cases: (no iteration requi.red)
1 1

I. -0, 0 < A <2 2

1 3

II. , or < 0 T

Us-ual Cases :
x - R to0

< 0 any 2 1

52 1+ 5/16

5 3
<'- >0 3 3

------- 2 -5

3 i ,-4

~-) < 0 1
4 2 -

Figute 9-10: Computation of Update Iriterval
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no target reports ire expected. Thus, to permit tile track to coast through
this region and be available fcr correlation when the aircraft reappears on
the other side, the value of the track firmness f is not incremented. Since
f cannot then reach the drop value, the track is kept in limbo. However, a
count of the number of such scans is maintained in the track file, and this
value is added to the firmness f to determine the size of the track's asso-
ciation zones. One additional condition is required for this rule to apply:
the track must have a velocity of at least 50 knots. This insures that the
track will eventually leave tlhe cone of silence and not stay in the system in
limbo forever.

Once the track exits the cone of silence, normal incrementing of f
resumes if further track coasts occur. Should f then reaclh the proper value,
the track is dropped. If the track correlates after leaving the cone of
silence, however, the firmness is reset to 1 while the track history firmne'ss
g is set as follows:

g = min {f + cone count, max f}

where cone count = number of coasrs in cone of silence

max f = maximum firmness value

If a track that has not correlated on the current scan is to be maintained
in the system, its predicted position musut but:updiated. Sncc no. r.rrei••ing
report exists, no smoothing of the current predicted position is possible.
Thus, only the projection step is performed for such tracks. The equations
to use are identical to those for a correlated track, and employ p, 0,
improved p, 0, or x, y coordinates depending upon the ground range of the
track.

9.6 Sector Update

- Every track resident on the current sector's list, whether or not its
track file is being updqted this sector, must be -checked to determine in
which sector it should next appear, Tne movement of tracks from sector to
sector, as described in Chapter 7, is controlled by the flag variable asso-
ciated with each track. The set of possible values for the flag, and the
interpretation of each one, is presented in Figure 9-.1.

To review, a track begins its activity in the first sector in which an
associating target report could be fiund. The track then moves from sector
to sector until it either finds a correlating report or reaches the last
sector in which such a report could exist. When either event occurs, the
target to track correlation process sets the track flag to zero. This
setting signals track update that the time to rrocess the track file has
arrived.
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EA T:C.-6 5 (9=-I Ii_

Flag = 16 Flag 16 Flag = 81 Flag 139

X -Track prediction

Association Box

Flag values gi-ven are those the track has when the corresponding secte'
is processed.

When the track correlates (or coasts), the flag is set to 0

FLla2 Setting (F) Interpretation

F = 0 Update the track.

]06 F < 74 Track is predicted to be in
--- sector f-10, which is sub-.

sequent to the current sector°

74 < F < 138 TracK has already reached its

predicted sector; the last

;ector for association is F-74.

" = 139 Track has already reached its
last association sector.

Figure 9-11: Track Sector Flag Interpretation
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For each track updated in the current sector, the program must determine

the following three pieceS of information:

1. The sector in whic'i the track should first appear on the next scan

2. The flag setting thi track should have at that time

3. Whether the track should be active or inactive

An active track in a sector is one that participates in the target to track
correlation and track update prcaesses, while an inactive track is ignored by
both processes. This latter desiglnation of track is required when a track is

projected across a sector boundary. Assume, for exaimple, that a track on the
current scan is correlated in sector 4, while next scon it is predicted to be
in sector 5. Hence, this track is; Linlmodiately placed on the list for sector

S. If it were not made inactLve, it Would attempt to correlate again in tle

very next sector, or twice in one scan. By making it inactive, however, it
is passed over until the next scar. All inactive tracks in a sector are

converted to active status by track update after sector processing is concluded,

which makes them available for correlation on the next scan.

The first sector in which an updated track can find an associating
report- on tihe next scan is determined by the extent ol its zone 3 association
box (refer to Section 6.2 for its definition). This box is bounded as

follows (refer to Figure 9-12):

YiAn pred- f'3)< f) < (2pred + =.max

I _ 3)< K <0rd 3 = e
0 min 0 pred - 0 -< " < Vpred / max

If p . is -less thian zero, the association box covers the isenor, aid a .n

associating report could be found in any sector. To prevent u-,cnding searches,
and unacceptably long data reporting dclays, a parameter AS controls the
number cf sectors oa either side of the predicted one in wemca a track may

search. Thus, the first sector into which the newly updated track is placed

is given by:

0~
S - Max S - AS ML + 8

max' 0sector

where 0( is tile azimuth extent of a sector and integer division is

assumed.
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Arp ) ed+ )3 1 ,pe 3)

X is at coordia.-ite

Typical 5 pred' Opred)
Case

pred
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Sl 5  = 6
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7

Very Ppred <
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-.box covers s.fensor

S p = 6'prcd

Sfirst =6 - A Smx

Slast =6 + A Smax

_re 9-12: Extent. of Associat ion Secto.rs
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This sector computation, and all others presented below, assumes arith-
metic modulo N secto the number of sectors in a scan. For example, ifNsector' then a typical subtraction might be:

S -S =

4 - 27

-23 = 9
32

which says that sector 4 comes 9 sectors later than sector 27. Similarly,sector 2 is "bigger" than sector 28 in the maximization.

if S is less than S , which occurs when t ý association boxsoss e t eft boundary of ccgor S red' the initial flag for the trackbecomes 10 +Sr, as indicated in Fgure 9-11. No further computations are
required. prod

If, however, the edge of the association box is contained within thepredicted sector, which is the normal case for distant aircraft, the firstsector and the predicted sector are one and the same. Then, the last sectorin which the track can search must be calculated in order to set the track
flag. This sector is given by:

Slast L. Min m + AS max 4- 1

" d max'sector

Ih C is larger than S . the track flag is set to 74 + S st while ifthe two sector 5 are ident£ra the flag setting becomes 139. Rls lattervalue is used to indicate that the track has reached the end of the line, andhe_-ce should be correlated at once.

Once the destination sector for- the iuidated -track is -known, -its status--.-----------------
S......... ......... inl--i' tlt •, -;r -- ,tn'r k Z . -.. . _ . . .. _ .. .

....... , .. OL LLa:uLive, can be determined. If the predicted nextscan sector for the track, S ,rd' preceeds or equals its current scan predictedsector, S' , the track is u omatically made active. Otherwise, if the
pred

track has moved clockwise, the number of sectors from the current seceor tothe next scan destination one must be computed:

AS N - (S -V )' (S -S + (S - S, )move S curr pred ped dfirst + pred pred

where each parenthetical subtraction is modulo NS. The rule Then simplybecomes: the track should be made active if AS < N0 and inactive If
ASmoWv > NS move - ,

175



Active tracks in the current sector that were not updated, because their

correlation process is not yet completed, must be moved to the next sector so

that the process can continue. It is vital that all such tracks be placed in

order at the head of the list for the next seccor (see Figure 9-13). Failure

to observe this rule will lead te incorrect associations in that sector since

the algorithm presented in Section 6-5 assumes no track can be further down

in the list for one sector than it was in the previous sector.

Besides mving these tracks to the next sector, track update must cbmpute

the new flag settings for each such track. All cases that could ar-ise are

presented in Figure 9-14, along with the appropriate action to take. As is

shown there, the flag setting changes only when the next sector is S or

S for the track. In the former case S is computed and the irak

flag set as described above, while in the laher case the flag is set to 138.

The sector Slast is given by:

+-S if Pi<0

Slast pred - max min

e )
-Max tS + AS max + i otherwise"pred max' 0' ecto

ma -ector

All track.; moved to the next sector are automatically made active.

The final action oi track update, as mentioned earlier, is to convert

the status of all inactivti tracks in the sector to active. These tracks are

left in the list for the current sector, and their flag settings are not

changed. Then, when the c-ame sector arrives on the nc t scan, they are ready

to begin the association, correlation, and track update sequence.
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Track 
It

Track
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lihun if tracks i anid e are both moved to the next sector, tOW iSecLLtr liikage for
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Sector $,+I
Poi,,ter [_

Moved tracks are placed Track i
at head of list, An. .
in same order (i before ¶
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SL'Ctor. Track t,

Track h

'rrock ir

'Tranck j [ -•

Figre 9-13: Track Moving4 Rule
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Current Flag Assigned for
Sector (S) Next Sector (S + 1)

Flag_

10 + (S + 1) 7 last iflast S + 1

139 if S S + I
(llast.

10 + (s + i) 10 + (S + i) No change
i >

74 + (S + 1) 139

74 + (S + i) 74 + (S + i) No change

139 139 No change

ATC-65(9-14)

Fgura 9-14; Track Flag Update Rules
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10.0 FALSE ALARM TARGET REPORTS

It is unfortunate that in any ATCRBS system some of the target reports
Screated by reply correlation do not correspond to the position of real air-
cra It. The main categories of such false alarm reports arc;

1. False targets

2. Fruit targets

3. Split targets

4. Ringaround targets

Various algorithms are included in the surveillance processing functions
which attempt to either mark these reports as false or eliminate them from
the system output stream. This chapter will discuss both the identification
and disposition algorithms for each type of false alarTm report.

False targets are generally caused by the reflection of aircraft responses
off buildings, hangars, or other structures near the sensor, thereby causing
an apparent aircraft position behind the reflector. Depending upon the size
of the1 .rFlt..., ZA.ch false targt-.L.t may persist for several scans and initiate
false tracks. Since the reflection mechanism is deterministic, it is possible,
given the reflecting surface parameters, to compute the position of the
aircraft whose signal was responsible for the false target. If a track
exists near this calculated position whose identity code and altitude agrees
with the potential false target, it is reasonable to conclude that the
report is indeed false.

One other type of false target that is identified by surveillance pro-
cessing is that due to ground reflection. This meclhanism produces two reports
at about the same azimuth, one (the reflected oate) at greater range than the
other. The discrete correlation process d,,enr,-e t•,,nh a .... ti w!..ýi.......

two reports with the same discrete code are fOundl-In the same sector (refer
to Chapter 5). Cases of non-discrete ground reflection false targets can not
be identified in this system as two aircraft with the same non-discrete code
in the same azimuth sector are quite cormmon.

A fruit reply results when an aircraft reply selnt in response to an
interrogation from another sensor is received at the local sensor. Since the
interrog.ation times of the two seon 'rs are different, the local sensor will
compute an incorrect range for t! iircratt based on the assumed turn-around
time from its own interrogation time. By design, the repetition rate of an)
two sensors in an area is different, and thus successive fruit replies; from
the same aircraft due to the same interrogator will not agree on range when
processed by the local sensor, and thus not be corr,related.
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However, it is possible for two fruit replies from different aircraft,
or two fruit replies from the same aircraft due to different interrogators,

to coincidentally agree on range and azimuth and thus produce a fruit report.
Generally, such a fruit report will not correlate with an existing track, and
will consist of two replies, one of mode A and one of mode C. Thus, it is
often possible for surveillance processing to identify and discard fruit
target reports.

The third type of false alarm report, a split, occurs when the reply
sequence from an aircraft is separated by reply correlation into two or more
target reports. This can result from code or azimuth declaration errors in
the reply processor, from intermode delay variations in aircraft transponders,
or from various environment effects. Many of the more common types of splits
have easily recognized characteristics that permit them to be identified and
then discarded. Finally, ringaround target reports are defined as those
formed by high elevation angle, short range sidelobe replies which are not

flagged as sidelobe because of the filure of the antenna patterns in that
region. As with other false alarm r ?orts, ringaround reports have identi-
fiable characteristics that can lead to their discovery and elimination.

10.1 False Target Identification Process

The geometrical situation that exists when a false target is produced is
depicted in Figure 10-1. The angle 0 and range P are contained in the suspect
target report, while the reflector distance d and orientation angle 4 are
parameters that have been fed into the surveillance processing program. The
unknown values that must be calculated are thus the range p" and azimuth 0'
of the aircraft generating the false target. If a track is found near that
location that agrees on code and altitude with the suspect report, the report
can reasonably be labelled false.

In order to standardize the computation of V and 0', all candidate
false target situations are rotated into the first quadrant. The conIversions
required for each quadrant shift are: -. ------

0 6 - 900

0 go,

900; if < 180, 1=180'

wheze the second step for 4 guarantees that 1800 < 4 < 3600 as required for
the computations. The set of equations that are used to compute 0' and p"

are presented in Figure 10-2.

Once the position of the alleged real aircraft has been found, the next
sta is to examine the existing system tracks located near that spot to
determnine whether there is one that matches the suspect report in code and
altitude. In order to simplify this search, all real tracks are maintained in
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a range sort table. This table, illustrated ii. Figure 10-3, uses on(e word
per bin to identify the first track in the bin, and then links together aZ.l
subsequent tracks in that bin through pointers. Every time a new track is
initiated, an entry is created for it in the proper bin, determined by:

b = + I (integer division)Abbin

where p d is the predicted ground range of the track and ApL. is the extent
of a soHt bin. Thereafter, each time the track is updated, LH new and old
predicted ground ranges are compared. If both values map into the same bin,
no action is taken; otherwise, the previous track entry is deleted and a new
one is created. The old and new ground ranges determine the two bins affected.
Finally, when a track is dropped, its entry is removed from the table.

Ideally, if the report is indeed false, a track will be found whose
position is very close to the calculated point and whose code and altitude
agree perfectly with the report. Unfortunately, this ideal state is often
riot encountered. Since no reflecting surface is perfectly fl.at, the computed
position could be significantly in error. Also, the track will never per-
fectly represent the location of the aircraft at the time of the reflection.
Thus, fairly substantial positional deviations between the computed point and
the track prediction can exist, In addition, no surface is uniformly reflecting.
Thus, one or inure bit differences could exist betweeLn the cude or altitude of
the report and that of the real aircraft. In some cases, ia fact, only one
mode of reply may be reflected. Thus, imperfect code or altitude matches may
exist between the target and the track.

It is clear then that a problem exists in the matching part of the
algoritlm. If too tight a match is required between candidate report and
existing track, actual false targets would often be called real. Oni the
other hand, too loose a match could result in real targets being labelled
false. This problem has been resolved by definig two sets of match criteria.

A candidate target will be called fal-se if a track is found that satis-
fies all of the following tight conditions, where position is relative to the
computed aircraft point and code and altitude are relative to the rcport
itself:

(a) Ap < 6 Ptight

(b) AO < 60

(C) LC= 0

1(d) Ah,<-t h
-2 max

AC and Ah are computed in the samý nanner as for target to track association
(refer to Section 6.2).
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Figure 10-3: False target sort table.
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If the report ha.; a discrete 4096 code, and a track is found with the
same discrete code, a higher degree of confidence exists that the target is
ir.deed false. Thus, for this special case, the set of false conditions is
loosened as follows:

(a) At < 6p 0 loose

(b) A O <G 60 loos e

(c) same discrete coc

(d) Al) - Ah

The second type of match that can occur is called pTssibly false. This
occurs when no track is fuond for the report that satisfies the false condi-
tions listed above, but a track exists that meets the following looser condi-
tions relarive to the report:

(a) Ap < 6 ploose

(b) A0 < 601

(c) aC < AC

(d) Ah < Al
-- maix

The interpretation and use of targets labelled possibly false wiliL be given
in the next section.

10.2 False Track Algorithm

False targets, particularly those dut to major reflectors, tend to
persist for a J.arg" number of scans. This fact, combined with the difficulty
of positively identifying many false targets, creates a problem for the
system. If false targets were simply eliminated when found, targets would
tend to flicker on and off thu controller's screen during a false target
sequence. In a particularly bad case, several real tracks could even start
and drop during the sequence. This would occur because those targets that
were not positively identified as false would have to be called real, used in
surveillance processing, and ouZ,,ut to ATC.

In order to prevent such situatiens, false target reports are specially
,harked when identified but axe not eliminated from the surveillance processing
algorithms. Instead, these reports are permitted to initiate false tracks
and to correlate to cxistLin, uous. Then, should an unsure report cvurelate
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to a false track, the report may be Tabelled false with reasonable certainty.

Hopefully, this use of past knowledge will result in all reports produced

during a false target sequence being labelled as false.

I f a false track were incorrectly called real, some inconvenience might

result if pilots were ordered to avoid a nonexi steot aircraft. On the other

hand, if a real track were to be labelled false, a catastrophic collision

could occur. Thus, whenever uncertainty exists in the status of a track, it

will be labelled real to the ATN facilities. In addition, once a track is

calle'd real by surveillance proucessing (as opposed to uncertain), it will not

be permitted to convert to false at any future time. This latter condition,

in addition to providing system safety, helps to cut down considerably the

execution time of the system; over 90% of all targets will correlate with

real tracks, and by this rule, none of these need enter into the complex

false target identification process.

The reports, then, that must be checked for falseness fall into two

categories: those that. are uncorrelated, and those that correlate to tracks

not called real (i.e., false or possibly false tracks) The false target

identification test for these reports consists of two parts: the zone test

and the image test. Reports that fail the zone test are labelled real, while

those passing it enter the image tesýt for final status determination.

The zone test checks to see whether or nor the candidate report is in an
azimuth wedge that corresponds to a known reflector. In order to permit this

decision to be made reasonably quickly, the reflectors specified for each
site are azimuth ordered. Furthermore, the number of the first reflector

located in each sector (either totally within or straddling the boundary) is
kept in an array. With this implementation, the zone test consists of comparing

the report azimuth with the beginning and ending azimuth of each reflector
in tli? s--ctor, starting with the known first one. If the report azimuth
falls within the reflector wedge, the test is passed; if the ieport azimuth
is less than the starting azimuth of the reflector, the test is failed (due
to reflector ordering); otherwise, the next reflector is considered and the

test continues.

Targets passing the zone test are next subjected to the imae test.
This test, presented in detail in the previous section, seeks to locate the

track corresponding to the aircraft that produced the target report if it

were indeed due to a reflection off the surface identified during the zone

test. The result of this test will be that the candidate report is declared

to be real, false, or possibly false. Refer to the previoc-s section for the
criteria used for this decision.

Since the image test is searching for a track, a complic-ation cali arise

if the false targets and real targets due to an aircraft begin on the same
scan or adjacent scans. In such a situation, the first false target would
havV to be labelled real, as no track would yet e.xist for tihe aircraft. To
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jrenve,.t such an i11correct decision, the foll.owing todi f icat ion has beeon
adopted : no uncorrelated report thztý, paos:es khthe zone test can be called real
due to failing the image test; instead, i.- is labellefd possibly false.
Should such a report initiate a track, and a report that corr•lates to this
track be labelled real, th_ decision is accepted and the track celled real.

By this time, of course, the real track for the airci-aft would already exist
and failure of the image test would coIIStitute aecaCpt;b] e proof.

Surveillance processing recognizes four modes .f tracks with respect to
falseness: real, possibly false type I, possibly false type Ii, and false.
The• state diagram that defiues these cav:egori.s is presented in Figure 10-4.
The circles represent the modes, while the arrow's sspecify the transitions
that occur when the status of the correlat iug target reports are determined.
For example, a possibl.y false type I track that correlated with a false
target becomes possibly false type I1. An examiinaticii of the diagram reveals

that the following rule:; apply:

1. A track that is initiatkd wi.th a real report, or ever corelates

to a real r'eport, is real forever aftc:r.

2. A track is false only if two or more of its reports (initiation
ones or correlating ones) are definlncly d otlared to be false.

3. Until a t.:ace is declared fals;e, possit l,. false reports merely

To the outside world, a possibly false track ae.d its correlating reports
are both labelled real. Thus, the possibly false category serves as a holding
action by perrittfLng a track to eventually be lablled false when enough
evidence is gathered. If' this category did noaLt exi -t, suspect reports would
have to be called real, and hence many false tracV,, would be mislabelled.
One modification to the state diagram should se ret' :'tioned: if a track is
still in a possibly false state after 10 report!;, it is converted to real.
This is doic to prevent a track being followe' by ATC from suddenly dropping
out of sight.

For the most part, false tracks are processed exactly the same as real
tracks by the correlation algorithms. The main difference, of course, is

that reports correlating to false or possibly false tracks must be checked by
the false targe routine. One other modification has been found necessary
however. False target sequences tend to end in the middle of the coverage
region, as opposed to at long range or at airports like real report sequences.
Thus false tracks, while they are dropping, are ripe to correlate with
extraneous reports of all types. To prevent the resultant clutter from
interfering with ATC, these correlations should be suppressed, The following
rule attempts to implement this desire: if a false track is to be correlated
with a target called real, and the track and target codes disagree (i.e.,
AC > AC ), the correlation is rejected and the report is treated as uncor-
related.axThis rule has proven itself empirically.
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10.3 D ir r it rrt

The second category of false alarm report is that caused by fruit replies.
Gencrally, the minimutm number of replies in a report is set at two (with only
mode A aud C replies being counted) , so that fruit reports occur when two or
more trait rep] ies coincLdcntally correlate. However, one possible mode of
operation for the ATCRBS system is to declare even uncorrelated replies to be
valid target reports. This mode would be employed, of course, only where
fruit levels were extremely low.

Even if a sensor is located in such a benign environment that uncorrelated
roplies are declared as reports to improve round reliability during fades, tle
large majority of such replies will still be fruit. Thus, to prevent these
replies from causing tracking errors, 1-hit reports are treated with suspicion
in several places in surveillance processing. In particular, the following
actions de~scribed elsewhere in this paper fall into this class:

1. The association zone of a 1-hit report association is increased by
*- one over the calculated value (and thus a 1-hit report falling in a

track's box 3 is rejected).

2. 1-hit report associations receive worse Quality Scores than multiple
hit ones.

3. A 1-hit ro•ort is not permitted to correlate with a not yet estab-
lished track (i.e., one who has not yet existed for 5 scans).

4. An uncorrelated 1-hit report is dropped from the system, and so is
not used in track initiation or output to ATC.

The first two penalties insire that 1-hit reports are not used to update a
track unless they provide a good match for the track and no reasonable multi-
ple hit report is available. The third rule attempts to insure that extraneous
tracks are not kept alive by fruit reports. The final rule guarantees that 1-
hit reports not used to update tracks in fades cannot cause any harm to the
system.

in the normal mode of operation, with 1-hit reports suppressed, fruit
targets are formed only whefi two or more fruit replies correlate with each
other. Since, by system design, fruit correlation is a random event, hardly
ever will a fruit report contain more than two replies. Although the number
of fruit targets per scan is dependent upon the environment and the sensor
parameters, experience has shown that about 1-2% of all reports declared fall
into this category.

In order for two fruit replies to correlate, they must closely agr•-2 oi
range and azimuth. In addition, if the replies are of the same mode, they
must agree on code. Thus, since code agreement is unlikely, most fruit
reports will consist of one reply of each mode. Furthermore, the most likely
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sweeps on which to t ind a CorrelatinLg r-eply tor a irutL are thosc adjacent to
i tL- sweep (due to tlie azimuth correlation requirement). Since adjacent
non-mode 2 sweeps are of opposite mode, this reinforces the conclusion that
fruit reports Arc of type A/C. The actual trlcl [t iil 0i all frtit reports that
arc A/C is given by:

n

N) p1- (1-) N N

where N is the runlength and P is the probabi lity of code agreement. Thus,
for typical Values, over 90% ov all fruit reports have one reply of each mode.

The method required to eliminate fruit targets is thus quite obvious. if
a report consists of 1 mode A and 1 mode C reply (the number of mode 2 replies
irreleveunt), and fails to correlate with an existing track, it should be
deleted from the system. It should also be remembered that A/C reports are
penalized in both the discrete and non-discrete correl tiou algorithms relative
to multiple hit reports. If radar information is available to the system,
this requLrement is altered by adding "and not radar reinforced" to the con-
dition. The only system drawback to this policy is that on occasion tracks
will require more scans to be initiated, as valid reports are discarded.
However, studies have shown this effect to be unimportant.

Of the remainLng fruit reports, namely those with two replies of the same
mode, about half are mode A only and half mode C only. Targets with only mode
A replies are generally due to aircraft without mode C responding capability.
Thus, such reports cannot be eliminated as fruit. Targets witth only mode G
replies, however, are virtually never due to real aircraft. Thus, reports of
this type should also be eliminated when uncorrelated (and unreinforced).

10.4 Sýpi Re_ports

In theory, all replies from the same aircraft will be declared with about
the same range and azimuth, and all replies of the same mode with the same
code. In practice, howeer, various system defects can cause some replies of
a sequence to be declared incorrectly. When such an event occurs, the reply
correlation process will split the replies from an aircraft into two target
reprrt-s This ctin wi1 review .h vairiou ,ct-hodsAz tI..-tr s..rvmik an

processing uses to identify and eliminate various types of splits.

Hardly ever does the ATCRBS reply processor make an error in determining
a reply range. Thus, almost all range splits are caused by improper trans-
ponder turn-around delays. The only such delay error that leads to range
splits rather than constant bias errors is an out-of-spec intermode delay
variation. Such an occurrence will lead to mode A replies having a different
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perceived range than mode C repiats. Then two reports wilL be declared, each
"Colitalillng only one mode.. The first function of surveillance processing, as
explained in Section 5.1, is to search for pairs of such single mode reports
that correlate on azimuth. Whenever a pair is found, the two reports are
reconsiructLd into one.

There are two mechanisms that call cause the reply processor to declare
some replies in a sequence with the improper "tzimut~h, one random and one
"systematic. Random azimuth errors occur wl'c,," interference oil the reference

pulse causes the monopulse to be read incorr. ,tly. Since the effect is to
produce a random value, the reply in question will generally not correlate
with any other reply and hence be eliminated as a fruit.

Systematic azimuth errors, usually called "tailing", occur when the
monopulse calibration curve does not match the reply characteristics of a
particular aircraft. This can occur [or example when the aircraft frequency,
amplitude, or elevation angle is unusual. The effect is that replies at one
edge of the beam may fail to correlate with these in the center or other
edge. If tailing causes one reply to not correlate, it will be eliminated as

fruit. If two successive replies correlate with each other but not with the
reamtider, they will form a 2--hit A/C report which will be eliminated as a
fruit raport (as described in Section 10.3). No case of tailing ever encoun-
tered has resulted in tile creation of two reports, eacit having three or more
repli es.

In order for two replies of the same mode to correlate, they must agree
in all mutually high confidence bits. Thus if the reply precessor makes a
high confidence bit error due to any of a large number of low probability
effects, two reports will be created for the aircraft. During the reply
correlation process, an attempt will be made to correlate replies of the
second group with those of tile first. Although the attempt will fail due to
the code diff, retnce, the range and azimuth tests will be passed. This will
result, as explained in Section 4.6, in each report being marked as a code
swap candidate. if the code swap occurs during as-sociation, the losing
report is eliminated. Even if no code swap is required, if one of a pair of
swap candidate reports is correlated and the other fails to correlate, the

latter is eliminated as a code split during track initiatioa. Thus, only if
a code split occurs during the first two scans of an aircraft's life will it
not be rectified.

10.5 Ringaround Rteorts

A sensor antenna, being highly directional in nature, transmits most of
its interrogation energy through its narrow mainbeam. However, an aircraft
sufficiently close to the sensor, even though it is located in an antenna
sidelobe, can still receive enough energy from an interrogation to pass its
transponder threshold. Furthermore, were such an aircraft to respond to the
sidelobe interrogation, its reply, even though received through the same
sidelobe, would be strong eaough to pass the sensor threshold. Such responses,
if left unchecked, would of course lead to numerous spurious target reports.
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To combat the occurrence and acceptaLnce of 'iidulobc replies, a sensor is
equipped with an omni antenna. An aircraft can then distinguish mainbeam
interrogations from sidelobe ones by noting whether a stronger signal is
received from the directional or omni antenna respectively. Similarly, a
sensor can filter out sidelobe replies by ignoring those replies received
more strongly by the omni antenna. Thus, aircraft can be prevented from
rsponding to sidelobe interrogations, and sensors can eliminate sidelobe
responses (mainly fruit from aircraft in the mainbeam of other sensors).

Various system effects, particularly the failure of the omni and direc-
tional antenna patterns to track each other at high elevation angles, can
cause this mechanism to fail. When such a case arises, replies from an
aircraft will be accepted over a wide azimuth extent. Since all replies are
mapped into a small azimuth wedge centered at the antenna boresite, the
result will be a number of target reports at the same range scattered over
the azimuth acceptance region. Figure 10-5 illustrates this effect and the
resulting report pattern. This phenomenon, because of its characteristic
appearance on a radar scope, is known as ring-around.

From this description of ring-around, it is clear that the extraneous
targets generally possess the following properties:

1. They fail to correlate with a real track

2. They are at short range

3. They have a high elevation angle

4. There is a real track with the same code and altitude at approxi-
mately the same range

Surveillance processing takes advantage of these unique characteristics to
mark all such targets as false. The algorithm that accomplishes this has two
parts: screening and matching. The screening section checks a report to see
whether it meets the first three prupetLies listed above using parametric
range and elevation cutoffs. For reports without known altitude, the eleva-
tion test is bypassed. Also, if the report correlates with a false track,
such as one started by previous scans ring-around, it is still acceptable.

The matching part of the algorithm attempts to locate a real track to
which reports passing the screening could correspond. The process used is
simply a subset of the false target algorithm presented in Section 10.1. The
"reflecting surface" is taken to be the sensor, and all orientation angles
are assumed. This latter assumption effectively disables the azimuth corre-
lation requirement. The remainder of the identification process is identical
to the false target image test. Also, tracks initiated by ring-around reports
are labelled and processed identically to the false tracks described in
Section 10.2.
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10).0 Da ta Ed itl jugExmpleý

This sQction presents an examplz! of how effectively the data editing
routines described in this chapter work on real data. The data employed was

collected at Washington National Airport by the Transportable Measarement

Facility (TIMF).

Figure 10-6 displays all, target reports declared by the reply processor
over a period of 100 scans for a particular area of the overall coverage
region. Clearly, numerous extraneous reports are seen to be cluttering up

the picture. If no data editing were applied, the correlated reports that
would have resulted from this intput are shown by Figure 10-7. Although this
picture is a major improvement, a large number of false alarm tracks are
apparent.

Next the same input data was processed dith the data editing routines

enabled. The first step of data editing is to identify and eliminate fruit,
split, and sidelobe reports. Figure 10-8 demonstrates the number of such
extraneous reports that were found. Next, false targets are located and
marked. Figure 10-9 illustrates how many of these were found to be present,
while Figure 10-10 shows the false tracks they initiated. When both sets of
reports are deleted, the set of repoits remaining are the ones believed to be
valid. Figure 10-11 depicts these reports. Comparing this figure with 10-6,
it is clear that a tremendous improvement has been made in the output data
quality. Finally, Frigure 10-12 present:.; the valid, correlated reports, If
these are the only reports used by ATC, as we recommend, it is obvious that
the effect of false alarm reports will be very minimal in the air traffic

control system.
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11.0 PRIMARY RADAR UTILIZATION

A fully equipped air traffic control sensor receives surveillance informa-
tion from both beacon radar (ATCRBS) and primary radar interrogations.
ATCRBS has the advantages of providing additional aircraft information (identity
code and altitude) and being devoid of clutter, while primary radar provides
coverap'- for shielded and nonbeacon-equipped aircraft and does not suffer
degredation from reflection false targets. Thus, using both types of radar
information jointly should provide optimum surveillance coverage.

An ATCRBS system that fully utilizes its primary radar information will
use the radar reports for the following three functions:

1. Beacon reinforcement - beacon reports that correlate with radar
reports are assumed to correspond to rzal aircraft rather than be
due to fruit, reflection, or splitting

2. Beacon update - radar reports can be used to update beacon tracks
when no beacon reports are received for them due to shielding or
suppression.

3. Radar tracking - radar reports can be used to initiate and maintain
tracks on aircraft that do not possess working beacon transponders.

It is clear that these functions require radar and beacon reports to be
handled in unison. That is, separate radar and beacon algorithms cannot
exist in the system, but rather, joint algorithms are required. Figure 11--l
presents a flowchart of the surveillance processing functional sequence that
exists when radar reports are added to the ATCRBS system. It is assumed that
both radar and beacon reports are received and processed one sector at a
time, that both sets of reports have the same sector boundaries, and that
both sets of reports are stored in report buffers prior to the start of the
processing algorlthmsq Theeco nnditinnc imply t-ha the r-a'r and beacrn
antennas are collocated; a substantially more complex set of algorithms than
those presented in this chapter are required if the antennas are physically
separated.

The purpose of this chapter is to outline in detail how the existence
and processing of radar reports fits into the algorithms described thus far
in this paper. As will be seen, no major change is required in any of the
routines that have been presented; only minor modifications are needed In
order to incorporate the radar functions. In fact, very little software
recoding would be required to add these functions to an ATCRBS system initially
programmed to handle only beacon reports; each of the algorithms required by
the radar processing was designed to be essentially the same as an algorithm
used by the beacon system. If more than one feasible method was available to
handle a radar function, the one chosen was the one that matched an existing
beacon function. Thus, simple approaches were sometimes rejected in favor of
more complex ones in order to simplify the overall joint system.
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It should be noted here that. none of the radar algorithms to be presented
have yet been tested. This is due to the fact that none of the new generation
of moving target detection (MTD) radars are yet available for testing with
DABS. Current radar systems (RVD) provide far too many false alarms to
permit their use in the system discussed in this chapter. In particular, the
number of radar only tracks that would be initiated by such radars would
overwhelm the system capacity. It is quite possible that when real data from
an MTD system becomes avai.lable, some changes in the algorithms described
here will be required. It is being absumed, however, that such changes will
be to parameters, equations, or scoring functions rather than to any funda-
mental concepts. A more detailed discussion of possible future modifications
is contained in the last section of this chapter.

11.1 Radar Reinforcement

Most radar reports correspond to beacon-equipped aircraft. Thus the
sensor will receive both a beacon and a radar report from these aircraft.
The first radar processing function is to identify radar reports which arc in
essence duplicates of existing beacon reports. The beacon report in each
such pair is marked as reinforced while the radar report is marked as "used"
and is not allowed to participate in any subsequent processing function.

The basic idea of the r...if.rcc....nt e.. ithg m th. hoivht of simpli-
city. A p, 0 box is constructed around the position of each beacon report
and all radar reports that fall within the box are identified. If no report
is found, the beacon target is marked as unreinforced. If, on the other
hand, one or more radar report is located, the nearest one is ahosen as the
reinforcer. The "distance" function applied in this calculation is defined
as follows:

d = IGO x Ap +_ __ + _AO__

reinf 0 reinfJ

where p rei , and 0 are the dimensions of the reinforcement box as depicted
in Figure -2. reinf

It should be evident that this reinforcement process is an exact analog
of the target to track association and correlation processes described in
Chapters 6 and 7. In particular, the following considerations arise:

1. A cross reference table of associating beacon and radar reports
must be constructed.

2. Situations in which the reinforcement box straddles a sector
boundary must be handled.

3. Intertwined situations in which two or more radar reports fall
within the boxes of two or more beacon reports must be resolved.
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Thus, the most efficient way to handle the reinforcement algorithm is to use
the program code and data structures previously developed for beacon correla-
tion. Note that if this code didn't already exist, much simpler alhorithms
could be designed for radar reinforcement; however, it does exist.

Since all beacon reports have already been sorted by range (refer to
Section 4.1), much execution time will be saved if the radar reports play the
role of "tracks". Clearly, the same result is obtained if beacon reports are
sought that fall within a box around a radar report instead of vice versa
since the box size is independent of the report.

The reinforcement process commences by identifying all beacun reports
that associate with each radar report. If radar report i has a range of pi.
all not yet reinforced beacon reports in the sector (see below) contained
within sort bins

PC- Preinf Pi + Preinf

Ai rin through A + 1 [integer division]

are examined as being possible associants. The association is performed
nreovidlne the two rpnnrre RAtiqfv An < n nnAl AA < A - For Pnch nnir

_---------- -i t e , reint -- -- - "reipf.
so identified, an entry is made in the association cross reterence table in
the manner described in Section 6.2. A separate set of rows in the table,
distinct from those used by beacon association, must be employed by this
process to insure no beacon information will be overwritten. The score for
the entry is equal to the distance measure defined above.

After all associations for the sector are determined, the reinforcement
process follows the algorithm described for beacon target-to-track correlation.
The only difference is that the Quality and Deviation Scores must be redefined
to correspond to the different types of entities involved. For radar/beacon
reinforcement, the Quality Score has very few attributes on which to base its
association rating. In particular, radar reports have no code or altitude to
match with those of the beacon report and only one association zone exists.
Thus, the Quality Score is reduced to judging the certainty of the two reports
corresponding to real aircraft. As shown'in Figure 11-3, the beacon judgment
is identical to that for the normal Quality Score, based on the hit pattern.
The radar report attributes to use are presently undefined. The Deviation
Score to be used for reinforcement is simply the "distance" score defined
above. This value has already been calculated and is stored in the associa-
tion cross reference table.

For each beacon/radar pairing that is determined, the beacon report is
marked as reinforced and the radar report is marked as "used". If an unpaired
beacon or radar report is found that is within AO . n of the sector boundary,the e ot i hel ovr fr rrein f
the report Is held over for processing in the subsequent sector. All other
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beacon reports are marked as unreinforced and all other radar reports enter
into the functions described in the next two sections. Note that beacon
reports that are held over until the next sector by the target to track
correlation algorithm, but which are marked as unrcinforced, do not enter
into that sector's reinforcement process. Thus, a distinction exists between
unreinforced and not yet reinforced beacon reports: the former have tried
and failed, the latter are still trying.

ATCRBS and primary radar systems are subject to different false alarm
mechanisms. Thus, a reinforced beacon report will almost always cozrespond
to a real aircraft. This fact provides an additional mechanism for deter-
mining whether or not a suspicious beacon report is in fact a false alarm.
There are three places in the ATCRBS algorithms presented in this paper where
this knowledge is employed. First, digit 6 of the Quality Score (see Figure
7-1) is used to penalize suspect reports based on their hit pattern. If such
a penalized report Is reinforced, however, this penalty is removed. Further-
more, ion-suspect reinforced reports are rewarded. The new definition of
this digit thus becomes as shown in Figure 11-4.

The second change concerns the data editing function performed during
track initiation. In that process, several classes of uncorrelated beacon
reports are discarded as being false alarms. When radar information is
available, this rule is modified so that it only pertaiis to nou-Leinforccd

reports. Finally, beacon reflection false targets will generally not be
reinforced. Thus, more suspicion is cast when such a reinforced target is
thought to be false. The image test is therefore modified such that a rein-
forced beacon target that passes the false criteria is labelled instead as
possibly false, thereby reducing the likelihood of a real track ever being
labelled as false.

Finally, the reinforcement algorithm itself requires one change in
beacon target to track correlation. A track associating with a not yet
reinforced target must be carried over to the subsequent sector before corre-

lation is attempted (along with any other as-oci-at-ing rports). This modi-
fication is needed for two reasons: to give the target a chance to be
reinforced before being output, and to insure that the track correlates with
the proper report (as reinforcement information is part of the Quality Score).
Of course, if the track cannot be delayed for another sector for one of the
reasons specified in Chapter 7, its correlation is permitted to proceed
regardless.

11.2 Radar Update of Beacon Tracks

Occasionally no beacon report will be received for an aircraft even
though it is beacon equipped. This could occur, for example, if the aircraft
antenna were shielded from the sensor (such as during a turn), or if the
aircraft transponder were temporarily suppressed, or if the aircraft flew
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through a' null of the beacmn antenna. If primary radar reports are available

to the sensor, it is likely that radar reports will exist for aircraft in

these situations. In order to maintain accurate surveillance on these air-

craft, it is desirable that the radar report be identified, correlated with

the beacon track, and used to update its position.

Conceptually, the radar correlation procedure consists of attempting to
watch uncorrelated beacon tracks with unused (during reinforcement) vadar

reports. Since radar reportcs contain neither code nor altitude, positional
nearness is the only available correlation criterion. As only outcorrelated

beacon tracks are eligible to correlate with a radar report, it would appear
that radar correlation must be attcmpted after beacon target to track correla-
tion. The prcposed method, however, identifies the correlating radar report

for such tracks during the beacon correlation process.

This is accomplished by entering both beacon reports and unused radar
reports into the association and correlation process at the same time. The

scoring is arranged in such a way that radar reports cannot possibly be

selected for correlation by a track unless no beacon report is available. In
that event, however, the corLelation process will select the proper radar
report from among all contenders. Thus, both normal beacon correlation and

radar correlation of beacon tracks are accomplished in one pass through the
association and correlation algorithms presented in Chapters 6 and 7.

In order to perform this dual function, rhe unused radar reports must be

adied to the range sort table containing the beacon reports. The method for
sorting each report is identical to that described for beacon reports in

Section 5.1. WLth boch beacon and radar reports sorted together, a track
searching for associating reports will automatically find all reports of each

type in one pass through the table.

The target-to-track association process checks for both identity code
and altitude agreement between track and target. In order to force the

association logic to perform in the desired manner, the following results are
defined for radar report associations:

identity code check - disagreement

altitude check - potential -agreement

This zoubined setting yields the following desirable effects:

1. All geometric zone 1 pairs are automatically associated

2, All geometric zone 2 pairs are further checked for velocity

reasonableness

.3. All geometric zone 3 pairs are discarded

4. No code swapping is attempted for radar reports
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Thus, only "good" radar associations are permitted. All radar associations

that are identified during this process are entered into the cross reference
table in the identical manner used by beacon associations.

After association is completed, the correlation routine proceeds in
exactly the same manner as described in Chapters 6 and 7. The only time that
it even needs to know whether an association is radar or beacon is when it
computes a Quality Score. The Quality Score values defined for radar associa-
tions are presented in Figure 1.1-5. As can be seen, the minimum Quality
Score for a radar association is octal 47000000. Since the maximum score for
a beacon association is 44773777, no radar association can be preferred over
a beacon one. Thus, as stated earlier, only beacon tracks that fail to
correlate with a ueacon report can be updated by a radar report.

If a beacon track is to be correlated with a radar report, the correla-
tion algcrithm automatically selects the best one. Any intertwined or multiple
association situations are resolved just as for beacon reports: Quality
Scores consulted first, followed by De,'iation Scores. Since the Deviation
Score computation uses only position, it is directly applicable to radar
reports as defined in Section 7.2.

The acul Izik updatd roeue for radar corrcltion- is..................
that for beacon one:s, except that, of co,,trse, no identity code or altitude
update is possible.

11.3 Radar Tracking

Radar reports which correspond to neither beacon reports nor beacon
tracks are. generally due to the e!xistence of non-beacon-equipped aircraft.
Thus, in order to maintain surveillance on such aircraft, leftover radar
reports must be entered into radar tracking algorithms. The set of such
functions consists of radar track initiation, radar target to track correla-
tion. and radar track update.

It is clear that the algorithms employed for the corresponding beacon
functions can be used directly for radar processing. However, the absence of
code and altitude in radar reports is expected to require more complex
algcorithms for adequate performance. Since the MTD radar data is not pre-
sentliy available, no detailed description of the "correct" radar algorithms
'can be provided at this time.

11.4 Possible Future Radar Modifications

The minimum information ever provided by a rader report is the range and
azimuth of the illuminated aircraft. An MTD report, moreover, contains at
least the following additional pieces of information:
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Octal Digit & Factor Condition Score

7

duMmy none 4

6
duuy none 7

5 Zone = 1 0
Zone Zone = 2 1

4
radar validity not as yet defined

3
track validity Same as Figure 7-1

2, 1, 0
deviation score

IATC-65(11-5) Quality Score (d7 d6d5d4d3d2 dIdo)

Figure 11-5: Radar Association Quality Score
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1. Amplitude

2. Doppler velocity

3. Number of returns making up the report

At present, a study is underway by the radar designers to determine what
other pieces of information are available that would be useful for surveil-
lance processing.

These designers are giving particular attention to the possibility of
defining a radar report "code" and/or "altitude". Such attributes would be
invaluable for radar only tracking. As employed by the target to track
correlation algorithm, the definitions of these entities are ýs follows:

"code" - a report attribute thac should be nearly constant from scan to
scan, but which is sufficiently changeable that failure to match cannot

be used to rule out correlation

"altitude" - a report attribute that cannot change by more than a fixed
an.'unt from scan to scan, so that a larger difference can be used to
prevent correlation.

Thus, a radar report attributre that is characteristic of a particular aircraft,
but which can suddenly change or be computed incorrectly in some circumstances
would make a good "'ode"; an attribute that is variable within a known range
would make an ideal 'altitude".

If a "code" and "altitude" can be defined for radar reports, the radar

tracking performance should equal that for beacon aircraft. The only program
chuxige required fuo racda in that case would be in the routines for d(Auermitiug
"code" and "altitude" agreement, which would depend on the "code" and "altitude"
specifications.

Unfortunately, if no good "code" or "altitude" exists for radar reports,
the beacon algorithms would probably not perform adequately for radar targets.
In particular, many false alarm tracks would be created and many track swaps
could be expected. This is because position alone is insufficient in complex
situations. In order to improve radar performance, several changes in the
correlation and tracking algorithms are presently being studied. Some examples
are:

1. Require three successive reports instead of two for track initia-
tion

2. Don't report a radar track until it becomes established



3. Set a minimum track velocity to help eliminate cars, birds, etc.

4. If the resolution of a multiple association situation is not clear
cut, "punt", and coast all involved tracks

5. Use a more sophisticated tracker than a two point interpolator

These alterations have been found to significantly improve radar tracking
performance.



APPENDIX

A,(! ATCKBS MOLE C ALTITUDE REPLY

Wfhen an aircraft equipped with an encoding altimeter is interrogated by
a McUt. C transmission, it tesponds with a signal that contains an encoded
cersLor. of its current altitude level. The code employed is a non-standard
'Ady code, As wi-th all Gray codes, each encoded altitude level differs in
onl) one bit position from the codes of the neighboring levels. This feature
prevents, erroneous readouts should the interrogation occur during an altitude
ch-ange..

"the ATCR3S mode C reply consists of twelve information bits, which can
bc grouped to form the four octal digits of the code employed. Thus, the
ATCKBS altitude signal H can be written in either of the following two ways:

H ABCD

A A A B B B C C 2C I D 4D2

where the subscripted letters correspond to bits and the non-subscripted ones
to octal digits. The significance of the digits for the altitude reply is
altered from this normal order. Specifically, the ordering employed is

DABC

'That is, the C digit varies most rapidly, the D least rapidly.

In all Gray codes, the sequence oi values generated by each digit is
reflexive about the end values. That is, they count up, then down, then up,
and so forth. For example, the sequence of values assumed by the A or B
octal digit i> given by:

0, 4, 6, 2, 3, 7, 5, 1, 1, 5, 7, 3, 2, 6, 4, 0, 0, 4

The C digit emploLys a subset of this sequence, namely:

4, 6, 2, 3, 1, 1, 3, 2, 6, 4, 4, 6,

Finally, the D digit oirl.y uses the truncated set of values

U, 4, 6. 2

as this tacge i- suffilc.ent to cover all altitude levels of interest.



At the time a digit repeats its end value (0 or 1 for A or B, 4 or 1 for
C), the next more significant digit proceeds to its next value. Thus, one
full cycle of values for any digit corresponds to two values of the next
higher digit: one value during the ascent stage and the other during the
return. From this set of information, it is possible to calculate the period
of each octal cigit, C.tt is, the number of flight levels required for one
complete sequence thro.:gh all values. The results are:

period of C: 10 values x 1 level per change = 10

period of B: 16 values x 1/2(10) levels per change = 80

period of A: 16 values x 1/2(80) levels per change = 640

The 1/2 factor in the latter two calculations is required because a digit
changes twice during the cycle of the next lower digit.

Using the facts developed above, it is possible to decode a mode C reply
and determine the flight level it represents. Also, by reversing the process,
a given fliaht level can be encoded into its bit pattern. The former proce-
dure is used to enter the aircraft altitude into a target report-, whi'l th...
latter one is sometimes required in target to track association. The next
two sections of this appendix will present the algorithms employed to convert
from one form to the other. The remainder of the appendix will describe how
altitude information is employed in various places in the surveillance pro-
cessing system.

A.1 EncodingAl orithm

Since the encoding algorithm, which converts flight level into Gray
code, is easier to u-ýderstand and serves to motivate the decoding process, it
will be presented first. The simplest encuding procedure, of course, would
be to perform a table lookup for the given flight level. However, since over
1000 entries would b.½ required for the table, this approach was rejected as
not being cost Jffective.

The aiotrithm selected follows directly from the period calculations of
the previous section. It determines, through use of modulo arithmetic, how
far into each octal diji.t's sequence the given altitude level falls. Then,
knowing the actual valLe sequence employed by each digit, the correct encoded
value fox the digit can Le identified. Finally, the four individual digit
values are weighted pxoptzrly to construct the code word.

For each digit i(C-1, B=2, A=3, D=4), define the following two quantities:

Pi - period of digit i (calculated in A.O)

Li - number of levels per change of digit I (i.L1, [.i±PP 2 )
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Each digit i repeats its value sequence every P. flight levels. Thus, if the
flight level to be encoded is reduced modulo Pi' the relative position within
a period is determined. That is:

H, = H mod 1'
1 1

where

H. flight level
1

<= Ii + 12

H . relative posktion within period of digit i.
1

The addition of 12Ais required because the lowest encoded flight level is
-12, iuLt 0. vai-c. I .11 is .... known, te requi.red , olement of the digit i sequence
is found simply as:

Ii

d -- integer division
di t..

Knowing the sequence employed, the proper value can be selected.

The details of the overall encodi.ng algorithm are presented in Figure A-

i while Figure- A--2 presents the calculations for a sample altitude level.

A.2 Decoding Algorithm

The decoding algorithm, which converts the Gray coded altitude repre-
sentation into the integer flight level, is in essence the inverse of the
previous procedure. Again, a straight table lookup would be the easiest

algorithm, but a 4096 element table would be required. Thus, the small
increase in processing time neLled by the process to be described here was

felt to be a good storage/time tradeoff.

The algorithm employed first breaks down the code word into its octal

digits. Then, knowing the sequence of values assumed by each digit, and the
number of levels between each change of the digit, is it possible to calculate
the contribution of each digit. The desired flight level is finally the sum
of all the individual digit contributions.

The only complication that arises in this procedure Is that the sequence

of values for any digit is double valued, each value appearing in both the
ascent and return stages. The correct choice to utilize can only be deter-

mined if all of the more significant digits have been proc(ssed first. Thus
the digit contributions, unlike for normal counting systems, are not independent

of each other.



INPUT: decirnal flight level 1 ATC 65(A1

CALCULATIONS:
/

H H + 12
I

C T. H([ ( )x10])

z T 2 i(~)80 /)

A T /[H H4

D Tz H / 320

all divisiafi are integer division

(no remainder)

T (0-9): 4, 6, 2, 3, 1, 1, 3, 2, 6, 4

T2 (0-15): 0, 4, 6. 2, 3, 7, 5, 1, 1. 5, 7, 3, 2, 6, 4. 0

OUTPUT: W- A x 29 +B x 26 + C x 3 +D

Figure A-I, Flight Level to Gray Code AlgorithmrT
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IN rUTr: II - 73 ATC-65 (A-2) _

CALCULATIONS:

/

H = 73 + 12 z 85

85

C T T 8(t 8 5 (Ti ]T(85- 8x 10) =Ti(5) 1

B T Z 185 - -8-5 )x 80 )]/5) T 2 f 85 - 1Ix 80 ]/5)

-2 ( 1 ) FT(1) 4

A =T( 85 - 640] 4 = -

= Tz (85/40) = T 2 (2) = 6

) = T 2 (85/320) = T 2 (0) = 0

OUTPUT: W = 6xZ 9 + 4 x 26 + 1 x 23 +0

= 64108

= 110100001000

= A4 A AI B4 B 2B iC 4 G C D4 D Di

Figure A-2: Example Use of Encoding Algorithm



The straightforward approach to the decoding process would thus proceed
as follows. First determine the contribution of the most significant digit,
D. Once D is known, the phase of the A digit can be determined and then its
contribution computed. Similarly process the B digit, and finally the C
digit. This procedure would require four table lookups and three phase

calculations.

The actual implementation that has been chosen reduces this complexity
to three table lookups and one phase calculation at the cost of a slight
increase in storage. The suggested algorithm is presented in Figure A-3, the
tables required are given in Figure A-4, and a sample application is illustra-
ted by Figure A-S.

The algorithm begins by identifying the joint AB and individual C and D
values by the indicated shifting and masking operations. Next, the combined
AB value is used as an index into the T table. This table provides the
position that this value occupies in the joint AB sequence under the assump-
tion that A is in its ascending phase (this assumption is checked after D is
processed). In addition, if the entry has the hundreds digit set, it marks
the C digit as ascending; if not, as returning. For example, if AB - 338 =

27 TT(27) - 136 indicates that this value is the 37th in the joint value

sA~ric (01,.. 36)andtht tc rA4~r-h- 1,4 be nrnrcc-A asrcendinQ.

The AB contribution is then found by multiplying the sequence position
by 5 levels per positions, after which the C contribution is included. The
T table gives the contribution of C if it is ascending. Thus, by the
reflexive nature of the Gray code, 4-T (C) is the contribution for a returning
C. Finally, the contribution of D is found, and the phase of A is checked.
If A is ascending, the calculation is finished; if not, the ABC contribution
is corrected by using the reflexive nature of the code once again.

A.3 Target and Track Altitude Representations

Depending upon the sophistication of its equipment, an aircraft can
respond in one of three ways to a mode C interrogation:

i. Send a reply containing an encoded altitude signal of the form
discussed above,

2. Send a reply containing only bracket pulses,

3. Send no reply at all.

The second category indicates the absence of an operational encoding alti-
meter, while the third one indicates a minimal transponder.
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INPUT: encoded altitude G (12 bits) [ATC-65(A'3)

CALCULATIONS:

C!AB (79-

82

C G-ABx8' intee divisions
8

D G- ABIx -Cx8

TEMP z TAB (AB) x 5

IF (TEMP > 500) THEN NEXT TEMP + TG (G) - 500

ELSE NEXT = TEMP 4 (4 - TGc(C))

THIRD = TD(D) x 320

IF (THIRD = 0 or 64U) THEN FL T,,r1nD J NrEXT

ELSE FL = THIRD + (319 - NEXT)

OUTPUT: H = F1, - 12

(see Figure 4 for TAB ' TC , and TD

Fiyure A-3: Gray Code to Flight Level Algorithmn
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"TABLE TARB (i) , i - o, 63 ATC-65(A-4_

TAB(0) = 100 7 3 10 4 1 106 102 5

TAB(8) = 63 156 160 59 162 57 61 158

T AB(1 6) = 31 124 128 27 130 25 29 126

TAB(2 4 ) = 132 39 35 136 33 138 134 37

TAB( 3 2) = 15 108 112 11 114 9 13 110

T AB(40) = 148 55 51 15Z 49 154 150 53

1' AR ( Z3 19 120 17 122 118 21

TAB(5 6 ) 47 140 144 43 146 41 45 142

TABLE Tc(1i)u i 0, 7

TC (0) 0 4 Z 3 0 0 1 0

TABLE TD (i) , i 0, 7

TD(O) 0 0 3 0 1 0 2 0

Figure A-4: Tables for Decoding Algorithm
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INPUT: G = 70648 = 11100011()100 -IATC-65A _

CALGULAT[ .IONS:

A3 70648 -

A B 7064. . 10 8 56

100 8

70648 - 7000 8
10 88

1) 70648 70008 -60 4 -

TFMPP= T'AB (56) x 5 = 47 x 5 235

TEMP < 500

* NEXT 2 3 5 + (4 - Tc( 6)) =- 35 + .4-1 238

THiRD T D (4) 320 = 1 x 32C- 320

TH1Mr) • C or 640

," I"L = 320 ( (319 - 238) 401

OUTPUT: -- 401 - 12 = 339

F'iwYure _-5: Example of Decoding Algorithms
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If a reply is sent, it can be received by the sensor as clear or garbled,
depending upon the aircraft and fruit environment. It is categorized as clear
if the reply processor declares all its bits as high confidence, and garbled
if any low confidence bits exist. Thus, the altitude that is entered into a
target report can be any of the following five classifications:

1. Unknown (no replies received)

2. Garbled brackets only

3. Clear brackets only

4. Garbled flight level

5. Clear flight level

If case 5 exists for a report, the code bits are decoded by the algorithm
presented in Section A.2 and the integer flight level is placed into the
report altitude field.

The manner in which each of these five types of altitude information is
reprccnted in a target report is depicted in Figure A-6. Remember that in
this implementation both the code and confidence words of any modu consi, t of
16 bits: the 12 information bits, followed bý Fl, F2, X, and SPI. Since
neither X or SPI is used on mode C, and since the Fl and F2 values are immaterial,
the four "appendage" code and confidence bit positions are free to be used for
other purposes. As shown in Figure 3-2, these confidence positions contain the
altitude type setting defined in Figure A-6.

The altitude contained in a track file, since it is built from those of
the constituent reports, could be any of these same five types. In addition,
though, several more track altitude classifications are required because of
the following rule expressed in Section 9.2:

If the altitutde of a track has not been updated for 3 (parameter)
scans, set all altitude bits to low confidence.

This iule is intended to prevent the rejection of an association due to out-
of-date altitude information.

The result of this confidence word modification is that altitude classi-
fications of the type "had been X", where X is one of the five forms presented
above, are required. The expanded list of track altitude types and their track
file settings tsee Figure 8-6) is given by Figure A-7. The two possible
categories "had been clear brackets" and "had been garbled brackets" have been
collapsed into the single category "had been brackets", as all code bits in
either case are believed to be zeroes.
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Code or confidence word bit ordering:

A A A BB B C C CID D D F IF 2X SPI -[TC65A-6

12 code bits 4 Appendage bits

Altitude Tye Code Confidence Type Setting

1. no replies 000 FFF 2

2. garbled no high confidence ']' s,
brackets at least I high confidence '0', and 3

at least I low confidence bit

3. clear
brackets 000 000 4

4. garbled all bits low confidence; or 1
flight level at least I high confidence 'I'

and at least 1 low confidence bit

5. clear
flight level any 000 0

All values in Hex

Figure A--6: Report Altitude Representations



Altitude Type Code qonfidence. Type Setting

1. no replies 000 FFF 2

2. garbled brackets No HI, >1 H0, >-I low conf. 3

3. clear brackets 000 000 4

4. garbled flight all low conf.; or

level >I Hl and >1 low conf.

5. clear flight
level any 00

6. "had been"
no replies 000 FFF

7. "had bccn"
brackets 000 rFF D

8, "had been"
garbled flight
level any FFF

9. "had been"
clear flight
level any EFF F

7ATC-65(A-7)l All values in Hex

Figure A-7: Track Altitude Representations



A.4 Target-to-Track Altitude Association

One of the criteria used to rate a potential association between a
target report and a track, as discussed in Section 6.2, is the degree of
compatibility that exists between the altitudes of the two entities. The
variable Ahi is used to represent the difference in flight levels between
the altitudet of track i and report j. The interpretation given to various

values of Ahij is as follows:

o < Ab 1 Lh : agreement
ii - 2 max

-h Ah < Ah : potential agreement
2 max ij - max

Ahij > AhMx: disagreement

Typically, Ah is set at 10 flight levels, or 1000 feet.
max

The first requirement of altitude agreement is that the track and targeL
represent the same type of aircraft. That is, both must be no replies, or
both brackets only, or both flight level. If either of the first two of
these are found to be the case, the result automatically becomes Ah.. - 0.
If both target and track represent an altitude reporting aircraft, A•wever,
further checking is required.

In the simplest case, both target and track will have the altitude
classification clear flight level. Since both altitudes will then be stated
in integer flight levels, a subtraction will directly yield the difference
between them. the per scan difference, which is ths L ui icdl value, is thus,
given by:

Ah - Ah integer divisionscan S

where S is the number of scans since the track altitude was updated. If this
difference is no greater than .h h, Ah is set equal to the difference.
The magnitude of Ah . will than ?icateiwhether agreement or potential
agreement applies. ii

However, if the difference exceeds ½h , or if one or the other of the
altitudes is garbled flight level, a mole complex procedure is required.
First, the clear altitude (ot both in the case of the subtraction failure) is
converted back into its encoded representation by the algorithm presented in
Section A.I. Then the high confidence bits of the two encoded representations
are compared with each other. Should the track altitude be of type "had been
flight level (clear or garbled)", all confidence bits are assumed to be high
for this test; problems caused by this action are corrected below.



According to the discussion of Section A.0, the altitude code digits
DAB, taken as a group, change their value every 5 flight levels. Thus, if
the two encoded altitudes have no high confidence bit differences among the
DAB bits, they could be from 0 to 4 levels apart. Similarly, if they differed
from each other only in the correct bit, they could be from 5 to 9 levels
apart, and so forth. The algorithm that has been implemented does not deter-
mine whether or not the correct bit is the one affected when the two altitudes
differ in one bit among DAB, as the determination would be too complex to
justify. Instead, it assumes such is the case. Thus, the value given to
Ahij as a result of the bit comparison is calculated as:

4%. [5 + 5* Max (0, d high - N eý] /S

where

dhigh = number of high confidence bit differences in DAB

Ne - number of bit errors assumed possible ini the reply processor

The fixed value of 5 is intended to account for the uncertainty provided by
the low confidence bits of the altitudes. To this figure, additional incre-
ments of 5 are added for each bit difference that cannot be accounted for by
reply processor errors. Clearly, depending upon the number of such differ-
ences, the result of the comparison could be altitude agreement, potential
agreement, or disagreement.

In the event the target and track represent different types of aircraft,
fixed values of Ah are assigned to the potential association. In each
case, the result wll be placed into the potential agreement category. This
is done to reflect the possibility of an aircraft chan3ing its type of response.
For ex.C4ampleL in.. a faule Lt~ *O a Posibl will) beJ.t receivedp

at the sensor, or the mode C replies could be blocked by synchronous garble
or other effects. Also, it is conceivable that an aircraft will turn its
encoding altimeter on or off during flight, thus converting from flight level
to brackets only, or vice versa. The actual values assigned to mixed asso-
ciations are determined by the fractional parameters P and Ph2 as follows:

Ah j - Phi* Ahmax if either target or track has no replies

Ah:Lj "Ph2* "max if the association is brackets only versusflight level

Nominally, P .9 and Ph2 8.
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The one exception to. this rule occurs if the mixed association is garbled
brackets vetsus flight level (clear or garbled). Since garbled brackets
could actually be garbled flight level, an attempt is first made to compare
on that basis, If the result of the bit pattern comparison scores better
than P h2*Ah max that result is accepted instead.

After Ahi. has been computed by the applicable rule presented above, one
final step remAins. The track classifications "had been X", as explained in
the previous section, are used to indicate that the track altitude infor-
mation is out of date. Thus, no association will be allowed to be rejected
with such a track due to altitude mismatch. If Ah exceeds Ah for a
track in one of the "had been X" categories, the vaSue is autom~afcally
lowered to Alh

max

A complete summary of the various procedures used to compute Ah for
all possible target report versus track cases is presented in Figure 1 -8.
The five report and nine track classifications shown in the table were all
defined in Section A.3.

A.5 Track Aititude Update

Once per scan, each track file in the system is updated in the manner
described in Chapter 9. This section will describe the rules employed in the
update of the altitude and altitude confidence fields.

If a track correlates with a target report on the current scan, and if
the altitude of the report is acceptable (as defined below), the track alti-
tude fields are updated by the report altitude information. However, if
rneither condition is -t--f---- the track altitude in essence "coasts". To
prevent the information from becoming too old to be of any value, a two-phase
timeout procedure is utilized.

Corresponding to each system track is an altitude counter. This counter
is zeroed every timc the altitude fields are successfully updated Dy a new
report. If no update is possible, t:he counter is incremented. When its
value reaches a parametric number of scans (nominally 3), the altitude confi-
dence field of the track is set to indicate all altitude bits low confidence.
Thus, the track becomes a member of one of the "had been X" classifications
described in Section A.3. This setting maintains the most recent altitude
information known fcr the track so that potential. associations may be scored
properly. However, as described in the previous section, no association may
be rejected for a track in this state.

Should altitude update failures continue after this point, the altitude
counter is decren-u•.ted oue untit per scan. When it reaches zero, the track
altitude information is doilned tG be useless. Thus, the next time the track
correlates, the altitude atvd altitude confidence fields of the report are
automatically pla,.ad into the track file. Then the entire sequence begins
again.



-rt (1) (2) (3) (4) (5)

no garbled clear garbled clear
Track I replies brackets brackets leve] level

(1) no GP 6 hP*hP*6

replies hl max Phl*hmax hl max Phl hmax

(2)garbled Phl*hmax 0 0 Compare bits Compare bits
brackets or or

P *Ab P A~h
h2 max Kh2 max

(3) clear p0 0 Ph* Ah Ph2*hmax
brackets max h2 max

-hi -"=r "~~ h2 -mx ~ ~
level or bits j bits

p *LAh
h2 max

(5) clear Phl*h mab Compare bits Ph 2 *Ahmax Compare Idiffl
level or bits or

P h2*Ahmax Compare bits

(6) "had been" 0 Phl*Ahmax Ph*Ahmax Phi*max Phl* hmax
no replies

(7) "had been" P *Ah 0 0 P h2*hmax
brackets Ihi max mIa

(8) "had been" Compare bits Compare bits
Sarbled level P hlAh ma Ph2*Ahmax P h2*Ahmax or or

max max

(9) "had bean" P hl AhMAX Compare bits Ph2*Ahnax Compare bits IdiffC or

clear level or or Compare bitm

Ph2 hMax mhmax max

Ahij computation ot value is given IATC.65(A.8)1

or mears choose beat ecore

Figure A-8: Altitude Association Cases



The rule that governs the acceptability of a correlating report's alti-
tude can be expressed as follows:

A report altitude can be used to update a track file jnly if it
agrees with the current track altitude (i.e: Ali., < - Ali x) and
it has at least as good quality as the current alituge.

The first clause of the rule is straight-forward. It is meant to prevent
incorrect correlations from invalidating the authenticity of the track file
information. The second clause means that garblcd altitude information may
not replace a clear flight level. If this were done, the position of the
aircraft would become unknown, as garbled altitude cannot be decoded.

The overall 9x5 update acceptability matrix is presented in Figure A-9.
Again, the classifications are those defined in Section A.3. Entries labelled
unacceptable mean that the altitude counter progresses in the manner described
above. Those labelled replacement mean that the target report altitude
fields replace those currently in the track file, and the altitude counter is
zeroed. Finally, if both the target and track are garbled brackets, the
track altitude confidence field is improved by setting to high confidence all
currently low confidence bits that are high confidence in the report. Note
that this improvement rule is not employed if both the track and report are
garbled flight level. To do so could result in a flight level being produced
that is wildly different from that at which the aircraft actually resides.



Report

Same labels as A-8
Track (1) (2) (3) (4) (5)

(1) R u u u

% U I R U U

Sanle (31 U L R U U

labels (W) U U U U R

as (5) U U U U R
A-8"

(6) R D D D D

(7) D 1)R D D

(s) D I D D u

(9) D D D D R

altitude update actions:

if h < max'replace track altitude with report

Ri altitude and zero counter

if ½h j > ½ max' proceed as under U (or D)

U - inLLItLe.ita- cLur~ter; if rea-ch parametric valule.

set tract. to "had been" category

D -- decrement counter; if reach 0, replace track
altitude "4Ith report altitude

I - improve tirb4ck altitude by union of high
confidence bits

L set counter to zero, leave track altitude as is

Figure A-9: Altitude Update Cases
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